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Editorial on the Research Topic

Post-translational Modifications and Compartmentalized Protein Quality Control in Cardiac
Muscle and Disease

The proteome regulates the development, functioning, and adaptation of cells and organisms over
time. Maintenance of a functional proteome is critical for the health of all cell types, especially
to those with limited regeneration capacity such as cardiomyocytes. Cardiac development and
maturation is accompanied by a drastic change in the composition of cardiac proteome due to
increasing protein synthesis and a switch of fetal-to-adult protein expression (Rowton et al., 2021).
Similarly, cardiac stress induces a dramatic alteration in the cardiac proteome that in turn has a
significant impact on cardiac remodeling. Not surprisingly, derangement of the cardiac proteome is
linked to various cardiomyopathy and heart failure (Lau et al., 2018). Thus, a better understanding
of how cardiac structure and function is regulated at the protein level is crucial in delineating the
molecular mechanisms underlying cardiac disease.

Cells maintain protein homeostasis (proteostasis) through an elegant protein quality
control (PQC) system that involves targeted proteolysis and diverse protein post-translational
modifications (PTMs). Proteolysis via the ubiquitin proteasome system (UPS) and autophagy
offers the first line of PQC by removing unneeded normal proteins and misfolded/damaged
proteins (Wang et al., 2008), which if not promptly removed will perturb other proteins,
organelles, and cellular processes, causing cell malfunction and death. By directly controlling
protein half-lives, targeted proteolysis is considered a coarse and bulk regulation of proteostasis.
In contrast, a growing list over 300 different types of PTMs can serve as a fine-tuned PQC
mechanism by regulating the stability, activity, subcellular localization and binding affinity to
proteins/DNA of diverse protein substrates, thus having pleiotropic effects on various cellular
processes. Partly due to these PTMs the complexity of the proteome is much larger than the
genome. Targeted proteolysis and PTMs can occur at various subcellular compartments such
as cytosol, mitochondria, and endoplasmic reticulum (ER) to preserve the normal function of
these organelles. Inadequate targeted proteolysis and aberrant PTMs are known to contribute
to impaired cardiac development and function, ultimately leading to failure (Wang et al., 2013;
Willis and Patterson, 2013). Thus, improving cellular PQC has potential as a new therapeutic
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strategy for cardiac protection. Recent advances have identified
new PTMs and compartmentalized proteolysis as novel avenues
to protect the myocardium during development and disease.
These exciting studies opened up new area of research. The
present Research Topic, Post-Translational Modifications and
Compartmentalized Protein Quality Control in Cardiac Muscle
and Disease, highlights recent advances in our understanding
of how various PTMs and compartmentalized proteolysis
impact protein homeostasis and PQC pathways, along with
discussing the promising roles of these discoveries in cardiac
pathophysiology and therapeutic potential.

Cardiac development requires an intricately regulated process
of protein expression and degradation to facilitate the genesis of
the left ventricle/atrium from the first heart field and the right
ventricle/atrium from the second heart field. We are beginning
to understand the proteins involved in this complex process
and even more recently, the PTMs influencing the proteins
of this process. Chen et al. reviews the role of the Hippo
pathway, including Yes-associated protein 1 (YAP1) and PDZ-
binding motif (TAZ), during cardiac development, disease, and
regeneration. While the Hippo pathway is conserved and has
been shown to regulate organ size and the response of the heart
to stress, only recently have PTMs such as phosphorylation, O-
GlcNacylation, methylation, and ubiquitination been identified
to regulate this pathway during development and disease
(Chen et al.).

Cardiac  pressure  overload induces cardiomyocyte
hypertrophy and proteotoxic stress, both of which can be
attenuated through the activation of autophagy. Wu et al.
demonstrate one of the mechanisms that autophagy protects
the myocardium is by controlling nuclear factor erythroid
factor 2-related factor (Nrf2). This exciting observation adds
clarity to a field that was mystified as to whether Nrf2 was
protective or detrimental. Multiples studies demonstrated
the cardioprotection afforded by Nrf2; however other
studies revealed Nrf2 is associated with the progression
of cardiomyopathies. Here the authors propose that when
autophagy is intact and can be stimulated, that activation of
Nrf2 is protective; whereas when autophagy is inhibited Nrf2 is
detrimental by driving the expression of angiotensinogen, which
in turn promotes angiotensin II production (Wu et al.).

Compartmentalized regulation of organelle specific quality
control mechanisms is a burgeoning area of research and
has demonstrated therapeutic potential to attenuate cardiac
disease. Mitochondria are tasked with producing enough
energy for the heart to function, a challenge that is greater
during disease. Indeed, mitochondrial dysfunction is a common
hallmark of cardiovascular disease (Quiles and Gustafsson; Fan
et al.). Cardiomyocytes possess quality control mechanisms to
maintain mitochondrial quality control as reviewed by Quiles
and Gustafsson and Fan et al. Mitochondrial health is a
balance between mitochondrial biogenesis, fission, fusion, and
mitophagy as the cardiomyocyte attempts to limit reactive
oxygen species production, while meeting the energy demands
of the heart. Mitochondrial quality control is achieved via the
UPS, mitochondrial unfolded protein response, and mitophagy
(Quiles and Gustafsson). PTMs regulate not only the stability
of the proteins of the mitochondria but also the regulatory

systems to increase mitochondrial health (Fan et al.). These
manuscripts highlight targets for enhancing mitochondrial
quality control mechanisms and the potential therapeutic benefit
to treat cardiac disease. Endoplasmic reticulum (ER) proteostasis
includes the unfolded protein response, which is initiated upon
the accumulation of misfolded protein in ER lumen. Glembotski
et al. reviews the role of one of the ER membrane proteins,
ATF6, whose activation protects the myocardium by enhancing
cardiomyocyte PQC. Seminal discoveries attributed a protective
response of ATF6 activation to both inside and outside of the ER
along with identifying novel small molecule activators of ATF6 to
enhance proteostasis (Glembotski et al.).

Myofilament contraction is central to generate the force
needed for cardiomyocytes to fulfill its mechanical function.
The requirement of the heart to eject blood into the circulation
places the sarcomeres of the cardiac cells under constant
stress. Li et al. demonstrate Slit2, a secreted glycoprotein,
protects the myocardium during ischemia reperfusion injury by
inhibiting the inflammatory response to maintain myofilament
contraction. The underlying mechanism for this protection was
Slit2 expression inhibited the nuclear translocation of NFkB p65
along with decreasing IL-1p and IL-18 release (Li et al.).

The last few decades have seen many advances in our
understanding of the mechanisms regulating cardiac PQC.
Lewno et al. review the involvement of Cullin-RING ligases
(CRLs) during cardiomyocyte necroptosis, focusing on the role
of cullin neddylation (activates CRLs) and deneddylation by the
COP9 signalosome. Downregulation of cullin deneddylation is
associated with increased cardiac proteotoxicity and necroptosis
during stress (Su et al., 2011). Wiley et al. explores the role
of arginylation, mediated by arginyltransferasel (ATE1),
in the heart. They uncovered ATEl interacts with select
intracellular nodules important for cardiac physiology,
namely translation/transcription regulation, biosynthesis,
cell morphology, response to oxidative stress, and mitochondrial
function (Wiley et al.). A major PTM, phosphorylation, is
known to regulate many proteins associated with maintaining
cardiomyocyte proteostasis. Mishra et al. review important
cardiac proteins known to be phosphorylated, how this PTM
regulates the proteins, the role of these modified proteins in
cardiac patho-physiology, and potential therapeutic targets for
cardiac disease.

This Research Topic illustrates exciting and significant
advances the field of regulating cardiac PQC has made, and
provides novel therapeutic targets that can be leveraged in
the clinic for cardiac disease. Our understanding of these
molecular mechanisms underlying cardiac proteostasis networks
are continuously expanding and becoming better defined.
Discovering key signaling nodes allows the field to identify
and pursue new targets for therapeutic intervention against
cardiac disease.
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Mitochondria serve as an energy plant and participate in a variety of signaling pathways
to regulate cellular metabolism, survival and immunity. Mitochondrial dysfunction, in
particular in cardiomyocytes, is associated with the development and progression
of cardiovascular disease, resulting in heart failure, cardiomyopathy, and cardiac
ischemia/reperfusion injury. Therefore, mitochondrial quality control processes, including
post-translational modifications of mitochondrial proteins, mitochondrial dynamics,
mitophagy, and formation of mitochondrial-driven vesicles, play a critical role in
maintenance of mitochondrial and even cellular homeostasis in physiological or
pathological conditions. Accumulating evidence suggests that mitochondrial quality
control in cardiomyocytes is able to improve cardiac function, rescue dying
cardiomyocytes, and prevent the deterioration of cardiovascular disease upon external
environmental stress. In this review, we discuss recent progress in understanding
mitochondrial quality control in cardiomyocytes. We also evaluate potential targets
to prevent or treat cardiovascular diseases, and highlight future research directions
which will help uncover additional mechanisms underlying mitochondrial homeostasis
in cardiomyocytes.

Keywords: mitochondrial quality control, mitophagy, post-translational modification, fission, fussion,
cardiovascular disease, cardiomyocytes, cardiomyopathy

INTRODUCTION

Mitochondria are double-membraned organelles which play important roles in cellular
homeostasis, including producing energy by oxidative phosphorylation, maintaining calcium
homeostasis, and regulating the signaling that leads to programmed cell death (Giorgi et al.,
2018; Sprenger and Langer, 2019). The mitochondrion is composed of the outer mitochondrial
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membrane (OMM), the intermembrane space, the inner
mitochondrial membrane (IMM) which is folded into
projections called cristae, and the matrix. These substructures
and compartments contain a number of proteins which maintain
mitochondrial metabolism and homeostasis (Hammerling and
Gustafsson, 2014). However, under stresses from environmental
insults, mitochondrial shape, membrane potential and
metabolism will be disturbed, and mitochondrial DNA, reactive
oxidative species (ROS) and cytochrome ¢ may be released into
the cytoplasm. Moreover, mitochondrial proteins may even
misfold under more severe conditions, causing a plethora of
diseases such as cardiovascular disease (CVD), neurological
diseases, aging and so on (Anzell et al., 2018; Tahrir et al., 2019).
Mitochondrial quality control (mitochondrial QC) pathways
include post-translational modification (PTM) of mitochondrial
proteins, mitochondrial dynamics (biogenesis, fission, and
fusion) and mitochondrial autophagy (mitophagy). Together,

Abbreviations: 7,8-DHE, 7,8-dihydroxyflavone; AKT, RAC-alpha
serine/threonine-protein kinase; AMPK, adenosine monophosphate-activated
protein kinase; ANT, adenine nucleotide translocator; APC/CCdhl, Anaphase-
promoting complex/cyclosome and its coactivator Cdhl; ATO, Arsenic trioxide;
BDNF, brain-derived neurotrophic factor; BNIP3, BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3; BNIP3L/NIX, BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3-like; CaMKla, Ca?*/calmodulin-dependent
protein kinase-la; CDKI1, Cyclin-dependent kinase 1; CREB, cyclic AMP-
responsive element-binding protein; CVD, cardiovascular disease; DRPI,
dynamic relative-protein 1; DUSP1, Dual-specificity protein phosphatasel; E1,
activating enzymes; E2, conjugating enzymes; E3, ligase enzymes; ER, endoplasmic
reticulum; ERK, extracellular signal-regulated kinase; FIS1, mitochondrial fission
1 protein; FOXO, Forkhead box protein O; FUNDCI, FUN14 domain-containing
protein 1; GNAT, Guanine nucleotide-binding protein G(t) subunit alpha;
GqPCR, Gq protein-coupled receptor; GSK, glycogen synthase kinase; H/R,
Hypoxia/reoxygenation; HATSs, histone acetyltransferases; HDACs, histone
deacetylases; HO1, Heme oxygenase 1; I/R, Ischemia/reperfusion; IMM, inner
mitochondrial membrane; IP3R2, ER-resident inositol 1,4,5-trisphosphate
type 2; KATs, lysine acetyltransferases; KDACs, lysine deacetylases; LAD,
Left Anterior Descending Coronary Artery Ligation; LC3, Microtubule-
associated proteins 1A/1B light chain 3; LIR, LC3 interaction region; MAMs,
mitochondria-associated ER membranes; MAPL, mitochondrial-anchored
protein ligase; MARCH, Membrane-associated RING-CH; MCLI, Induced
myeloid leukemia cell differentiation protein Mcl-1 homolog; MFE, mitochondrial
fission factor; MFN, Mitofusin; MiD49, Mitochondrial dynamics protein of
49 kDa homolog; MID51, Mitochondrial dynamics protein of 51 kDa homolog;
Miro2, Mitochondrial Rho GTPase 2; MnSOD, manganese superoxide dismutase;
mPTP, mitochondrial permeability transition pore; Mstl, mammalian Ste20-like
kinase 1; mTOR, Mammalian target of rapamycin; NMNAT, nicotinamide
mononucleotide adenylyltransferase; NR4Al, nuclear receptor subfamily 4
group A member 1; NRF1, Endoplasmic reticulum membrane sensor NFE2LI;
NRF2, Nuclear factor erythroid 2-related factor 2; OGD, Oxygen/glucose
deprivation; OMM, Outer mitochondrial membrane; OPA1, Optic atrophy
protein 1 homolog; p300/CBP, CREB-binding protein; PARL, Presenilins-
associated rhomboid-like protein, mitochondrial; PGC1, the transcriptional
coregulator peroxisome proliferator-activated receptor y coactivator 1; PI3K,
Phosphoinositide 3-kinase; PINK, PTEN-induced putative kinase protein; PIP2,
phosphatidylinositol (4,5) bisphosphate; PKA, Protein kinase A; PKD, Protein
kinase D; PK3, protein kinase C 8; PPAR«, Peroxisome proliferator-activated
receptor o; PTEN, Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and
dual-specificity protein phosphatase; PTM, post-translational modification; Q73,
long polyglutamine repeat; QC, quality control; RIPK3, Receptor-interacting
serine/threonine-protein kinase 3; ROCK1, Rho-associated coiled-coil-containing
protein kinase 1; ROS, reactive oxidative species; S3, Diterpenoid derivative
15-oxospiramilactone; SENP, Sentrin/small ubiquitin-like modifier-specific
protease; SIRT, NAD-dependent protein deacetylase sirtuin-1; SOD, Superoxide
dismutase; SUMO, Small Ubiquitin-like Modifier; UCP1, Mitochondrial brown
fat uncoupling protein 1; ULKI, Serine/threonine-protein kinase ULK1; UPS,
Ubiquitination Proteasome System; VDACI, Voltage-dependent anion-selective
channel protein 1.

these pathways repair or remove dysfunctional and damaged
mitochondria to maintain mitochondrial morphology,
quantity, and function, as well as to promote cell survival
(Suliman and Piantadosi, 2015).

Cardiovascular disease is the one of most common causes of
death globally, and its incidence and prevalence have increased
over the years (Kyu et al., 2018). Remodeling of cardiomyocytes
occurs in heart failure, ischemia/reperfusion (I/R) injury, and
hypertrophic or dilated cardiomyopathy, which are characterized
by mitochondrial dysfunction and perturbed cellular homeostasis
(Tahrir et al, 2019). Given the high energy demands of
cardiomyocytes as they pump blood around the body under
normal physiological conditions, deregulated mitochondrial
homeostasis causes cardiac dysfunction and remodeling, and will
further induce CVD and complications. Through mitochondrial
QC, the abnormal function and structure of heart will be
improved (Figure 1).

In this review, we will discuss the progress in searching for
evidence of the role of mitochondrial QC in cardiomyocytes, and
for understanding the association between mitochondrial QC
and development of CVD such as ischemia/reperfusion injury,
cardiomyopathies, etc.

THE MOLECULAR MECHANISMS OF
MITOCHONDRIAL QUALITY CONTROL
(QC)

Post-translational Modification (PTM) of

Mitochondrial Proteins
In physiological and pathological conditions, the activity
of mitochondrial proteins is regulated by PTMs, including

SUMOylation, ubiquitination, phosphorylation, acetylation
and so on, to maintain mitochondrial metabolism or
to trigger mitochondrial fission/fusion and mitophagy

(Klimova et al., 2018).

SUMOylation
SUMOylation is a kind of PTM in which Small Ubiquitin-like
Modifier (or SUMO) proteins are covalently attached to lysine
residues of the substrate protein by SUMO E3 ligase. SUMO-1,
SUMO-2, and SUMO-3 have been identified as the main
members of the SUMO family (Hendriks and Vertegaal, 2016).
SUMO is translated as an inactive precursor and subsequently
cleaved by proteases such as the Sentrin/small ubiquitin-like
modifier-specific protease (SENP) family to produce the mature
form. SUMO undergoes an ATP-dependent interaction with
SUMO E1 enzyme to form an E1-SUMO thioester conjugate
through sequential adenylation and thioester bond formation
at the carboxyl terminus of SUMO. Subsequently, SUMO is
transferred to a cysteine residue of the SUMO E2 conjugating
enzyme to form an E2-SUMO thioester bond, which then
interacts with the E3 enzyme to facilitate transfer of SUMO to the
substrate (Gareau and Lima, 2010; Wilkinson and Henley, 2010).
Several previous studies have reported that mitochondrial
proteins are post-translationally modified via SUMOylation.
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FIGURE 1 | Mitochondrial quality control in cardiovascular disease under stress. (A) Stresses such as cardiotoxic drugs, ischemia/reperfusion, pressure overload,
etc., causes progression of several cardiovascular diseases, including cardiac hypertrophy, dilated cardiomyopathy, ischemia/reperfusion injury, and even heart
failure. (B) Mitochondrial quality control including post-translation modification, mitochondrial dynamics (biogenesis, fission/fusion, and mitophagy) and
mitochondria-driven vesicle, restores mitochondrial homeostasis and inhibits the progression of cardiovascular diseases.

Mitochondrial-anchored protein ligase (MAPL), the first
known mitochondrial-anchored SUMO E3 ligase, can
SUMOylate Dynamin relative-protein 1 (DRP1) and induce
mitochondrial fission, but the mechanism was not clear
(McBride et al., 2009). Further studies revealed that DRPI1, is
SUMOylated via MAPL-dependent activity of Bax/Bak during
programmed cell death. SUMOylated DRP1 stabilizes an
ER/mitochondrial signaling platform required for mitochondrial
constriction, calcium flux, crista remodeling, and efficient
cytochrome c release (Wasiak et al, 2007; Prudent et al,
2015). SENP3 is degraded during oxygen/glucose deprivation
(OGD) and brain ischemia. This reduces deSUMOylation of
DRPI and leads to cytochrome c release and programmed
cell death (Guo et al, 2013). Interestingly, as well as
deSUMOylating DRP1, SENP3 also promotes the binding
of DRP1 to mitochondrial fission factor (MFF), which leads
to mitochondrial fragmentation and cytochrome c release
(Guo et al., 2017).

Ubiquitination

Ubiquitination is a post-translational modification process
that is critical for protein or organelle degradation.
Ubiquitin is covalently attached to lysine residues on

substrate proteins via Ub-activating enzymes (E1), Ub-
conjugating enzymes (E2), and Ub-ligase enzymes (E3).
Ub is activated by El, and is subsequently transferred to
E2 to form Ub-E2. The Ub-E2 conjugate then interacts
with E3 and the substrate, which results in formation of an
isopeptide bond between the C-terminus of Ub and a lysine
residue in the substrate (Wang L. et al, 2019). Successive
ubiquitination reactions between one ubiquitin to another
lead to formation of a polyubiquitin chain, which binds to
the proteasome and leads to degradation of the substrate
(Ciechanover, 2005).

Several mitochondrial proteins are degraded via the
Ubiquitination Proteasome System (UPS) pathway to maintain
cellular homeostasis. The gene encoding Parkin, which serves as
a Ub-ligase enzyme, is mutated in Parkinson’s disease (Kitada
et al., 1998). DRPI interacts with Parkin and is subsequently
ubiquitinated by Parkin for degradation. The depletion of
Parkin reduces the ubiquitination and degradation of DRPI,
causing increased mitochondrial fission (Wang et al, 2011;
Buhlman et al., 2014). Ubiquitination of DRP1 is also catalyzed
by APC/CCdh1 E3 ubiquitin ligase complex, leading to changes
in mitochondrial dynamics when cellular mitosis is completed
(Horn et al, 2011). MARCH-V, a ubiquitin ligase, promotes
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the formation of elongated mitochondria by ubiquitinating
DRP1 and interacting with mitofusin (MFN) 2 (Nakamura et al.,
2006). Upon inhibition of USP30 by the diterpenoid derivative
15-oxospiramilactone (S3), non-degradative ubiquitination
of MEN1/2 is induced to promote mitochondrial fusion
(Yue et al, 2014). Additionally, ubiquitination also regulates
mitophagy. For example, in cells treated with CCCP, which
induces loss of mitochondrial membrane potential, MFN2 is
ubiquitinated by the E3 ubiquitin ligase Parkin for degradation,
which leads to impaired mitochondrial fusion and mitophagy
(Gegg et al, 2010; Poole et al., 2010; Tanaka et al., 2010;
Glauser et al, 2011). Also, MFN2 is ubiquitinated by the
PINK/Parkin pathway to trigger p97-dependent disassembly
of MFN2 complexes, which disrupts the contacts between
mitochondria and ER and subsequent initiation of mitophagy
(Tanaka et al., 2010; McLelland et al., 2018). Furthermore,
the ubiquitination of other mitochondrial proteins such
as MID49, MCL1 and FIS1 plays a role in mitochondrial
dynamics and cellular homeostasis (Zhang et al, 2012
Cherok et al., 2017).

Phosphorylation

Phosphorylation is a typical form of PTM which occurs at several
sites of target proteins such as serine, threonine, or tyrosine
residues. DRP1 has been most widely studied to elucidate
the mechanism of phosphorylation-mediated mitochondrial
fragmentation. Phosphorylation of DRP1 occurs on several sites,
such as Ser616 or Ser637 in human, and is catalyzed by several
kinases, including PKA (Chang and Blackstone, 2007), CaMKla
(Cribbs and Strack, 2007; Han et al., 2008), CDK1, or PK3 (Zaja
etal., 2014; Klimova et al., 2018). In addition, phosphorylation of
DRP1 by c-Abl mediates oxidative stress-induced mitochondrial
fragmentation and cell death (Chen and Dorn, 2013; Zhou
H. et al, 2017). Under high-glucose conditions, a transient
increase in Ca’T levels and ROS production is induced,
followed by activation of ERKI/2, which phosphorylates
DRPI and promotes mitochondrial fragmentation (Yu et al.,
2011). In addition, other mitochondrial QC processes are
mediated by phosphorylation of mitochondrial proteins.
MFF is phosphorylated by adenosine monophosphate-
activated protein kinase (AMPK) in response to energy
stress, which is required for DRP1-mediated mitochondrial
fission (Toyama et al, 2016). The pleiotropic ERK kinase
phosphorylates MFN1 to reduce the mitochondrial fusion
rate and to cause mitochondrial permeabilization (Pyakurel
et al., 2015). By phosphorylating MFN2, PKA inhibits the
proliferation of vascular smooth muscle cells, while PINK1
facilitates mitochondrial fragmentation and promotes mitophagy
(Chen and Dorn, 2013; Zhou et al,, 2010; Gong et al., 2015).
FUNDCI, a mitophagy receptor under hypoxic conditions,
is phosphorylated by ULK1 at Serl7. This enables FUNDCI1
to bind to LC3, which leads to mitophagy for clearance of
damaged mitochondria (Wu et al., 2014). Interestingly, under
hypoxic conditions, Src kinase-mediated phosphorylation of
FUNDCI at Tyrl8 in LIR motif is inhibited. This results in
dephosphorylation of FUNDC1 and increased mitophagy
(Liu et al., 2012).

Acetylation/Deacetylation

Acetylation is an evolutionarily conserved PTM, which plays an
important role in gene expression, gene function and cellular
metabolism via regulation of histones and non-histone proteins
(Baeza et al., 2016). Recently, accumulating lines of studies
have focused on lysine acetylation of non-histone proteins
in mitochondria, which modulates mitochondrial homeostatic
processes including mitochondrial dynamics and mitophagy.
Initially, lysine acetylation was discovered as a PTM of histones
which regulates the expression and function of nuclear genes
and is mediated by histone acetyltransferases (HATs) and
histone deacetylases (HDACs). Subsequently, lysine acetylation
was identified to occur outside the nucleus. This form of
lysine acetylation is mediated by lysine acetyltransferases (KATs)
and lysine deacetylases (KDACs) (Drazic et al, 2016). The
exact number of KATs is unclear, but all identified KATs can
be divided into three families: the GNAT family, the MYST
family and the p300/CBP family. The human genome encodes
18 KDACs, which can be divided into two types: Zn>™-
dependent HDACs and NAD™-dependent sirtuin deacetylases
(Takeo et al., 2019). Multiple associations between acetylation
or deacetylation and diseases have been revealed, including
neuronal degeneration (Min et al., 2015; Li Y. et al, 2018),
cancer (Audia and Campbell, 2016), disorders of glucose
homeostasis (Mihaylova et al., 2011; Winkler et al., 2012), and
cardiomyopathy(Vakhrusheva et al., 2008).

Mitochondrial Dynamics

Mitochondrial dynamics, including biogenesis, fusion, fission,
and mitophagy, regulate mitochondrial morphology and
maintain mitochondrial population health, which is critical for
cellular responses to metabolic cues or environmental stresses.
In physiological conditions, mitochondria continually and
spontaneously produce reactive oxygen species, accompanied by
the production of ATP, which impairs proteins, lipids and DNA
within mitochondria. To eliminate these deleterious components
and to maintain mitochondrial metabolism, fission helps
the mitochondrion to segregate the deleterious components
into a daughter mitochondrion which will be degraded by
mitophagy. Mitochondrial fusion is necessary for maintaining
the capacity of oxidative phosphorylation by healthy ones fused
with damaged ones to compensate the deficient metabolism
(Youle and van der Bliek, 2012).

Mitochondrial dynamics are mediated by several factors. In
brief, the transcriptional coregulator peroxisome proliferator-
activated receptor y (PPARy) coactivator la (PGCla) is the
core in mitochondrial biogenesis (Dorn et al, 2015); MFEF
FIS1, MID49, and MID51 are required to recruit the fission
factor DRP1 during mitochondrial fission, and OPAl and
MFN1/2 are required for mitochondrial fusion; characterized by
PINK1/Parkin pathway, multiple pathways involve in mitophagy
for the degradation of senescent and damaged mitochondria
(Youle and van der Bliek, 2012).

Mitochondrial Biogenesis
PGC1 plays a key role in mitochondrial biogenesis through
activating PPAR, increasing content of mitochondrial DNA
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(mtDNA), and promoting expression of UCPl and key
mitochondrial enzymes of the respiratory chain in brown fat and
skeletal muscle (Puigserver et al., 1998). PGCI is regulated by
several factors, such as cAMP, AMPK, and SIRT1, and plays its
core role in mitochondrial biogenesis (Wu et al., 1999; Gerhart-
Hines et al., 2007; Little et al., 2010). Through interacting with
transcription factors at downstream, including NRF1/2, ERR
and PPAR, PGC1 regulate the replication of mtDNA and the
transcription of mitochondrial proteins genes for mitochondrial
biogenesis (Dorn et al., 2015).

Mitochondrial Fission and Fusion

For mitochondrial fission, DRP1 is recruited from the cytosol to
form spiral oligomers around the mitochondrion. DRP1 binds
to 4 protein receptors, MFE, FIS1, MID49, and MID5I, that
constrict the mitochondrion and divide it into two daughters, in
which mitochondrial components are asymmetrically distributed
or segregated (Dorn and Kitsis, 2015; Ni et al., 2015). By fission,
a daughter mitochondrion which may contain deleterious or
damaged components can be removed via mitophagy (Youle
and van der Bliek, 2012). The site where DRP1 constricts
mitochondria is often the same place where mitochondria
contact the ER (Friedman et al., 2011). In addition, fission is
modulated via PTM of DRP1 as mentioned above. These PTMs,
including SUMOylation and phosphorylation, are essential for
the maintenance of mitochondrial homeostasis.

Mitochondrial fusion in mammals is mediated by MFN1
and MFN2, two membrane-anchored dynamin-related GTPases,
which regulate fusion of the outer mitochondrial membrane, and
by OPAL, also a dynamin-related GTPase, which regulates fusion
of the IMM (Youle and van der Bliek, 2012; Ni et al., 2015).

Mitophagy

Autophagy is an evolutionarily conserved pathway in which
double-membraned  structures  called  autophagosomes
encapsulate damaged organelles, protein aggregates, and
invading microorganisms and fuse with lysosomes for
degradation (Levine and Kroemer, 2008; Martinet and De Meyer,
2009; Gatica et al., 2015; Tkeda et al., 2015a). Macroautophagy is
widely studied and is considered as the major cellular pathway
for non-selective degradation of proteins and organelles. In
addition to non-selective macroautophagy, selective autophagy,
which acts via dedicated receptors on autophagic substrates,
plays an important role in removal of specific organelles such as
mitochondria (mitophagy), the ER (reticulophagy), ribosomes
(ribophagy), lysosomes (lysophagy), etc. (Galluzzi et al., 2017).

Here, we focus on mitophagy, a critical mitochondrial QC
process for maintenance of mitochondrial homeostasis, and we
examine the link between mitophagy and physiological and
pathological changes in cardiomyocytes.

Damaged mitochondria are removed by mitophagy via the
PINKI1-Parkin axis, which is the most widely studied mitophagy
pathway. In normal conditions, after being imported into the
IMM, PINKI is constitutively cleaved by the IMM protease
PARL, and is then released to the cytoplasm for further
degradation. Upon loss of mitochondrial membrane potential,
the import of PINK1 is blocked and therefore PINK1 cannot

be accessed by PARL, resulting in its stabilization on the OMM.
Subsequently, PINK1 phosphorylates Parkin and ubiquitin and
further induces mitophagy to remove damaged mitochondria
(Youle and van der Bliek, 2012; Lazarou et al., 2015; Nguyen et al.,
2016; Pickles et al., 2018).

In addition to PINK1 and Parkin, other LC3-interacting
proteins such as the mitophagy receptors FUNDCI1, BNIP3, or
BNIP3L/NIX are also involved in mitophagy (Liu et al., 2014).

Mitochondrial-Derived Vesicles (MDVs)

In addition to PTMs on mitochondrial proteins, changes in
mitochondrial dynamics and mitophagy, increasing evidence
has indicated that mitochondrial-derived vesicles (MDVs) are
important for mitochondrial QC. In response to different stimuli,
like starvation, small vesicles carrying specific components of
mitochondria are generated and transported to lysosomes for
degradation via the PINK1/Parkin pathway to maintain cellular
homeostasis (Soubannier et al., 2012; McLelland et al., 2014;
Suliman and Piantadosi, 2015). The size of MDVs ranges from
70 to 150 nm and the generation of MDVs is independent of
DRP1 (Sugiura et al., 2014). Altogether, there are three distinct
criteria to identify MDVs: independence from the core fission
GTPase DRP1, incorporation of selected mitochondrial cargo,
and a diameter of 70-150 nm as observed by electron microscopy
(Cadete et al., 2016).

In summary, mitochondrial QC exerts its function to maintain
mitochondrial and cellular homeostasis via multiple components,
which is interacting with each other. PTMs serve as triggers
to keep the balance of mitochondrial dynamics and MDVs.
The deficiency or excess of PTMs is associated with abnormal
mitochondrial dynamics and MDV’s, which is involved in several
pathological progressions in CVD.

THE MITOCHONDRIAL QUALITY
CONTROL (QC) IN CARDIOVASCULAR
DISEASE (CVD)

Post-translational Modification (PTM) of
Mitochondrial Proteins in

Cardiomyocytes

SUMOylation

DJ-1, also known as Parkinson disease protein 7, serves as a
molecular chaperone and is activated in oxidative environments.
Mutations in the gene encoding DJ-1 are associated with
Parkinson’s disease (Shendelman et al., 2004). Deficient DJ-1
enhanced accumulation of SUMO-1 modified proteins, reduced
SUMO-2/3 modified proteins after I/R injury, which is
associated with enhanced SUMOylation of DRPI and excessive
mitochondrial fission. The DJ-1 deletion heart displayed
increased infarction size, deteriorated cardiac function in vivo.
That study suggested that the activation of DJ-1 attenuates
excessive mitochondrial fission and protects cardiomyocytes
from I/R injury by decreasing the SUMOylation of DRPI
(Shimizu et al., 2016). In contrast, another study suggests
that deSUMOylation of DRPI is involved in the release or
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cleavage of apoptotic factors, impaired mitochondrial fission,
and development of cardiomyopathy induced by overexpression
of SENP5 in vivo (Kim et al., 2014). Treatment with zinc
protects cardiomyocytes from hypoxia/reoxygenation (H/R)
injury in vitro and improves cardiac function against I/R injury
ex vivo by inducing the SUMOylation of DRP1 and promoting
mitophagy (Bian et al., 2019).

In summary, SUMOylation of DRP1 mediates mitochondrial
dynamics and mitophagy, but the exact mechanism remains
elusive. The existing research appears to suggest the levels
of DRP1 SUMOylation should be controlled in a restrict
range to maintain cardiac function. The association between
SUMOylation of other mitochondrial proteins and cardiac
protection remains unclear and needs further investigation.

Ubiquitination

In cardiomyocytes, beside mitophagy mediated by mitochondrial
ubiquitination, ubiquitination regulates the cardiomyocytes
homeostasis through specific function of protein substrates via
activated UPS. Mitochondrial Rho GTPase 2 (Miro2) is an
OMM protein which facilitates the formation of mitochondrial
nanotubes along microtubules and mediates the transportation
of mitochondria. The expression of Parkin increases during
cardiac hypertrophy, which leads to ubiquitination of Miro2 and
causes impairment of mitochondrial communication, whereas
overexpressed Miro2 protects cardiomyocytes from transverse
aortic constriction-induced cardiac dysfunction in vivo (Cao
et al,, 2019). On the contrary, VDACI, a substrate of Parkin,
is ubiquitinated when HL-1 mouse atrial cardiomyocytes are
exposed to arsenic trioxide (ATO). This maintains mitochondrial
homeostasis and protects cardiomyocytes during exposure to
cardiotoxic agents in vitro (Watanabe et al., 2014).

In summary, previous studies have shown that ubiquitination
of several mitochondrial proteins by PINK/Parkin or MARCH-
V triggers changes of mitochondrial dynamics and mitophagy
to maintain cellular homeostasis. However, the mechanism by
which ubiquitination mediates mitochondrial QC as well as
the different functions with specific ubiquitination of substrates
in cardiomyocytes remains unclear and should be further
investigated in vivo and in vitro.

Phosphorylation

Recently, several studies have focused on PTMs of mitochondrial
proteins via phosphorylation. Fasudil has been reported to
reduce mitochondrial fragmentation by inhibiting the effect
of the RhoA/ROCK pathway, which catalyzes phosphorylation
of DRP1, and subsequently induces mitophagy and protects
cardiomyocytes from endotoxemia-induced impairment of
heart function in vivo (Preau et al, 2016). Interestingly, in
another study, RhoA activation was suggested to regulate the
phosphorylation of DRP1 for cardioprotection in vitro (Brand
et al., 2018). Furthermore, a recent study reported that protein
kinase D (PKD), a downstream kinase of Gq protein-coupled
receptor (GqPCR) signaling, phosphorylates DRP1 and promotes
mitochondrial fragmentation in cardiomyocytes via al-AR-
PKD signaling in vitro and in vivo (Jhun et al, 2018). The
protective effect of this pathway on stressed cardiac cells and

the underlying mechanism should be further investigated. Also,
MEFN?2 is a well-studied target protein phosphorylated by PINK1
for mitochondrial QC in cardiomyocytes (Chen and Dorn,
2013), which also plays a critical role in perinatal cardiac
maturation (Gong et al., 2015). In addition, there is evidence that
AMPK-a2 will be switched to AMPK-al increasingly in heart
failure, which reduces the level of AMPK-a2 and promotes the
development of cardiac dysfunction, whereas AMPK-a2 interacts
with phosphorylated PINKI1 to initiate PINK/Parkin-mediated
mitophagy for protection against progression of heart failure
under phenylephrine stimulation in vivo (Wang B. et al., 2018).

Like ubiquitination (discussed above), phosphorylation plays
an important role in QC of mitochondria, and also triggers
changes of mitochondrial dynamics and mitophagy. However,
the association between the PTM and cardiomyocyte function
in physiological and pathological processes is clearer for
phosphorylation than for ubiquitination. Nevertheless, the
functions of phosphorylation in heart cells still need to be
further investigated.

Acetylation/Deacetylation
Several studies have investigated the link between the lysine
acetylation/deacetylation balance and mitochondrial homeostasis
in cardiomyocytes to understand the progress of CVDs. OPA1
is hyperacetylated under pathological stress and its GTPase
activity is suppressed, whereas SIRT3, a NAD-dependent protein
deacetylase (Onyango et al,, 2002), can deacetylate OPAI at
Lys926 and Lys931 and restore its GTPase activity in vivo
(Samant et al, 2014). These changes are accompanied by
altered mitochondrial cAMP/PKA signaling (Signorile et al.,
2017). Additionally, acetylation participates in regulation of
mitophagy. SIRT3 depletion facilitates angiotensin II-induced
PINK/Parkin acetylation and increases ROS generation, leading
to impaired mitophagy, while the overexpression of SIRT3
enhances PINK/Parkin-dependent mitophagy, reduces ROS
generation, restores vessel sprouting and tube formation, and
improves cardiac function and microvascular network formation
in vivo (Wei et al, 2017). Similarly, SIRT3 catalyzes the
acetylation of Forkhead box protein O (FOXO) 3, which is
upstream of Parkin-dependent mitophagy (Celestini et al., 2018),
to maintain mitochondrial homeostasis during streptozotocin-
induced diabetic cardiomyopathy in vivo (Das et al, 2014).
In addition, deacetylation has been reported to regulate the
levels of mitochondrial metabolism proteins that localize
in the mitochondrial matrix, such as superoxide dismutase
(SOD) 2 (Dikalova et al., 2017), nicotinamide mononucleotide
adenylyltransferase (NMNAT) 3 (Yue et al,, 2016), and glycogen
synthase kinase (GSK) 3f (Sundaresan et al., 2015), to protect
cardiomyocytes from hypertension, hypertrophy, and cardiac
fibrosis in vivo. Furthermore, there is evidence that SIRT4
promotes development of hypertension by inhibiting the binding
of manganese superoxide dismutase (MnSOD) to SIRT3. This
results in decreased deacetylation of MnSOD by SIRT3 and
reduced activity of MnSOD, and ROS accumulation during
angiotensin II treatment in vivo (Luo et al., 2017).

Accumulating evidence reveals that the balance between
acetylation and deacetylation has a crucial role in mitochondrial
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dynamics, mitophagy and mitochondrial metabolism in
cardiomyocytes. These mitochondrial QC processes prevent the
progression of CVD. Further research is needed to find effective
pharmacological agents that target the sites of acetylation, which
may lead to the development of new therapies for CVD.

PTMs are crucial for mitochondrial homeostasis
cardiomyocytes, and dysregulation of PTMs is associated with
development of CVD. Although different kinds of PTMs have
been reported for mitochondrial proteins, further mechanistic
studies in cardiomyocytes are needed (Figure 2).

in

MITOCHONDRIAL DYNAMICS IN
CARDIOVASCULAR DISEASE (CVD)

For maintaining the pump function to meet the demand
of organism, cardiomyocytes require health mitochondrial
homeostasis to provide sufficient ATP for energy. Since
mitochondria cannot be synthesized de novo, the dynamical
renew cycle, including mitochondrial biogenesis, fission,

fusion, and mitophagy, is required to maintain mitochondrial
homeostasis health in cardiomyocytes (Suliman and Piantadosi,
2015). At baseline or in unstressed conditions, the expression
of mitochondrial fusion-related proteins is higher than that
of fission-related and mitophagy-related proteins in adult
mouse heart (Song et al., 2015a). The high levels of fusion
may contribute to maintaining the capacity of oxidative
phosphorylation (Youle and van der Bliek, 2012), which meets
the demand of cardiomyocytes.

Mitochondrial Biogenesis in

Cardiomyocytes

Lehman et al. (2000) firstly reported the role of PGCI in
mitochondrial biogenesis in cardiomyocytes. The overexpression
of PGC1 induced upregulated expression of mitochondrial
proteins, accumulation of enlarged mitochondria in vitro and
resulted in the loss of sarcomeric structure and a dilated
cardiomyopathy in vivo (Lehman et al, 2000). Deficient
PGC1 was not associated with abnormal mitochondrial and
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FIGURE 2 | Overview of post-translation modification in mitochondria in cardiomyocytes. Several post-translation modifications of mitochondrial proteins play
important roles in mitochondrial homeostasis in cardiomyocytes. (A) Decreased SUMOylation of DRP1 and increased SUMOylation of MFN2 repress the progression
of dilated cardiomyopathy. (B) Parkin induces ubiquitination of Miro2 and its degradation, leading to development of cardiac hypertrophy. SIRT3 deacetylates
MnSOD2 and NMNATS to restores normal cardiac function and structure. (C) DJ-1 and Zinc treatment contribute to suppressing ischemia/reperfusion injury by
regulating SUMOylation of DRP1. (D) Phosphorylation of DRP1 via RhoA/ROCK pathway induces heart failure, whereas ubiquitination of VADC1 and deacetylation of

OPAT1 repress development of heart failure.
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cardiac structure, although it caused the deficient expression of
mitochondrial proteins and cardiac contractile dysfunction in
physiological conditions in vivo (Arany et al., 2005). The same
group further revealed that when PGC1 deficiency mice were
subjected to transverse aortic constriction, their heart appeared
to enlarge and be heavier, consistent with hypertrophy in vivo
(Arany et al., 2006).

In addition to PGCI1, other factors also were reported to
participate in the regulation of mitochondrial biogenesis. Heme
oxygenase (HO) 1, a protective antioxidant enzyme that prevents
cardiomyocyte apoptosis, promotes the endogenous generation
of carbon monoxide (CO), which increases NRF1 levels via
AKT-GSK3p-NRF2 pathways. Consequently, the overexpression
of HOI causes the accumulation of NRF1 to increase the
mtDNA replication and promotes mitochondrial biogenesis,
leading to protecting cardiomyocytes from cardiotoxic stress
in vivo (Piantadosi et al., 2008).

These studies indicated that mitochondrial function is
redundant to the demand for energy in cardiomyocytes,
while mitochondrial biogenesis plays a crucial role when
cardiomyocytes are subjected to external environmental stress,
accompanied by increasing of mitophagy.

Mitochondrial Fission in Cardiomyocytes

In cardiomyocytes, exogenous inhibition of DRP1 improves
impaired cardiac function, whereas endogenous DRP1 knockout
promotes cardiac dysfunction. Reduced DRP1 expression levels
induced by Mdivi-1, a mitochondrial fission inhibitor, reduced
cell death, inhibited mitochondrial permeability transition pore
(mPTP) opening, and protected cardiomyocytes from I/R injury
in vitro. The pretreatment of Mdivi-1 followed by I/R injury
improved LV developed pressure, reduced LV end-diastolic
pressure and myocardial infarction size in vivo and ex vivo (Ong
etal., 2010; Sharp et al., 2014). Besides Mdivi-1, the pretreatment
of FK506 and therapeutic hypothermia (30°C) also preserved
cardiac function via preventing Drp1-S637 dephosphorylation
(Sharp et al., 2014).

Cardiac-specific  DRP1 knockout mice have suppressed
autophagy, dysfunctional mitochondria, and greater infarct size
after ischemia/reperfusion. They also develop left ventricular
dysfunction, and die after 13 weeks. In vitro, accumulated
enlarged mitochondria induced by impaired mitochondrial
fission fail to be degraded in lysosomes, although recruits
abundant p62 and ubiquitin (Ikeda et al., 2015b). Interestingly,
concomitant conditional deletion of Parkin suppresses the
cardiac-specific DRP1 knockout-induced impaired ventricular
ejection, adverse cardiac remodeling, and cardiac myocyte
necrosis and fibrosis, but does not alter mitochondrial
enlargement in cardiomyocytes (Song et al., 2015a). On the
contrary, the whole body Parkin knockout mice fail to improve
the function of heart with specific knockout of DRP1 (Kageyama
etal.,, 2014). The underlying mechanism may be explained by the
lower recruitment levels of p62 and ubiquitin on mitochondria
in the former, which appears to block the degradation of
mitochondria and maintain the cardiac function to some extent.
The potential mechanisms should be also investigated in further

study. These studies suggest that mitochondrial fission regulates
cardiac function via mitophagy in physiological conditions.

Recently, it was reported that the interaction between
DRP1 and FIS1 is enhanced under LPS treatment, and this
is associated with increased ROS generation, mitochondrial
fragmentation, and increased mortality in vitro. These effects are
attenuated by treatment with P110 on LPS-treated mice, which
inhibits the interaction between DRP1 and FIS1 (Haileselassie
et al, 2019). Evidence also showed that cardiac dysfunction
in Huntington’s disease is related to DRPI1/FIS1-mediated
impairment of lysosomal function. Abnormal mitochondrial
fragmentation and dysfunctional lysosomes were observed in
H9C2 embryonic cardiomyocytes expressing mutant Huntingtin
protein with a long polyglutamine repeat (Q73) and in human
iPSC-derived cardiomyocytes transfected with Q77 (Joshi et al.,
2019). In addition to DRP1, mitochondrial fission and fusion
are also affected in phenylephrine (PE)-induced hypertrophy,
where the mitochondrial permeability transition pore opens
and the mitochondria are exposed to oxidative stress in vivo
(Javadov et al., 2011).

Mitochondrial Fusion in Cardiomyocytes

Mitochondrial fusion has been reported to regulate the
homeostasis of cardiomyocytes. Reduced expression of
MFN2 and mitochondrial fission are observed in diabetic
hearts from 12-week-old leptin receptor-deficient mice and in
cardiomyocytes fed with high-glucose and high-fat medium. This
is due to down-regulation of PPARa, which directly binds to the
promoter of MFN2 and modulates its expression. The functional
deficits in cardiomyocytes are attenuated by reconstitution of
MFN2, which enhances mitochondrial fusion (Hu et al., 2019).
The endogenous deficiency of MFN2 leads to hypertrophy and
slight cardiac dysfunction, which is associated with a marked
delay in mitochondrial permeability transition. Followed by
the I/R procedure, MFN2 ablation results in improved cardiac
performance and lower cell death ratio (Papanicolaou et al,
2011). In contrast, further research indicated that cardiac-
specific MFN2 knockout mice caused a higher cell death ratio
after the I/R procedure. MEN2 ablation in cardiomyocytes
prevented the fusion between autophagosomes and lysosomes
for mitochondrial degradation and caused the accumulation of
autophagosomes (Zhao et al., 2012). These studies indicated the
role of MFN2 in cardiomyocytes and cardiac function should be
further investigated.

Optic atrophy 1 (OPA1) is also involved in mitochondrial
homeostasis in cardiomyocytes. Reduction of OPA1 is associated
with ischemia-induced heart failure, and with mitochondrial
fragmentation and apoptosis in cardiomyocytes. Overexpression
of OPA1 fails to prevent apoptosis, although it does increase
the tubularity of mitochondria in vitro (Chen et al, 2009).
However, further study in vivo suggested that overexpression of
OPAL1 refined cardiac injury accompanied by the upregulated
long-OPA1 levels in vivo. The potential mechanism may be
OPA1-dependent stabilization of mitochondrial cristae structure
increases mitochondrial respiratory function, blocks cytochrome
c release, ROS production, and apoptosis (Varanita et al., 2015).
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In addition to MFN2 and OPA1, SIRT3 is another important
factor that protects cardiomyocytes from post-infarction cardiac
injury by normalizing the AMPK-DRP1 pathways. This has
the effect of attenuating mitochondrial fission and preserving
mitochondrial homeostasis, which improves cardiac fibrosis,
maintains myocardial function, inhibits inflammatory responses,
and reduces cellular death (Liu et al., 2019). Similar to SIRT3,
NR4A1, which has no fission or fusion activity, promotes
MFF-dependent mitochondrial fission and represses mitophagy,
resulting in aggravation of cardiac microvascular I/R injury
in vivo (Zhou H. et al, 2018). NR4A1 has also been reported
to play an important role in protecting against vascular injury
(Papac-Milicevic et al., 2012).

As mentioned above, Moshi Song and colleagues discovered
that concomitant conditional Parkin deletion suppresses the
effect of DRP1 ablation in heart (Ikeda et al., 2015b). To
further investigate the association between mitochondrial
dynamics and mitochondrial QC, the same group revealed
that DRP1 conditional knockout in cardiomyocytes induces
mitochondrial enlargement, dilated cardiomyopathy, and
cardiomyocyte necrosis. Furthermore, MFNI1/2 conditional
knockout causes mitochondrial fragmentation and eccentric
ventricular remodeling, namely eccentric hypertrophy without
change in the ratio of left ventricular end-diastolic radius to wall
thickness. Contrary to previous observations, DRP1 ablation
increased mitophagy in this study, as evidenced by accumulation
of LC3-II and increased engulfment of mitochondria into
lysosomes (Song et al., 2015b).

Altogether, the accumulating evidence suggests that
mitochondrial fission and fusion are both essential for
mitochondrial QC, and deregulation of either process will
result in cardiomyocyte dysfunction, cardiac remodeling and
even cell death. Impaired mitochondrial fission causes dilated
cardiomyopathy, while impaired mitochondrial fusion causes
hypertrophy (Papanicolaou et al., 2011; Ikeda et al., 2015b; Song
et al., 2015b; Hu et al,, 2019). Nevertheless, the mechanisms
underlying the associations between mitochondrial fission or
fusion and pathological conditions are unclear. Additionally,
there are some conflicting observations in mitophagy and
mitochondrial dynamics, which should be further confirmed in
future studies (Figure 3).

MITOPHAGY IN CARDIOVASCULAR
DISEASE (CVD)

PINK1/Parkin-Dependent Mitophagy

Parkin-dependent mitophagy has been reported to protect
the heart from high-fat diet-induced cardiac hypertrophy,
diastolic dysfunction, and lipid accumulation in mice (Tong
et al.,, 2019). Evidence suggests that decreased PINK1/Parkin-
dependent mitophagy is associated with development of
dystrophic cardiomyopathy (Kang et al., 2018). Recently, it
has been reported that PINK1/Parkin-dependent mitophagy is
regulated by several factors (Sun et al., 2014; Tahrir et al., 2017; Yu
etal., 2017; Li G. et al., 2018; Pickles et al., 2018; Thai et al., 2018;
Xiong et al., 2018; Ren J. et al., 2019; Shang et al., 2019). PTEN
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FIGURE 3 | Overview of mitochondrial biogenesis, fission and fusion in
cardiomyocytes. Overexpression of PGC1 induces mitochondrial biogenesis
and dilated cardiomyopathy, while deficient PGC1 results in cardiac
hypertrophy under pressure overloading. Exogenous inhibition of DRP1 by
Mdivi-1 improves impaired cardiac function after ischemia/reperfusion injury,
whereas endogenous DRP1 knockout promotes cardiac hypertrophy.
Enhanced interaction between DRP1 and FIS1 induced by LPS treatment or
expression of long polyglutamine repeat causes excessive mitochondrial
fission and dilated cardiomyopathy. Two crucial GTPase proteins of
mitochondrial fusion, MFN1/2 and OPA1, are essential to repress cardiac
hypertrophy and ischemia/reperfusion injury respectively.

is a PIP3 phosphatase that generates phosphatidylinositol (4,5)
bisphosphate (PIP2), which is involved in multiple biological
processes. PTEN was reported to bind Parkin via a form of
the membrane binding helix in N-terminus and enhance the
recruitment of Parkin onto mitochondria, leading to the removal
of damaged mitochondria and maintenance of cardiomyocyte
homeostasis (Li G. et al., 2018). In addition, mitophagy in
cardiomyocytes is regulated by mammalian Ste20-like kinase 1
(Mstl), which rapidly increases in cardiomyocytes upon LPS
treatment or diabetic stress. Mstl depletion attenuates LPS-
induced cardiomyocyte death or diabetic cardiomyopathy and
improves cardiac function via promoting Parkin-dependent
mitophagy (Shang et al., 2019). Further evidence reveals that
the inhibition of mitophagy by Mstl is associated with SIRT3,
whereas depletion of SIRT3 restores cardiac function when
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Mstl is overexpressed in diabetic cardiomyopathy (Wang S.
et al., 2019). However, depletion of SIRT3 aggravates impaired
mitophagy in diabetes mellitus-associated cardiac dysfunction,
accompanied by decreased deacetylation of FOXO3A and
expression of Parkin (Yu et al., 2017).

A recent study revealed that adenine nucleotide translocator
(ANT) complex drives mitophagy independent of its nucleotide
translocase catalytic activity. ANT interacts with TIM23 and
suppresses TIM23-mediated protein translocation, which results
in the stabilization of PINK1 and subsequent mitophagy. In
mouse heart, the lack of ANT causes the accumulation of
mitochondria and abnormal mitochondrial morphology with
swelling structure and aberrant cristae, which is associated
with cardiac hypertrophy and reduced contractile function.
Interestingly, this team also found a patient who suffered
from homozygous loss of function mutations in ANTI,
developed severe heart failure and the biopsy indicated
this patients cardiomyocytes had abnormal mitochondrial
homeostasis (Hoshino et al., 2019).

Several lines of evidence suggested that normal
PINK1/Parkin-dependent mitophagy is required for the
maintenance of cardiac function (Figure 4A). However, a few
proteins were known to regulate mitophagy in this manner and
more definitive proofs of their clear mechanisms are needed.

PINK1/Parkin-Independent Mitophagy
It has been mentioned above that the activity of FUNDCI1
in mitophagy is regulated by PTMs (Liu et al, 2012; Wu
et al., 2014). FUNDCI, via binding to the ER-resident inositol
1,4,5-trisphosphate type 2 receptor (IP3R2), modulates Ca?™
release from the ER at mitochondria-associated ER membranes
(MAMs) to maintain mitochondrial function and homeostasis,
which is essential for cardiac function, and to protect the
heart from failure (Wu et al,, 2017). Apart from regulating
SIRT3, Mstl represses FUNDCI1 expression and FUNDCI-
induced mitophagy in cardiac I/R injury via the ERK-CREB
pathway. Depletion of Mst1 sustains mitochondrial homeostasis
and protects cardiomyocytes (Yu W. et al, 2019). In contrast,
Receptor-interacting serine/threonine-protein kinase 3 (RIPK3)
induces mitochondrial apoptosis in cardiac I/R injury by
inhibiting FUNDC1-mediated mitophagy (Quinsay et al., 2010).
The interaction between BNIP3 and LC3 is positively
regulated by phosphorylation of Serl7 and Ser24 in BNIP3
(Liu et al, 2014). In cardiomyocytes isolated from rat heart,
overexpression of BNIP3 induces extensive mitophagy, which
is independent of cytosolic Ca?* level, ROS generation and
mPTP opening (Quinsay et al., 2010). The expression of BNIP3
increases in cardiomyocytes under PE or calcium stress in vitro
or in response to pressure overload in vivo. By 3-methyladenine
treatment and gene ablation assay, JNK signaling was proved to
regulate BNIP3 expression via the transcription factor FOXO3a,
thus protecting cardiomyocytes from cardiac remodeling in
heart failure (Chaanine et al, 2012). JNK signaling is also
regulated by Dual-specificity protein phosphatasel (DUSP1) to
alleviate cardiac I/R injury. This effect involves suppression
of MFF-mediated mitochondrial fission and BNIP3-dependent
mitophagy in vivo (Jin et al., 2018).

Structurally similar to BNIP3, BNIP3L, is also a receptor
for mitophagy. BNIP3L interacts with LC3 or GABARAP by
its:. WXXL motif in the N-terminal region to remove the
excess or damaged mitochondria (Kanki, 2010; Moyzis and
Gustafsson, 2019). However, serving as pro-apoptotic factors,
BNIP3L is involved in cardiomyocyte apoptosis. Evidence
indicates increased BNIP3L promotes cardiomyocyte apoptosis
and causes cardiomyopathy with LV dilation and represses
systolic function, whereas reduced BNIP3L protects against
apoptotic cardiomyopathy (Lynch et al., 2002; Diwan et al., 2008).
Although BNIP3L is widely studied in cardiomyocytes acting as a
pro-apoptotic factor, definitive proofs linking cardiomyocytes to
the role of BNIP3L in mitophagy are not available.

In summary, evidence from several studies suggests that
mitophagy in cardiomyocytes may be a critical pathway for
mitochondrial QC. Mitophagy receptors such as FUNDCI,
BNIP3, BNIP3L, etc., play essential roles in maintenance of
mitochondrial and cellular homeostasis (Figure 4B). For a
number of these receptors, their mechanism of action remains
unclear and needs to be further investigated. In addition, based
on emerging knowledge about dedicated mitophagy receptors,
some novel pharmacological agents have been proposed to
prevent CVD. These agents include 6-Gingerol, berbamine and
melatonin (Zhou L. et al., 2017; Ren Q. et al., 2019).

MITOCHONDRIAL-DERIVED VESICLES
(MDVS) IN CARDIOVASCULAR DISEASE
(CVD)

Although few researchers have studied the association between
MDVs and cardiomyocytes, Cadete et al. (2016) revealed
that MDVs maintain the homeostasis of mitochondria
in cardiomyocytes in response to acute stress induced by
doxorubicin. They also suggested that MDV formation serves
as baseline housekeeping mechanism and a first line of defense
against stress in the cardiac system (Cadete et al., 2016).

This preliminary evidence suggests that there may be a link
between MDVs and cardiomyocyte function. However, much
more work is needed to investigate the potential association
between MDVs and CVD. The specific mechanisms underlying
generation and maturation of MDV:s also require further study.
In particular, it will be important to identify the kinds of proteins
that are involved in generating the selective asymmetry of MDVs.

PHARMACOLOGICAL AND
THERAPEUTIC TARGETS BASED ON
MITOCHONDRIAL QUALITY CONTROL
SYSTEMS

Recently, many studies have focused on therapies targeted to
mitochondrial QC including PTMs on mitochondrial proteins,
mitochondrial dynamics, mitophagy, and MDVs. Melatonin
treatment was reported to maintain myocardial function and
cardiomyocyte viability in the context of I/R injury in vivo.
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FIGURE 4 | Overview of mitophagy that involves in cardiac dysfunction. (A) In cardiomyocytes, PINK1/Parkin-dependent mitophagy is regulated by several factors.
ANT localizes on the IMM, maintains the stabilization of PINK1 and subsequent mitophagy. SIRT3 plays an important role in mitophagy to suppress diabetes
mellitus-associated cardiac dysfunction. Parkin and ATG7 are essential to mitophagy for homeostasis of cardiomyocytes. PTEN regulates mitophagy and maintains
mitochondrial quality control as well as cardiac homeostasis. BAG3 and Rcan1-1L are involved in mitophagy for cardiomyocyte function, whereas CYP2E1 and
TSOP negatively regulate mitophagy in cardiomyocytes. Mst1, serves as pro-apoptotic kinase, inhibits PINK1/Parkin-dependent mitophagy and promotes cardiac
dysfunction. (B) Cardiac function is also regulated by PINK1/Parkin-independent mitophagy, including FUNDC1-dependent and BNIP3-dependent mitophagy.
FUNDC1-dependent mitophagy restores cardiac function by Mst1 and RIPK3, whereas BNIP3-dependent mitophagy induces cardiac dysfunction which is
promoted by JNK pathway but is inhibited by DUSP1. The knowledge linking BNIP3L to cardiomyocytes via mitophagy remains limited.

The effect was related to OPAl-dependent maintenance of
mitochondrial fusion and mitophagy, and occurred through
activation of AMPK by melatonin (Zhang et al, 2019). By
inhibiting Mst1, melatonin also increases the expression of Parkin
and thus restores Parkin-mediated mitophagy to protect the
heart from diabetic cardiomyopathy (Wang S. et al, 2018).
7,8-dihydroxyflavone (7,8-DHF), a mimetic of Brain-derived
neurotrophic factor (BDNF), also attenuates cardiomyocyte
death and improves cardiac function in cardiac ischemic
injury via repression of the OMAIl-dependent proteolytic
cleavage of L-OPA1 (Wang Z. et al., 2019). In addition to
mitochondrial fusion, fission can also be targeted to improve
cardiomyocyte function under pathological conditions. For
example, during I/R injury, treatment with Mdivi-1, improves
cardiac function, attenuates arrhythmia and reduces infarct
size by maintaining mitochondrial function in cardiomyocytes,
resulting in suppression of cellular death. Mdivi-1 is more
efficient when administered prior to ischemia, but less effective
at the onset of reperfusion (Cooper and Eguchi, 2018). Through
reducing DRP1 expression levels, Mdivi-1, suppresses cell death,
inhibited mPTP opening, and protected heart from I/R injury
(Piantadosi et al., 2008; Ong et al,, 2010). The pretreatment
of FK506 and therapeutic hypothermia (30°C) also preserved
cardiac function via preventing DRP1-S637 dephosphorylation
(Ong et al, 2010). Also, treatment with P110, which inhibits

the DRP1/FISI interaction, improves mitochondrial homeostasis
in cardiomyocytes and promotes the removal of damaged
mitochondria in Huntington’s disease models (Joshi et al., 2019).
A traditional Chinese medicine, Shenmai, induces mitophagy,
regulates mitochondrial dynamics, improves intracellular Ca?*
homeostasis and mitochondrial potential to attenuate H/R injury
in vitro and to prevent Left Anterior Descending Coronary
Artery Ligation (LAD)-induced cardiac dysfunction in vivo
(Yu]J. et al., 2019).

As mentioned above, by targeting to autophagy receptors on
mitochondria, or to regulators of mitochondrial function, several
novel pharmacological therapies play a role in cardiovascular
system. Through phosphorylating PI3K, AKT, mTOR and further
suppressing BNIP3, 6-Gingerol attenuates hypoxia-induced
cardiomyocyte injury (Ren Q. et al., 2019). Melatonin has also
been identified to suppress platelet activation in cardiac I/R injury
by restoring PPARy and thus blocking FUNDCI-dependent
mitophagy, which leads to reduction of platelet activity and
improved cardiac outcome (Zhou L. et al.,, 2017). In addition
to pharmacological therapies, several physical therapies are also
efficient in preventing cardiac disease. For example, in aged mice
after myocardial infarction, short-duration swimming exercise
(15 min) was more effective than long-duration swimming
(60 min) at regulating mitochondrial dynamics and mitophagy.
Cardiac function was improved and the expression of SIRT3 was
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promoted. However, depletion of SIRT3 in this study impairs
mitochondrial dynamics, promotes ROS generation and release,
and causes cell death (Zhao et al., 2018).

Thus, by targeting proteins involved in mitochondrial
QC, both pharmacological and mechanical therapies can
maintain mitochondrial homeostasis in cardiomyocytes. As
described earlier in this review, there are several targets of
mitochondrial QC in cardiomyocytes, and therefore more drugs
or treatments are expected to be proposed and further developed
for clinical use.

FUTURE PERSPECTIVES

Following different extracellular stresses, perturbations in
mitochondrial homeostasis result in abnormal mitochondrial
morphology, dysfunctional oxidative phosphorylation, leakage
of components from the mitochondrial matrix, and activation
of mitochondrion-dependent cellular signaling. Under
physiological conditions, PTMs on mitochondrial proteins
maintain the balance between mitochondrial fusion and fission
as well as executing mitophagy to remove aged mitochondria
for normal cellular homeostasis. Under pathological conditions,
such as I/R injury or exposure to cardiotoxic agents, PTMs
(SUMOylation, phosphorylation, ubiquitination) on critical
mitochondrial proteins trigger changes in mitochondrial
dynamics and mitophagy to rescue cellular homeostasis.
Currently, many studies are focusing on the effect of
mitochondrial QC in cardiomyocytes, including PTMs on
mitochondrial proteins, mitochondrial dynamics, MDVs
and mitophagy, trying to connect some known molecular
mechanisms to cardiomyocytes and revealing the cardiac-specific
mechanism of mitochondrial QC. The mechanisms by which
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Slit2 Protects Hearts Against
Ischemia-Reperfusion Injury by
Inhibiting Inflammatory Responses
and Maintaining Myofilament
Contractile Properties

Xiang Li't, Shuang Zheng2?t, Weijiang Tan't, Hongqi Chen't, Xiaohui Li3, Jian Wu*,
Ting Luo’, Xuecong Ren’, W. Glen Pyle®, Lijing Wang?, Peter H. Backx®7*, Ren Huang™
and Feng Hua Yang'®*

" Guangdong Province Key Laboratory of Laboratory Animals, Cardiovascular Model Research Center, Guangdong
Laboratory Animals Monitoring Institute, Guangzhou, China, 2 School of Basic Medicine, Vascular Biology Institute,
Guangdong Pharmaceutical University, Guanghzou, China, ° Department of Cardiovascular Surgery, The First Affiliated
Hospital, Jinan University, Guangzhou, China, * Shanghai Institute of Cardiovascular Diseases, Zhongshan Hospital

and Institutes of Biomedical Sciences, Fudan University, Shanghai, China, ° Department of Biomedical Sciences, Ontario
Veterinary College, University of Guelph, Guelph, ON, Canada, ° Department of Biology, York University, Toronto, ON,
Canada, " Division of Cardiology and the Peter Munk Cardiac Centre, University Health Network, Toronto, ON, Canada

Background: The secreted glycoprotein Slit2, previously known as an axon guidance
cue, has recently been found to protect tissues in pathological conditions; however, it is
unknown whether Slit2 functions in cardiac ischemia—reperfusion (IR) injury.

Methods: Langendorff-perfused isolated hearts from Slit2-overexpressing (Slit2-Tg)
mice and C57BL/6J mice (background strain) were subjected to 20 min of global
ischemia followed by 40 min of reperfusion. We compared Slit2-Tg with C57BL/6J
mice in terms of left ventricular function and infarct size of post-IR hearts along
with tissue histological and biochemical assessments (MRNA and protein expression,
phosphorylation status, and myofilament contractile properties).

Results: Slit2 played cardioprotective roles in maintaining contractile function and
reducing infarct size in post-IR hearts. IR increased the expression of the Slit2 receptor
Robo4 and the membrane receptor Slamf7, but these increases were suppressed
by Slit2 overexpression post IR. This suppression was associated with inhibition of
the nuclear translocation of NFkB p65 and reductions in IL-18 and IL-18 release into
perfusates. Furthermore, Slit2 overexpression attenuated the increases in myofilament-
associated PKCs and phosphorylation of cTnl at Ser43 in the post-IR myocardium. The
myofilament calcium sensitivity and actomyosin MgATPase activity were preserved in
the post-IR Slit2 myocardium.

Conclusion: Our work demonstrates that Slit2 inhibits inflammatory responses and
maintains myofilament contractile properties, thus contributing, at least in part, to the
prevention of structural and functional damage during IR.

Keywords: ischemia-reperfusion injury, contractile function, RNA sequencing, myofilament phosphorylation,
inflammatory response, cTnl, Slit2, protein kinase C
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INTRODUCTION

WHO statistics indicate that the annual deaths from ischemic
heart disease were ~8.9 million worldwide in 2017 (GBD 2017;
Causes of Death Collaborators, 2018), despite the availability
of various drugs and other therapeutic approaches that have
been developed to tackle this epidemic condition (Hausenloy
and Yellon, 2013). Reestablishment of blood flow to previously
ischemic tissues during treatment results in tissue and functional
damage called ischemia-reperfusion (IR) injury (Murphy and
Steenbergen, 2008; Prasad et al., 2009). Inflammatory response
is the primary mechanism of IR injury, in which reperfusion
triggers leukocyte recruitment and reactive oxygen species (ROS)
production in endothelial cells. Subsequently, transcriptional
factors such as NFkB activate the expression of proinflammatory
cytokines TNF-a, IL-1B, IL-6, and IL-18 (Barnes and Karin,
1997; Kawaguchi et al., 2011; Burma et al,, 2014; Lu et al,
2016). Blockade of leukocytes’ adherence to endothelial cells
significantly reduces the infarct size in the IR myocardium of
cats (Ma et al., 1992), and inhibition of NFkB reduces neutrophil
activation and cell death in IR rabbit hearts (Yeh et al., 2005).

IR depresses the contractile function of the heart. Cardiac
contractile function is executed by myofilaments, including
thin filaments [actin, tropomyosin, and the troponin complex
of cardiac troponin C (cTnC), cardiac troponin I (cTnl),
and cardiac troponin T (c¢TnT)] and thick filaments [myosin
heavy and light chains, myosin binding protein C (MyBP-C),
and titin] (van der Velden and Stienen, 2019) and regulated
by the balance of myofilament phosphorylation (Metzger and
Westfall, 2004; Verduyn et al, 2007; Kooij et al., 2010).
Among the phosphorylation sites of myofilaments, Ser23/24 and
Ser43/45 of c¢Tnl are the most investigated sites. Ser23/24 and
Ser43/45 are preferentially phosphorylated by protein kinase
A (PKA) and protein kinase C (PKC) isoforms, respectively
(Jideama et al., 1996). Phosphorylation of Ser23/24 accelerates
the relaxation rate (Takimoto et al., 2004), and phosphorylation
of Ser43/45 reduces maximum ATPase activity (Noland et al,,
1995). Protein kinase signaling has been explored as a therapeutic
target for improvement of cardiac function in heart disease
(Singh et al., 2017).

Slit2 is one of three Slit family members that are secreted from
the extracellular matrix and expressed in many tissues, including
the hearts (Dickson and Gilestro, 2006). Slit2 can exist in a full-
length or in a cleaved form of an NH2-terminal fragment or
a COOH-terminal fragment (Nguyen Ba-Charvet et al., 2001).
Slit2 is a ligand of the Robo family of immunoglobulin receptors
(Robol-4). The Slit2 isoform, similar to its family members,
guides heart tube formation during development (Wong et al.,
2002), but the roles of Slit2 in adult hearts are unknown.
Evidence has shown that Slit2 protects several organs and
tissues through anti-inflammatory mechanisms. For example,
Ye et al. (2010) reported that Slit2 suppresses chemotaxis of
neutrophils to inhibit lung inflammation in mice. In addition,
Zhao et al. (2014) showed that Robo4, a ligand of Slit2, inhibits
lipopolysaccharide-induced expression of the cytokine and cell
adhesion molecule ICAM-1 in human microvascular endothelial
cells. Furthermore, Slit2 inhibits neutrophil and macrophage

infiltration in response to IR and reduces renal tubular necrosis
in mice (Chaturvedi et al., 2013). As the anti-inflammatory
mechanisms of Slit2 that occur during other organ stresses,
particularly renal IR, are similar to those that occur during
cardiac IR, we hypothesized that Slit2 suppresses inflammatory
responses in the IR myocardium.

Slit2 regulates intracellular PKC signaling and plays key
roles in development and physiological function. PKC is
recruited to colocalize with Robo3 in murine brain regions that
govern learning, memory, and reward (Samelson et al., 2015).
Increases in Slit2/Robol expression caused by prostaglandin
F2 are PKC-dependent during murine luteolysis (Zhang et al.,
2013). In addition, PKC-dependent substrate phosphorylation
is required for F-actin function in murine commissural growth
cones in response to Slit2 (Shen et al., 2002). However,
under pathological conditions, Slit2-associated PKC activation
might exert detrimental effects. For example, treatment with
phospholipase C (PLC), the upstream protein of PKC (Essen
et al, 1997), impairs Slit2-induced angiogenesis in cultured
endothelial cells (Dunaway et al., 2011). In the myocardium, PKC
includes more than 10 isoenzymes that might play beneficial
or detrimental roles upon activation (Steinberg, 2012). For
example, PKC3 contributes to ATP depletion, ROS accumulation,
apoptosis, and infarction during cardiac IR (Inagaki et al., 2003a;
Murriel et al.,, 2004), while treatment with a PKC§ inhibitor
reduces infarct size and improves the functions of reperfused
swine hearts (Inagaki et al., 2003a). Additionally, PKCe, another
intensively investigated isoform, shows either protective or
undetectable effects during the reperfusion period (Inagaki et al.,
2003b). These results suggest that Slit2 might regulate PKC-
dependent contractile function during IR.

In this study, we aimed to explore the effects of Slit2 and its
regulatory mechanisms regarding anti-inflammatory responses
and myofilament phosphorylation in the post-IR myocardium.
Understanding the regulatory mechanisms of Slit2 will provide
a novel therapeutic strategy for combating IR injury.

MATERIALS AND METHODS

Animals

C57BL/6 mice overexpressing the Slit2 gene (Slit2-Tg) were
originally generated by the Geng Laboratory (University of
Michigan, United States) (Yang et al., 2010). Briefly, full-length
human Slit2 cDNA was cloned into a pCEP4F vector containing
the CMV promoter, and then injected into the pronuclei of
fertilized C57 x CBA F1 oocytes to construct transgenic mice.
The genotypes were confirmed by Southern blotting and PCR
analysis. PCR screening of Slit2 heterozygotes was performed
using a pair of primers specific for Slit2 ¢cDNA (forward: 5'-
CCCTCCGGATC CTTTACCTGTCAAGGTCCT-3'; reverse:
5-TGGAGAGAGCTCACAGAACAAGCCACTGTA-3'). Slit2-
Tg mice and C57BL/6] (background strain) mice were bred
and maintained in a specific pathogen-free (SPF), AAALAC-
accredited facility of the Guangdong Laboratory Animals
Monitoring Institute, Guangzhou, China. The temperature and
humidity were 24 + 2°C and 40-60%, respectively, and the
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light cycle included 12 h of light and 12 h of dark. Three- to
five-month-old male mice were used in this study. All animal
experiments were approved by the Institutional Animal Care and
Use Committee (No. IACUC2017002).

Langendorff Heart Preparation and

Perfusion Protocol

To determine the effects of Slit2 on myocardial IR injury, a
Langendorft heart perfusion system for rodents (Radnoti LLC,
United States) equipped with a pressure transducer was used
(Yang and Pyle, 2012). Briefly, mice were euthanized with
isoflurane, and their hearts were excised. The aortas were then
cannulated and the hearts were perfused using a modified
Krebs-Henseleit (KH) buffer solution (37°C) containing (in
mM) 118 NaCl, 4.7 KCl, 1.2 MgSOy, 2.5 CaCl,, 1.2 KH,PO,,
25 NaHCOs, 0.05 EDTA, 0.5 sodium pyruvate, and 11
glucose. The KH buffer was continuously gassed with 95%
0,2/5% CO3, and the perfusion pressure was maintained at
70 mmHg. A water-filled balloon connected to the pressure
transducer was inserted into the left ventricle, and left ventricular
pressures were recorded with a PowerLab 16/35 system (AD
Instruments Inc., United States). Hemodynamic parameters,
including the left ventricular developed pressure (LVDP), heart
rate (HR), left ventricular end diastolic pressure (LVEDP),
rate of pressure product (RPP), and minimum and maximum
rates of left ventricular pressure development [dP/dt(min) and
dP/dt(max), respectively] were analyzed with Chart 7 Software
(ADInstruments Inc., United States).

For the IR protocol, hearts were subjected to 20 min
of stable perfusion, followed by 20 min of no-flow global
ischemia and 40 min of reperfusion. Control hearts were
continuously perfused for 80 min (Figure 1A). At the end of
the experiment, some heart tissues were fixed for hematoxylin-
eosin (HE) staining, transmission electron microscopy (TEM),
and immunofluorescence staining, and some were flash frozen
in liquid nitrogen for subsequent RNA sequencing analysis,
RT-qPCR, Western blotting, Pro-Q staining, and actomyosin
MgATPase activity assay.

Myocardial Infarct Size

To determine post-IR myocardial infarct size, hearts were
subjected to TTC staining. Briefly, the frozen tissues were sliced
into 2 mm thick sections and incubated in a 1% TTC (Sigma-
Aldrich, United States) solution at 37°C for 15 min and in 10%
neutral formalin for 1 h. TTC stained the viable areas red, while
the unstained areas (white) were infarcted tissue. The infarct size
in the myocardial tissue was measured using Image] software
(NIH, United States), and the infarct size (%) was calculated
as a percentage of the total section area. Different technicians
performed the sectioning and observations, and the technicians
did not know the individual identities of the samples.

HE Staining

Hearts were fixed in 10% neutral formalin and subjected to
HE staining, which was used to detect necrosis of heart tissues.
First, the hearts were embedded in paraffin, sliced into 3 pm

sections, and dewaxed with dimethylbenzene and dehydrated
with gradient ethanol solutions. Next, the sections were stained
with hematoxylin for 10 min and soaked in 1% hydrochloric
acid-ethanol for 2 s. The sections were then stained with alcohol-
soluble eosin for 25 s. Finally, the sections were sealed with
neutral gum and observed under an optical microscope (Leica
DM 2000, Germany). During evaluation of the histological
changes, different technicians performed the sectioning and
observations, and the technicians did not know the sample IDs.

Transmission Electron Microscopy

TEM was further used to determine the subcellular changes
associated with Slit2 in the post-IR myocardium. Left ventricular
tissues were cut into small blocks (about 1 mm?), fixed with 2.5%
glutaraldehyde, fixed with 1% OsOj, dehydrated in ethanol, and
embedded in Araldite. The tissue blocks were cut into slices at a
thickness of 60 nm using a Leica cryostat system (EM UC7/FC7,
Germany) and collected on copper grids. The ultrathin sections
were double stained with 3% uranyl acetate and lead citrate.
The subcellular structure was observed with a Tecnai G2 Spirit
transmission electron microscope (FEI Company, United States).
During evaluation of the subcellular differences between the
groups, different technicians performed the slice preparation and
observations, and the technicians did not know the sample IDs.

RNA Sequencing and Raw Data

Processing

Total RNA was isolated using TRIzol® Reagent (Thermo
Fisher Scientific, United States), and RNA concentrations were
determined using a Qubit® 2.0 Fluorometer and an assay kit
(Life Technologies, United States). RNA integrity was assessed
using an RNA Nano 6000 Assay Kit with a Bioanalyzer
2100 system (Agilent Technologies, United States). Sequencing
libraries were generated using an NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (NEB, United States). After
adding index codes, the samples were clustered with a cBot
Cluster Generation System using a TruSeq PE Cluster Kit v3-
cBot-HS (Illumina, United States). An Illumina HiSeq platform
(Illumina, United States) was employed to sequence the libraries,
generating 125 bp/150 bp paired-end reads. Raw data with
proper paired-end clean reads were mapped for further analysis.
The original reads of the genes for the samples in the four
groups (the C57-non-IR, C57-IR, Slit2-non-IR, and Slit2-IR
groups) were compared in pairs, and the fold changes in the
expressed genes between the groups were log2 transformed. A P
value < 0.05 was the cutoff for identification of differentially
expressed genes (DEGs). Furthermore, DEGs with log2 (fold
change) values > 0 were considered upregulated, while those with
log2 (fold change) values < 0 were considered downregulated.
Thus, we defined eight datasets of DEGs: an upregulated dataset
and a downregulated dataset each for the C57-IR vs. C57-non-
IR, Slit2-IR vs. Slit2-non-IR, Slit2-non-IR vs. C57-non-IR, and
Slit2-IR vs. C57-IR comparisons. The gene expression profiles
are presented using volcano plots (Supplementary Figure S3).
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The raw RNA-seq data have been deposited in NCBI’s Gene
Expression Omnibus (GEO) (#GSE133796)".

Target Gene Prediction and Gene Set

Enrichment Analysis (GSEA)

First, to identify genes regulated by Slit2 in post-IR hearts, five
datasets of DEGs (the downregulated DEGs in the C57-IR vs.
C57-non-IR comparison, the upregulated DEGs in the C57-
IR vs. C57-non-IR upregulated, the downregulated DEGs in
the Slit2-IR vs. C57-IR comparison, the upregulated DEGs in
the Slit2-IR vs. C57-IR comparison, and the up-/downregulated
DEGs in the Slit2-non-IR vs. C57-non-IR comparison) were
input into the TBtools program’ to generate a Venn diagram.
By analyzing this diagram, two final intersections were obtained:
(1) the intersection of the upregulated DEGs in the C57-non-
IR vs. C57-IR comparison and the downregulated DEGs in
the Slit2-IR vs. C57-IR comparison, and (2) the intersection
of the downregulated DEGs in the C57-IR vs. C57-non-IR
comparison and the upregulated DEGs in the Slit2-IR vs. C57-
IR comparison. These two final intersections further excluded
the up-/downregulated DEGs in theSlit2-non-IR vs. C57-non-IR
comparison. We therefore identified two new sets of DEGs: one
set was upregulated by IR in C57BL/6] hearts but downregulated
by Slit2 overexpression in post-IR hearts, and another was
downregulated by IR in C57BL/6] hearts but upregulated by Slit2
overexpression in post-IR hearts. The Venn diagram results are
presented in Figures 4B,C.

Second, to predict the effects of Slit2 on cardiac function,
the GSEA tool Metascape (Zhou et al., 2019) was used to
construct protein interaction networks of gene sets. Briefly, the
enrichment gene sets (Biological Processes, KEGG pathways,
or Reactome pathways) with similar functions were clustered,
and the identification algorithm “MCODE” revealed that
these enrichment clusters formed interaction networks. The
interaction network of the Slit2-non-IR vs. C57-non-IR suggested
the effects of Slit2 on the molecular function of the heart
(Figures 3A,B), and the interaction network of the Slit2-IR vs.
C57-IR suggested the effects of Slit2 on molecular function in
post-IR hearts (Figures 3C,D).

RT-qPCR

RT-qPCR was used to verify the expression of genes identified
by the Venn diagram analysis and to determine the expression
of Robo receptors. Total RNA extracted from the left ventricle
was subjected to reverse transcription and quantitative PCR.
The primers are listed in Supplementary Table S1). TB Green®
Premix Ex TaqTM II (Takara Bio Inc., Japan) was used. The
program was as follows: 95°C for 30 s (1 cycle); 95°C for 5 s,
60°C for 34 s (40 cycles); and 72°C for 10 min (1 cycle). Gene
expression levels were normalized to GAPDH levels, and the
results were expressed as the ratio of the expression in each
experimental group to that in the C57-non-IR group.

"https://wwwn.cbi.nlm.nih.gov/geo/
Zhttps://omictools.com/tbtools-tool

Immunofluorescence Staining
Immunofluorescence detection of Slamf7 and nuclear
translocation of NFkB were used to assess inflammatory
responses. Heart tissues were fixed in 10% neutral formalin,
cryoprotected in 30% sucrose for 24 h, embedded in optimal
cutting temperature (OCT) compound, and sectioned with a
freezing microtome at a thickness of 5 pm (Leica CM1950,
Germany). The heart sections were processed using a standard
immunostaining protocol. After routine hydration, the sections
were subjected to permeabilization with PBS containing
0.05% Triton X-100 followed by incubation with a primary
antibody against Slamf7 (A5782, ABclonal, China) or NF«B
p65 (82425, CST, United States) at 4°C overnight. The primary
antibodies were visualized using Alexa Fluor 594- and Alexa
Fluor 488-conjugated secondary antibodies (Invitrogen, CA).
The sections were photographed under a confocal microscope
(Leica TCS SP5, Germany). The technicians performing
immunofluorescent staining and observations were different and
did not know the sample ID.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Heart perfusates were collected at the perfusion baseline and 0,
5, 10, and 40 min after reperfusion. ELISA kits (Cusabio Biotech
Co., China) were used to test the levels of the proinflammatory
cytokines IL-1p and IL-18 in the perfusates according to the
manufacturer’s instructions. Briefly, 100 pl of the standard or
sample was added to each well, and the plates were incubated for
2 h at 37°C. After removing the liquid, 100 p1/well of anti-biotin
antibody was added, and the plates were incubated for 1 h at 37°C
before being incubated with 100 pl of HRP-avidin and 90 pl of
TMB substrate for 25 min at 37°C in the dark. The optical density
was measured within 5 min using a microplate reader at 450 nm.

Myofilament Isolation for Western
Blotting, Myofilament Phosphorylation
Analysis, and Actomyosin MgATPase
Activity Assay

Myofilaments were extracted according to a modified protocol
from Yang et al. (2008) and Yang and Pyle (2011, 2012). Briefly,
hearts were homogenized in ice-cold lysis buffer composed of (in
mM) 60 KCl, 30 imidazole (pH 7.0), 2 MgCl,, 0.01 leupeptin,
0.1 phenylmethylsulfonyl fluoride (PMSF), and 0.2 benzamidine
and then centrifuged at 12,000 x g and 4°C for 15 min.
The pellets were extracted with ice-cold lysis buffer containing
1% Triton X-100 and centrifuged at 1,100 x g to obtain
myofilaments. The protein concentrations of the myofilaments
were determined with a bicinchoninic acid (BCA) protein assay
kit (Pierce, United States).

Western Blotting

First, cytosolic fractions extracted from cardiac tissues were
used to detect the expression of protein-encoding genes selected
from RNA-seq analyses, Slit2 and the Slit2 fragment. Briefly,
hearts were homogenized with a cell lysis buffer (#9803, CST,
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United States) containing protease inhibitors and 1% Triton X-
100. The samples were centrifuged at 12,000 x g and 4°C for
15 min, and the supernatants were retained for use. Primary
antibodies against Slamf7 (A5782, ABclonal, China), RasGRP1
(sc-365358, Santa Cruz, United States), Slit2 (ab7665, Abcam,
United States), and Slit2-C (BM5312, Bostern, China) were
used. Second, myofilament fractions extracted from cardiac
tissues were used to determine myofilament-associated PKCs,
PKA, protein phosphatases (PPs), and phosphorylation sites of
cardiac myofilaments. Primary antibodies against PKC3 (2058,
CST, United States), PKCe (2683S, CST, United States), PKA
(4782S, CST, United States), PP1a (2582S, CST, United States),
PP type 2A (PP2A; 2038S, CST, United States), p-cTnlSer43
(PA5-35412, Invitrogen, CA), p-cTnlISer23/24 (4004S, CST,
United States), Slit2 (ab7665, Abcam, United States), Slit2-C
(BM5312, Bostern, China), GAPDH (2118S, CST, United States),
and actin (MAB1501R, Millipore, United States) were used.

Cytosolic (40 pg) or myofilament (60 pg) proteins were
separated using 10% SDS-PAGE and transferred to PVDF
blotting membranes (Millipore, United States). After blocking
with 5% skim milk, the membranes were incubated with
primary antibodies (as listed above) overnight at 4°C
before being incubated with species-appropriate secondary
antibodies (CST, United States). The bands were detected
with Immobilon Western chemiluminescent HRP substrate
(Millipore, United States). The densities of the bands were
analyzed using Image] software (NIH, United States).

Myofilament Phosphorylation

The phosphorylation levels of myofilament proteins (MyBP-
C, desmin, ¢TnT, and cTnl) were measured using the Pro-Q
Diamond phosphorylation gel staining method, as previously
described (Yang and Pyle, 2011, 2012). Briefly, myofilaments
(60 g) were separated using 12% SDS-PAGE. After fixation
with 50% methanol/10% acetic acid for 30 min, the gels were
incubated with Pro-Q Diamond phosphorylation gel staining
solution (Molecular Probes, United States) for 90 min. The
phosphorylated bands were visualized using a Gel Doc™
XR + gel documentation system (Bio-Rad Laboratories Ltd.,
United States), and the band densities were quantified using
Image] (NIH, United States). Total protein was stained
with Coomassie solution, and actin bands were used as the
loading controls.

Actomyosin MgATPase Activity

An actomyosin MgATPase activity assay was performed as
described previously (Yang et al., 2008; Yang and Pyle, 2011,
2012) to assess myofilament function. Briefly, myofilaments (50
lg) were incubated in reaction solutions containing various
concentrations of free calcium. The free calcium concentration
in each solution was calculated using a Patton assay program
(Patton et al.,, 2004). The myofilaments were incubated in the
reaction solutions for 5 min at 32°C. After the reactions were
stopped with 10% trichloroacetic acid, the amount of inorganic
phosphate produced was measured after adding 0.5% FeSO4 and
0.5% ammonium molybdate in 0.5 M H,SO4 at 630 nm using a
spectrophotometer (Biochrom, United Kingdom).

Statistical Analysis

All experimental data are presented as the mean £ SEM.
Statistical differences between two groups were analyzed with
unpaired Student’s t-tests, and differences among multiple groups
of data were analyzed by two-way ANOVA followed by Tukey’s
multiple comparisons test (GraphPad Prism 7, United States).
P < 0.05 were considered to indicate statistical significance.

RESULTS

Slit2 Ameliorates Myocardial Decline and
Prevents Cardiac Damage in the Post-IR

Myocardium

First, we examined cardiac function in all groups. There
were no significant differences in cardiac function (HR, LVDP,
and RPP) between C57BL/6] and Slit2-Tg mice at baseline
(0-20 min, Figures 1C-E). However, following 20 min of
ischemia, HR, LVDP, RPP, and dP/dt(max) were significantly
higher and dP/dt(min) was significantly lower in Slit2-Tg
mice than in C57BL/6] mice at the time points of 60, 65,
70, 75, and 80 min (Figures 1C-H). These improvements
in contractility were associated with lower LVEDP values at
the above time points in post-IR Slit2-Tg hearts compared to
control hearts (Figure 1H, Table 1, and Supplementary Figure
§2) as well as with markedly reduced infarct size in post-IR
Slit2-Tg hearts (Figures 1LJ). These results establish that Slit2
protein overexpression significantly improves cardiac systolic
and diastolic function following IR and reduces infarct area.
The functional parameters are presented in Table 1. Next, we
explored the effects of Slit2 on cardiac cellular damage post IR.
Under a microscope, we found focal necrosis, some vacuoles,
and swollen and dissolved myofibers in cardiac tissues of post-
IR C57BL/6] mice (Figure 2A). However, Slit2 overexpression
reduced the IR-induced myofiber swelling and vacuole formation
between fibers seen in C57BL/6] hearts (Figure 2A). We further
employed TEM technology to examine the subcellular structure
in post-IR hearts. We found that reperfused C57BL/6] hearts
displayed edematous mitochondria, fractured internal crests
of mitochondria, ruptured myofibrils, and ruptured Z-discs
in cardiomyocytes (Figure 2B). Compared with C57BL/6]
hearts, Slit2-Tg hearts had less mitochondrial edema and better
myofilament maintenance and Z-line morphology (Figure 2B)
after reperfusion. The results from HE staining and TEM
examination demonstrate that Slit2 reduces tissue and cellular
damage in post-IR hearts.

Slit2 Shifts Gene Expression Profiles to
Boost the Regulation of Cardiac
Contraction and Reduce Inflammation in
Normal and Post-IR Slit2 Hearts

Slit2 mRNA and protein levels were significantly higher in
Slit2-Tg hearts than in C57BL/6] (background strain) hearts,
but there were no functional or histological differences
(Supplementary Figure S1 and Supplementary Table
§2). The overall gene expression profiles are displayed in
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FIGURE 1 | Effects of Slit2 on post-ischemia—reperfusion (IR) cardiac function. (A) Perfusion protocol. All hearts were perfused for 20 min for equilibration. The IR
groups were subjected to 20 min of global ischemia and 40 min of reperfusion, while the non-IR groups were perfused continuously for 80 min without global
ischemia. (B) Representative traces of left ventricular pressure (LVP) for C57BL/6J (top) and Slit2-Tg (bottom) hearts during IR. Functional measurements of
C57BL/6J and Slit2-Tg hearts were taken. (C-H) Heart rate, left ventricular developed pressure (LVDP), rate pressure product (RPP), dP/dt(max), dP/dt(min), and left
ventricular end-diastolic pressure (LVEDP) values. n = 7 mice per group. The values are the means + SEMs; *P < 0.05 vs. C57BL/6J hearts (unpaired Student’s
t-test). (1) Representative images of serial TTC-stained sections of C57BL/6J and Slit2-Tg hearts subjected or not subjected to IR. (J) Quantitative analysis of the
infarct area in each group. n = 5 mice per group. All data are presented as the mean + SEM; *P < 0.05 between the groups (two-way ANOVA, Tukey’s multiple
comparisons test).

TABLE 1 | Hemodynamic analysis of Slit2-Tg and C57BL/6J mouse hearts after IR.

HR (beats/min) LVDP (mmHg)

dP/dt(max) (mmHg/s)

RPP (mmHg*beats/min) LVEDP (mmHg)

C57-non-IR 336.4 + 13.7 122.7 £11.87
Slit2-non-IR 360.2 + 11.1 119.0 £ 4.20

C57-IR 3143+ 124 68.02 + 5.08*
Slit2-IR 361.1 £ 11.7# 92.01 + 6.88*#

4,663 + 305**

5,821 4 326 40, 447 £ 3,004 0.610 & 0.60
5,490 4 303 41,518 £ 2,067 1.184 £ 0.86
3,574 + 195* 21,680 + 2, 235" 36.42 + 5.57*

32,885 £ 2,115 16.50 +£ 3.91**

n = 7. All data are presented as the mean + SEM. *P < 0.05 vs. non-IR and *P < 0.05 vs. C57-IR (two-way ANOVA, Tukey’s multiple comparisons test). HR, heart rate;
LVDR left ventricular developed pressure; dp/dt(max), maximum increase rate of LV pressure; RPF, rate pressure product; LVEDP, left ventricular end-diastolic pressure.

Supplementary Figure S3 and Supplementary Table S$4.
Furthermore, the RNA sequencing data revealed that multiple
molecular functions were altered in Slit2-Tg hearts (Figure 3).
Slit2 overexpression boosted regulation of cell adhesion, protein
kinase B (Akt) signaling, the response to hypoxia, organic
acid catabolic processes, and the response to oxidative stress

(Figure 3A and Supplementary Table S3). Slit2 reduced
positive regulation of glycogen metabolic processes, the PPAR
signaling pathway, regulation of the inflammatory response, and
regulation of the release of cytochrome C from mitochondria
(Figure 3B and Supplementary Table S3). These results
suggest that hearts overexpressing Slit2 are sensitive to external
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FIGURE 2 | Post-ischemia—reperfusion (IR) injury in C57BL/6J and Slit2-Tg hearts. (A) Representative images of hematoxylin—eosin (HE) staining in C57BL/6J and
Slit2-Tg hearts. Scale bar = 200 um (top) or 50 wm (bottom). The bottom panels show the magnified views of the black framed areas of the corresponding upper
panels. The black framed area of the C57-IR heart section displays necrosis. The black arrows indicate ruptured cardiomyocytes; the green arrows indicate swollen
cardiomyocytes. (B) Subcellular structures of cardiomyocytes as examined by TEM in C57BL/6J and Slit2-Tg hearts. Scale bar = 1 um (top) or 500 nm (bottom).
C57-non-IR, C57BL/6J hearts not subjected to IR; Slit2-non-IR, Slit2-Tg hearts not subjected to IR; C57-IR, C57BL/6J hearts subjected to IR; Slit2-IR, Slit2-Tg
hearts subjected to IR. Arrows: yellow, Z-discs; blue, normal mitochondria; red, post-IR mitochondria with disappearing crista; purple, ruptured Z-discs.

500 nm

stimuli, while they resist inflammatory insults and might exhibit
improved cell survival.

In hearts with post-IR injury, Slit2 enhanced collagen chain
trimerization, regulation of ion transport, regulation of system
processes, responses to mechanical stimuli, potassium ion
transport, and ion homeostasis (Figure 3C and Supplementary
Table S3). Moreover, Slit2 specifically protected cardiac
contractile function in the post-IR myocardium, as observed
from the enrichment of the “regulation of system process” term:
a cluster of gene sets upregulated in post-IR Slit2 hearts was
enriched for muscle contraction, regulation of HR, regulation
of heart contraction, heart contraction, actin-mediated cell
contraction, regulation of blood circulation, and adrenergic
signaling in cardiomyocytes (Figure 3C and Supplementary
Table S3). In addition, Slit2 reduced regulation of immune

effector processes, the inflammatory response, the response to
interferon-gamma, monocyte chemotactic protein-1 production,
and regulation of leukocyte activation in the post-IR myocardium
(Figure 3D and Supplementary Table S3). These results suggest
that Slit2 maintains cardiac contractile function and extracellular
structure and prevents inflammatory responses during IR.

Slit2 Regulates Robo1, Robo4, and

Slamf7 and Inhibits Inflammatory
Responses in the Post-IR Myocardium

In exploring the intracellular targets of Slit2 in the protected
myocardium, we identified 385, 646, 112, 183, and 431 DEGs
from among the downregulated DEGs in the C57-IR vs. C57-
non-IR comparison, the upregulated DEGs in the C57-IR vs.
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FIGURE 3 | Gene set enrichment analysis of differentially expressed genes (DEGs). Shown are the results for the upregulated DEGs in the Slit2-non-IR vs.
C57-non-IR comparison (A), the downregulated DEGs in the Slit2-non-IR vs. C57-non-IR comparison (B), the upregulated DEGs in the Slit2-IR vs. C57-IR
comparison (the rectangles in red indicate gene sets enriched for muscle contraction, regulation of heart rate, regulation of heart contraction, heart contraction,
actin-mediated cell contraction, regulation of blood circulation, and adrenergic signaling in cardiomyocytes) (C), and the downregulated DEGs in the Slit2-IR vs.
C57-IR comparison (D). In the Metascape protein interaction network, two or more gene sets enriched for biological processes/KEGG pathways/Reactome
pathways with similar functions were clustered. Within each cluster, the gene set with the highest enrichment score (log P-value) was used to annotate the cluster.
The links between the clusters are shown. The cluster annotations are color-coded. The size of a node (representing an enriched gene set) is proportional to the
number of DEGs in the set, and the width of an edge is proportional to the number of genes shared between the two enriched sets.

C57-non-IR comparison, the downregulated DEGs in the Slit2-
IR vs. C57-IR comparison, the upregulated DEGs in the Slit2-
IR vs. C57-IR comparison, and the up-/downregulated DEGs
in the Slit2-non-IR vs. C57-non-IR comparison, respectively
(Figures 4A,B and Supplementary Table S4). By using Venn
diagram analysis (Figures 4A,B), we identified 18 genes (6
upregulated and 12 downregulated) that might be regulated by
Slit2 to protect the post-IR myocardium. The genes are shown in
Figure 4C.

The expression of the two genes most affected by Slit2
overexpression post IR (Slamf7 and RasGRP1) was verified using

RT-qPCR and Western blotting. The gene expression and protein
expression of Slamf7 were both upregulated by IR in C57BL/6]
hearts, but Slit2 overexpression blunted this upregulation in
post-IR conditions (Figures 5A,F,G). No differences in RasGRP1
were detected between the groups (Figures 5B,EH). In addition,
RT-qPCR and Western blotting were used to determine the
gene and/or protein expression of the Slit2-C fragment and
Robo receptors. The protein expression of Slit2-C did not differ
between the groups (Figure 5I). Robo1 expression did not change
in C57BL/6] hearts after IR but was activated in post-IR Slit2-Tg
hearts (Figure 5C). Robo2 was not different between any groups
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FIGURE 4 | Gene expression profiles of C57BL/6J and Slit2-Tg hearts subjected or not subjected to ischemia—reperfusion (IR) (0 = 3 per group), as determined by
RNA sequencing analysis. (A) Venn diagram of the differentially expressed genes (DEGs) in all comparisons, including all DEGs in the Slit2-non-IR vs. C57-non-IR
comparison (pink), the upregulated DEGs in the C57-IR vs. C57-non-IR comparison (green), the downregulated DEGs in the C57-IR vs. C57-non-IR comparison
(orange), the upregulated DEGs in the Slit2-IR vs. C57-IR comparison (red), and the downregulated DEGs in the Slit2-IR vs. C57-IR comparison (blug). (B) UpSet plot
displaying the number of DEGs between groups for each intersection. The blue dots represent the genes (12) at the intersection between the downregulated DEGs in
the Slit2-IR vs. C57-IR comparison and the upregulated DEGs in the C57-IR vs. C57-non-IR comparison, and the red dots represent the genes (6) at the intersection
between the upregulated DEGs in the Slit2-IR vs. C57-IR comparison and the downregulated DEGs in the C57-IR vs. C57-non-IR comparison; both exclude overlap
with all DEGs in the Slit2-non-IR vs. C57-non-IR comparison. (C) Heatmap displaying the fold changes in 18 genes obtained from the Venn diagram analysis. DEGs
with log2 (fold change) values > 0 are indicated in red, and those with log2 (fold change) values < O are indicated in blue; a darker color indicates a higher P-value.

(Figure 5D). Robo4 was upregulated by IR in C57BL/6] hearts,
but the IR-induced increases were blunted in Slit2-Tg hearts
(Figure 5E). Therefore, we identified Robol, Robo4, and Slamf7
to be regulated by Slit2 in post-IR hearts.

A previous study has shown that Slit-Robo signaling plays
anti-inflammatory roles, and our RNA sequencing data indicated
that Slit2 overexpression reduced inflammatory responses in
post-IR conditions (Figure 3D and Supplementary Table $3). In
addition, RNA sequencing and expression verification confirmed
that Slamf7 was an effector of Slit2 overexpression. Slamf7
is known to be expressed on immune cells (Malaer and
Mathew, 2017). Thus, we further investigated the inflammatory
responses within cells. First, we found that Slamf7 was diffusely
distributed in cardiomyocytes in C57BL/6] hearts. The expression
of Slamf7 increased significantly when the myocardium was
subjected to IR, but this activation was suppressed by Slit2
overexpression (Figures 6A,C). These results were consistent
with the Western blot and RT-qPCR findings (Figures 5A,EG).
Moreover, we found that Slit2 overexpression inhibited the

IR-induced nuclear translocation of NF«kB p65 in cells (mainly
fibroblasts) (Figures 6B,D).

The levels of the cytokines IL-1p and IL-18 did not differ
between C57BL/6] and Slit2-Tg heart perfusates at baseline.
At the beginning of reperfusion, the release of IL-1f sharply
increased before exhibiting a U-shaped change in C57BL/6]
hearts, but Slit2-Tg hearts showed smaller increases, and the
levels rapidly returned to baseline levels during reperfusion
(Figure 6E). Elevations in IL-18 release were seen in C57BL/6]
hearts but not in Slit2-Tg hearts at the beginning of reperfusion
(Figure 6F). The above results establish that Slit2 plays an anti-
inflammatory role during IR.

Slit2 Regulates Myofilament-Associated
PKC in Post-IR Hearts

In previous experiments, we found that Slit2 improved
contractile function, protected cardiac tissues (Figures 1, 2), and
shifted gene expression profiles to enhance the regulation of
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FIGURE 5 | Expression of Slamf7, RasGRP1, Robos, and the Slit2-C fragment in C57BL/6J and Slit2-Tg hearts. (A-E) Gene expression of Slamf7 (A), RasGRP1
(B), Robo1 (C), Robo?2 (D), and Robo4 (E). n = 7 mice per group. (F) Representative Western blots of Slamf7, RasGRP1, Slit2-C, and GAPDH (the loading control).
(G-1) Quantitative results for Slamf7 (G), RasGRP1 (H), and the Slit2-C fragment () normalized to GAPDH. The values are relative to those in the C57-non-IR group.
n = 6 mice per group. All data are presented as the mean + SEM; *P < 0.05 between the groups (two-way ANOVA, Tukey’s multiple comparisons test).

cardiac contraction (Figure 3C). Consequently, we investigated
myofilament-associated PKA and PKC and their counterparts
PP type 1 (PP1) and PP2A, which are known to be activated
during IR and to regulate cardiac contraction (Lochner et al,
1999; Armstrong, 2004; Nicolaou et al., 2009). Here, we found
that myofilament-associated PKC3 was significantly upregulated
in C57BL/6] hearts after IR, but the increases in PKC3 were
blocked by Slit2 post IR (Figure 7B). Slit2 did not fully
block the IR-induced upregulation of PKCe in C57BL/6] mice
(Figure 7A). The IR-induced increases in myofilament-associated
PKA and PP2A were not altered by Slit2 overexpression post IR
(Figures 7C,E). The expression of myofilament-associated PP1a
was not different between any groups (Figure 7D). The above
results establish that Slit2 targets myofilament-associated PKC
phosphorylation signaling in the post-IR myocardium.

Slit2 Suppresses cTnl Ser43
Phosphorylation and Maintains
Myofilament Contractile Function

Several cardiac myofilament proteins, including cTnl, cTnT,
MyBP-C, and desmin, can be targeted by protein kinases
(Mohamed et al, 1998; Solaro, 2008; Streng et al., 2013).
Following identification of myofilament-associated PKC

regulation by Slit2, we explored myofilament phosphorylation
levels and specific sites affected by Slit2 in the post-IR
myocardium. We found that cTnl phosphorylation was
increased in both post-IR C57BL/6] and Slit2-Tg hearts, but
the increase was relatively suppressed in post-IR Slit2-Tg
hearts (Figures 8A,B). MyBP-C phosphorylation was decreased
in C57BL/6] and Slit2-Tg hearts after IR, and the decreases
did not differ between the groups (Figures 8A,B). Desmin
and cTnT did not show any differences between the groups
(Figures 8A,B). Moreover, we found that the phosphorylation
levels of cTnl at Ser43 were higher than baseline levels in post-IR
C57BL/6] hearts, but Slit2 significantly decreased the IR-induced
phosphorylation at this site (Figures 8C,E). These changes
were consistent with the findings for ¢Tnl phosphorylation.
cTnl phosphorylation at Ser23/24 did not differ between any
groups (Figures 8C,D). Thus, we identified that ¢Tnl Ser43
was targeted by Slit2 during IR, and this site is known for
phosphorylation by PKCs. Given the findings regarding the
activation of myofilament-associated PKC, we conclude that
Slit2 regulates myofilament activation at least in part by targeting
PKC-dependent cTnl phosphorylation.

Myofilament contractile properties (maximum actomyosin
MgATPase activity and calcium sensitivity) were examined to
further explain the post-IR protective effects of Slit2. We found
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FIGURE 6 | Immunofluorescence staining of Slamf7 and NFkB in the myocardium. (A-D) Representative confocal images of Slamf7 (red) (A) and NFkB p65 (red) (B)
in the left ventricular myocardium in C57BL/6J and Slit2-Tg mice. Images of cTnT staining (green), nuclear staining (blue), and merged staining are displayed. Scale
bar = 100 nm. The relative levels of Slamf7 were calculated by determining the Slamf7 + area as a percentage of the cTnT + area (C), and the relative levels of NFkB
p65 were calculated by determining the number of NFkB p65 + DAPI + cell nuclei (asterisk) as a percentage of the number of DAPI + cell nuclei (D). n = 3-4 mice
per group. All data are presented as the mean + SEM; *P < 0.05 between the groups (two-way ANOVA, Tukey’s multiple comparisons test). (E,F) Release of the
inflammatory cytokines IL-1 (E) and IL-18 (F) at different time points of reperfusion. n = 5 mice per group. All data are presented as the mean + SEM; *P < 0.05 vs.
baseline; #P < 0.05 vs. reperfusion at O min (unpaired Student’s t-test).

that while maximum actomyosin MgATPase activity did not
differ among non-ischemic hearts (Figures 8F,H), Slit2-Tg hearts
had higher calcium sensitivity than C57BL/6] hearts (Figure 8G).
Maximum actomyosin MgATPase activity decreased significantly
in both C57BL/6] and Slit2-Tg hearts post IR, but Slit2-Tg
hearts maintained relatively higher contractility than C57BL/6]
hearts (Figures 8FH). The calcium sensitivity of C57BL/6]
myofilaments was significantly decreased after IR, but it was not
altered in post-IR Slit2 myofilaments (Figure 8G). In summary,
Slit2 protects myofilament contractile function in post-IR hearts,
and this effect is associated with Slit2-mediated depression of
cTnl phosphorylation.

DISCUSSION

Our current study demonstrates that Slit2 overexpression
protects hearts against IR injury by maintaining postischemic

contractile function and reducing tissue damage. The beneficial
effects of Slit2 post IR were confirmed by evaluating cardiac
contractile function, cellular structure, anti-inflammatory
responses of the myocardium, and myofilament phosphorylation
status and contractile properties. The proposed mechanisms
for the cardioprotective effects of Slit2 in the post-IR
myocardium are shown in Figure 9. Briefly, Slit2 overexpression
inhibits the expression of the membrane receptors Robo4
and Slamf7 but activates Robol, which in turn blocks
the nuclear translocation of NF«kB p65 and impedes the
release of IL-1f and IL-18 from cells in post-IR hearts.
Next, Slit2 regulates intracellular signaling pathways to
attenuate the increases in myofilament-associated PKC
levels and c¢Tnl Ser43 phosphorylation in the post-IR
myocardium, maintaining myofilament contractility and
calcium sensitivity. Our study establishes, for the first time, that
Slit2 protects hearts against IR injury and regulates myofilament
phosphorylation post IR.
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myofilaments were probed for (A) PKCe, (B) PKCS, (C) PKA, (D) PP1a, and
rotein expression levels were normalized to those in non-ischemic C57BL/6J

The Slit2-Robo signaling pathway has also been implicated in
the response to IR injury in other organ systems. For example,
Slit2 levels in the brain increase following ischemic injury
(Park et al., 2016), and Slit2 is a crucial element in glial scar
formation and brain remodeling in response to ischemic stroke
(Jin et al., 2016). Slit2 has been shown to antagonize the actions
of neutrophils in the kidney and protect against IR (Chaturvedi
et al,, 2013). The mechanisms of renal IR injury are similar
to those of cardiac IR injury: ATP depletion, ROS generation,
ionic dysregulation, and increased inflammatory cytokine and
chemokine production. Thus, Slit2 might offer similar protection
against IR injury in the heart through similar mechanisms.

Moreira et al. (2014) found that changes in Slit2 levels associated
with peptide treatment were correlated with cardiac recovery
following sepsis, but the authors did not test whether increases
in Slit2 were sufficient to mediate cardioprotection. Our current
study is the first to show that increased expression of Slit2
protects against cardiac IR injury and supports the therapeutic
potential of Slit2 treatment for a variety of ischemic injuries.
One potential limitation for the translation of Slit2 treatment
might be the inhibitory effects of Slit2 on the immune system.
Interestingly, the effects of Slit2 on neutrophils in the kidney
in response to IR do not negatively impact innate immune
neutrophil functions, showing that Slit2-focused treatments do

Frontiers in Physiology | www.frontiersin.org

34

March 2020 | Volume 11 | Article 228


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Lietal Cardioprotection of Slit2
A (o4
& &
130 A POy (L,o°° 3
. QY
100 P &P & S (kpa)
p-cTnlser43 -“'.’.125
cTnl [
Actin’ |
40
<=CcTnT=p
P-CTNISEr23/24 | s s s | -
| = Tm = 35
CTnI || ;
S | €= cTnl=> » 25 Actin 40
ProQ Diamond Coomassie Blue
B D E
37 Oc57-non-IR * £ c
c ®C57-R x5 25 o 25 .
SE Slit2-non-IR e 3 13
K] _é Slit2-IR ‘ * ° _é 2.01 . . E’_é 2.04 °
>0 M =90 6o
] ? °'$ o L ?
o~ T 0 1.51 o~ 1.54
S 0 * On o Oo 0w
*© * M O|g .g_ 3} T 00 K
gg I—Ig 5 o" (m] *310@,@.. '5_2100@0 gEf‘PT
o P a2 at '.% ™ f a2 fo e @2 9
& (%i iz f@n e B2 05 T2 05 .
22 H 0 oIl irn] T ne
oL "L oo %00
o CHRER R SR I I SR SR R IS
DA & AN S
T — T T 0 € P _E N € P N
MyBP-C Desmin TnT Tropomyosin Tnl & g Q& i
¢} - o >
F G H >
e 2.01 S 5001
ot - — . -
S 4007 o cs57-non-IR £ * * S= N L
o - C57-IR 3 - .. s, | — _*
S £ 3004 = sitz-non-IR L 1.5 g 24001 o
02 ; S T 82 Py ey
R = Slit2-IR o . a S300{ | ° -
® g ® o ° o . s
& 5200+ o 101 o, < E .
<E & ° 0 .e OF 200 T
oz s B T =§ oo
= ‘£ 100+ 2 0.54 o = E=
S - 3 3 a 1004
wa (&) =
o -
5= 0 mesme=s W00l — r . ' EE ol , . ,
ES € & & ¢ 2 £ & & €
o T T T T T T & é & {L ] L 6\' -0«’
° -100- 0.001 0.01 0.1 1 10 100 «5\0 O rv¢° SN < /\,(9 O q;<\° N
2+ . .
< Free Ca?(uM) & N &P &
FIGURE 8 | Myofilament phosphorylation and contractile properties. (A) ProQ phosphorylation analysis and Coomassie staining of cardiac myofilament proteins after
IR. (B) Phosphorylation levels of MyBP-C, desmin, cTnT, and cTnl. n = 7-8 mice per group. (C-E) Representative Western blots of cTnl phosphorylation (C) and
quantification of cTnl phosphorylation at Ser23/24 (D) and Ser43 (E). n = 5-6 mice per group. (F) lllustrations of actomyosin MgATPase activity in each group.
(G) Myofilament ECsp values (indicators of myofilament calcium sensitivity). (H) Maximum actomyosin MgATPase activity. n = 7 mice per group. All data are
presented as the mean + SEM; *P < 0.05 between the groups (two-way ANOVA, Tukey’s multiple comparisons test).

not increase the risk of opportunistic infections (Chaturvedietal,,  for Slit2 in postischemic immune activation. RNA sequencing
2013). Furthermore, acute application of Slit2 agonists around  analysis showed that hearts overexpressing Slit2 were sensitive
the time of reperfusion may be a therapeutic approach that to external stimuli, resisted inflammatory insults, and exhibited
avoids any immune complications that could limit the potential improved cell survival. Among the 12 genes that were
of chronic Slit2 treatment. upregulated during IR, 7 were inflammatory genes (Ubc, Cd274,

Investigation into the inflammatory response machinery Ccl24, Slamf7, H2Q7, Igtp, and H2Q6) (Figure 4C). In this study,
supported our above conclusions about an antagonistic role we also found that Slit2 blocked the nuclear translocation of

Frontiers in Physiology | www.frontiersin.org 35

March 2020 | Volume 11 | Article 228


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Lietal

Cardioprotection of Slit2

Slit2 T 4 Increase
/_/ \ | Decrease
Slamf7),  Robo1f Robo4
Myofilament-associated
l PKC3 |,
Nuclear translocation of NFkB p651. l
l p-cTnl Ser43l
IL-184 1L-18), l
Inflammation Actomyosin ATPase activity {

Calcium sensitivity 1

v

Cardioprotective effects

FIGURE 9 | Proposed cardioprotective mechanisms of Slit2 in the
post-ischemia—reperfusion (IR) myocardium. Slit2 overexpression inhibits the
expression of the membrane receptors Robo4 and Slamf7 but activates
Robo1, which in turn blocks the nuclear translocation of NFkB p65 and
impedes the release of IL-1p and IL-18 from the cells in post-IR hearts. Next,
Slit2 regulates intracellular signaling pathways to attenuate the increases in
myofilament-associated PKC levels and cTnl Ser43 phosphorylation in the
post-IR myocardium, maintaining myofilament contractility and calcium
sensitivity.

NFkB p65 in both cardiomyocytes and fibroblasts, indicating
that multiple cell types might be involved in Slit2-induced
cardioprotective effects. These findings are consistent with those
of Pilling et al. (2014), who reported that Slit2 has direct
inhibitory effects on fibrosis. Furthermore, we found that Slamf7,
a receptor expressed on natural killer (NK) cells, B cells, T
cells, NK T cells, dendritic cells, and monocytes, is involved in
functional regulation in the post-IR myocardium. This is the
first study to show that Slamf7 is present in cardiomyocytes
and is linked to IR injury and Slit2-regulated cardioprotection.
It has previously been shown that cleaved Slamf7 promotes the
growth of multiple myeloma (Kikuchi et al., 2020) and that
inhibition of SLAMF?7 blocks adhesion of multiple myeloma cells
to bone marrow stromal cells (Bouchon et al., 2001; Hsi et al.,
2008). Slamf7 has been found to regulate PLCy and PI3K in
human NK cells (Tassi and Colonna, 2005) and to be upregulated
in cultured neonatal cardiomyocytes following acute cathepsin
G exposure (Shukla et al, 2018). These findings suggest that
Slamf7 can be present in cardiomyocytes and that it responds to
various stresses. The mechanisms associated with the interaction
of Slamf7 with intracellular signaling pathways and the cardiac
expression/translocation of Slamf7 need to be further explored.
Roman et al. (2004) found that inhibition of PKC-mediated
phosphorylation of ¢Tnl improves cardiac performance. We
observed that the levels of myofilament-associated PKCs were
significantly increased by IR, but such increases were suppressed
by Slit2 overexpression; consistent with these findings, Slit2
attenuated the upregulated phosphorylation of c¢Tnl Ser43, a
PKC phosphorylation site in the post-IR myocardium. Thus, our

results suggest that the suppression of Slit2-regulated PKCs plays
crucial roles in cardioprotection post IR. Additionally, PKC can
directly interact with cytokines, as its activation is essential for
the synthesis of cytokines such as TNF-a, IL-1B, and IL-6 in
human monocytes (Kontny et al., 1999), suggesting that other
mechanisms beyond those investigated in our study might be
involved in Slit2-regulated PKC signaling. Furthermore, the levels
of myofilament-associated PKA and PP2A were increased in the
post-IR myocardium in C57BL/6] mice, but these changes were
not modified by Slit2. This finding suggests that PKA and PP2A
might not be crucial effectors of Slit2 in the postischemic heart.

Myofilament phosphorylation status is critical for normal
contractile function (Verduyn et al., 2007; Kooij et al., 2010).
In the present study, we found that the increases in c¢Tnl
phosphorylation post IR could be attenuated by Slit2, which
supports claims that ¢T'nl phosphorylation status is the key
player in determining cardiac contractile function (McDonough
and Van Eyk, 2004; Heijman et al, 2013). Furthermore, we
identified the Ser43 site of c¢Tnl as a downstream target of
Slit2 and determined cTnl phosphorylation levels in post-IR
Slit2-Tg hearts. Phosphorylation of ¢Tnl Ser43/45 sites increases
force in response to phenylephrine (Montgomery et al., 2002)
and reduces ATPase activity (Jideama et al, 1996). Here,
we found that altered c¢Tnl phosphorylation was associated
with preserved actomyosin MgATPase activity and calcium
sensitivity in post-IR Slit2-Tg hearts. Thus, we clearly show
that Slit2 targets myofilament phosphorylation, which plays
crucial roles in maintaining myofilament contractile properties
after IR injury.

In conclusion, we demonstrate that Slit2 protects cardiac
function and reduces IR injury and that these effects are regulated
by Slit2 interaction with membrane receptors that inhibit
inflammatory responses and maintain myofilament contractile
properties. This is the first study to show that Slit2 can protect
hearts against IR injury and to identify that myofilament
phosphorylation is regulated by Slit2.

LIMITATIONS OF THE STUDY

The Slit2-Tg mice were constructed using a CMV promoter.
Niwa et al. (1991) developed the CMV vector system, which has
been widely used to stably express foreign genes in mammalian
models and normal cells. However, as a non-tissue-specific
promoter, CMV might drive Slit2 expression in multiple organs
and multiple cell types within an organ. In this study, Slit2
overexpression was driven by the CMV promoter, suggesting
that Slit2 might play roles in all types of cells residing in the
heart, such as cardiomyocytes, fibroblasts, and endothelial cells.
When interpreting the results of this study, we should consider
the overall effects of Slit2 on cardiac tissues, not limiting our
conclusions to cardiomyocytes. In addition, an isolated perfused
heart model that represents an acute ischemic condition was used
in this study to understand the cardioprotective mechanisms of
Slit2. The effects of Slit2 during chronic ischemia need to be
further investigated. It is anticipated that an in vivo model will
help to reveal the long-term effects of Slit2.
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In this study, although the contractile phenotype is consistent
with phosphorylation of Ser43/45 on cardiac troponin I
(cTnl), some regulation mechanisms regarding Slit2-induced
myofilament phosphorylation were not clear. For example,
cTnl Thrl44 is phosphorylated by PKC under acidosis, a
condition induced by ischemia (Engel et al., 2009). Although it
exhibits functions different from those of ¢Tnl Ser43/45 after
phosphorylation, this site might contribute to the functional
adaptation regulated by Slit2 post IR. Besides cTnl, other
myofilaments including MyBP-C (Mohamed et al., 1998) and
cTnT (Jideama et al., 1996) were targeted by PKC. Although we
did not detect the overall changes in the phosphorylation levels
of these myofilaments in the post-IR myocardium, PKC might
collaborate with other protein kinases and phosphatases to exert
the effects. Another unclear mechanism is the roles of MyBP-
C dephosphorylation in the IR context. We found that MyBP-C
was dephosphorylated in post-IR Slit2-Tg hearts, which contrasts
with previous reports showing that MyBP-C dephosphorylation
is associated with heart dysfunction (Sadayappan et al., 2006).
Thus, further study is needed for evaluating the roles of the site-
specific and/or PKC-dependent myofilament phosphorylation in
the Slit2-regulated post-IR cardiac function.
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ATF6 as a Nodal Regulator of
Proteostasis in the Heart

Christopher C. Glembotski*, Adrian Arrieta, Erik A. Blackwood and Winston T. Stauffer

Department of Biology, College of Sciences, San Diego State University Heart Institute, San Diego State University,
San Diego, CA, United States

Proteostasis encompasses a homeostatic cellular network in all cells that maintains
the integrity of the proteome, which is critical for optimal cellular function. The
components of the proteostasis network include protein synthesis, folding, trafficking,
and degradation. Cardiac myocytes have a specialized endoplasmic reticulum (ER)
called the sarcoplasmic reticulum that is well known for its role in contractile calcium
handling. However, less studied is the proteostasis network associated with the ER,
which is of particular importance in cardiac myocytes because it ensures the integrity of
proteins that are critical for cardiac contraction, e.g., ion channels, as well as proteins
necessary for maintaining myocyte viability and interaction with other cell types, e.g.,
secreted hormones and growth factors. A major aspect of the ER proteostasis network
is the ER unfolded protein response (UPR), which is initiated when misfolded proteins
in the ER activate a group of three ER transmembrane proteins, one of which is the
transcription factor, ATF6. Prior to studies in the heart, ATF6 had been shown in model
cell lines to be primarily adaptive, exerting protective effects by inducing genes that
encode ER proteins that fortify protein-folding in this organelle, thus establishing the
canonical role for ATF6. Subsequent studies in isolated cardiac myocytes and in the
myocardium, in vivo, have expanded roles for ATF6 beyond the canonical functions to
include the induction of genes that encode proteins outside of the ER that do not have
known functions that are obviously related to ER protein-folding. The identification of
such non-canonical roles for ATF6, as well as findings that the gene programs induced
by ATF6 differ depending on the stimulus, have piqued interest in further research on
ATF6 as an adaptive effector in cardiac myocytes, underscoring the therapeutic potential
of activating ATF6 in the heart. Moreover, discoveries of small molecule activators of
ATF6 that adaptively affect the heart, as well as other organs, in vivo, have expanded
the potential for development of ATF6-based therapeutics. This review focuses on the
ATF6 arm of the ER UPR and its effects on the proteostasis network in the myocardium.

Keywords: ATF6, cardiac myocyte, proteostasis, ER stress, unfolded protein response

PROTEOSTASIS AND PROTEOTOXICITY

The integrity of the proteome in cardiac myocytes is critical for normal heart function. Proteome
integrity in all eukaryotic cells is maintained by proteostasis, which encompasses the cellular
networks that contribute to protein synthesis, folding, trafficking, and degradation (Balch et al.,
2008; Sala et al., 2017; Figure 1). An imbalance amongst the components of these networks can lead
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FIGURE 1 | Proteostasis encompasses the cellular networks that contribute
to protein synthesis, folding, trafficking, and degradation. Shown for protein
synthesis (red) is a ribosome in the process of translation, for protein folding
(blue) is a protein in its folded, functional conformation, for trafficking (green)
are a secreted protein and a transmembrane protein moving through the ER
secretory pathway to the Golgi before being routed to their final destinations in
secretory vesicles or embedded in the plasma membrane, and for
degradation (brown) is a toxic misfolded protein being degraded by an
autophagosome by autophagy (upper) or by a proteasome via the ubiquitin
proteasome system (lower).

to the accumulation of misfolded proteins and proteotoxicity
or proteinopathy (Hightower, 1991; Douglas and Cyr, 2010),
which in cardiac myocytes is associated with ischemic heart
disease, as well as hypertrophic and dilated cardiomyopathies
(McLendon and Robbins, 2015; Arrieta et al., 2018). At the least,
the misfolding of proteins can impair their functions, but of
potentially greater impact is that misfolded proteins can form
toxic polypeptides, aggregates, and pre-amyloid oligomers inside
and outside of cells that broadly affect cardiac myocyte function
and viability, leading to heart failure (Wang and Robbins, 2006;
McLendon and Robbins, 2011; Parry et al., 2015). In addition to
heart disease, impaired proteostasis has been linked to numerous
other pathologies including atherosclerosis, diabetes, fatty liver
disease, and neurodegenerative diseases (Wang and Kaufman,
2012, 2014, 2016; Rivas et al., 2015; Hetz and Saxena, 2017;
Valenzuela et al., 2018); moreover, impaired proteostasis can
occur as a function of the aging process (Kikis et al., 2010; Lakatta,
2015; Hipp et al., 2019).

Since disease- and age-related protein misfolding and
proteotoxicity has been found in many organs, numerous
studies have focused on discovering components of the
proteostasis network in hopes of identifying potential targets for
therapies to minimize the untoward effects of proteotoxicity on
organ function. These studies have revealed that mechanisms

responsible for the surveillance of the structural integrity of
nascent and mature proteins, as well as the processes that
determine the fate of terminally misfolded proteins, reside in
many cellular locations (Labbadia and Morimoto, 2015). One fate
of terminally misfolded proteins is degradation by the ubiquitin
proteasome system (UPS), the components of which are localized
to specific regions of cells (Pohl and Dikic, 2019). For example,
proteasomes have been found on cardiac myocyte contractile
elements, primarily at the Z-line of sarcomeres and in the cytosol
and nucleus, as well as decorating the surface of many organelles,
such as the ER, mitochondria, and lysosomes (Brooks et al.,
2000; Wojcik and DeMartino, 2003; Glembotski, 2012a; Bard
et al., 2018). However, toxic proteins must still be degraded,
even if they are generated in cellular regions that do not have
proteasomes. For example, terminally misfolded proteins can be
degraded in a proteasome-independent manner by autophagy
(Chen et al., 2019). Organelle- and subcellular-specific forms of
autophagy, such as mitophagy (Gustafsson and Dorn, 2019) and
ER-autophagy, or reticulophagy (Wilkinson, 2019), also degrade
terminally misfolded proteins and in so doing, they contribute to
maintaining proteome integrity.

Most proteins fold co-translationally and in some cases,
folding into the final active configuration is a molecular trial-and-
error process (Choi et al., 2013). In fact, it is thought that protein-
folding process results in as much as 30% of proteins never
reaching their active folded configurations; such proteins are
degraded either during or soon after translation (Schubert et al.,
2000). This suggests that the elements of the proteostasis network
that maintain proteome integrity must be physically located near
nodal points of protein synthesis. Since secreted and membrane
proteins, which account for as much as 40% of proteins made
in eukaryotic cells (Fregno and Molinari, 2019), are synthesized
at the endoplasmic reticulum (ER), the ER is a natural node
for the cellular proteostasis network. In cardiac myocytes, the
ER includes an extensive sarcoplasmic reticulum involved in
contractile calcium handling (Bers, 2002a,b). However, while
it has been less studied than calcium handling, the ER in
cardiac myocytes is also important for the synthesis of many
membrane and secreted proteins that are important for viability
and contractile function, including hormones, growth factors
and stem cell homing factors, as well as ion channels and many
other proteins that are critical for excitation-contraction coupling
(Glembotski, 2012b).

ER STRESS AND THE UNFOLDED
PROTEIN RESPONSE

Soluble ER proteins, which include secreted and ER-resident
proteins, and membrane proteins are made on ER-bound
ribosomes, where they are co-translationally translocated
through an ER membrane channel, the translocon, across the
ER membrane into the lumen of the ER, or they are embedded
in the ER membrane (Lingappa and Blobel, 1980; Kelly, 1985;
Nicchitta, 2002; Egea et al., 2005; Viotti, 2016; Glembotski, 2017).
This is followed by continued folding of the nascent proteins, as
well as post-translational modifications, such as glycosylation,
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phosphorylation, disulfide bond formation, and proteolytic
processing, most of which also affect the folding process and take
place en route to their final destinations (Braakman and Bulleid,
2011; Steiner, 2011). Conditions that alter the environment in the
ER in ways that impair any of these processes can cause ER stress,
which can lead to the accumulation of potentially proteotoxic
misfolded proteins in the ER lumen or membrane (Paschen
and Doutheil, 1999; Welihinda et al., 1999; Hampton, 2000;
Urano et al, 2000; Berridge, 2002; Rutkowski and Kaufman,
2004). Conditions that place higher demands on the ER protein-
synthesis, -trafficking and -routing machinery, such as high levels
of protein synthesis at the ER, can also lead to ER stress (Oakes,
2017; Su and Dai, 2017). For example, B-cells of the pancreas
make so much insulin, which is synthesized and trafficking
by the ER/Golgi secretory pathway that they are continually
under ER stress (Iwawaki et al., 2004; Eizirik and Cnop, 2010;
Hodish et al., 2011).

When the ER environment is altered in ways that cause ER
stress, ER protein misfolding activates the ER unfolded protein
response (UPR) (Figure 2A). There are three main branches
of the UPR that are regulated by ER transmembrane protein
sensors of ER stress; ATF6a (activation of transcription factor
6, called ATF6 from here on), PERK [protein kinase R (PKR)-
like kinase, and IRE1 (inositol requiring enzyme 1)] (Glembotski,
2007; Hetz and Glimcher, 2011; Walter and Ron, 2011). ATF6
is a transcription factor (Wang et al., 2000; Glembotski, 2014).
IREI is a nuclease that splices the XBP1 mRNA so it encodes
an active transcription factor called XBP1 spliced (XBPls)
(Urano et al., 2000). PERK is a kinase that phosphorylates the
translation initiation factor, elF2a on Ser-51, which causes global
translational arrest, but allows for the continued translation of
a select subset of mRNAs that encode proteins that are necessary
for the adaptive UPR (Schroder and Kaufman, 2006). Many of the
genes induced by ATF6 and XBP1s, as well as other events that
lie down stream of PERK, are initially oriented toward restoring
ER protein folding. Such genes that are upregulated during
the initial phases of UPR activation encode ER chaperones,
protein disulfide isomerases (PDIs), and proteins involved in ER
associated protein degradation (ERAD). ERAD is a specialized
form of protein degradation that involves the retrotranslocation
of misfolded proteins out of the ER lumen or membrane, followed
by their ubiquitylation by ER-bound E3-ubiquitin ligases on the
cytosolic face of the ER, which marks them for degradation
by proteasomes, also located on the cytosolic face of the ER
(Hampton, 2002; McCracken and Brodsky, 2003; Ahner and
Brodsky, 2004; Meusser et al., 2005; Kuhnle et al., 2019).

Many early studies of the UPR used chemical inducers of ER
stress, such as thapsigargin and tunicamycin (D’Amico et al.,
1992; Wong et al., 1993), which are more robust activators of the
UPR than physiological or pathological conditions that activate
the UPR. These early studies showed that many of the effects
of the different branches of the UPR overlap, i.e., induction
of ER chaperones and ERAD components by ATF6 and IRE1
branches, while others did not, e.g., induction of ATF4 and
CHOP by PERK activation (Figure 2A). However, as the field
matured it was found that the effects of each branch of the
UPR can be quite different when observed under more subtle
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FIGURE 2 | (A) Alterations in the ER environment cause ER stress and ER
protein misfolding, which activates three arms of the unfolded protein
response (UPR) via three ER transmembrane proteins, ATF6, IRE1, and PERK.
(B) The integrated stress response includes ER stress, viral infection, amino
acid starvation, and hypoxia, which activate four different kinases, PKR-like
ER kinase (PERK), protein kinase double stranded RNA-dependent (PKR),
general control non-derepressible-2 (GCN2), and heme-regulated inhibitor
(HRI), respectively, all of which converge on the phosphorylation of elF2a on
Ser-51. (C) Acute ER stress activates survival-oriented adaptive aspects of
the UPR, while chronic ER stress leads to death-oriented maladaptive aspects
of the UPR. The balance between adaptive and maladaptive UPR pathways is
determined by the nature and duration of the ER stress.

stress conditions, including those that occur during pathology.
For example, amongst the three branches of the UPR, the
IRE1/XBP1 arm is a specific inducer of genes involved in protein
O-GlcNAcylation in the ischemic heart (Wang et al, 2014),
while ATF6 is an inducer of certain antioxidant genes during
myocardial ischemia/reperfusion (I/R) (Jin et al., 2017). Studies
such as these provide evidence that the downstream effects of the
three branches of the UPR probably overlap less than originally
observed when thapsigargin and tunicamycin were used to elicit
ER stress. Contributing further to this complexity is the finding
that ATF6 can induce XBP1 (Lee et al., 2002), and ATF6 can
induce itself (Misra et al., 2013), underscoring the not-well-
understood autoregulation that exists amongst the UPR branches
(Brewer, 2014). Further complicating matters is the fact that, in
addition to PERK, there are at least three other kinases known
to phosphorylate eIF2a as part of the integrated stress response,
one component of which is ER stress (Figure 2B; Donnelly
et al., 2013). Moreover, the temporal dynamics with which the
three branches of the UPR are activated differs, depending on
the cell type, as well as the nature, strength, and duration of
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the stress (Marton et al., 2017; Sharma et al., 2019). These
temporal dynamics appear to dictate whether the UPR is adaptive
or maladaptive (Figure 2C). The adaptive UPR is the first to
be activated, and its major role is to restore ER proteostasis,
improve protein folding and avoid proteotoxicity. However, if
the adaptive UPR does not sufficiently fortify the ER protein-
folding machinery, then continued ER stress is associated with a
conversion of UPR signaling from adaptive to maladaptive, as the
downstream events that are regulated by the UPR shift from being
survival oriented to cell death oriented (Sano and Reed, 2013).

ATF6 IS AN ADAPTIVE RESPONDER TO
ER STRESS

Mechanism of ATF6 Activation During ER

Stress

The focus of this review is the ATF6 arm of the UPR, which has
major adaptive effects in numerous cell types (Wu et al., 2007;
Yamamoto et al., 2007; Wang et al., 2018; Glembotski et al., 2019).
The activation of ATF6 as a transcription factor takes place very
soon after the onset of ER stress. At this time ATF6 regulates
a gene program that fosters adaptive UPR responses, in part
because so many ER-resident protein-folding proteins, such as
chaperones, are induced at this early time by ATF6 (Mao et al.,
2006; Martindale et al., 2006). Moreover, several studies have
examined the effects of ATF6 in the heart in mice, in vivo, and
have revealed the adaptive effects of ATF6 during physiological
and pathological conditions (Martindale et al., 2006; Jin et al.,
2017; Yu et al., 2017; Blackwood et al., 2019a,b).

A number of studies have elucidated the mechanism of ATF6
activation. In the absence of ER stress, inactive ATF6 is a 90 kD
ER transmembrane protein (Haze et al., 1999) (Figure 3A). Upon
ER stress, ATF6 senses the accumulation of misfolded proteins
in the ER. In part, this sensing mechanism involves the ER
chaperone, GRP78. In the absence of ER stress, GRP78 binds
to the ER luminal domain of ATF6 and, by virtue of the ER-
retention sequence at the C-terminus of GRP78 it anchors ATF6
in the ER, as ATF6 has no known ER-retention sequence (Chen
et al., 2002; Shen et al., 2005). Upon ER stress GRP78 dissociates
from, and thus, releases ATF6, allowing it to relocate to the
next destination in the secretory pathway, the Golgi (Figure 3B;
Shen et al,, 2002). In the Golgi, ATF6 is cleaved by SIP and
S2P proteases by regulated intramembrane proteolysis (Ye et al.,
2000). This cleavage liberates the N-terminal 50 kD cytosolic
portion of ATF6, which has a nuclear localization sequence,
facilitating its movement to the nucleus, where it acts as a
transcription factor to induce genes that encode proteins that
fortify the ER protein-folding environment (Figure 3C; Haze
et al., 1999). In the heart, ATF6 has been shown to induce
many genes that are known to serve roles in the adaptive UPR
(Belmont et al., 2008; Blackwood et al., 2019b). These canonical
ATF6-inducible genes encode proteins, most of which are ER-
resident chaperones (e.g., GRP78), PDIs, and ERAD components
(Figure 3D) that localize to the ER where they contribute to
restoring ER protein folding (Figure 3E). However, it was found
in the heart that ATF6 also induces non-canonical adaptive genes
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FIGURE 3 | (A) In its inactivated state, ATF6 is a 90 kD ER transmembrane
protein that is anchored in the membrane by GRP78. (B) Upon ER stress,
GRP78 dissociates from the ER luminal domain of ATF6, which allows the

90 kD form of ATF6 to translocate to the Golgi, where is it cleaved by S1P and
S2P to liberate the N-terminal approximately 400 amino acids (50 kD) of ATF6
from the ER membrane. (C) The clipped form of ATF6 has a nuclear
localization sequence, which facilitates its movement to the nucleus where it
binds to specific regulatory elements in ATF6-responsive genes, such as ER
stress response elements (ERSEs), and induces the ATF6 gene program.

(D) The canonical ATF6 gene program comprises genes that encode proteins
that localize to the ER, such as the chaperone, GRP78 (E), where they fortify
ER protein folding. (F) The non-canonical ATF6 gene program comprises
genes that encode proteins not typically categorized as ER stress-response
proteins, such as catalase, which localize to regions of the cell outside the ER.

that were not previously known to be ER stress-response genes,
many of which encode proteins that do not even reside in the ER
(Figure 3F; Jin et al., 2017).

ATFG6 Is Rapidly Degraded When

Activated

One of the most fascinating findings regarding ATF6 was the
discovery in model cell lines that the active form of ATF6 is
rapidly degraded (Thuerauf et al., 2002). In fact, the degradation
is so rapid that it is difficult to find the cleaved form of ATF6
by immunoblotting unless proteasome inhibitors are used. The
rapid degradation of ATF6 suggests that its activity is designed
to be transient; although the reasons for this are not yet known,
it is apparent that this transient activation leads to transient
induction of ATF6 responsive genes, and that this temporal
sequence must be an important determinant of the effects of
these genes. In addition to ATF6, there are a number of other
transcription factors that are rapidly degraded, once they are
activated (Geng et al., 2012). Thus, while ATF6 is not unique
in this regard, functional mapping of the domains of ATF6
have led to novel findings regarding the mechanism by which
ATF6 transcriptional activity and degradation are regulated.
These mapping studies, done in cell lines, demonstrated that
within the N-terminal transcriptional activation domain of ATF6
is a stretch of 8 amino acids with a sequence that is very
similar to a sequence of amino acids found in the rapidly
degraded viral transcription factor, VP16 (Thuerauf et al., 2002).
In VP16, this eight amino acid region is responsible for its
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FIGURE 4 | (A) In the heart, ischemia/reperfusion activates ATF6, which (B) induces canonical ER stress-response genes, as well as non-canonical genes, such as
the peroxisomal antioxidant, catalase, which resides in peroxisomes and protects from the ROS that are generated during I/R. (C) In the heart, growth stimuli
activate ATF6, which (D) induces canonical ER stress-response genes, as well as non-canonical genes, such as the small GTP-binding protein, Rheb, which is an
activator of the growth-promoting kinase complex, mTORCH1. (E,F) In the heart, different stimuli induce different ATF6-dependent genes. For example, (E) oxidative
stress induces catalase but not rheb, and catalase protects the heart from damage, while (F) growth stimuli induce rheb but not catalase, which is required for
physiological and pathological hypertrophic growth of the heart. (G,H) The absence of induction of any of these genes when ATF6 is deleted from cardiac myocytes
supports the view that gene induction by both oxidative stress and growth stimuli is dependent upon ATF6.
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potent transcriptional activity, as well as its rapid degradation
(Tanaka, 1996). Mutation analyses showed that as in VP16, this
region of ATF6 is responsible for its transcriptional activity and
its rapid degradation (Thuerauf et al.,, 2002). In fact, detailed
functional mapping of ATF6 showed that the transcriptional
activation domain also serves as the signal for rapid degradation.
Additional studies demonstrated that ATF6 was rapidly degraded
only when it was actively engaged in transcriptional activation,
and that any mutations introduced into ATF6 that decreased
it transcriptional activity coordinately increased its half-life
(Thuerauf et al., 2007). Finally, a different form of ATF6, called
ATF6P, which is also activated during ER stress, does not have
the VN8 region but is similar to ATF6 in many other regions.
It was further shown that it was because ATF6f does not have
the VNS, it has very low transcription factor activity and it
is slowly degraded, thus it has molecular characteristics that
oppose those of ATF6a. In fact, since ATF6 functions as a dimer,
and since it can dimerize with ATF6B, the relative amounts
of these two forms of ATF6 can dictate the composition of
ATF6 dimers in ways that determine the strength with which
the ATF6 gene program is induced (Thuerauf et al., 2007). For
example, in that study it was shown that the transcription factor
activity and the stability of dimers decreased coordinately in the

following order: ATF6-ATF6 > ATF6-ATF6B > ATF6B-ATF6p.
Thus, it is possible that if ATF6p is activated by ER stress at
a slightly later time than ATF6 it may contribute to decreasing
the transcriptional induction effects of ATF6, thus ensuring the
transient and, thus, adaptive nature of ATF6-mediated gene
induction.

Transgenic Mice Reveal Adaptive Roles

for ATF6 in vivo

While Mice Reveal Adaptive Roles for ATF6 in vivo the precise
reasons for the transient nature of ATF6 activation are yet
to be determined, and while the importance of the functional
and physical interactions between ATF6 and ATF6P are not
completely understood, it is apparent that the relatively brief
time of ATF6 activation after ER stress must be important for its
adaptive properties. Based on this premise, the ability to carefully
regulate the extent of ATF6 activation was a consideration when
ATF6 transgenic mice were prepared (Martindale et al., 2006).
Accordingly, in those studies the transgenic mice were designed
so they express the active form of ATF6 fused to the mutant
mouse estrogen receptor (MER), which can bind tamoxifen
(Zhang et al., 1996). Based on other studies with MER fusion
protein expression in mice, it was reasoned that in the absence of
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tamoxifen, ATF6-MER would assume a conformation that blocks
its transcriptional activity. However, when tamoxifen binds to
ATF6-MER, the conformation would change to an active form
of ATF6. Accordingly, to study the function of activated ATF6
in cardiac myocytes, in vivo, the construct used to generate the
mice was prepared so that ATF6-MER expression would be under
the control of the tMHC gene, which specifies cardiac myocyte-
specific expression (Martindale et al., 2006). Indeed, tamoxifen
administration for short periods of time led to the transcriptional
induction of known ATF6 gene targets through regulatory
regions in the genes called ER stress response elements, or ERSEs.
Interestingly, ATF6-MER was not only a robust transcription
factor, but it was rapidly degraded; however, both of these
properties were dependent upon tamoxifen administration. This
demonstrated that, in addition to cultured model cell lines, the
degraded-when-active property of ATF6 could also be observed
in cardiac myocytes, in vivo. Accordingly, this ATF6-transgenic
(TG) mouse model allowed the precise temporal regulation of
ATF6 activation in the heart in the absence of ER stress, so the
function of only the ATF6 arm of the UPR in cardiac myocytes
could be determined. Moreover, this mouse model facilitated the
identification of genes that are regulated by ATF6 in the mouse
heart, in vivo.

ROLES FOR ATF6 IN THE HEART

ATFG6 Is Activated by

Ischemia/Reperfusion and Is Protective

Soon after the ATF6-MER transgenic mice were developed they
were used to determine the role for activated ATF6 in cardiac
myocytes, in vivo. It was found that activated ATF6 induced
canonical ATF6-dependent ER stress response genes, such as ER
chaperones, and conferred protection from I/R damage in ex vivo
isolated perfused heart preparations and maintained contractile
function (Martindale et al., 2006). This was the first report that
activated ATF6 could be protective in any tissue, in vivo. These
findings were coupled with other studies showing that in wild
type mice, I/R could activate ATF6 (Blackwood et al., 2019a),
leading to the hypothesis that when I/R activates ATF6, the
genes induced by ATF6 contribute to protection against I/R
damage and, thus play a role in maintaining cardiac function
(Figure 4A). A subsequent study that also indicated that ATF6
reduces damage in the heart, examined the effects of ATF6
inhibition using either a chemical inhibitor of ATF6 or transgenic
overexpression of dominant negative ATF6 in a mouse model of
myocardial infarction (Toko et al., 2010). That study showed that
inhibiting ATF6 increased the damage after MI. Another study
examined roles for ATF6 outside the heart, where ATF6-MER
was expressed specifically in mouse forebrain neurons in vivo.
In that study, activated ATF6 protected neurons from damage a
mouse model of ischemic stroke (Yu et al., 2017). These findings
stimulated the search for the mechanism of protection from I/R
damage. Since I/R damage is caused mainly by the generation
of damaging reactive oxygen species (ROS) by mitochondria
during reperfusion, it was not obvious how the canonical roles
for ATF6, such as the induction of ER chaperones, like GRP7S,

could contribute to protection. Accordingly, transcriptomics
approaches were undertaken in hopes of finding genes that might
contribute to the adaptive effects of ATF6, in vivo.

MECHANISMS OF THE ADAPTIVE
EFFECTS OF ATF6 IN THE HEART

Discovery of Non-canonical Roles for
ATF6 in the Heart

Initial microarray studies to identify the genes induced by
ATF6 in the hearts of ATF6-MER mice provided a wealth
of information, the most provocative being that there were
numerous genes induced by ATF6 that encoded proteins that
were not previously known to be ATF6- or ER stress-inducible,
and did not code for proteins that reside in the ER. These non-
canonical ATF6-inducible genes provided the first clue that in
the mouse myocardium, the function of ATF6 was much broader
than the canonical ER stress response (Belmont et al., 2008).
For example, in that study it was shown that ATF6 might affect
myocardial growth by inducing the NFAT regulator, RCAN.
Another study used a micro-RNA array analysis to define the
microRNAs regulated by ATF6, and in the process demonstrated
that one ATF6-downregulated microRNA was specific for the ER
luminal calcium-binding protein, calreticulin, which implicated
ATF6 as a regulator of the expression of calcium-handling
proteins in the heart (Belmont et al., 2012).

ATF6 Induces Antioxidant Genes in the

Heart

As a complement to the ATF6 gain-of-function approach
afforded by the ATF6-MER mice, ATF6 gene deletion was used
to determine roles for endogenous ATF6 in mouse hearts under
physiological and pathological conditions. It was found that
ATF6 knockout mice (ATF6 KO) exhibited greater damage in
mouse models of ex vivo and in vivo myocardial I/R, which
was also consistent with the hypothesis that in the heart, I/R-
mediated ATF6 activation led to the induction of genes that
could protect against I/R damage (Jin et al., 2017). In that same
study, transcriptome analyses provided a surprising result, that
in cardiac myocytes, in addition to canonical ATF6-inducible
genes, like GRP78, ATF6 induced numerous antioxidant genes,
one of which encodes the potent antioxidant enzyme, catalase
(Figure 4B). This study went on to show that catalase is a
previously unidentified ER stress response gene, and that it is
induced in the heart in an ATF6-dependent manner during I/R.
Supporting this assertion was the finding that the addition of
exogenous catalase restores protection against I/R damage to the
hearts of mice in which ATF6 and been deleted, demonstrating
that it is a least partly by virtue of inducing catalase induction that
ATF6 mitigates the generation of ROS and reduces I/R damage in
the mouse heart (Jin et al., 2017). It is interesting to note that
catalase is not an ER-resident protein, but is instead normally
expressed in peroxisomes (Poole et al., 1969). Accordingly, the
catalase in peroxisomes serves to neutralize some of the ROS
generated in mitochondria during I/R in the heart.
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ATF6 Is Required for Hypertrophic

Growth of the Heart

Taking the ATF6 gene deletion studies a step further were
studies in which ATF6 was conditionally deleted specifically
from cardiac myocytes (ATF6 cKO) (Blackwood et al., 2019b).
Compared to wild type mice, myocardial damage was exacerbated
in ATF6 cKO mice subjected to I/R in vivo (Blackwood et al.,
2019b). These findings corroborated the studies with ATF6
KO mice and further supported that ATF6-induced genes that
protected from I/R damage (Jin et al., 2017). However, another
surprise finding was that cardiac specific deletion of ATF6
decreased hypertrophic growth of the heart in vivo upon short
times of pressure overload-induced pathological hypertrophy and
decreased cardiac function (Blackwood et al., 2019b). In fact,
physiological cardiac hypertrophy in mice subjected to free-
wheel exercise was lower in the hearts of ATF6 cKO mice
compared to control mice, supporting the hypothesis that growth
stimuli activate ATF6-dependent genes that are required for
cardiac myocyte growth (Figure 4C). In that study, transcript
profiling revealed that, in addition to canonical ATF6-inducible
genes, like GRP78, some of the non-canonical genes induced
by ATF6 in mouse hearts were growth regulators, one of which
was the small GTP-binding protein, Rheb (Figure 4D). Rheb
had previously been shown to be a required activator of the
growth-promoting kinase, mMTORCI in neurons (Yamagata et al.,
1994). In the heart, it was shown that ATF6 was required to
induce Rheb and, thus, mTORC1-dependent growth in acute
models of pressure-overload induced pathological hypertrophy
and in longer-term freewheel exercise-induced physiological
hypertrophy (Blackwood et al., 2019b). In that study, further
mechanistic examination showed that it is the increase in protein
synthesis during hypertrophic growth of the heart that increases
the protein-folding demand in cardiac myocytes, leading to
activation of ATF6 and the induction of Rheb and activation
of mTORCI. Similar results were found in a more recent
publication, where it was shown that deletion of ATF6a or ATF6f
resulted in a reduction of pathological cardiac hypertrophy at
early times after pressure overload (Correll et al, 2019). In
that report it was concluded that deletion of either ATF6a or
ATF6p had a similar impact on hypertrophy, suggesting some
redundancy in their functions.

DIFFERENT ATF6 ACTIVATORS INDUCE
DIFFERENT ATF6-DEPENDENT GENE
PROGRAMS

While activation of ATF6 in the ATF6-MER TG mice was a
useful model system for identifying numerous genes that could
be induced specifically by the ATF6 arm of the UPR in the
heart, it was of interest to determine what ATF6-dependent
genes were induced under physiological and pathophysiological
conditions that activate endogenous ATF6. Such studies led to
one of the most remarkable discoveries, that different activators
of ATF6 could induce different ATF6-dependent gene programs.
For example, it was found that in mice treatments that cause

oxidative stress, such as I/R, activate ATF6, which induces
the antioxidant, catalase, but not the growth-promoter, Rheb
(Figure 4E). In contrast, treatments that stimulate growth, such
as pressure overload or exercise, which also activate ATF6,
induce Rheb but not catalase (Figure 4F). Importantly, ATF6
gene deletion showed that each of these stimulus-specific gene
programs is ATF6-dependent (Figures 4G,H; Blackwood et al.,
2019b). Further promoter analysis of these genes demonstrated
that ATF6 bound specifically to ERSEs in the catalase and rheb
gene promoters, but this binding occurred only when cells were
subjected to oxidative stress or growth stimuli, respectively.
These studies suggest that the ATF6 gene program is tailored
to suit the needs of cells, which differ, depending on the
form of stress. Further support of this is a study in yeast and
mammalian cell lines showing that ATF6 can be activated by
specific sphingolipids, such as dihydrosphingosine (DHS) and
dihydroceramide (DHC), and this occurs in the absence of ER
protein misfolding (Tam et al., 2018). It seems possible that
different stress conditions that all activate ATF6 may differentially
activate other, as yet unidentified components of ER stress-
inducible transcriptional programs, the latter of which may be
responsible for imparting stress-specific gene regulation to ATF6.

ATF6-BASED SMALL MOLECULE
THERAPIES FOR HEART DISEASE

In more recent studies a chemical biology approach has been
taken in an effort to capitalize on the beneficial effects of ATF6
activation for the development of potential therapeutics for
heart disease. These studies began with the screening of a small
molecule library of over 600,000 different compounds for those
that would activate ATF6 in 293 cells (Plate et al., 2016). This
study used a highly rigorous multiplex screening approach in
hopes of finding compounds that would activate only the ATF6
arm of the UPR, without activating other signaling pathways and
without cause cell death. While several compounds were initially
identified, one of them, compound 147, was the most selective for
ATF6 activation in 293 cells, as well as isolated cardiac myocytes.
In subsequent studies it was shown that compound 147 could
be administered to mice without any untoward effects in the
absence of pathology; but in mice subjected to in vivo myocardial
I/R, 147 administration decreased cardiac damage and improved
contractile function (Blackwood et al, 2019a). In that study,
it was shown that compound 147 also decreased damage and
improved motor function in a mouse model of cerebral I/R
and decreased kidney damage in a mouse model of renal I/R
while improving glomerular filtration. A subsequent study of
the mechanism of action of compound 147 showed that this
compound itself is not the active species, but it is converted
to the active compound by a cytochrome P450 enzyme that is
specifically expressed in the ER (Paxman et al, 2018), which
probably accounts for the high selectivity of compound 147 as
an activator of ATF6. The results obtained so far with compound
147 suggest that it may be a good candidate for consideration as
a treatment for ischemic disease and other pathologies involving
protein misfolding, including cardiomyopathy and heart failure.
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Accordingly, next steps in moving compound 147 toward clinical
application would involve animal studies of the pharmacological
properties of compound 147, including pharmacokinetics and
toxicology, as well as examining the effects of 147 in large animal
models of disease, such as pig models.

CONCLUSION AND FUTURE
DIRECTIONS

Like many signaling pathways, the UPR exhibits both adaptive
and maladaptive activities depending upon the nature and
duration of the conditions that activate the UPR. While it
was important to discover the conditions leading to either the
adaptive and maladaptive UPR, this dual nature of the UPR
makes it difficult to design UPR-based therapeutics. The ATF6
arm of the UPR provides fertile ground for developing adaptive
therapeutics because it is mostly known for its adaptive effects.
However, even ATF6 probably has both adaptive and maladaptive
properties, which may be why it exhibits a “degraded-when-
active” property. Thus, it is reasonable to posit that a useful
ATF6-based therapy should exhibit a rapid onset, as well as
a relatively transient action, thus mimicking, to some extent,
the way the adaptive effects of ATF6 are activated during ER
stress. The development of gene therapy approaches to increase
activated ATF6, while useful in experimental animal systems (Jin
et al., 2017), may not represent the best therapeutic approach
because of the relatively long-term effects of such therapies.
However, the ability of a small molecule, like compound 147,
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The Hippo-YAP1/TAZ pathway is a highly conserved central mechanism that controls
organ size through the regulation of cell proliferation and other physical attributes of
cells. The transcriptional factors Yes-associated protein 1 (YAP1) and PDZ-binding motif
(TAZ) act as downstream effectors of the Hippo pathway, and their subcellular location
and transcriptional activities are affected by multiple post-translational modifications
(PTMs). Studies have conclusively demonstrated a pivotal role of the Hippo—-YAP1/TAZ
pathway in cardiac development, disease, and regeneration. Targeted therapeutics for
the YAP1/TAZ could be an effective treatment option for cardiac regeneration and
disease. This review article provides an overview of the Hippo-YAP1/TAZ pathway
and the increasing impact of PTMs in fine-tuning YAP1/TAZ activation; in addition,
we discuss the potential contributions of the Hippo-YAP1/TAZ pathway in cardiac
development, disease, and regeneration.

Keywords: YAP1/TAZ, Hippo pathway, post-translational modification, heart development, cardiac disease,
regeneration

INTRODUCTION

The Hippo pathway, originally identified in the Drosophila genus, is a highly conserved kinase
cascade that regulates organ size (Harvey et al., 2003; Pan, 2007; Hayashi et al., 2015). The
transcriptional coactivator Yes-associated protein 1 (YAP1; homolog of Yorkie) was first identified
as a binding partner of the SH3 domain of c-yes; the YAP1 and its paralog PDZ-binding motif
(TAZ; also known as WW-domain-containing transcription regulator 1 [WW'TR1]), are both
downstream effectors of Hippo signaling (Sudol, 1994). This pathway has been implicated in diverse
biological functions, both in Drosophila and in mammals; these include cell proliferation, apoptosis,
organ-size control, and cancer progression (Mo, 2017). Recent reports have revealed the critical role
of YAP1/TAZ in cardiac development, regeneration, and stress response; however, there are some
inconsistent and even contradictory results that warrant further investigation (Zhou et al., 2015).
Interestingly, recent studies have identified a variety of post-translational modifications (PTMs)
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to YAPI/TAZ, such as phosphorylation, O-GlcNacylation,
methylation, and ubiquitination, which offers an opportunity
to control the Hippo-YAP1/TAZ pathway. In this review, we
summarize the overall picture of the Hippo-YAP1/TAZ pathway;
in particular, we highlight the novel discoveries with regard
to PTM-related regulation and the function of the YAP1/TAZ
pathway in cardiac development, disease and regeneration.

OVERVIEW OF THE HIPPO-YAP1/TAZ
PATHWAY

The Canonical Hippo-YAP1/TAZ Pathway

in Mammals

The components of the Hippo pathway in mammals are highly
consistent with those in Drosophila, including sterile 20-like
protein kinases (MST1/2; homologs of D. Hpo), salvador family
protein 1 (SAV1; which contains a WW domain), large tumor
suppressors (LATS1/2; homologs of Wts), Mps one binder kinase
activator-like 1A/1B (MOBI; orthologs of Mats), YAP1 /TAZ, and
other peripheral proteins (Figure 1).

The upstream signals and stressors of the Hippo pathway
include cell polarity, energy stresses, G-protein-coupled
receptors (GPCRs), and stiffness of the extracellular matrix
(ECM) (Meng et al., 2016). On stimulation, MST1/2 and its
adaptor protein SAV1 are phosphorylated leading to their
activation; subsequently, these stimulate the phosphorylation,
and activation of the LATS1/2-MOB1 complex. Through an
interaction between the PPxY (PY) motifs of LATS1/2 and
the WW domains of YAP1/TAZ, the activated LATS1/2
can induce phosphorylation of YAP1 (mouse YAPI at
Ser112, human YAP1 at Ser127) and TAZ (Ser89) (Zhao
et al, 2007). After phosphorylation, YAP1/TAZ binds to
the 14-3-3 protein, which induces cytoplasmic retention of
YAP1/TAZ. Moreover, phosphorylated YAP1/TAZ is likely
to undergo ubiquitination degradation that is dependent
on the P-transducin repeat-containing E3  ubiquitin
protein ligase complex (SCFB—TRCPy (Dong et al, 2007;
Zhao et al., 2007).

When Hippo signaling is inactive, the YAP1/TAZ are
activated and mainly localized in the nucleus, where they
produce downstream biological effects. The YAPI/TAZ do
not harbor DNA-binding domains; instead, these interact
with transcriptional partner proteins to initiate or impede
transcription. The transcriptional partners of YAP1/TAZ that
have been identified thus far include transcriptional enhanced
associate domain proteins (TEADs), members of the Smad family
(Anorga et al., 2018; Ben Mimoun and Mauviel, 2018; Miskolczi
et al,, 2018; Qin et al., 2018), and p63/p73 (Levy et al., 2008;
Kim et al., 2018). The onus of the YAP1/TAZ biological output
rests with the transcriptional partners and the target genes
that they modulate.

Downstream Output of YAP1/TAZ
As orthologs of Drosophila Scalloped, the TEAD family of
proteins in mammals comprise YAP1/TAZ- and DNA-binding

domains, which facilitates the construction of a YAP1/TAZ-
TEADs co-transcription complex (Li et al., 2010). Recent studies
investigating YAP1/TAZ mechanisms have identified some target
genes of the YAP1/TAZ-TEADs complex. The glucose transporter
I (Glutl) promotor contains TEAD-binding motifs that allow
Glutl to be regulated by the YAP1-TEADI transcriptional
complex, which enhances cell glycolysis in breast cancer cells
(Valis et al, 2016; Lin and Xu, 2017). Moreover, GLUTI,
a transmembranous protein, participates in cell glucose uptake
(Wang et al., 2017). Left ventricular hypertrophy is characterized
by enhanced GLUT1 expression and basal glucose uptake in
heart tissues. Cardiac-specific overexpression of GLUT1 can
retard the progression of heart failure and reduce mortality
associated with pressure overload (PO) (Liao et al., 2002). Thus,
YAP1/TAZ may have a cardioprotective effect by enhancing
GLUT1 expression. In breast cancer cells, the G2 and S phase-
expressed 1 (GTSEI) acts as a novel target gene of the YAP1-
TEAD4 complex, which forms cell protrusions and boosts cell
migration (Stelitano et al., 2017). The GTSE1 is a microtubule-
associated protein that is involved in cell proliferation, invasion,
and migration (Liu et al., 2019). Therefore, through regulation
of GTSEL, YAP1 facilitates epithelial-to-mesenchymal transition
(EMT) in cancer cells.

Furthermore, the YAP1/TAZ-TEAD complex can recruit
and bind to transcription enhancers and/or mediators to
potentiate and blunt transcription. Proxl, a major regulator
of lymphangiogenesis, is regulated by the YAP1/TAZ-TEAD
complex (Harvey et al., 2005; Cho et al., 2019). The YAP1/TAZ-
TEAD transcriptional complex recruits the nucleosome
remodeling and histone deacetylase (NuRD) complex to
negatively modulate ProxI; this was shown to reduce pathological
lymphangiogenesis and maintain the lymphatic valve postnatally
(Cho et al.,, 2019). In addition, the YAP1/TAZ, together with
histone deacetylase 7 (HDAC7) and TEAD, binds to the COX-2
promoter and attenuates COX-2 transcription in order to inhibit
IL-1B-induced cell migration and invasion (Zhang et al., 2018a).
Based on its tyrosine phosphorylation status, parafibromin
(a nuclear scaffold protein) selectively interacts with YAP1 or
TAZ. Phosphorylated parafibromin binds to the YAP1-TEAD
complex, whereas dephosphorylated parafibromin combines
with the TAZ-TEAD transcriptional activator (Tang et al,
2018). YAP1 and TAZ have largely overlapping transcriptional
functions, such as cell proliferation and cell migration; however,
both have unique biological functions (Lai et al, 2018; Liu
et al., 2018; Negron-Perez and Hansen, 2018). For example,
YAP1 knockout (KO), rather than TAZ KO, in mice leads to
embryonic death (Hossain et al., 2007; Makita et al, 2008).
Conversely, parafibromin regulates the activity of YAP1 and
TAZ in different status, which may explain the unique functions
of YAP1 and TAZ.

Newly discovered co-transcription proteins reportedly
contribute to YAP1/TAZ functions. Pyruvate kinase M2
(PKM2) is a relevant glycolytic protein; the interaction of
YAP1 with hypoxia-inducible factor la (HIF-la) promotes
tumor cell glycolysis by triggering the transcription of the
Pkm2 gene (Zhang et al., 2018b). YAPl-mediated PKM2
expression enhances cell glycolysis and adapts tumor cells for
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FIGURE 1 | The Hippo-YAP1/TAZ pathway in cardiac biology. Both YAP1 and TAZ are phosphorylated by core components, including Mst1/2, SAV1, Lats1/2, and
MOBH1, of the canonical Hippo pathway, and are subsequently degraded or stranded in the cytoplasm. Active YAP1/TAZ translocate to the nucleus, bind to
transcriptional partners, and modulate downstream output in cardiac tissue. In addition, the Hippo-YAP1/TAZ pathway is regulated by several upstream pathways
and cell-cell junctions. Line arrows indicate activation, whereas connector lines imply inhibition.
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abnormal growth. The SWI/SNF (Brg/Brahma-associated factors
[BAF]) and ARIDIA (BAF250A) proteins are inhibitors of the
YAP1/TAZ-TEADs complex; in addition, these are capable of
occupying the TEAD-binding site of YAP1/TAZ (Chang et al,,
2018). Although the ARIDIA-SWI/SNF complex is inactive
during tumor growth, this negative association highlights the
role of the ARID1A-SWI/SNF complex in cancer development
through the suppression of oncogenic YAP1/TAZ activity
(Kadoch and Crabtree, 2015).

Collectively, novel transcription mechanisms have been
reported for explaining partly YAP1/TAZ biological output;
these findings bode well for future YAP1/TAZ studies. However,
the diversity of transcription partners and the target genes of
YAP1/TAZ make it difficult to clarify the biological effects of
YAP1/TAZ; therefore, future research should consider the entire
molecular network of the YAP1/TAZ pathway.

REGULATION OF THE YAP1/TAZ BY
POST-TRANSLATIONAL
MODIFICATIONS

Regulation of the YAP1/TAZ by
Phosphorylation

Yes-associated protein 1 and TAZ, two salient downstream
effectors of Hippo signaling, are found both in the cytoplasm
and nucleus. Since these two effectors trigger target gene
transcription in the nucleus, nuclear accumulation of
YAP1/TAZ is a key step in their mechanism of action. This
nuclear accumulation is mediated by several events: (1) post-
translational modifications (PTMs) including phosphorylation,
methylation, and ubiquitination; (2) other related protein
interactions with YAP1/TAZ; and (3) translational interference
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(Piccolo et al., 2014; Mo, 2017). In most scenarios, YAP1/TAZ are
mediated by PTMs that determine their subcellular localization
and content (Table 1).

In the canonical Hippo pathway, phosphorylation plays
a pivotal role in the regulation of YAP1/TAZ; they can be
phosphorylated at multiple sites, such as Ser61, Ser109, Ser127
(Ser89 in TAZ), Serl64, and Ser381 (Ser311 in TAZ) (Zhao
et al,, 2010). Among these, Ser127 and Ser381 are the main
phosphorylation sites by LATS1/2. Following phosphorylation
at Ser381, YAPI is prone to further phosphorylation by the
casein kinase I isoform 8/¢ (CKI 8/¢), which eventually promotes
SCFP~TRCP _jnduced ubiquitination degradation of YAP1 (Zhao
et al., 2010). YAP1 binds to 14-3-3 protein through the Ser127
phosphorylation-dependent way and becomes sequestered in
the cytoplasm (Zhao et al., 2007). Notably, the combination of
YAP1 and 14-3-3 can be blocked by phosphorylation at the
YAPI Ser128 site by Nemo-like kinase (NLK); this phenomenon
can also be seen in Drosophila Nemo (Moon et al, 2017).
This indicates that NLK/Nemo are highly conserved in Hippo-
YAP1/TAZ signaling to mediate the YAPI1/Yki subcellular
compartmentation via phosphorylation.

Phosphorylation-dependent ~ cytoplasmic  retention  of
YAP1/TAZ may hamper their transcriptional activity. In the
transgenic heart, MST1 overexpression was shown to enhance
the phosphorylation of YAP1 Ser127 and induce inactivation
of YAPI; this induced cardiomyocyte (CM) apoptosis and
myocardial fibrosis (Yamamoto et al., 2003; Zhao et al., 2019). In
LATS1/2 cardiac knock out (CKO) of the embryonic epicardium,
LAST1/2 deficiency was shown to inhibit the phosphorylation

of YAP1 Ser127 and increase the YAP1 transcriptional activity;
eventually, this resulted in the failure of subepicardial cells to
differentiate into cardiac fibroblasts and induced coronary vessel
defects (Xiao et al., 2018). Thus, the canonical Hippo pathway
inhibits the YAPI/TAZ activity in cardiac tissues through
phosphorylation. Interestingly, YAP1/TAZ was shown to
increase the concentration and activity of endogenous LATS2 by
directly inducing TEAD-dependent LATS2 transcription and/or
indirectly activating neurofibromin 2 (NF2)-mediated LATS2
activity, which subsequently enhances the phosphorylation
of YAP1/TAZ (Moroishi et al., 2015; Dai et al., 2017). This
physiological negative feedback mechanism is expected to
maintain the dynamic homeostasis of the Hippo pathway,
and may help elucidate the complex mechanism of cardiac
development and disease.

Notably, YAP1/TAZ can be dephosphorylated by a catalytic
subunit of protein phosphatase-1 (PP1A) at Ser127 (Ser89 and
Ser311 in TAZ), and is then translocated into the nucleus, thereby
causing leak activation of the target gene (Liu et al, 2011;
Wang et al., 2011). This abnormal activation can be potentially
prevented by some mechanisms. The pre-mRNA splicing factor
4 kinase (PRP4K) promotes phosphorylation of Yki/YAP1/TAZ
in the nucleus as well as its subsequent nuclear export; this acts
as a safety threshold for the rescue of aberrant Yki/YAP1/TAZ
activities and cell growth (Cho et al., 2018).

Besides serine phosphorylation, the subcellular distribution
and activities of YAP1/TAZ are affected by the phosphorylation
of tyrosine residues. Several members of the SRC family of
kinases (SFK), such as Yes, Src, and c-Abl, participate in

TABLE 1 | Post-translational modifications that modulate YAP1/TAZ.

Modification types  Regulative sites Enzymes Effects
Phosphorylation Ser109 LATS1/2 YAP1/TAZ cytoplasm retention (Zhao et al., 2010)
Ser127 (Ser89 in TAZ) LATS1/2 Binding YAP1 to 14-3-3 and inducing cytoplasm retention (Zhao et al., 2007)
Ser128 NLK Blocking YAP1 binding to 14-3-3 (Moon et al., 2017)
Ser381 (Ser311in TAZ) LATS1/2 B-Trcp-dependent ubiquitination degradation (Zhao et al., 2010)
NS PRP4K YAP1/TAZ nuclear export (Cho et al., 2018)
Tyr357 c-Abl Stabilizing YAP1 stable and increasing YAP1-p73 interaction inducing cell apoptosis
(Levy et al., 2008)
Tyr357 Src Enhancing YAP1 nuclear retention and target gene CTGF expression (Taniguchi et al., 2015)
one or more tyrosine residues Yes Promoting YAP1 translocation and Oct-3/4 transcription (Tamm et al., 2011)
Dephosphorylation Ser127 (Ser89 and Ser311in TAZ)  PP1A YAP1/TAZ nuclear translocation (Liu et al., 2011; Wang et al., 2011).
O-GlcNacylation Ser109 OGT Impeding LATS1/2-induced YAP1 Ser109 phosphorylation and potentiating YAP1 activity
(Peng et al., 2017)
Thr241 OGT Attenuating LATS1/2-dependent YAP1 Ser127 phosphorylation and enhancing YAP1
activity (Zhang et al., 2017)
Methylation Lys342 SET1A Dampening YAP1-CRM1 fusion and enhancing YAP1 nuclear retention (Fang et al., 2018)
Lys494 SET7 Enhancing YAP1 translocation to cytosol and cytoplasmic membrane Oudhoff et al., 2013)
Ubiquitination NS SCFB-TRCP YAP1/TAZ protein degradation (Dong et al., 2007; Zhao et al., 2007)
NS Foxw7 YAP1 protein degradation (Tu et al., 2014; Zhang et al., 2016)
Lys321, Lys497 SKP2 Accumulating YAP1 nuclear localization and association between YAP1 and TEAD
(Yao et al., 2018)
De-ubiquitination NS USPIX Stabilizing YAP1 and enhancing its activity (Li et al., 2018a).
NS OTUDA Reducing YAP1 stability and attenuating the cell proliferation activity of YAP1

(Yao et al., 2018).

NS, not specified, where the specific regulator sites have not been validated.
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tyrosine phosphorylation of YAPI. In response to DNA damage,
YAP1 Tyr357 phosphorylation by c-Abl stabilizes YAP1 and
increases the nuclear interaction of YAP1-p73 to induce apoptosis
(Levy et al, 2008). This phosphorylation may inhibit the cell
proliferation and oncogenic ability of YAPI that are necessary
to sustain its normal biological functions. The activated Yes
phosphorylates YAP1 on one or more tyrosine residues; the
phosphorylated YAP1 is subsequently translocated to the nucleus
to trigger the transcription of the pluripotency factor Oct-
3/4, which is critical for maintaining the self-renewal ability
of the mouse and human embryonic stem cells (hESCs)
(Tamm et al., 2011). Furthermore, Src phosphorylated by the
IL6-GP130 complex phosphorylates YAP1 at Tyr357, which
increases YAP1 nuclear retention and expression of its target
gene connective tissue growth factor (CTGF); this Src-induced
YAP phosphorylation facilitates the regeneration of the injured
intestinal mucosa (Taniguchi et al., 2015). The above-mentioned
research shows that tyrosine phosphorylation participates in the
regulation of YAP1/TAZ in specific cell and tissue regeneration.
This suggests that the tyrosine phosphorylation of YAP1/TAZ
may be conductive to embryonic cardiac development and post-
injury cardiac regeneration; these findings provide new insights
into cardiac development and regeneration.

Regulation of the YAP1/TAZ by

O-GlIcNAcylation

Besides  phosphorylation,  several ~PTMs, such as
O-GlcNAcylation, are involved in the regulation of YAP1/TAZ.
O-GIcNAc transferase (OGT) directly induces O-GlcNAcylation
at YAP1 Ser109 and Thr241, and potentiates the pro-proliferation
activity of YAPI in pancreatic cancer and liver cancer cells
(Peng et al, 2017; Zhang et al, 2017). Mechanistically,
YAP1 O-GlcNAcylation can affect YAP1 phosphorylation.
As mentioned in Section “Regulation of the YAP1/TAZ
by Phosphorylation,” LATS1/2 can phosphorylate YAPI
Ser109 (Zhao et al, 2010). Therefore, O-GlcNAcylation
and phosphorylation may act competitively at Ser109. The
stoichiometry of Ser109 phosphorylation is much lower than that
of O-GlcNAcylation, which suggests that O-GlcNAcylation plays
a key role in PTM at this site rather than phosphorylation (Peng
et al.,, 2017). O-GlcNAcylation at YAP1 Thr241 can attenuate
the phosphorylation of YAPI at Serl27 via interrupting the
LATS1/2 interaction (Zhang et al, 2017). In addition, these
studies reveal that YAP1 not only acts as a substrate of OGT
but also triggers OGT transcription to regulate its expression,
thereby forming a positive feedback loop (Peng et al., 2017;
Zhang et al., 2017). This positive feedback loop further regulates
YAP1 activity and output.

Therefore, YAP1 may participate in cancer glycosylation
metabolism through O-GlcNAcylation and OGT expression in
order to maintain the abnormal proliferation and survival of
cancer cells. In vitro, OGT KO inhibits O-GlcNAcylation at
the YAP1 Serl09, thereby inhibiting cell-colony formation in
pancreatic cancer; in vivo, OGT knockdown downregulates
tumor growth (Peng et al, 2017). High glucose stimulation
improves the level of O-GlcNAcylation at YAP1 Thr241;

in addition, O-GlcNAcylation enhances the stability and activity
of YAP1, which subsequently induces cell proliferation and
transformative phenotypes in hepatocellular carcinoma cells
(HCC, THLE-3, and HL-7702 cell lines) (Zhang et al,
2017). In addition to liver cancer, high glucose level affects
diabetic cardiomyopathy. Elevated cardiac concentrations of
active YAP1 have been demonstrated in mice fed with high-
fat diet and in patients with diabetic cardiomyopathy (Ikeda
et al, 2019b). However, the relationship between YAP1 and
diabetic cardiomyopathy is not completely clear. Thus, YAP1
O-GlcNAcylation might be a promising target for the study of
diabetic cardiomyopathy.

Regulation of the YAP1/TAZ by
Ubiquitination

The stability and content of YAP1/TAZ are partly regulated by
ubiquitination-induced degradation; therefore, ubiquitination
cannot be neglected in research into YAP1/TAZ. SCFP—TRCP.
dependent ubiquitination is a well-known YAP1/TAZ
degradation mechanism in the canonical Hippo pathway
that is dependent on YAPI/TAZ phosphorylation (Dong
et al, 2007; Zhao et al, 2007). Similarly, Fbxw?7, another
subunit of E3 ligase, participates in the regulation of YAP1
protein level and activity via ubiquitination and proteasomal
degradation (Tu et al, 2014; Zhang et al, 2016). Fbxw7
expression exhibits a negative correlation with YAP1 content
in human HCC and pancreatic ductal adenocarcinoma
tissues; however, the regulatory mechanisms are yet to be
elucidated. This proteolytic ubiquitination can be reversed
by deubiquitinases; the deubiquitinase USP9X was shown to
directly deubiquitinate and stabilize YAP1, leading to enhanced
YAPI activity and promotion of tumor growth (Li et al., 2018a).
LATS1/2, activated by mono-ubiquitinated angiomotin-like 2
(AMOTL2), triggers YAP1 phosphorylation and suppresses
its activity (Kim et al, 2016). USP9X deubiquitinates
AMOTL2 to inactivate LATS1/2, which indirectly activates
YAP1 (Kim et al, 2016). Therefore, ubiquitination appears
to be a negative regulatory factor for YAP1/TAZ in the
canonical Hippo pathway.

Intriguingly, recent studies have provided new insights
into ubiquitination independent of the Hippo pathway. The
SCFSKP2 E3 ligase complex (SKP2) facilitates K63-linkage-
specific ubiquitination of YAP1 at Lys321 and Lys497, which
does not reduce YAP1 abundance (Yao et al., 2018). Moreover,
these ubiquitination promotes nuclear translocation of YAPI,
and cements the association between YAP1 and TEAD to
enhance the cell proliferation activity of YAP1 (Yao et al,
2018). This non-proteolytic ubiquitination can be reversed by
the binding and interaction between deubiquitinase OTUDI1
and YAPI; OTUDI decreases YAPI stability, and attenuates
the cell proliferation and tumor-growth activity of YAP1 (Yao
et al., 2018). Obviously, this non-proteolytic ubiquitination is
beneficial for YAPI activation and output. The above-mentioned
studies delineate the controversial role of ubiquitination in
YAP1/TAZ in the canonical Hippo-YAP1/TAZ pathway as well
as in the Hippo-independent pathway. YAP1/TAZ is degraded by
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ubiquitinases that exert proteolytic effects, whereas it is stabilized
by ubiquitinases with non-proteolytic activities; these events
can be reversed by the related deubiquitinases. Undoubtedly,
ubiquitination plays an essential role in mediating YAP1/TAZ
content and stability that should be further studied. The
biological effects of ubiquitinated/deubiquitinated YAP1/TAZ
have been investigated mainly in tumorigenesis, and less so in
cardiogenesis and cardiac disease.

Regulation of the YAP1/TAZ by
Methylation

Chromosomal maintenance 1 (CRM1), a nuclear export protein,
triggers the nuclear export of YAP1. The methyltransferase
SET1A targets YAP1 at Lys342 through mono-methylation,
which inhibits CRMIl-induced nuclear export of YAP1
with resultant enhancement of YAP1 nuclear retention and
transcriptional activity (Fang et al., 2018). Mono-methylation
at Lys342 in YAP1 contributes to in vivo cell proliferation and
tumorigenesis (Fang et al., 2018). However, this result was
discordant with that from a previous study on mono-methylated
YAP1. The SET7 is a methyltransferase that connects the
cell membrane and the cytoskeleton (Garbino et al, 2009).
Mono-methylation of YAP1 Lys494 by SET7 is necessary for
the retention of YAP1 in the cytosol and at the cytoplasmic
membrane, which may impede interactions between YAP1
and PDZ-dependent-binding partners (Oudhoff et al.,, 2013).
Thus, methylation at YAP1 Lys494 represses YAP1 activity to
downregulate CTGF transcription. Evidently, methylation can
exert certain effects on YAP1/TAZ, but there is a paucity of
studies on YAP1/TAZ methylation and their biological output. In
addition, the mechanisms by which methylated YAP1/TAZ affect
cardiac biology remain unknown.

Several types of PTMs alter the subcellular translocation of
YAP1/TAZ to regulate their activities and output, regardless of
how YAP1/TAZ are modified by PTMs. Therefore, it is important
to study the nuclear-cytoplasmic trafficking of YAP1/TAZ.
An increasing body of evidence supports the mechanisms
of YAP1/TAZ nucleocytoplasmic shuttling. In a stiff cultured
environment, the nucleus encounters mechanical forces and
becomes flattened; in addition, the nuclear pores are stretched,
subsequently creating conditions for nuclear import of YAP1
(Elosegui-Artola et al., 2017). A nuclear localization sequence
(NLS) and nuclear export sequence (NES) were identified
within TAZ, which contributes to the nucleocytoplasmic
distribution of TAZ in different ways: TEAD binding interaction
partly conceals the NES; RhoA enhances NLS-induced nuclear
import; and TEAD and 14-3-3 competitively bind with TAZ
(Kofler et al., 2018).

Collectively, PTMs can alter YAP1/TAZ stability and/or
YAP1/TAZ conformation to change its affinity for other proteins;
these eventually mediate YAP1/TAZ subcellular location and
content. PTMs mediate YAP1/TAZ through interdependent,
synergistic, or competitive mechanisms. A growing body of
evidence has revealed the underlying mechanisms of PTMs and
YAP1/TAZ activity; however, several important nuances are yet
to be elucidated.

HIPPO-YAP1/TAZ SIGNALING IN
CARDIAC DEVELOPMENT

Cardiogenesis involves events that alter the spatiotemporal
and morphological mechanisms. In the gastrulation period, the
mesoderm, which emanates from the anterior primitive streak
(APS), produces cardiac progenitor cells (Tam et al., 1997).
Subsequently, cardiac progenitor cells form two different heart
fields: the primary heart field gives rise to the left ventricle and
left/right atria, while the secondary heart field generates the right
ventricle, left/right atria, and the outflow tract (Xin et al., 2013b).
Postnatally, there is a decrease in CM proliferation alongside
an increase in hypertrophy which helps attain the physiologic
cardiac size. At approximately postnatal Day 4 (P4), myocardial
cell numbers peak, and then stop increasing (Li et al., 1996).
Myocardial proliferation can be blunted as early as E11.5 with the
help of cardiac gene reprogram,; this results in abnormal cardiac
growth and perinatal lethality (Wang et al., 2014).

Role of Hippo-YAP1/TAZ Signaling and
Its Proliferation Output in Heart

Development

The Hippo pathway is a highly conserved mechanism for the
regulation of heart size and maturation (Harvey et al., 2003;
Pan, 2007; Hayashi et al., 2015). Its downstream transcriptional
factors, YAP1/TAZ, are key regulators of embryonic and neonatal
cardiac development, and this has been validated by multiple
lines of evidence (Tables 2, 3). Mouse embryonic heart with
SAV1 CKO (Nkx2.5¢: SAVE/Y) shows ventricular septal defect
and abnormal heart growth, including thickening of ventricular
walls, expansion of trabecular and ventricular myocardial layers,
and enlargement of ventricular chambers (Heallen et al., 2011).
Similarly, LATS2 and MST1/2 CKO hearts show the same
abnormal heart phenotypes (Matsui et al., 2008; Heallen et al,,
2011). The SAV CKO heart with reduced phosphorylation of
YAP1 exhibit enhanced proliferation of CM and unchanged cell
size (Heallen et al., 2011). A WWTRI (or TAZ) deficiency in
zebrafish heart results in arrested CM proliferation, reduced
cardiac trabeculation, and immature trabecular bridges (Lai et al.,
2018). YAP1 knockdown using Tnnt2-Cre in mouse fetal heart
causes cardiac hypoplasia with reduced ventricular chamber
size, ventricular septal defects, peripheral edema, and pericardial
effusion; these embryos cannot survive beyond E16.5 (von Gise
et al., 2012). YAP1 inactivation represses fetal CM proliferation;
however, it does not affect the cell size. Consistent with this,
YAP1 deletion in the postnatal heart using Tnnt2-Cre does not
significantly affect physical cardiac hypertrophy (von Gise et al.,
2012). Thus, the Hippo pathway regulates the normal cardiac
structure and size by mediating the cell proliferation activities of
YAP1/TAZ in the fetal and postnatal phase.

Yes-associated protein 1/TAZ, as vital effectors of the
Hippo pathway, mainly affect target genes transcription and
downstream signaling to exhibit their pro-proliferation activities
in heart development (Table 3). Neuregulin 1 (Nrgl), secreted
by endocardial cells, is a crucial factor in myocardial growth;
it induces CM proliferation and re-entry of differentiated CMs
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TABLE 2 | Cardiac output of the Hippo—YAP1/TAZ pathway in cell and animal models.

Gene Model Promoter Output

YAP1 Mouse CKO Tnnt2-Cre Cardiac hypoplasia (reduced ventricular chamber size, ventricular septal defects, peripheral
edema, and pericardial effusion) (von Gise et al., 2012)

Mouse CKO Nfatc1/RES—Cre/+ | ess CM proliferation, impaired compact myocardium, and early postnatal lethality (Artap et al.,
2018)
Mouse CKO a-MHC-Cre Blunted cardiac hypertrophy and amplified CM apoptosis and fibrosis; cardiac dilatation and
dysfunction after TAC (Byun et al., 2019)
Mouse CKO Nkx2.5-cre Lack of healthy myocardial tissue in the left ventricle wall and an enhancing fibrotic infarct zone
following MI (Xin et al., 2013a)
Mouse CKO a-MHC-Cre Thinned septal and posterior wall, and chamber dilation (Del Re et al., 2013).
Mouse CKO a-MHC-Cre Increasing CM apoptosis, fibrosis, enlarging infarct size, and impairing cardiac function (Del Re
etal., 2013)
Mouse Overexpression  Adeno- Alleviating Ml injury and ameliorating cardiac function (Lin et al., 2014)
associated
virus subtype 9:
human YAP1
Mouse YAP5SA (active  aMyHC-Cre- Re-entering the cell cycle and reprogramming into more primitive and fetal cell states; thickened
YAP1) ERT2 ventricular walls and smaller chambers (Monroe et al., 2019)
overexpression
Mouse YAPS112A a-MHC Increased myocardial tissue and reduced LV fibrosis in neonatal heart (Xin et al., 2013a)
(active YAP1)
overexpression
AC16 human Overexpression  Lentiviral Reducing CM apoptosis, cell hypertrophy, and ROS generation after IR (Khan et al., 2019)
CMs vectors

WWTR1 (TAZ)  Zebrafish CKO CRISPR/CAS9  CM proliferation arrest, reduced cardiac trabeculation, and immature trabecular bridges (Lai
etal., 2018)

WW45 Mouse CKO Myh6-Cre Sustained YAP1 activation in CMs with cell-cycle re-entry, increased de-differentiation, and
decreased apoptosis; cardiac dysfunction, severe heart failure, and enhanced mortality in
response to TAC (lkeda et al., 2019a,b)

SAV1 Mouse CKO Nkx2.5-cre Ventricular septal defect and abnormal heart growth (thickening of ventricular walls, expansion
of trabecular and ventricular myocardial layers, and enlargement of ventricular chambers)
(Heallen et al., 2011)

Mouse CKO Myh@CreERT2 Presenting renewal capacity: increase in cell number and myocardial regeneration following
aMHC-mcm cardiac apex resection in postnatal hearts; increased LV CMs, less fibrosis, and improved
cardiac function after Ml in adult heart (Heallen et al., 2013; Leach et al., 2017)
RASSF1A Mouse cardiomyocyte-  a-MHC-Cre Basal nondistinctive cardiac phenotype or functional abnormality; reduced apoptosis, fibrosis,
specific and hypertrophy after TAC (Del Re et al., 2010)
KO
Mouse KO NS Increased hypertrophic response, reduced cardiomyocytes apoptosis, and increased fibrosis
after TAC (Del Re et al., 2010)
MST1/2 Mouse CKO Nkx2.5-cre Ventricular septal defect and abnormal heart growth (Heallen et al., 2011)
MSTH Mouse DN-MST1 CMV-Cre Reducing the size of Ml in the area at risk, and decreasing CM apoptosis (Nakamura et al.,
overexpression 2016)
Mouse DN-MST1 a-MHC Reduced left ventricular remodeling, improved left ventricular function, and enhanced survival
overexpression rate after Ml (Maejima et al., 2013)
LATS2 Mouse LATS2 a-MHC Reduced left ventricular systolic and diastolic dysfunction, and smaller left/right ventricle (Matsui
overexpression et al., 2008)
Mouse DN-LATS2 a-MHC Reduced CM apoptosis and enhanced biventricular hypertrophy following TAC (Matsui et al.,
overexpression 2008)
Mouse CKO Nkx2.5-cre Ventricular septal defect and abnormal heart growth (Heallen et al., 2011)
LATS1/2 Mouse LATS1/2 CKO;  WtCERT2 gllele  Successful survival past E15.5 without defects in coronary vasculature (Xiao et al., 2018)
YAP1/TAZ CKO
Mouse CKO WHCreERT2 gllele  Failing to survive past E15.5; smaller hearts with less compacted myocardium

(Xiao et al., 2018)

(Continued)
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TABLE 2 | Continued

Gene Model Promoter Output
Mouse CKO Myh@CreERT2 Presenting renewal capacity: increasing cell number and regenerating the myocardium following
cardiac apex resection in postnatal hearts; increased LV CMs, less fibrosis, and improved
cardiac function after Ml in adult heart (Heallen et al., 2013)
Zebrafish DKO Myh6; Myl7 Enhanced Hand?2 expression and CM differentiation (Schindler et al., 2014; Fukui et al., 2018)

NS, not specified, where the specific promotors have not been validated; YAP1, Yes-associated protein 1; TAZ, PDZ-binding motif; CKO, cardiac knockout; KO, knockout;
DN, dominant negative, MI, myocardial infarction; CM, cardiomyocytes; TAC, transverse aortic constriction; IR, ischemia-reperfusion; ROS, reactive oxygen species.

in the cell-cycle via Nrgl/ErbB2 signaling (Bersell et al., 2009;
Gemberling et al., 2015). Targeting at Nrgl, YAP1/TAZ activates
Nrgl/ErbB2 signaling in the endocardium; in addition, loss of
YAPI in the endocardium contributes to less CM proliferation,
impaired development of compact myocardium, and early
postnatal mortality (Artap et al., 2018). Moreover, Nrgl/ErbB4

TABLE 3 | Target genes and cardiac output of the Hippo-YAP1/TAZ pathway.

Target genes Type of Outcome

Regulation

Bmp2b Promotion Activating the BMP pathway to
enhance the number of CPCs in the

secondary heart field (Fukui et al., 2018)

Promoting CM proliferation (Badouel
et al., 2015; Ragni et al., 2017; Zou
etal., 2018)

Inhibiting subepicardial cells from
differentiating into cardiac fibroblasts,
thus inducing coronary vessel defects
(Xiao et al., 2018)

Regulating differentiation of LPM cells
that develop into the atrium of the heart
(Fukui et al., 2018)

Promoting CM proliferation (Wang
etal., 2018)

Promoting cell hypertrophy and cell
survival by downregulating FoxP1 after
TAC (Yang et al., 2015)

Activating Nrg1/ErbB2 signaling and
reducing CM proliferation, to impair
compact myocardium development
(Artap et al., 2018).

Maintaining mouse and human
embryonic stem cell self-renewal
(Tamm et al., 2011)

Regulating CM de-differentiation (lkeda
et al., 2019a)

Promoting the clearance of impaired
mitochondria through autophagy,
subsequently enhancing CM resistance
to stress (Kubli et al., 2013; Leach

et al., 2017).

Activating PI3K-AKT signaling to trigger
CM proliferation and survival (Xin et al.,
2011; Lin et al., 2015)

Disrupting CM differentiation
(Hsu et al., 2018)

Cyr61 and Promotion

CTGF

Dpp4 and Promotion

Dhrs3

hand2 Promotion

miR-152 Promotion

miR-206 Promotion

Nrg1 Promotion

Oct-3/4 Promotion

OSM Promotion

Park2 Promotion

Pik3cb Promotion

Sox17 Inhibition

CM, cardiomyocytes, PI3K, phosphoinositol 3-kinase; TAC, transverse aortic
constriction; LPM, lateral-plate mesoderm, CPC, cardiac precursor cell.

signaling can reduce the phosphorylation of YAP1 Ser127,
and promote YAP1-dependent CTGF transcription through the
production of the ErbB4-YAP1-TEAD complex in breast cancer
cells (Haskins et al., 2014). Thus, it is hypothesized that YAP1
proliferatively increases output not only by directly mediating
CTGF transcription, but also indirectly by activating Nrgl/ErbB4
signaling. However, it is unclear whether Nrgl/ErbB4 signaling-
dependent YAPI activation exists in the endocardium.

Through differential gene expression analysis, Pik3cb [which
encodes a catalytic subunit of phosphoinositol-3-kinase (PI3K)]
has been identified as the target gene of YAP1. YAP1 promotes
Pik3cb transcription to activate PI3K-AKT signaling and trigger
CM proliferation and survival (Xin et al., 2011; Lin et al., 2015). In
cases with Pik3cb deficiency, the mouse embryo cannot survive
beyond E10.5 (Bi et al., 2002). Moreover, PI3K-AKT signaling
inhibits glycogen synthase kinase 3B (GSK3p)-dependent
phosphorylation of P-catenin; the consequent activation
of B-catenin promotes CM proliferation (Xin et al., 2011).
The interaction between the Hippo pathway, Wnt/p-catenin
signaling, and PI3K-AKT signaling facilitates the proliferation
of CMs. Besides the aforementioned signaling, YAP1/TAZ can
also affect bone morphogenetic protein (BMP) pathway to
regulate CM proliferation. By upregulating Bmp2b transcription,
YAP1/TAZ activate the BMP pathway to enhance the number
of cardiac precursor cells (CPCs) in the secondary cardiac field
(Fukui et al., 2018). More importantly, BMP2 induces EMT in
cardiac cushion, which facilitates the development of valves and
septa (Gomez-Puerto et al., 2019). These mechanisms delineate
the crosstalk between YAP1/TAZ and BMP pathway in cardiac
development. Collectively, the above-mentioned findings suggest
that the pro-proliferation activities of YAP1/TAZ participate
in cardiac development from the fetal to postnatal periods,
including the trabeculation and formation of the ventricles and
endocardium. Thus, the functions of the Hippo pathway and
YAP1/TAZ are shown to be highly conserved, as is the crosstalk
between the Hippo pathway and other signaling pathways in
cardiac development.

Role of Hippo-YAP1/TAZ Signaling and
Its Differentiation Output in Heart

Development

Besides cell proliferation, cardiogenesis involves cell
differentiation; in addition, different cell types are involved
in salient events during cardiac development. YAP1/TAZ are the
key inhibitors of hESC differentiation into cardiac mesoderm.
The CKO of LATS1/2 expression in the epicardium by using
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WtCreERT2 prevents embryos from surviving past E15.5 (Xiao

et al., 2018). Due to the deletion of LATS1/2, activated YAP1
inhibits the differentiation of subepicardial cells into cardiac
fibroblasts which induces coronary vascular defects; however,
the LATS1/2 CKO and YAP1/TAZ CKO embryos do not
exhibit defects of the coronary vasculature. This indicates that
LATS1/2 plays an important role in restricting YAP1/TAZ
activities and that YAP1/TAZ are essential for normal heart
growth (Xiao et al., 2018). In LATS1/2 CKO heart, downstream
genes Dpp4 and Dhrs3 transcription is upregulated through
the YAP1-TEAD complex, which regulates the differentiation
events of subepicardial cells and the coronary vessel remodeling,
respectively (Xiao et al, 2018). Dehydrogenase/reductase
superfamily 3 (Dhrs3), a negative modulator of retinoic acid
generation, inhibits retinoic acid signaling, which inhibits the
differentiation of cardiac fibroblasts (Billings et al., 2013; Xiao
et al,, 2018). In response to LATS1/2 deficiency, Dipeptidyl
peptidase-4 (Dpp4; a serine protease) alters the composition
of the ECM and is involved in abnormal vessel development,
such as increasing blood islands and defects of mean lacunarity
(Ghersi et al., 2006; Xiao et al., 2018).

Furthermore, YAP1/TAZ regulate the transcription of other
target genes to affect the progression of cell differentiation
in cardiogenesis, such as Sox17 and hand2. Sox17, a member
of SOX genes, plays a critical role in cardiac development.
YAPI1 selectively represses the expression of APS cell genes
Sox17 to disrupt the differentiation of CMs (Hsu et al., 2018).
Inhibition of YAP1 by dasatinib induces the differentiation
of hESCs into APS-derived endoderm and cardiac mesoderm.
In addition to cardiac mesoderm, Sox17 is also required for
the development of endocardium. Sox17 deficiency leads to
abnormal endocardium with impaired ventricular trabeculation
and thickened myocardium (Lange et al., 2014). YAP1/TAZ,
through facilitation of hand2 transcription, can regulate the
differentiation of the lateral-plate mesoderm (LPM) cells, which
finally develop into the atrium of the heart (Fukui et al., 2018).
Hand2 can facilitate CM differentiation, and the expression
of hand2 can be potentiated by LATS1/2 double KO (DKO)
(Schindler et al., 2014; Fukui et al., 2018). Therefore, YAP1/TAZ
can facilitate de-differentiation and differentiation activity in
different cell types during various phases of cardiac development.

Regulation of YAP1/TAZ by Diverse
Mechanisms in Heart Development

During cardiac development, the content and activity of
YAP1/TAZ are not always in a stable level. At approximately
P4, myocardial cell numbers peak and this increase is reconciled
with the percentage of nuclear YAP1 (Li et al., 1996). During
the late maturation of trabeculae, CMs need to withdraw
from the cell cycle and differentiate; if not, non-compaction
cardiomyopathy occurs. YAP1 may modulate these events
(Hertig et al., 2018). These studies indicate that during the
early stage of development, there are high levels of YAP1/TAZ
activity and abundance, contributing to cell proliferation and de-
differentiation; however, in the late stage, the proliferation effects
of YAP1/TAZ are blunted for normal cardiac development, which

underscores the importance of the spatiotemporal modulation
of YAP1/TAZ. Thus, YAP1/TAZ activities need to be fine-tuned
spatiotemporally depending upon the pace of cardiogenesis.

A diverse range of mechanisms are involved in the precise
modulation of YAP1/TAZ activities in cardiac homeostasis
and appropriate cardiac size. As noted previously, it is
imperative to focus on the PTMs of YAP1/TAZ, as these
affect the subcellular localization and activity of YAP1/TAZ.
Previous studies have mainly shown that the phosphorylation
of YAP1/TAZ is dependent on the canonical Hippo pathway. In
the SAV1 CKO heart, YAP1 that is phosphorylated at Ser127 is
reduced, thereby causing CM proliferation (Heallen et al., 2011).
Moreover, Nrgl/ErbB4 signaling can inhibit LATS1-dependent
phosphorylation at YAP1 Ser127 and promote YAP1-dependent
CTGF transcription (Haskins et al., 2014). Cullin-RING ligases
(CRLs), also known as the ubiquitin ligases, consist of
Cullins, substrate-recognition, and RING proteins that mediate
proteolysis of cellular proteins (Petroski and Deshaies, 2005).
CRL-dependent ubiquitination appears to play an important
role in temporal regulation of the Hippo-YAP1/TAZ signaling
during cardiac development. In the developing heart, CRLs
trigger the ubiquitination-induced degradation of MST1; this,
in turn, induces dephosphorylation and nuclear translocation
of YAP1, thereby ensuring CM proliferation (Zou et al., 2018).
Nonetheless, the ubiquitination effect of CRLs depends on the
neddylation of a ubiquitin-like protein, NEDD8. Consequently,
cardiac-specific inhibition of NEDDS8 attenuates the activity
of CRLs and thereafter blunts the cell-proliferation activity of
YAPI; this causes ventricular hypoplasia and non-compaction
and, eventually, heart failure and neonatal death in mice
(Zou et al., 2018).

In the developing heart, endogenous microRNAs (miRNAs)
regulate the Hippo pathway and YAP1/TAZ to maintain heart
homeostasis; miRNAs, small non-coding RNA molecules, silence
mRNAs and suppress mRNA translation to control cardiac
development (Ambros, 2004; Bartel, 2004). miR302-367 restrains
MST1, LATS2, and MOBI1b, which reduces the phosphorylation
of YAP1 Ser127 and enhances the nuclear translocation of YAP1
(Tian et al.,, 2015). miR302-367, through activation of YAPI,
promotes cell proliferation in embryonic and postnatal CMs
(Tian et al., 2015). Using functional screen and computational
approaches, some miRNAs were found to promote YAPI-
dependent CM proliferation by targeting and inhibiting the
members of Hippo signaling (Tian et al., 2015; Diez-Cunado
et al., 2018). For example, the predicted targets of miR-520d-3p
are TAOK1/2 and LATS2; in addition, members of the miR-17
family repress TAOK1/2/3, MST2, SAV1, LATS2, MOBKLIA,
and others (Diez-Cunado et al, 2018). Subsequently, miR-
520d-3p, miR-17 family and other detected miRNAs enhance
the nuclear localization of YAP1 and induce pro-proliferation
activity. However, inactivation of a single miRNA (such as miR-
520d-3p or miR-17 family) does not have any obvious effect
on YAP1 activity; this suggests that none of these miRNAs
can individually maintain YAP1 nuclear location and cell
proliferation. This indicates that multiple endogenous miRNAs
synergistically, but not individually, regulate Hippo signaling-
induced cell proliferation during cardiac development.
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In the early postnatal period, cell-cell junctions in CMs
progressively mature and modulate nuclear-cytoplasmic
localization of YAP1/TAZ. The dystrophin-glycoprotein complex
(DGC), a kind of transmembrane complex, serves as a link
between the cellular cytoskeletal system and the ECM (Srivastava
and Yu, 2006). DGC directly binds to YAP1 at the cell membrane,
suppressing YAP1 activity. This interaction is synergistically
augmented by the activation of the Hippo pathway; this suggests
that Hippo signaling and DGC work in concert to inhibit the
proliferation of murine CM (Morikawa et al., 2017). A cell
junction protein Fat4 binds angiomotin-like 1 (AMOTLI, a
isoform of angiomotin [AMOT] family) with YAP1 at the cell
junction, leading to impaired cell proliferation in postnatal
mouse heart; this is independent of the canonical Hippo pathway
(Ragni et al., 2017). In the absence of Fat4, YAPI translocates to
the nucleus, promoting YAP1-dependent CTGF transcription;
this leads to thicker ventricular myocardium and interventricular
septum in the mouse heart with increased cell proliferation
(Badouel et al., 2015; Ragni et al., 2017). Similar to this, AMOTLI1
can bind to LATS2 at tight junction, and activate LATS2 to
enhance YAP1 phosphorylation and repress YAP1 activity
(Paramasivam et al., 2011). Therefore, cell junction related
proteins may induce cytoplasmic sequestration of YAP1/TAZ;
the consequent inhibition of YAP1 activity impairs heart growth
after birth. Interestingly, AMOTL1 exhibits a dichotomous
effect on the regulation of YAP1 activity. YAP1, forming a
complex with AMOTLI, co-translocates to the nucleus and
triggers proliferation activity as a result of Fat4 deficiency
(Ragni et al., 2017); in addition, AMOTLI1 inhibits YAP1 with
the help of other junction proteins or the Hippo pathway
(Paramasivam et al., 2011).

The above-mentioned studies reveal that the protein level and
stability of YAP1/TAZ play a pivotal role in cardiac function and
development. YAP1/YAZ imbalance leads to abnormal cardiac
development, dysfunction, and even mortality. And YAP1/TAZ
are mediated by several complex mechanisms such as PTMs,
endogenous miRNAs, and cell-cell junctions, which makes it
difficult to understand the complete molecular network and
remains to be studied.

ROLE OF HIPPO-YAP1/TAZ SIGNALING
IN CARDIAC DISEASE

The heart can be damaged by several stimuli such as inadequate
nutrition, oxygen deficiency, and hemodynamic stress. Among
these, ischemic heart disease plays a major role in cardiac disease.
The regulation of the Hippo-YAP1/TAZ pathway appears to
be cardiac protective, with relevant effects on cell proliferation,
apoptosis, and cardiac remodeling (Tables 2, 3).

Role of Hippo-YAP1/TAZ Signaling in
Cardiac Ischemia-Reperfusion and

Myocardial Infarction
An increasing body of evidence has implicated YAP1/TAZ in
the causation of cardiac ischemia-reperfusion (IR) damage.

IR induces activation of MST1 in mouse heart; however,
after overexpressing dominant-negative MST1 (DN-MST1), the
inactive MST1 induces reduction in myocardial infarction
(MI) size in areas at risk of mouse heart (Nakamura et al,
2016). Endogenous MST1 potentiates IR-induced myocardial
injury mainly by increasing apoptosis and partly by inhibiting
autophagy, which is independent of the canonical Hippo
pathway (Yamamoto et al, 2003; Nakamura et al, 2016).
Mechanistically, the Ras-association domain family 1 isoform
A (RASSF1A) enhances MST1 activity and translocation to
the mitochondria; thereafter, activated MTS1 augments Bax-
or Bcl-xL-induced apoptosis and suppresses Beclinl-mediated
autophagy (Yamamoto et al,, 2003; Nakamura et al., 2016).
In this setting, CM autophagy, as a protective mechanism,
degrades and recycles harmful cytoplasmic components, which
contributes to repair of IR damage and promotes cell survival;
in contrast, apoptosis was shown to perform an anti-survival
role in IR damage (Nishida et al, 2008). Similar results
have been observed in models of MI. After MI, endogenous
MST1 potentiates left ventricular (LV) enlargement, impairs LV
ejection fraction, and reduces the survival rate by suppressing
autophagy (Odashima et al., 2007; Maejima et al., 2013). MI-
mediated MST1 activation stabilizes the Beclinl homodimer,
and suppresses the downstream output of Beclinl to inhibit
autophagy; this impairs the recycling of harmful components and
protein quality control (Maejima et al., 2013). Besides the MST1-
Bax-Bcl-xL axis, MST1 mediates the canonical Hippo pathway
to exert pro-apoptotic activity. In cultured CMs, LATS2 was
shown to increase cell apoptosis in a dose-dependent manner;
in contrast, dominant-negative LATS2 was found to suppress
MST1-induced apoptosis (Matsui et al., 2008). IR induces
activation of NF2 and potentiation of MST1 activity, which
increases CM apoptosis; hearts lacking NF2 by Cre®MHC exhibit
diminished phosphorylation of MST1 and activation of YAP1
(Matsuda et al., 2016). In the NF2 CKO heart, enhanced YAP1
activity protects against IR damage. Collectively, these findings
suggest that MST1 participates in IR and MI injury by enhancing
apoptosis and reducing autophagy; moreover, MST1 works
as a negative regulator in cardiac protection through Hippo-
dependent or -independent mechanisms. Based on the available
evidence, it can be indirectly inferred that the Hippo pathway
may be an anti-survival mediator in cardiac IR and MI damage.
As mentioned previously, IR and MI stress induce activation
of the Hippo pathway and inactivation of YAP1/TAZ. Activated
YAPI has a protective effect on IR-damaged heart. Lentivirus-
generated YAP1 overexpression in AC16 human CMs decreases
CM apoptosis, cell hypertrophy, and generation of reactive
oxygen species (ROS), which protects CMs from IR injury
(Khan et al, 2019). Interestingly, downregulation of the
hypertrophy effect of YAP1 is not consistent with the results
of previous studies that showed that YAP1 promotes CM
hypertrophy after IR stress (Yang et al., 2015; Zhou et al,
2015). This downregulation of the hypertrophy effect may
be secondary to decreased apoptosis and ROS generation
instead of direct regulation by YAPI; therefore, there exists
a difference. Several mechanisms explain the cardioprotective
function of YAPI. YAP1 inhibits the ataxia-telangiectasia
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mutated (ATM)/ATM-and Rad3-related (ATR) DNA-damage
cascade to decrease apoptosis (Khan et al, 2019). ATM and
ATR are sensors of DNA lesions that recognize failed DNA
repairs and excessive DNA lesions and consequently trigger
apoptosis (Roos and Kaina, 2013). In addition, YAP1 mediates
mitochondrial homeostasis to resist ischemic stress. YAP1
can activate optic atrophy 1 (OPA-1)-mediated mitochondrial
fusion, which ensures mitochondrial homeostasis (Ma and
Dong, 2019). Mitochondrial fusion can reduce IR-induced
mitochondrial fragmentation and mitochondrial oxidative stress,
and suppress mitochondrial apoptosis; this promotes cell survival
and alleviates cardiac IR injury (Anzell et al, 2018; Ma and
Dong, 2019). Park2 (a YAP1 target gene) encodes Parkin,
which is an important E3 ubiquitin ligase in the outer
mitochondrial membrane. Parkin promotes the clearance of
impaired mitochondria through mitochondrial autophagy, which
enhances stress resistance of CMs (Kubli et al., 2013; Leach
et al.,, 2017). Moreover, YAP1 binding to Forkhead box protein
O1 (FoxO1) was shown to facilitate antioxidant catalase and
manganese superoxide dismutase transcription; the consequent
decrease in ROS generation was shown to protect CMs against
IR-induced oxidative stress (Shao et al, 2014). In the setting
of MI, heterozygous inactivation of YAP1 in heart enhances
CM apoptosis, fibrosis, enlarges infarct size, and impairs cardiac
function; YAP1 activation using adeno-associated virus subtype
9: human YAP1 (AAV9: hYAPI) can alleviate MI injury and
ameliorate cardiac function (Lin et al., 2014). In contrast to IR,
YAPI exerts anti-apoptosis activity via activation of PI3K-AKT
signaling and increases CM proliferation against MI damage.
Therefore, YAP1 mainly suppresses cell apoptosis through several
downstream pathways and outputs to protect CMs and the heart
from IR and MI damage.

Role of Hippo-YAP1/TAZ Signaling in

Cardiac Pressure Overload

Similar to IR damage, endogenous RASSF1A phosphorylates and
activates MST1 to promote CM apoptosis and impair cardiac
function following transverse aortic constriction (TAC) - a form
of PO (Del Re et al., 2010). This RASSF1A-induced apoptosis can
be inhibited by MST1 deficiency. In the heart with CM-specific
KO of RASSF1A, endogenous MST1 activation is abolished,
and there is reduced apoptosis, fibrosis, and hypertrophy after
TAC (Del Re et al,, 2010). Thus, the RASSF1A-MST1 pathway
is implicated in causing heart damage in response to PO
stress. Another component of the Hippo pathway, LATS2,
is elevated and activated after TAC. Cardiac overexpression
of LATS2 was shown to be associated with diminished left
ventricular systolic and diastolic dysfunction and smaller left
and right ventricles (Matsui et al., 2008). Overexpression of
dominant negative LATS2 (DN-LATS2) in the murine heart
was found to repress CM apoptosis and promote hypertrophy
following TAC (Matsui et al, 2008). In addition, a recent
study showed activation of endogenous YAP1 (the terminal
effector of the Hippo pathway) in the compensated phase in
response to TAC (Byun et al, 2019). Heterozygous cardiac-
specific YAP1 KO mice, when subjected to TAC, present blunted

cardiac hypertrophy and amplified CM apoptosis and fibrosis,
with resultant cardiac dilatation and dysfunction (Byun et al,
2019). The Hippo pathway, as a deleterious regulator, has been
shown to exacerbate PO-induced cardiac damage; therefore,
inhibition of the Hippo pathway may have a cardioprotective
effect against PO injury. Mechanistically, YAP1 directly triggers
the transcription of target genes to mediate downstream output
and to protect the heart against PO damage. miR-206 is
identified as the novel target gene of YAPI; thus, YAPI-
induced miR-206 expression promotes cell hypertrophy and
cell survival by downregulating the expression of the Forkhead
box protein P1 (FoxP1) (Yang et al., 2015). YAP1, through its
regulation of miR-206, promotes cell hypertrophy and exerts
a cardioprotective effect in response to TAC. Moreover, YAP1
promotes Pik3cb transcription to activate PI3K-AKT signaling
and trigger CM proliferation and survival (Xin et al., 2011;
Lin et al, 2015). Collectively, these studies demonstrate the
cardioprotective role of YAP1/TAZ against several stressors.
Thus, YAP1/TAZ may serve as a therapeutic target in many
cardiac diseases.

Pernicious Role of YAP1/TAZ in Cardiac

Disease

Although YAP/TAZ undertake the cardioprotective role against
cardiac damage, high levels of YAP1/TAZ activity are not
always beneficial. The effects of long-term suppression of Hippo
signaling or activation of YAP1/TAZ in cardiac disease are
opposite to those of short-term suppression. Clinical ischemic
heart disease and idiopathic dilated cardiomyopathy (DCM)
is characterized by enhanced YAP1/TAZ protein levels and
increased transcriptional activity with the resultant upregulation
of target genes, such as ankyrin repeat domain 1, CTGF,
and CYR61; moreover, this phenomenon was observed in the
murine heart with desmin-related cardiomyopathy (Hou et al,,
2017). The WW45 CKO by Myh6-Cre mice show sustained
YAP1 activation in CMs, which induces cardiac dysfunction,
severe heart failure, and enhanced mortality in response to
TAC (Ikeda et al, 2019a,b). CMs are subject to cell-cycle re-
entry, increased de-differentiation, and decreased apoptosis;
however, heart with active YAP1 cannot be rescued from PO
damage (Ikeda et al, 2019a,b). This may be explained by
the dual role of oncostatin M (OSM), which is identified as
a novel target of the YAP1-TEAD1 complex. OSM promotes
CM de-differentiation and induces the expression of stem cell
markers to improve CM resistance to damage; however, excessive
OSM stimulation inhibits CM contractility and induces cardiac
remodeling (Kubin et al.,, 2011). In addition, YAP1-dependent
OSM expression further activates YAP1 by inhibiting LATS2-
induced phosphorylation, thereby forming a positive feedback
loop (Ikeda et al., 2019a). This positive feedback mechanism
results in sustained YAPI activation and redundant OSM,
which exacerbates cardiac injury and heart failure upon PO.
Furthermore, the YAP1/TEAD1-OSM feedback cycle develops
in the heart of high-fat-diet (HFD)-fed mice following PO,
and contributes to the progression of diabetic cardiomyopathy
(Ikeda et al., 2019b).
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These observations suggest a pleiotropic role of YAPI (Ikeda
et al., 2019b). YAPI activation during the acute phase of
CM injury can induce compensatory cell proliferation and de-
differentiation, which temporarily improves the tolerance of
CM to damage. In later periods, persistent activation of YAP1
produces cardiac dysfunction and heart failure, which may be
partly caused by the YAP1/TEAD1-OSM positive feedback loop
and cardiac remodeling. However, these events do not completely
explain the cardiac pathology, and there is a need to further
explore the underlying mechanisms. The available evidence
suggests the significance of sustaining the appropriate YAP1/TAZ
protein level in therapy of cardiac disease.

The involvement of the Hippo pathway in cardiac fibrosis and
remodeling explains the pernicious role of YAP1/TAZ in cardiac
disease. In a murine DCM model, endogenous Angiotensin
II (Ang II) was shown to activate YAP1 and promote the
proliferation of cardiac fibroblasts and their transdifferentiation
to myofibroblasts; subsequently, these changes were found to
induce cardiac remodeling and impaired cardiac contractility (Jin
et al., 2019). The Hippo-YAP1/TAZ pathway, as a mechano-
sensor, is affected by mechanical signaling through cell geometry
and alterations in cytoskeletal tension; this may help elucidate the
pathological mechanism of chronic heart failure (Dupont et al.,
2011). The subcellular localization and activity of YAP1/TAZ
varies in cells with different matrix stiffness. In a stiff matrix,
there is nuclear translocation and higher transcriptional activity
of YAP1/TAZ; in contrast, a soft matrix is characterized by
cytoplasmic sequestration and reduced activity of YAP1/TAZ
(Nasrollahi and Pathak, 2017). The above studies potentially
support the hypothesis that, in the context of cardiac ECM
remodeling and/or fibrosis, the ECM stiffness and/or cytoskeletal
tension may change and affect YAP1 activity; furthermore,
activated YAP1 modulates the progression of ECM remodeling
and fibrosis, which further exacerbates cardiac injury and even
contributes to the development of chronic heart failure. However,
the relationship between mechanical stimuli, remodeling/fibrosis,
and YAP1/TAZ is not well characterized; therefore, studies to
identify YAP1/TAZ activity and effects in cardiac disease are
urgently needed.

ROLE OF HIPPO-YAP1/TAZ SIGNALING
IN CARDIAC REGENERATION

Several endogenous and exogenous factors may cause cardiac
damage and induce cardiac dysfunction. The heart is a highly
differentiated organ with limited regenerative activity; this makes
it difficult to restore normal function after any injury (Moya and
Halder, 2018). Moreover, the regenerative capability of the adult
heart is less than that of the neonatal heart. Consequently, cardiac
regeneration can be activated through re-entry of terminally
differentiated cells into cell cycle, reactivation of cell proliferation,
and/or differentiation of stem cells into CMs, which contributes
to post-damage recovery (Tables 2, 3; Ponnusamy et al., 2017;
Moya and Halder, 2018).

As a pathway that controls organ size, Hippo-YAP1/TAZ
signaling is essential for cardiac regeneration and could be

applied for cardiac regeneration and targeted therapeutics
in cardiac disease. The downstream effectors of YAP1/TAZ
have clear biological effects in cardiac regeneration and CM
protection. Studies have shown that adult and postnatal hearts
with the deletion of SAV or LATS1/2 exhibit renewal capacity,
which contributes to recovery after MI and cardiac apex
resection (Heallen et al., 2013; Leach et al., 2017). Postnatal
hearts lacking Hippo exhibit increase in cell number and
myocardial regeneration following cardiac apex resection; post-
MI, SAV CKO hearts show increased LV CMs, less fibrosis,
and improved cardiac function (Heallen et al, 2013; Leach
et al, 2017). Mechanically, SAV deletion was found to
upregulate cell cycle genes and heart growth-related genes,
which increases DNA synthesis and induces cell-cycle re-entry
(Leach et al., 2017). Among these upregulated genes, Park2
(encoding Parkin) was found to promote cell regeneration
following stress. Parkin participates in the clearance of damaged
mitochondria through mitochondria autophagy and apoptosis,
and decreases the CM sensitivity to ischemic stress (Kubli
et al., 2013; Leach et al., 2017). Additionally, studies have
demonstrated enhanced expression of Paired-like homeodomain
transcription factor 2 (Pitx2) in the Hippo-deficient heart
(Tao et al., 2016). Pitx2, as a transcriptional factor, has the
capacity to regulate several target genes encoding mitochondrial,
oxidation-reduction, and respiratory chain proteins via binding
to YAP1 or other undefined co-factors. Therefore, Pitx2
and YAPI may synergistically trigger anti-oxidative effect and
proliferation activity to improve the stress resistance and
regeneration of adult and neonatal heart (Shao et al., 2014; Tao
et al,, 2016). These findings suggest that the Hippo pathway
plays the role of a pernicious mediator in the context of
cardiac regeneration.

The YAP1 CKO neonatal heart lacks healthy myocardial
tissue in the LV wall and shows enhanced fibrotic infarct
zone following an MI; neonatal heart expressing active form
of YAPI exhibits increased myocardial tissue and reduced LV
fibrosis (Xin et al., 2013a). Thus, the proliferative activity of
YAP1 is essential for cardiac regeneration, and its regenerative
activity is involved in proliferative gene programs. Mechanically,
glycolytic YAP1 activation upregulates miR-152 expression to
increase CM proliferation in neonatal mice (Wang et al., 2018).
Furthermore, miR-152 suppresses the expression of cell-cycle
inhibitory proteins, such as p27kip and DNA methyltransferasel
(DNMT1), leading to re-entry of neonatal CMs in the cell cycle.
YAP1 activation promotes cell proliferation not only directly
through targeting of the CTGF but also indirectly through
inhibition of cell-cycle-inhibitory proteins; this contributes to
neonatal cardiac regeneration and repair after MI injury (Haskins
et al, 2014; Wang et al, 2018). As mentioned in Section
“Role of Hippo-YAP1/TAZ Signaling and Its Differentiation
Output in Heart Development,” YAP1/TAZ have the capacity
to induce proliferation and de-differentiation through targeting
of the related genes (Pik3cb, Dpp4, Dhrs3, SOX17, Bmp2b, and
others), which may induce CMs to re-enter the cell cycle and
regeneration (Billings et al., 2013; Khurana et al., 2013; Lin et al,,
2015; Estaras et al., 2017; Fukui et al., 2018; Hsu et al., 2018;
Xiao et al., 2018).
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In addition to their action on highly differentiated CMs,
YAP1/TAZ regulate stem cells to undergo differentiation and
proliferation to achieve cardiac regeneration. P2Y, receptor
(P2Y3R) is a pro-regenerative GPCR that regulates cell
regeneration after damage (Vassort, 2001). Activated P2Y,R
promotes the proliferation and migration of human c-Kit"
cardiac progenitor cells (hCPCs) via activation of YAPI
(Khalafalla et al., 2017). Moreover, hCPCs improves cardiac
function in MI animal models, which supports the use of hCPCs
for stem cell therapy in cardiac failure (Ellison et al., 2013).
YAP5SA, an active version of YAPI, is overexpressed in the
mouse heart. YAP5SA overexpression causes CMs to partially
re-enter the cell cycle; in addition, CMs can be reprogrammed
into a more primitive and fetal cell state, whereby the heart
exhibits thickened ventricular walls and smaller chambers
(Monroe et al., 2019). Active Yes phosphorylates YAP1 on one
or more tyrosine residues; subsequently, phosphorylated YAP1
translocates into the nucleus and induces the transcription of
the key pluripotency factor Oct-3/4 (Tamm et al., 2011). Oct-
3/4 is critical for maintaining the self-renewal capacity of mouse
and human ESCs. It promotes the cell cycle re-entry of ESCs
via suppressing the transcription of cyclin-dependent kinase
inhibitors (Lee et al., 2010). These findings indicate that YAP1
plays a critical role in maintaining the proliferative and de-
differentiation capacity of stem cells and promoting adult CM
renewal following injury.

Yes-associated protein 1/TAZ have the capacity to reactivate
CM proliferation and may play a role in cardiac regeneration
and therapy for cardiac disease. Nonetheless, the complete
mechanism of action and the effects of YAP1/TAZ in cardiac
development and disease remain an enormous puzzle. Therefore,
further research is required to unravel the contributory
mechanisms in order to clearly understand the therapeutic
potential of targeted activation of the YAPI/TAZ signaling
pathway in myocardial disease and cardiac regeneration.

COMPOUNDS THAT REGULATE
HIPPO-YAP1/TAZ SIGNALING

Several reports have focused on the role of Hippo-YAP1/TAZ
signaling in cardiac disease to explore the efficacy of leading
therapeutic compounds and agents. The YAP1/TAZ-TEAD
complex is considered a novel drug target to affect its biological
output. Verteporfin, an inhibitor of YAP1, has been widely used
to study the Hippo-YAP1/TAZ pathway (Khalafalla et al., 2017;
Ikeda et al., 2019b). Verteporfin combined with YAPI prevents
the interaction of the YAP1-TEADs complex; verteporfin alters
the conformation of YAPI1 to enhance its binding with trypsin
as well as tryptic cleavage (Liu-Chittenden et al, 2012; Tang
et al, 2019). As mentioned in Section “Role of Hippo-
YAP1/TAZ Signaling and Its Differentiation Output in Heart
Development,” YAP1/TEAD1-OSM feedback cycle exacerbates
heart failure and the progression of diabetic cardiomyopathy in
HFD-fed mice following TAC (Ikeda et al., 2019b). Verteporfin
treatment via suppressing YAPI/TEAD1 complex alleviates
cardiac dysfunction and improves the survival rate of HFD-fed

mice by increasing the expression of CM dedifferentiation
protein and by attenuating myocardial infiltration. P2Y,R-
induced YAPI activation promotes the proliferation and
migration of hCPCs, which can be repressed by verteporfin
(Khalafalla et al., 2017). Therefore, verteporfin may abolish the
capacity of hCPCs in repairing MI injury (Ellison et al., 2013).
YAP1/TAZ luciferase reporter assays have identified apigenin as a
potential YAP1 inhibitor; it was found to disrupt the interaction
between YAP1 and TEAD (Li et al.,, 2018b). Apigenin, a kind
of flavonoid, was found to exhibit a protective effect against
cardiovascular diseases. In vivo and vitro, apigenin suppresses
ROS production, loss of mitochondrial membrane potential
(MMP), and apoptosis via PI3K/AKT signaling as well as
mitochondrial Notch1/Hesl signaling; this was found to protect
H9C2 cells and rat hearts against IR injury (Hu et al, 2015;
Zhou et al., 2018). However, there is no evidence to suggest that
apigenin can mediate the Hippo-YAP1/TAZ pathway to defend
heart against stress.

Yes-associated protein 1/TAZ are affected by other pathways;
in addition, certain drugs have been shown to target the
upstream regulation of YAPI1. Dasatinib, which targets the
mitogen-activated protein kinase (MAPK) pathway (a pro-
proliferative pathway, in contrast to Hippo signaling), may
affect YAP1 phosphorylation and inhibit its activity (Rosenbluh
et al, 2012; He et al,, 2016). Inhibition of YAP1 by dasatinib
was found to induce differentiation of hESCs into APS-derived
endoderm and cardiac mesoderm, consequently affecting
the progression of cell differentiation in cardiogenesis (Hsu
et al.,, 2018). GPCRs are targeted by extracellular ligands and
regulate YAPI activity. As mentioned in Section “Role of
Hippo-YAP1/TAZ Signaling and Its Differentiation Output
in Heart Development, Ang II and melatonin activate
YAP1 through GPCRs to induce corresponding changes
in cardiac function (Jin et al, 2019; Ma and Dong, 2019).
YAP1 is activated by endogenous Ang II to promote the
proliferation of cardiac fibroblasts and their transdifferentiation
to myofibroblasts, inducing cardiac remodeling and DCM
(Jin et al., 2019). In addition, melatonin facilitates OPA-1-
mediated mitochondrial fusion via activating YAP1, which
attenuates IR-induced mitochondrial apoptosis and alleviates
cardiac IR damage (Ma and Dong, 2019). Dobutamine
enhances YAP1 Serl27 phosphorylation and cytoplasmic
sequestration through B-adrenergic receptor (a class of GPCRs)
rather than the Hippo pathway (Bao et al, 2011). A35 (an
antitumor compound) induces mutation of YAP1 Ser127, which
induces the recovery of proliferative inhibition and apoptosis
compared to wild-type YAP1 (Zhao et al, 2018). Although
Dobutamine and A35 can mediate YAP activity in cancer
cells, their effects on YAP1 in CMs and heart tissue are yet
to be elucidated.

In conclusion, drugs and compounds that control kinases
upstream and/or downstream of YAP1/TAZ can regulate
YAP1/TAZ activity and subsequently influence cardiac injury.
Undoubtedly, YAP1/TAZ is a potential therapeutic target for
cancer and cardiac disease. However, the latent regulatory
network of YAP1/TAZ has not been completely elucidated in
previous research, especially in the context of cardiac disease.
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Arginyltransferase1 (ATE1) is a conserved enzyme in eukaryotes mediating
posttranslational arginylation, the addition of an extra arginine to an existing protein.
In mammals, the dysregulations of the ATE1 gene (ate7) is shown to be involved in
cardiovascular abnormalities, cancer, and aging-related diseases. Although biochemical
evidence suggested that arginylation may be involved in stress response and/or protein
degradation, the physiological role of ATE1 in vivo has never been systematically
determined. This gap of knowledge leads to difficulties for interpreting the involvements
of ATE1 in diseases pathogenesis. Since ate? is highly conserved between human and
the unicellular organism Schizosaccharomyces pombe (S. pombe), we take advantage
of the gene-knockout library of S. pombe, to investigate the genetic interactions
between ate’ and other genes in a systematic and unbiased manner. By this approach,
we found that ate? has a surprisingly small and focused impact size. Among the
3659 tested genes, which covers nearly 75% of the genome of S. pombe, less than
5% of them displayed significant genetic interactions with ate?. Furthermore, these
atel-interacting partners can be grouped into a few discrete clustered categories
based on their functions or their physical interactions. These categories include
translation/transcription regulation, biosynthesis/metabolism of biomolecules (including
histidine), cell morphology and cellular dynamics, response to oxidative or metabolic
stress, ribosomal structure and function, and mitochondrial function. Unexpectedly,
inconsistent to popular belief, very few genes in the global ubiquitination or degradation
pathways showed interactions with ate?. Our results suggested that ATE1 specifically
regulates a handful of cellular processes in vivo, which will provide critical mechanistic
leads for studying the involvements of ATE1 in normal physiologies as well as in
diseased conditions.

Keywords: posttranslational modification, arginylation, arginyltransferase1, double-knockout screening, genetic
interactions

INTRODUCTION

Protein posttranslational modifications (PTM) change protein properties without requiring de novo
synthesis. Thus, PTMs are frequently relied upon to respond to acute stress or cellular signaling, and
are often used to activate lateral response factors such as transcription or epigenetic modulations.
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For these reasons, dysregulation of PTMs are often indicated in
cardiovascular diseases where stress response or cellular signaling
play critical roles.

In eukaryotes, many proteins appear to be subjected to
N-terminal arginylation (referred to as arginylation in this
proposal), a ribosome-independent addition of one extra arginine
on the N-terminus of a protein. Arginylation is catalyzed by
the family of arginyltransferase (ATE). While plants contain
ATE1 and ATE2, fungi and metazoans only contain ATE1, which
is highly conserved across different species. Multiple lines of
genetic studies have shown an important role of the ATEl
gene (atel) in the cardiovascular and/or metabolic diseases in
animals. For example, a genomic deletion of ATEl was found
to result in complete embryonic lethality in mice during the
mid-gestation stage (E9-14) with severe defects in angiogenetic
remodeling and cardiac development (Kwon et al, 2002).
Moreover, organ/tissue-specific deletions of ATEl in animals
were found to cause a variety of abnormalities in morphology and
function. Examples include a progressive dilated cardiomyopathy
in mice when atel knockout is driven by the cardiac myosin
heavy chain promoter (Kurosaka et al., 2010; Kaji and Kaji, 2012;
Wang et al., 2017b). Also, inducible systematic deletion of atel
appears to cause rapid weight loss, damaged spermatogenesis,
neurological perturbations, and early lethality in adult mice
(Brower and Varshavsky, 2009). In addition to these involvement
in cardiovascular and metabolic abnormalities, a dysregulation of
ATEI is indicated in cancer as well. For example, reports from
us and other groups showed that ATEI is often downregulated in
high grade cancer cases and is associated with poorer outcomes
(Rai et al., 2015; Birnbaum et al., 2019), and that an inhibition
of ATEl-mediated arginylation confers cancer cell resistance
to apoptosis-induced by radiation (Masdehors et al., 2000).
Furthermore, mounting evidence is also starting to indicate the
involvement of ATEL1 in aging-related conditions (Brower et al.,
2013; Wang et al., 2017a). Unfortunately, the physiological role of
ATE] (and its arginylation activity) remains poorly understood,
which adds to the difficulty of interpreting its involvements in
normal conditions or diseases.

The studies about ATEl and arginylation are still
relatively scarce. Our understandings for these topics are
being continuously reshaped with emerging new evidence.
Arginylation has been found to take place on nearly a hundred
eukaryotic proteins and the list is still expanding on a daily
basis (Decca et al., 2006; Wong et al., 2007; Piatkov et al., 2012).
Considering that a wide range of proteins are substrates of
arginylation, it is reasonable to speculate that ATE]1 may act as a
root regulator of multiple cellular processes.

A popular theory about arginylation is its involvement in
global protein degradation. Arginylation was shown to promote
hyper-ubiquitination of the substrate proteins, which is then
shown to be degraded by proteasome or autophagy (Saha and
Kashina, 2011; Varshavsky, 2011). Based on mostly artificial
substrates and in vitro data, arginylation was proposed to take
place on proteins bearing certain amino acids on the 2nd
residue on the N-terminus. These include the amino acids Asp,
Glu, Asn, Gln (in fungi and mammals), and Cys (in mammal
only) (Varshavsky, 2011). By this rule, in any given eukaryotic

organism, at least 20-25% of its proteome would be estimated
to be degraded by arginylation. Based on this assumption,
arginylation was proposed as a central component in the generic
protein degradation machinery (Varshavsky, 2011). However, the
exact impact of arginylation on global homeostasis of proteins
in vivo remain undetermined. In a more recent report, based on
comparison of the sizes of protein spots on 2D-gels, the knockout
of atel in mouse cells appears to affect ~20% of those spots on
the steady-state levels. However, much of these effects appear
to be derived from transcriptional changes. Also, proteasome
inhibitors can only reverse the atel-dependent reduction of less
than 3% of the observed protein spots (Wong et al., 2007). Such
a small impact size is inconsistent with the proposed role of
arginylation as a global degradation machinery.

In addition to protein degradation, arginylation was also
suggested to be involved in many other processes. These may
include cellular response to various types of stressors such as
those that are closely related to cardiovascular stresses. For
example, the activity of arginylation in cells or animal tissues
is altered during injury, high temperature, or exposures to
high concentrations of oxidants or salt (Zanakis et al., 1984;
Chakraborty et al., 1986; Shyne-Athwal et al., 1986, 1988;
Luo et al, 1990; Jack et al., 1992; Chakraborty and Ingoglia,
1993; Xu et al, 1993; Wang and Ingoglia, 1997; Bongiovanni
et al., 1999; Kumar et al., 2016). Furthermore, other lines of
studies also suggested that ATE1 may regulate the dynamics of
cytoskeleton (Karakozova et al., 2006; Saha et al., 2010, 2011;
Kaji and Kaji, 2012).

While multiple lines of researches are starting to establish
ATEl as a root regulator for multiple processes in the cell,
contradicting conclusions are very often seen among reports
from different groups. While many of these discrepancies may
arise from differences in test conditions, variations may also be
generated because many past studies were focused on the role of
individual arginylation substrates without considering the effects
of arginylation on the other known or potential substrates. To
further understand the function of ATE1 in normal or diseased
conditions, it is desirable to investigate the physiological role
of atel in a systematic manner. Among the currently available
tools for studying functional genomics, approaches based on a
yeast gene-deletion library remain as one of the most robust
and straight-forward methods (Boone et al., 2007; Giaever and
Nislow, 2014). However, the role of ATE1 gene (atel) has never
been studied with such an unbiased manner, either as a specific
query subject or as part of a comprehensive screening.

In this study, we took advantage of the Schizosaccharomyces
pombe (S. pombe) single-gene knockout library. S. pombe is
a commonly used test model for eukaryotic genes due to its
similarity to metazoan organisms, while preserving its ease
of genetic operation as a microbe. The meiosis and mating
process of this organism also greatly facilitate the combination of
different gene deletions to examine their synthetic effects, which
can be quantitated by monitoring the growth rates of the resulting
cells to deduce the genetic interactions between these two genes
(Spirek et al., 2010; Wiley et al., 2014). The advantage of S. pombe
as a model system is further demonstrated by the fact that nearly
70% of its gene have orthologs in the human genome, which is
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higher than S. cerevisiae, the other commonly used yeast as test
model (Yanagida, 2002; Hoffman et al., 2015). The conserved
genes including atel, which is nearly 70% homologous in amino
acid sequence in the core domain (~200 residues) compared
to its counterpart in human. However, unlike mammalian cells,
S. pombe allows > 75% of its genome to be individually knocked
out for functional tests (Spirek et al., 2010). These facts made
S. pombe a desirable test model to determine the physiological
role of atel in vivo.

In this study, we examined the effects of combining atel-
deletion with the deletions of other genes in S. pombe. The library
we employed covered 3659 genes in S. pombe, which account
for nearly 75% of the predicted open reading frames (up to
4940) in this organism (Decottignies et al., 2003). Surprisingly,
only 173 of these genes, which is less than 5% of the effective
library size, showed significant genetic interactions with atel.
Furthermore, many of these genes can be clustered into a
few discrete groups in relation to cellular pathways. These
include ribosomal component and translation regulation, gene
transcription, oxidative stress response, cytoskeletal/structural
components, mitochondrial function, and synthesis/metabolism
of organic molecules and amino acids (such as histidine).
Also, unexpectedly no significant interactions were observed
between atel and genes involved in the ubiquitin/proteome
system (UPS). Our results indicate that ATEI may specifically
regulate several physiological pathways in vivo. Many of these
interactions can be used to provide satisfactory explanations
for many observed involvements of ATE1-mediated arginylation
in cardiovascular/metabolic abnormalities and other diseased
conditions. These novel findings will also provide clues for
designing approaches intervening ATEl-related phenotypes in
various diseases including cancer and metabolic dysregulations.

RESULTS

The Arginyltransferase Gene ate1
Showed Interactions With Only a Small

Subset of Genes
While atel is an essential gene for mammals, it can be
knocked out in S. pombe without causing lethality. Although
S. pombe usually exists in a haploid form and reproduces by
symmetric division (fission), they can also be induced to perform
mating, during which chromosome recombination proceeds in a
relatively high rate. These unique properties allow the knockout
of atel to be easily combined with the knockout of other
individual genes in the library, provided that different selection
markers are being used to trace the knockout library and the
query knockout (of ateI). Based on the growth of the products,
compared to the parental strains, at least two types of interactions
can be measured: (1) phenotype-enhancement, in which the
crossing of the query results in a lower growth rate (also referred
to as synthetic lethal); (2) phenotype-suppression, with a faster
growth rate (also known as synthetic suppression).

By using the above-mentioned synthetic knockout approach,
we examined the effects of combining atel-knockout with

3721 individual knockouts in a S. pombe library, in which
most of these genes were functionally annotated by either
experimental evidence or prediction based on known orthologs.
After excluding knockouts that lead to sterilization of the yeast,
totally 3659 effective crossings were examined. Out of these
crossings, we only found 173 of them resulted in significant
phenotype enhancement (see Table 1A) or suppression (see
Table 1B). This number is less than 5% of the library size.

Genes That Genetically Interact With
ate1 Can Be Clustered by Biological

Function

Among the genes that showed significant interactions with atel,
we found specific enrichment of several types of functional
relevancies. For example, simply by applying functional
annotations such as gene ontology (GO), gene expression
category, or Fission Yeast Phenotype Ontology (FYPO), we
found that several terms are enriched or present in higher
frequencies among genes interacting with atel compared to
the whole library (Figure 1 and Supplementary Table S1).
As a further validation of the functional interactions observed
between atel and these genes, many of them also have known
physical interactions or associations of their products among
each other (Figure 2).

The enriched or increased functional annotations can be
grouped into several clustered categories. Based on the frequency
of presence in the hit list, the most abundant genes (nearly 50% of
the hits) are those related to biosynthesis of biological molecules
or proteins (Supplementary Table S1A). These include many
regulators of translation or transcription (17-39%). Interestingly,
among these categories, those related to histidine/amidazole
synthesis/metabolism appear to be particularly impacted by
atel, as most of the genes associated with these pathways
(5 out of 7~9) showed interaction with atel (Figure 1 and
Supplementary Table S1A).

The second most abundant genre (up to 40%) is those
related to cell morphology as well as cellular dynamics (fusion,
conjugation, or division). These include many known regulators
of cytoskeleton (Figure 1 and Supplementary Table S1B).

The third type (10~15%) are those related to oxidative
stress response, which include many highly expressed genes
coding for chaperones or redox regulators (Figure 1 and
Supplementary Table S1C).

The fourth are (10~15%) ribosome components or ribosome-
associated factors (Figure 1 and Supplementary Table S1A).

The fifth are those related to nutrient or metabolite stresses,
such as genes related to nitrogen starvation, and genes involved
in responses to metabolism interferers (caffeine, rapamycin)
or metabolite analogs of lipids or nucleotides (Figure 1 and
Supplementary Tables S1B,C).

In addition to the above analysis by functional
annotations, the genes that have genetic interactions
with atel can also be grouped into a handful of
clustered  functional  pathways or categories when
being analyzed with PANTHER Classification
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TABLE 1 | Genes whose knockout showing genetic interaction, either phenotype enhancement (1A) or suppression (1B) with ate? in S. Pombe.

[e 30 ASlIM

A. Gene knockouts showing phenotype-enhancing effects (synthetic lethality) with ate7- knockout in S. pombe

Gene Systematic Product S. cerevisiae Human

name Gene ID p-Value z-Score description ortholog ortholog

igo1 SPAC10F6.16 8.1414E-07 —4.93195 Endosulfine (ENSA) serine/threonine protein kinase Igo1 IGO2, IGO1 ARPP19, ENSA

gor2 SPBC1773.17¢c 0.000027474 —4.19346 Glyoxylate reductase (predicted) GOR1 GRHPR

SPBC19G7.04 0.000041554 —4.09867 HMG box protein Fyvs GCNA

Isd90 SPBC16E9.16¢ 0.000079902 —3.94469 .sd90 protein

puct SPBC19F5.01¢c 0.000083432 —3.93432 cyclin Puci

punt SPAC15A10.09¢ 0.000109954 —3.86751 SUR7 family protein Puni (predicted) PUN1

mas5 SPBC1734.11 0.00013273 —3.82134 DNAJ domain protein Mas5 (predicted) YDJ1 DNAJA2,DNAJA4,DNAJA1

tps2 SPAC3G6.09¢c 0.000147704 —3.7949 Trehalose-phosphate synthase Tps2 (predicted) TPS2

spn1 SPAC4F10.11 0.00028086 —3.63235 Mitotic septin Spn1 CDC3 SEPTIN7,SEPTIN1,SEPTIN2,
SEPTINS,SEPTIN4

sutt SPAC2F3.08 0.00034674 —3.57762 Plasma membrane sucrose/maltose:proton symporter Sut1 SLC45A2,SLC45A3

plct SPAC22F8.11 0.00046324 —3.50116 Phosphoinositide phospholipase C Plc1 PLCAH PLCB1,PLCH2,PLCH1,PLCB2,
PLCB3,PLCB4,PLCD1,PLCDS,
PLCD4,PLCL1,PLCL2,PLCGH
PLCG2

gid5 SPAC26H5.04 0.00068454 —3.3957 GID complex armadillo repeat subunit Gid5 (predicted) VID28 ARMC8

peri SPAC21E11.03c 0.00083756 —3.34008 Transcription factor Pcri

est1 SPBC2D10.13 0.00090084 —3.3198 Telomerase regulator Est1 ESTH SMG6

pufd SPAC6G9.14 0.00091582 —3.31519 Pumilio family RNA-binding protein Puf4 (predicted) PUF4,MPT5

msal SPAC13G7.13c 0.00092698 —3.3118 RNA-binding protein Msa1l RIM4

med1 SPAC2F7.04 0.00099746 —3.29124 Mediator complex subunit Med1 MED1 MED1

SPBCPT2R1.01¢c 0.00106888 —3.27174 S. pombe specific DUF999 protein family 9

coq7 SPBC337.15¢ 0.0010739 —3.27041 Ubiquinone biosynthesis protein Coq7 CATS coQr

spn4 SPAC9G1.11¢c 0.00109358 —3.26527 Mitotic septin Spn4 CDC12

Mam3 SPAP11E10.02¢ 0.00146666 —3.1812 Cell surface adhesion protein for conjugation Mam3

1if51 SPAC26H5.10¢c 0.0016832 —3.14109 Translation elongation and termination factor elF5A HYP2,ANB1 EIFSA, EIFBA2

(predicted)

prp17 SPBC6B1.10 0.0021378 —3.07038 Prp19 complex WD repeat protein Prp17 CDC40 CDC40

scs7 SPAC19G12.08 0.002199 —3.06194 ER sphingosine hydroxylase Scs7 SCS7 FA2H

peti SPAC22F8.04 0.0022328 —3.05739 Golgi phosphoenolpyruvate transmembrane transporter SLC35C1

Pet1
vas2 SPAP27G11.06¢ 0.002345 —3.04265 AP-1 adaptor complex sigma subunit Aps1 APS1 AP1S3,AP1S1,AP1S2
rgsi SPAC22F3.12¢ 0.002421 —3.03305 Regulator of G-protein signaling Rgs1 SST2

(Continued)
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TABLE 1 | Continued

Gene Systematic Product S. cerevisiae Human
name Gene ID p-Value z-Score description ortholog ortholog
SPAC186.08¢c 0.0038618 —2.88923 L-lactate dehydrogenase (predicted)
rict SPAC1851.04¢ 0.0041792 —2.86431 Ypt/Rab-specific guanyl-nucleotide exchange factor (GEF) RIC1 RIC1
subunit Ric1
qcr8 SPAC1782.07 0.0043588 —2.85095 Ubiquinol-cytochrome-c reductase complex subunit 7 QCR8 UQCRQ
ubi5 SPAC589.10¢c 0.0051636 —2.79665 Ribosomal-ubiquitin fusion protein Ubi5 (predicted) RPS31 RPS27A
mex67 SPBC1921.03¢c 0.006664 —2.71318 mRNA export receptor, Tap, nucleoporin Mex67 MEX67 NXF1, NXF3
rpl4302 SPBC83.02¢c 0.0073432 —2.68086 608 ribosomal protein L37a (predicted) RPL43B, RPL43A RPL37A
kip8 SPAC144.14 0.0073454 —2.68076 Kinesin-like protein Kip8 KIF13B,KIF13A,KIF16B,
KIF14,KIF1C,KIF1A
rps1102 SPAC144.11 0.0077726 —2.66179 40S ribosomal protein S11 (predicted) RPS11B,RPS11A RPS11
SPBC56F2.05¢ 0.007884 —2.657 Transcription factor (predicted)
SPAC17C9.11¢c 0.0080866 —2.64843 zf-C2H2 type zinc finger protein/UBA domain protein UBXN1
ppr5 SPAC1093.01 0.0088172 —2.61906 Mitochondrial PPR repeat protein Ppr5
rrp16 SPAC22F8.09 0.0092822 —2.60148 rRNA processing protein Rrp16 (predicted) NOP53 NOP53
fsvi SPAC6F12.03¢ 0.0098672 —2.58045 SNARE Fsv1 SYN8 STX8
SPBC354.07¢c 0.010096 —2.57252 Sterol intermembrane transfer protein (predicted) OSH7,0SH6,HES1,KEST  OSBPL9,0SBPL10,0SBPL11
SPAC2F3.16 0.0101944 —2.56916 Ubiquitin-protein ligase E3, implicated in DNA repair RCHY1
(predicted)
msy1 SPCC1183.11 0.010212 —2.56857 MS calcium ion channel protein Msy1
SPAC22G7.03 0.0102284 —2.56801 Schizosaccharomyces specific protein
alp13 SPAC23H4.12 0.0103838 —2.56278 MRG family Clr6 histone deacetylase complex subunit EAF3 MORF4,MORF4L2, MORF4LA1
Alp13
cwf11 SPBC646.02 0.0109488 —2.54433 U2-type spliceosomal complex ATPase Cwf11 AQR
rpl26 SPBC29B5.03¢c 0.01175 —2.51956 60S ribosomal protein L26 (predicted) RPL26B,RPL26A RPL26,RPL26L1
rpl29 SPBC776.01 0.0128654 —2.48747 60S ribosomal protein L29 RPL29 RPL29
SPAC144.01 0.0142774 —2.45021 Schizosaccharomyces specific protein
rsni SPBC354.08c 0.0150762 —2.43054 Golgi to plasma membrane transport protein Rsn1 RSN1 TMEM63B,TMEM63C, TMEMG3A
(predicted)
clr3 SPBC800.03 0.0176608 —2.37265 Histone deacetylase (class Il) CIr3 HDA1 HDAC6,HDAC10
tef103 SPBC839.15¢ 0.0180524 —2.36454 Translation elongation factor EF-1 alpha Ef1a-c TEF2,TEF1 EEF1A1,EEF1A2
hos2 SPAC3G9.07¢c 0.0188808 —2.34788 Histone deacetylase (class I) Hos2 HOS2 HDAC1,HDAC2
pab1 SPAC227.07¢c 0.0193724 —2.33829 Protein phosphatase PP2A regulatory subunit B-55 Pab1 CDC55 PPP2R2D,PPP2R2A,PPP2R2B,
PPP2R2C
SPCC553.12¢ 0.0195392 —2.33508 Transmembrane transporter (predicted)
mug183 SPAC6G9.03¢c 0.0197084 —2.33185 Histone H3.3 H4 heterotetramer chaperone Rtt106-like RTT106

(predicted)

n
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TABLE 1 | Continued

Gene Systematic Product S. cerevisiae Human
name Gene ID p-Value z-Score description ortholog ortholog
rpl1102 SPBC17G9.10 0.020086 —2.32475 60S ribosomal protein L11 (predicted) RPL11B,RPL11A RPL11
pufi SPBC56F2.08c 0.020354 —2.31974 Pumilio family RNA-binding protein Puf1 (predicted) JSN1,PUF2
SPBC1703.13c 0.021252 —2.30346 Mitochondrial carrier, inorganic phosphate (predicted) PIC2,MIR1 SLC25A83
eaf7 SPBC16A3.19 0.021428 —2.30036 Histone acetyltransferase complex subunit Eaf7 EAF7 MRGBP
gcdi SPCC794.01c 0.023688 —2.26214 Glucose dehydrogenase Ged1 ZWF1 HBPD
sft1 SPAC31A2.13c 0.024076 —2.25592 SNARE Sft1 (predicted) SFT1 BET1,BET1L
SPAC14C4.01c 0.024618 —2.24736 DUF1770 family protein
nod1 SPAC12B10.10 0.024672 —2.24651 Medial cortical node Gef2-related protein Nod1
mad1 SPBC3D6.04c 0.025142 —2.23922 Mitotic spindle checkpoint protein Mad1 MAD1 MAD1L1
syp1 SPBC4C3.06 0.025222 —2.238 F-BAR domain protein Syp1 (predicted) SYP1 FCHO2,SGIP1,FCHO1
rho2 SPAC16.01 0.025592 —2.23235 Rho family GTPase Rho2 RHO2 RHOA,RHOB,RHOC
tpp1 SPAC19G12.15¢ 0.026072 —2.22515 Trehalose-6-phosphate phosphatase Tpp1 TPS2
SPBC1711.156¢c 0.027244 —2.208 Schizosaccharomyces pombe specific protein
rps101 SPAC13G6.02¢ 0.02798 —2.19757 408 ribosomal protein S3a RPS1A,RPS1B RPS3A
cuft SPAC31A2.11¢c 0.028144 —2.19529 Nutritional copper sensing transcription factor Cuf1 CUP2,MACT,
HAA1
aplé SPAC23H3.06 0.029952 —2.17073 AP-3 adaptor complex subunit Apl6 (predicted) APL6 AP3B1,AP3B2
jmj1 SPAC25H1.02 0.02998 —2.17036 Histone demethylase Jmj1 (predicted) JMJD4
nrit SPBC20F10.05 0.032478 —2.13847 RNAi-mediated silencing protein, human NRDE2 ortholog NRDE2
Nri1
atp3 SPBC1734.13 0.032508 —2.13812 F1-FO ATP synthase gamma subunit (predicted) ATP3 ATP5F1C
omal SPAP14E8.04 0.033356 —2.12778 Metallopeptidase Omai (predicted) OMA1 OMA1
ace2 SPAC6G10.12¢ 0.034516 —2.11399 Transcription factor Ace2 ACE2
SPACUNK4.13c 0.036738 —2.08865 Mitochondrial NTPase Obg family, human OLA1 ortholog, YLF2 OLA1
implicated in mitochondrial translation, ribosome assembly,
or tRNA metabolism (predicted)
rtn1 SPBC31A8.01c 0.037292 —2.08255 Reticulon Rtn1 RTN2,RTN1 RTN1,RTN2,RTN3,RTN4
mpn1 SPAC23C11.10 0.037338 —2.08206 poly(U)-specific exoribonuclease, producing 3’ uridine cyclic USB1 USBH1
phosphate ends Mpn1
rud3 SPBC119.12 0.03747 —2.08061 Golgi matrix protein Rud3 (predicted) RUD3 TRIP11
laf1 SPAC14C4.12¢ 0.037782 —2.07722 ClIr6 L associated factor 1 Lafi FUN19, YOR338W
mbx1 SPBC19G7.06 0.038252 —2.07215 MADS-box transcription factor Mbx1 ARG80,MCM1 MEF2A,MEF2B,MEF2C, MEF2D

2
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TABLE 1 | Continued

Gene Systematic Product S. cerevisiae Human
name Gene ID p-Value z-Score description ortholog ortholog
B. Gene knockouts showing phenotype-suppressing effects (synthetic rescue) with ate7- knockout in S. pombe
cgri SPAC1556.05¢ 7.7134E-08 5.37371 Ribosome biogenesis CGR1 family (predicted) CGR1 CCDC86
kap123 SPBC14F5.03c 3.4032E-07 5.09963 Karyopherin/importin beta family nuclear import signal KAP123 IPO4
receptor Kap123
rpl2802 SPCC5E4.07 3.7196E-07 5.08278 608 ribosomal protein L27/L.28 RPL28 RPL27A
geni SPAC18G6.05¢ 7.1728E-07 4.95663 Translation initiation regulator Gen1 GCN1 GCN1
pap1 SPAC1783.07¢c 1.35728E-06 4.83118 Transcription factor Pap1/Caf3 YAP1
SPAC3F10.09 1.82054E-06 4.77239 1-(56-phosphoribosyl)-5-[(5-phosphoribosylamino) HIS6
methylideneaminolimidazole-4-carboxamide isomerase
(predicted)
mcli SPAPB1E7.02c 0.000002246 4.72993 DNA polymerase alpha accessory factor Mcl1 CTF4 WDHD1
mtq1 SPAC29B12.05¢ 4.4576E-06 4.58881 Mitochondrial N(5)-glutamine methyltransferase (predicted) MTQ1 HEMK1
atg14 SPAC25A8.02 0.00002277 4.23584 Autophagy associated protein Atg14 ATG14 ATG14
byr3 SPAC13D6.02¢c 0.000032138 415776 Translational activator, zf-CCHC type zinc finger protein GIS2 CNBP, ZCCHC13
(predicted)
mms19 SPAC1071.02 0.000037518 4.12226 CIA machinery protein Mms19 MET18 MMS19
imt2 SPCC4F11.04c 0.000041484 4.09906 Mannosyltransferase Imt2 CSH1, SUR1
atd1 SPAC9E9.09¢c 0.000043798 4.08647 Aldehyde dehydrogenase (predicted) ALD5, ALD4, ALD6 ALDH1A2, ALDH1A1, ALDH2,
ALDH1B1, ALDH1A3
crf SPAC22H10.11¢c 0.000048624 4.06214 Transcriptional corepressor for ribosomal proteins via TOR CRF1, IFHA1
signaling pathway Crf1 (predicted)
SPCC61.05 0.000099978 3.89064 Schizosaccharomyces specific multicopy membrane
protein family 1
SPAC29A4.09 0.00010776 3.87242 rRNA exonuclease Rrp17 (predicted) RRP17 NOL12
his1 SPAC25G10.05¢ 0.000112986 3.86086 ATP phosphoribosyltransferase HIS1
brl1 SPCC1919.15 0.000122818 3.84043 Ubiquitin-protein ligase E3 Brl1 BRE1 RNF40
elf1 SPAC3C7.08¢c 0.000131224 3.82415 AAA family ATPase EIf1 NEWA1
met10 SPCC584.01c 0.000142772 3.80332 Sulfite reductase NADPH flavoprotein subunit (predicted) MET10
fil1 SPCC1393.08 0.000195024 3.72538 Transcription factor, zf-GATA type
rps1802 SPCC1259.01¢c 0.000195418 3.72487 408 ribosomal protein S18 (predicted) RPS18A,RPS18B RPS18
atp1 SPAC14C4.14 0.000258 3.65419 F1-FO ATP synthase alpha subunit ATP1 ATP5F1A
ctpt SPCC338.08 0.00038412 3.55076 CtlP-related endonuclease SAE2 RBBP8

i)

(Continued)

[e 30 ASlIM

skemured [eioneg sejeinbay |31V


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bao-uissenuolMmm | ABojoisAud Ul sienuo.4

/2 8oy | |1 swnjoA | 0202 AeIN

TABLE 1 | Continued

Gene Systematic Product S. cerevisiae Human
name Gene ID p-Value z-Score description ortholog ortholog
cox19 SPCC1672.04¢c 0.00050878 3.47609 Mitochondrial copper chaperone for cytochrome ¢ oxidase COX19 COX19
Cox19 (predicted)
rep2 SPBC2F12.11¢c 0.0007297 3.37817 MBF transcription factor activator Rep2
rpl3602 SPBC405.07 0.00082778 3.34334 60S ribosomal protein L36 RPL36A,RPL36B RPL36
ght8 SPCC548.06¢ 0.00086908 3.3298 Plasma membrane hexose:proton symporter, unknown HXT15,HXT7,HXT6,STL1,
specificity Ght8 (predicted) HXT13,
MAL11,HXT4,
HXT1,HXT5,HXT8,HXT9,
HXT16,
GAL2,HXT2,HXT14,
HXT17,HXT11
rpl35b SPBC1921.01c 0.00110496 3.26234 608 ribosomal protein L35a (predicted) RPL33B,RPL33A RPL35A
rpl901 SPAC4G9.16¢ 0.00138818 3.1971 60S ribosomal protein L9 RPL9A,RPLIB RPLY
rpl1801 SPBC11C11.07 0.00140148 3.19435 60S ribosomal protein L18 RPL18B,RPL18A RPL18
rpl3702 SPCC1223.05¢ 0.00161788 3.15266 608 ribosomal protein L37 (predicted) RPL37B,RPL37A RPL37
SPAC17G8.06¢ 0.00198848 3.09195 Dihydroxy-acid dehydratase (predicted) ILV3
his7 SPBC29A3.02¢ 0.0021838 3.06403 Phosphoribosyl-AMP cyclohydrolase/phosphoribosyl- ATP HIS4
pyrophosphohydrolase His7
lys9 SPBC3B8.03 0.0023364 3.04376 Saccharopine dehydrogenase LYS9 AASS
his5 SPBC21H7.07¢ 0.002481 3.02565 Imidazoleglycerol-phosphate dehydratase Hisb HIS3
rpl15 SPCC576.11 0.0028468 2.98382 60S ribosomal protein L15 (predicted) RPL15A,RPL15B RPL15
dhm1 SPCP1E11.10 0.0029186 2.97618 Ankyrin repeat protein, unknown biological role YCRO51W
zfs1 SPBC1718.07¢c 0.0033112 2.93727 zf-CCCH tandem zinc finger protein, human Tristetraprolin CTH1,TIS11 ZFP36L1, ZFP36L2, ZFP36
homolog Zfs1, involved in mRNA catabolism
trm112 SPAC31A2.02 0.0035714 2.91373 eRF1 methyltransferase complex and tRNA (m2G10) TRM112 TRMT112
methyltransferase complex regulatory subunit Trm112
(predicted)
his2 SPBC1711.13 0.006125 2.74102 Histidinol dehydrogenase His?2 (predicted) HIS4
hmt2 SPBC2G5.06¢ 0.0065568 2.71855 Sulfide-quinone oxidoreductase SQOR
rps1201 SPCC962.04 0.0066316 2.7148 408 ribosomal protein S12 (predicted) RPS12 RPS12
mms1 SPAC3H8.05¢ 0.0075438 2.67184 Cul8-RING ubiquitin ligase complex subunit Mms1 MMS1 0
(predicted)
rpl902 SPCC613.06 0.0100146 2.57533 60S ribosomal protein L9 RPL9A,RPLIB RPLY
pnk1 SPAC23C11.04c 0.0101678 2.57007 DNA kinase/phosphatase Pnk1 TPP1 PNKP
dml1 SPAC30C2.06¢ 0.0109928 2.54293 Mitochondrial inheritance GTPase, tubulin-like (predicted) DMLA MSTO1
SPAC732.02¢ 0.0127802 2.48984 Fructose-2,6-bisphosphate 2-phosphatase activity FBP26 PFKFB1, PFKFB2, PFKFB3,
(predicted) PFKFB4
ser2 SPBC3H7.07¢c 0.0131908 2.47858 Phosphoserine phosphatase Ser2 (predicted) SER2 PSPH
ifa38 SPAC4G9.15 0.0135804 2.46818 Ketoreductase involved in fatty acid elongation (predicted) IFA38 HSDL1, HSD17B12, HSD17B3
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TABLE 1 | Continued

Gene Systematic Product S. cerevisiae Human
name Gene ID p-Value z-Score description ortholog ortholog
rps2801 SPAC25G10.06 0.0137516 2.46369 408 ribosomal protein S28 (predicted) RPS28B,RPS28A RPS28
lip2 SPAC4F10.05¢ 0.0162584 2.40306 Mitochondrial lipoate-protein ligase Lip2 LIP2 LIPT2
clg1 SPBC1D7.03 0.0179078 2.36752 Cyclin-like protein involved in autophagy Clg1 (predicted) CLG1
arpd SPBC365.10 0.018288 2.35974 INo80 complex actin-like protein Arp5 ARP5 ACTRS
mre11 SPAC13C5.07 0.018601 2.35343 Mre11 nuclease MRE11 MRE11
met14 SPAC1782.11 0.0203 2.32077 Adenylyl-sulfate kinase (predicted) MET14 PAPSS1, PAPSS2
rps1502 SPAC1071.07c 0.022698 2.27847 40S ribosomal protein S15 (predicted) RPS15 RPS15
SPAC3C7.04 0.024088 2.25573 Transcription factor (predicted)
rps2802 SPCC285.15¢ 0.026352 2.22097 40S ribosomal protein S28, Rps2802 RPS28B,RPS28A RPS28
git1 SPBC21C3.20c 0.027796 2.20016 C2 domain protein Git1
rpal2 SPCC1259.03 0.028074 2.19625 DNA-directed RNA polymerase complex | subunit Rpa12 RPA12 ZNRD1
cys2 SPBC106.17¢ 0.028446 2.19109 Homoserine O-acetyltransferase (predicted)
SPBC1A4.04 0.030716 2.16072 Schizosaccharomyces specific protein
lys7 SPAC17C9.02¢ 0.03157 2.14981 Alpha-aminoadipate reductase phosphopantetheinyl LYS5 AASDHPPT
transferase Lys7
ade10 SPCPB16A4.03c 0.033428 2.1269 Bifunctional IMP cyclohydrolase/ ADE16,ADE17 ATIC
phosphoribosylaminoimidazole- carboxamide
formyltransferase
rpl3001 SPAC9G1.03c 0.036378 2.09268 60S ribosomal protein L30 (predicted) RPL30 RPL30
SPBC1271.14 0.037576 2.07945 Acetyl-CoA:L-glutamate N-acetyltransferase (predicted) ARG7
ftp105 SPAC17A5.16 0.04206 2.03293 Golgi localized protein, human HID1 ortholog 3, implicated ECM30 HID1
in vesicle-mediated transport
ppa2 SPBC16H5.07¢ 0.044676 2.00769 Serine/threonine protein phosphatase Ppa2 PPH21,PPH22 PPP2CA,PPP2CB
sod2 SPAC1486.01 0.044806 2.00647 Mitochondrial superoxide dismutase Sod2 SOD2 SOD2
gpd1 SPBC215.05 0.046392 1.99181 Glycerol-3-phosphate dehydrogenase Gpd1 GPD1 GPD1L,GPD1

The genetic interaction was determined by the effects of combing two gene knockouts on the growth rate of the resulting yeast colony compared to the individual knockouts. Sexual mating of S. pombe was used to
generate the crossings between the ate1-knockout and the other gene-knockouts in a library. While the original library contains 3721 different knockout strains, some of these deletion strains appear to be sterile and
cannot be mated. Thus, the effective library size was 3659 in our tests. Four replicates were used to determine the effects on growth of the crossed, double-knockout colony compared to the parental strain with a single
knockout (without ate1 deletion). Based on the comparison, a result of slower growth is considered as phenotype-enhancement (in Table 1A). Vice versa, those that grow faster than the parental strain is considered

phenotype-suppression (Table 1B). A confidence value (p-values) of 0.05 is the minimum for significance.
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System' (Mi et al, 2019), as shown in
Supplementary Table S2.

As an example to validate the observations reached in
the above non-biased study, we examined the sensitivity of
S. pombe to exogenous histidine, which is not an essential
amino acid for this organism. While a lower amount
of exogenous histidine usually promotes the growth of
yeasts, at high concentrations it is known to generate
cytotoxicity and requires the actions of the histidine/amidazole
synthesis/metabolism pathway for mitigation (Winkler and
Ramos-Montanez, 2009; Watanabe et al, 2014; Duncan
et al, 2018). When we compared the growth rates of the
yeasts hosting the atel-deletion to the control cells, we
found that, although there is no apparent difference in

their proliferation in the absence of exogenous histidine

2013,

'www.pantherdb.org

(Figure 3A), atel-deleted yeast grow much slower than the
control in high concentrations of histidine (Figures 3B-
E). To ensure these observations are not specific to
the colony of yeast used in the test, we repeated these
experiments with two additional clones of the atel-deleted
S. pombe and reached similar conclusions (Figure 3F).
Therefore, these data suggested that atel-deletion indeed
possesses an interaction with the histidine/amidazole
synthesis/metabolism pathway.

Many Genes Related to Mitochondria or
Energy Production Genetically Interact
With ate1

Compared to the relative abundance of literatures showing
the effects of arginylation in protein degradation or
cytoskeletal —regulations, the potential involvements of
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arginylation or ATEl in other cellular processes are less
known. Interestingly, many of the observed phenotypes
in animals resulted from atel dysregulation may be at
least partly attributed to a disruption of mitochondrial
function, which supplies the majority of energy molecules
(ATP, NADH, and NADPH, etc.) required for many

biosynthesis processes, and also constitute a major source
of oxidative stressors in the cell. For example, postnatal
systemic knockout of atel appears to lead to drastic loss
of fat and infertility, which are common consequences
expected from a compromise of mitochondrial function.
Consistent to this possibility, we observed a significant
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number (at least 19) of genes related to mitochondria or
energy production showing interactions with atel (Table 2).
These genes represent more than 10% of the total hits,

although they were not present as “enriched” because the
frequency of them in the hit-list is not higher than that in

the library.
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TABLE 2 | Mitochondria-related genes, as determined by GO terms, which are genetically interacting with ate?.

Gene # of non-sterile # of genes in Gene name/systematic ID

description GO_Term genes in library the hits in the hits list

Mitochondrion (mitochondria) G0O:0005739 428 19 mpn1, SPACUNK4.13c, lip2, gor2, hmt2, sod2,
SPAC14C4.01c, qcr8, SPAC17G8.06¢, cox6, omat, cys2,
SPBC1271.14, SPBC1703.13c, atp3, atp15, coq7,
rps1802, ppr5

Mitochondria inner membrane GO:0005743 71 4 omatl, SPBC1703.13c, coq7, atp15

The numbers of those genes in the effective library (non-sterile) and the hit list are being shown. The names (or systematic ID) of the genes in the hit list are also shown.

Few Genes in Global Protein
Degradation Pathways Showed Genetic

Interactions With ate1

Another surprising finding in the interacting partners of atel is
the rarity of genes involved in global protein ubiquitination or
degradation machineries.

In principle, the uncertainties about the role of arginylation
in proteome homeostasis can at least be partly addressed by
the genetic interaction screening. If atel is involved in global
protein ubiquitination or degradation, it would be expected to
have genetic interactions with the other components in these
pathways. However, while many genes with known roles in
global ubiquitination or degradation are present in the S. pombe
knockout library we employed (Supplementary Table S3), only
two (ubi5 and atgl4) showed significant interactions (either
enhancing or suppressing) with atel (Table 3). Among these
two genes, ubi5 is a fusion gene of ubiquitin and ribosomal
component. As such, its genetic interaction with atel may derive
from the ribosomal component and not necessarily the ubiquitin,
since no interaction was observed between atel and other
genes coding for ubiquitin. The rarity of interactions between
atel and degradation-related genes is actually consistent with
the selectivity of the interacting partners of atel as described
above (Figure 2 and Tables 1-3). If arginylation is a generic
degradation pathway for up to 20% proteins as predicted,
then the expected interactions between atel and other genes
should be much larger than the observed number (< 5%),
because many components in the pathways regulated by these
arginylation-target proteins would be expected to show genetic
interaction with atel. Interestingly, the small impact size (< 5%)
of atel in genetic interactions is well consistent with the impact
size (~3%) of arginylation on the degradation of endogenous
proteins as estimated in 2D-gels (Wong et al., 2007). These
evidences suggest that ATEl-mediated arginylation may not
be a major degradation pathway in vivo in the experimental
condition we employed.

DISCUSSION

Despite that atel gene has been identified for 30 years, it’s in vivo
role has remained poorly defined. For the first time, by using
a systematic approach, our results showed that atel possesses
significant genetic interactions with a small and focused subset of
genes concerning multiple critical cellular processes. The results

TABLE 3 | Genes related to global ubiquitination and degradation, as determined
by GO terms, that are in the screen library or genetically interacting with ate?.

# of genes

Gene in library # of genes in
description GO_term (non-sterile) the hits
Protein ubiquitination GO:0016567 19 1 (ubid)
Ubiquitin binding GO:0043130 25 0
Ubiquitin (protein tag) G0:0031386 7 1 (ubid)
Ubiquitin ligase complex GO:0000151 20 0
Proteasome complex G0:0000502 1 0
Lysosome GO:0005764 5 0
Autophagy GO:0006914 18 0
Autophagosome GO:0005776 4 1 (atg14)
Protein catabolic process G0:0030163 5 0

The numbers of those genes in the effective library (non-sterile) and the hit list are
being shown. The names of the genes in the hit list are also shown.

from this study can also provide important leads for mechanistic
investigations about the role of atel or arginylation in normal or
diseased conditions.

The power of the systematic approach employed in our
study is demonstrated by the fact that many results from this
unbiased investigation are highly consistent or complementing
to data from past reports. For example, the observed genetic
interactions between atel and regulators of cell morphology are
well consistent with previous reports showing the impact of
arginylation on many cytoskeletal proteins (Wong et al., 2007)
and cytoskeletal dynamics (Karakozova et al.,, 2006; Rai et al.,
2008; Saha et al., 2010; Zhang et al., 2010, 2012; Kurosaka
et al., 2012). The interactions between atel and genes involved
in oxidative stress response also support the proposed role of
arginylation in stress response process (Zanakis et al., 1984;
Chakraborty et al., 1986; Shyne-Athwal et al., 1986, 1988; Luo
et al.,, 1990; Jack et al., 1992; Chakraborty and Ingoglia, 1993;
Xu et al, 1993; Wang and Ingoglia, 1997; Bongiovanni et al.,
1999; Kumar et al., 2016). Overall, it appears that our non-biased
screening study was able to recapitulate many past observations
performed in cell or animal.

Many results of this study will provide new clues for
investigate the role of arginylation in physiological processes.
Arginylation was shown to be involved in stress response,
but the exact mechanism still awaits clarification and may
benefit from the genetic interactions revealed in our study. For
example, while several redox regulators, including manganese
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superoxide dismutase (SOD) appear to have phenotype-
enhancing relationship with atel, many genes related to
mitochondria, the main source of reactive oxygen species (ROS)
in the cell, display synthetic suppression relationship. These
differences imply that ATEI may act as a scavenger of oxidatively
damaged proteins in stress response. Also, the broad interactions
between atel and many transcription regulators and histone
modulators may help to elucidate the observed but unexplained
effects of ATEI on global transcriptional landscape (Lee et al.,
2012; Eisenach et al, 2014; Deka et al, 2016). Particularly,
many genes of histone modulators appear to have a phenotype-
suppression relationship with atel. This is highly intriguing
considering that previous studies have found that histone
proteins are subjected to arginylation modification, which may
also affect the other PTMs on histone (Wong et al., 2007; Saha
et al., 2011). The interactions between atel and genes related
to biomolecule synthesis/metabolism are also of high interest
because emerging evidence indicated a potential involvement
of ATEl in metabolism. As an example, the enrichment
of the genes in histidine synthesis/metabolism pathways in
principle is consistent with one of our previous findings
about arginylation of phosphoribosyl pyrophosphate synthetase
(PRPPS). This is because PRPPS is responsible for production
of Phosphoribosyl Diphosphate, which serves as a precursor
substrate for biosynthesis of histidine (Zhang et al, 2015).
Due to the conserved nature of ATE1-mediated arginylation in
eukaryotes (McGary et al., 2010), many of these findings may
provide mechanistic insights for the role of ATE1/arginylation
in cardiovascular diseases, metabolic dysregulations, and cancer
in human. These exciting possibilities will become important
directions for future studies.

The lack of interactions between atel and genes related to
global ubiquitination or protein degradation, as revealed in our
study, is quite surprising. Based on the loose consensus on
amino acid sequence of known substrates, arginylation was long
hypothesized as a signal for the ubiquitination and degradation of
at least 20-25% members of the proteome in yeast or metazoan.
Such a broad range of substrates would predict a very large
impact size of genetic interactions of atel. However, less than 5%
of the tested genes, which cover nearly 75% of the genome in
S. pombe yeast, showed interactions with atel. Consistently, we
found that atel has very few interactions with components of the
ubiquitination and degradation pathways. While these findings
appear to be at odds with popular theories, it is worthy pointing
out that the exact nature of arginylation in the degradation of
endogenous proteins has not been decisively determined and the
current theories about arginylation were mainly built on studies
with artificial substrates (Bachmair et al., 1986; Varshavsky,
2011). It is possible that the substrate preference of ATEI is
more complexed than originally expected. For example, recent
evidence suggested that the efficiency of arginylation may be
affected by at least 11 residues on the N-terminus of a peptide,
and the substrate preference of ATE1 may also be influenced by
additional in vivo factors (Wang et al., 2011, 2018). Also, since
the majority of arginylation takes place on the N-terminus of a
protein, it must compete with N-terminally acetylation in vivo,
which is a dominant PTM in most eukaryotes (Wang et al,

2011). Furthermore, while arginylation in many cases indeed
promotes ubiquitination and degradation, exceptions are also
abundant on endogenous arginylated proteins (Karakozova et al.,
2006; Zhang et al., 2010, 2012, 2015). Maybe not coincidentally,
past experimental attempts examining the impact of arginylation
on the whole proteome also revealed a relatively small size. In
one of such reports, the usage of 2D gels showed that less than
3% of individual proteins appear to be affected by arginylation
on proteasome-dependent degradation (Karakozova et al., 2006;
Wong et al,, 2007). As such, alternative interpretation for the
role of arginylation in protein ubiquitination/degradation may be
needed and our study may provide clues for that. It is possible that
arginylation is not activated under resting state but is specifically
utilized for protein degradation during certain conditions such as
stress response or nutrient deprivation. This possibility is at least
indirectly supported by existing evidence showing the activation
of arginylation during stress response and that arginylation
preferentially takes place on oxidatively damaged proteins
(Zhang et al., 1998; Kumar et al., 2016). It is also supported by the
extensive genetic interactions between atel and genes related to
oxidative and metabolic stress as revealed in our study. However,
this current study was conducted in a non-stressed condition and
therefore cannot directly test this possibility, which will require
further investigations for validation.

The other unexpected finding is the extensive interaction
between atel and ribosome-related genes. While the biological
meaning of this interaction is still unclear, existing literatures
may provide a few clues. Particularly, the ATEl protein was
found to at least partially co-localize with ribosome during
cellular fractionation (Wang et al., 2011). Also, many ribosome-
associated proteins were found to be arginylated (Wong
et al., 2007; Wang et al, 2011). Based on this evidence,
it is likely ATE1 may regulate the function of ribosome.
In addition, current evidence suggest that arginylation may
take place during co-translational stage and the outcome
in arginylation-mediated degradation may be dependent on
the dynamic of co-translational folding (Zhang et al., 2010).
As such, it is also likely that arginylation is part of the
mechanism for quality check of nascent peptide synthesis.
This unexpected connection between arginylation and ribosome,
as well as many other newly information about arginylation
uncovered in this study, constitute intriguing directions for
future research endeavors.

CONCLUSION

By using a systematic approach, we found that the gene
for arginyltransferasel has specific interactions with a
small subset of genes in the eukaryotic genome, which
fall into a few clustered functional categories. Our data
suggest that ATEl may specifically regulate a few cellular
pathways in vivo. These results will provide novel mechanistic
clues to understand the role of protein arginylation in the
development of cardiovascular system and the pathogenesis of
related diseases.
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MATERIALS AND METHODS

Query Yeast Strain Creation

Growth conditions and genetic manipulations of S. pombe were
performed as previously described (Moreno et al.,, 1991). The
query strain containing atel-deletion (atelA) was prepared by
targeted deletion with a linear DNA containing a nourseothricin-
resistance gene flanked with sequence derived from the atel gene
(systemic ID: SPAC3C7.07c¢) loci. The 5'-region (394 bp) flanking
the resistance gene was cloned with these primers, with underline
to indicate the regions matching the genome sequence while the
rest primes to the resistance cassette:

5'-FWD: TAGAACTTGGTGGATGGTATCGTGG
5'-REV: GGGGATCCGTCGACCTGCAGCGTACGAACTAT
TGTTTGAAAATTTCCCTGTTTAAT

The 3'-region (385 bp) flanking the resistance gene was cloned
with these primers:

3'-FWD: GTTTAAACGAGCTCGAATTCATCTTATATTATC

TGTCTACGTGTTTTATTTGC
3’-REV: TCCTTTCTCACCTACTATGCACTGTTTTG

The knockout was performed in an h- leul-32 ura4-D18
Ade6-M210 S. pombe strain (PN572) as the parental strain with
published protocols (Krawchuk and Wahls, 1999). The success of
knockout is confirmed with this primer specific for the atel gene:
TCTTTGGATTGACAAGTTGAGAGTTG.

Yeast Synthetic Genetic Array

The atel A strain was grown to exponential phase in liquid PMG
media (Sunrise Scientific Cat. #2060) supplemented with adenine,
leucine and uracil. It was then pinned to agar plates in a 384-
matrix format using a robotic platform RoToR HDA (Singer
Instruments). The query strain was then crossed with individual
strains in the S. pombe haploid deletion library containing
individual gene deletions marked by a kanamycin resistance
gene (Bioneer, version 4.0 equivalent) utilizing a modified SGA
procedure (Dixon et al., 2008). This procedure was described
in detailed in our previous publication (Wiley et al, 2014).
In brief, the crossing was induced on a SPAS mating media
(1% glucose, 7.3mM KH,POy4, with 45mg/L supplements of
adenine, histidine, leucine, uracil and lysine-HCI, and vitamin
supplement for pantothenic acid, nicotinic acid, inositol, and
biotin; see this website for detailed recipe: https://dornsife.usc.
edu/pombenet/media/). For germination, four replicates of each
crossing product were pinned to a 1536 format on selective
PAU + G418 media, which is the PMG media containing
adenine (225 mg/L, Sigma Cat. #A8751), leucine (225 mg/L,
Sigma Cat. #L8912), uracil (225 mg/L, Sigma Cat. #U0750),
and the antibiotics G418 and nourseothricin. Colony growth
was monitored for 3 days utilizing a flatbed scanner, and
then quantified and compared using ScreenMill according to
published protocols (Dittmar et al., 2010). Double mutants with a
significant growth rate difference compared to the corresponding
library gene deletion alone were scored as either slowed (referred

to as “phenotype-enhancement”) or accelerated (referred to as
“phenotype-suppression”) growth.

Hit Analysis and Bio-Informatics
The gene feature enrichments (over-representation) in the hit
list versus the library were examined by AnGeLi* (Bitton et al.,
2015). The hit list was compared directly to the genes screened
in our assay using the false discovery rate setting for multiple
testing with a p-value setting of 0.01. In addition, for this
enrichment we performed pairwise interaction enrichment with
1000 permutations and allowed for the p-value to adjust. As a
negative control, we also looked for underrepresented terms and
we cannot find significant underrepresented entries based on
inputs, which suggesting that our analysis did not create artifacts.

The PANTHER Classification System® used in this study is
Version 14.1, released 2019-03-12 (Mi et al., 2019).

The image of protein-protein interaction was created using
Cytoscape with the STRING App (Szklarczyk et al., 2019). The
PPI database being utilized is Version 11 of STRING".
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Mitochondrial dysfunction is a hallmark of cardiac pathophysiology. Defects in
mitochondrial performance disrupt contractile function, overwhelm myocytes with
reactive oxygen species (ROS), and transform these cellular powerhouses into pro-
death organelles. Thus, quality control (QC) pathways aimed at identifying and removing
damaged mitochondrial proteins, components, or entire mitochondria are crucial
processes in post-mitotic cells such as cardiac myocytes. Almost all of the mitochondrial
proteins are encoded by the nuclear genome and the trafficking of these nuclear-
encoded proteins necessitates significant cross-talk with the cytosolic protein QC
machinery to ensure that only functional proteins are delivered to the mitochondria.
Within the organelle, mitochondria contain their own protein QC system consisting of
chaperones and proteases. This system represents another level of QC to promote
mitochondrial protein folding and prevent aggregation. If this system is overwhelmed,
a conserved transcriptional response known as the mitochondrial unfolded protein
response is activated to increase the expression of proteins involved in restoring
mitochondrial proteostasis. If the mitochondrion is beyond repair, the entire organelle
must be removed before it becomes cytotoxic and causes cellular damage. Recent
evidence has also uncovered mitochondria as participants in cytosolic protein QC
where misfolded cytosolic proteins can be imported and degraded inside mitochondria.
However, this process also places increased pressure on mitochondrial QC pathways to
ensure that the imported proteins do not cause mitochondrial dysfunction. This review
is focused on discussing the pathways involved in regulating mitochondrial QC and their
relationship to cellular proteostasis and mitochondrial health in the heart.

Keywords: mitochondria, UPS, proteasome, UPR, proteotoxicity, import, mitophagy, Parkin

INTRODUCTION

Mitochondrial dysfunction is a hallmark of cardiac pathophysiology. Defects in mitochondrial
performance disrupt contractile function, overwhelm myocytes with reactive oxygen species
(ROS), and transform these cellular powerhouses into pro-death organelles (Zhou and Tian,
2018). Accordingly, quality control (QC) pathways aimed at identifying and removing damaged
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mitochondrial proteins, components, or entire mitochondria
represent crucial adaptive responses for cardiac myocytes.
Because the majority of the mitochondrial proteins are encoded
by the nucleus and translated in the cytosol, cytosolic protein QC
mechanisms are intimately linked with mitochondrial fidelity.
The cytosolic ubiquitin proteasome system (UPS) ensures
that functional proteins are delivered to the mitochondria
(Bragoszewski et al., 2013; Wang and Chen, 2015). Thus, it
is not surprising that perturbations to protein homeostasis or
proteostasis during cardiac pathophysiology (Hofmann et al.,
2019) also antagonize mitochondrial function and activate cell
death pathways in cardiac myocytes (Zhou and Tian, 2018).

Mitochondria contain their own protein QC system to
prevent damaged or misfolded proteins from accumulating.
There are chaperones that assist with folding the newly imported
proteins, as well as proteases that cleave misfolded or non-
functional proteins (Szczepanowska et al., 2016; Weinhaupl
et al,, 2018). However, if levels of misfolded proteins exceed
the folding and degradative capacity of the resident chaperones
and proteases, activation of the mitochondrial unfolded protein
response (UPR™") will ensue. This conserved response involves
retrograde signaling to the nucleus to activate a transcriptional
program aimed at restoring mitochondrial proteostasis (Miinch
and Harper, 2016). Intriguingly, recent reports suggest that
mitochondria themselves can contribute to cytosolic protein
QC through the import and degradation of misfolded proteins
in the matrix (Burman et al., 2017; Ruan et al., 2017;
Li et al, 2019). Thus, while mitochondria require cytosolic
protein QC mechanisms for proper structure, these organelles
directly promote cytosolic proteostasis during proteotoxic stress.
However, at a certain threshold, the damage may become too
great for protein repair and the entire mitochondrion must be
eliminated from the cell. The primary mechanism by which
entire mitochondria are eliminated is via autophagy and involves
engulfment of the organelle into autophagosomes. In this review,
we discuss the pathways involved in regulating mitochondrial QC
and their relationship to cellular proteostasis and mitochondrial
health in the heart.

REGULATION OF MITOCHONDRIAL
QUALITY BY THE UBIQUITIN
PROTEASOME SYSTEM (UPS)

The UPS is essential for routine protein turnover as well as
the degradation of misfolded and unfolded proteins. Even
modest decreases in proteasomal efficiency sensitize mice
to cardiac pathogenesis (Ranek et al, 2015). Ventricular
biopsies from human patients have been shown to exhibit
decreased proteasomal activity and increased levels of protein
ubiquitination (Predmore et al., 2010). The UPS is also involved
in degrading accessible proteins in the outer mitochondrial
membrane (OMM) with downstream effects on mitochondrial
morphology and apoptosis. For example, UPS-mediated
degradation of the anti-apoptotic protein MCL-1 allows
for activation of pro-death proteins Bax/Bak (Zhong et al,
2005), while degradation of the mitochondrial fusion protein

Mitofusin 2 leads to a shift toward fragmented mitochondria
and disconnection from the endoplasmic reticulum (McLelland
et al.,, 2018). After ubiquitination, OMM proteins are extracted
from the membrane and delivered to the proteasome, a
pathway analogous to the degradation of endoplasmic reticulum
cargo during protein misfolding. The AAA-ATPase p97 is
required for the extraction of specific substrates such as MCL-
1 (Xu et al, 2011) and the general degradation of oxidized
OMM proteins (Hemion et al., 2014). Studies employing
a dominant negative p97 indicate that this QC pathway is
critical to maintain a mitochondrial membrane potential
(Fang et al, 2015). In addition to the outer membrane,
proteins within the intermembrane space can also be exported
through the translocase of the outer mitochondrial membrane
(TOM) complex for proteasomal degradation. These QC
mechanisms provide a means for the turnover of specific
mitochondrial resident proteins and have been reviewed
elsewhere (Karbowski and Youle, 2011).

More recently, the UPS has emerged as an important
mechanism in maintaining mitochondrial QC through the
turnover of nuclear-encoded mitochondrial proteins prior to
their import. All but 13 of the >1000 mitochondrial proteins
are nuclear-encoded and need to be transported to the
mitochondrion where they are subsequently imported through
the TOM/TIM complexes in an unfolded state. As such, the UPS
provides the first line of mitochondrial QC through its consistent
surveilling of mitochondrial proteins during their translation
(Figure 1A). Increases in subunits of respiratory complexes I,
I1, and IV, as well as the F1-F0-ATPase upon acute proteasomal
inhibition indicate that many of these proteins are quickly
degraded by the UPS before they even reach their subcellular
localization in the mitochondrial matrix (Margineantu et al.,
2007). Similar increases in endonuclease G (Radke et al., 2008)
and UCP2 (Azzu and Brand, 2010), proteins known to reside
in the intermembrane space and inner membrane, respectively,
upon UPS inhibition suggest that most precursor proteins
routed to the inner mitochondrial sub-compartments are subject
to this level of QC. The ubiquillin family of proteins have
recently emerged as a key link between mitochondrial precursor
protein targeting and UPS monitoring. In the cytosol, ubiquillins
specifically interact with mitochondrial transmembrane proteins
to facilitate their processing and membrane insertion (Itakura
etal., 2016). In the event of failed insertion, ubiquillins recruit an
E3 ligase for the polyubiquitination and proteasomal degradation
of transmembrane domain-containing mitochondrial proteins.
Mammals possess four ubquillin proteins with seemingly
redundant functions in mitochondrial protein QC (Itakura
et al, 2016). Interestingly, ubiquillinl was recently shown
to be necessary for myocardial proteostasis. Cardiac-restricted
ubiquillinl knockout (KO) mice develop cardiac dysfunction
by 5 months of age and die prematurely (Hu et al, 2018).
Moreover, at 10 weeks of age, ubiquillin1-deficient mice subjected
to ischemia-reperfusion (I/R) injury have significantly greater
cardiac dysfunction and infarct size compared to age-matched
wild type mice, suggesting that ubiquillinl plays an important
role in the adaptation to myocardial stress (Hu et al., 2018).
However, whether loss of ubiquillinl in myocytes leads to
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accumulation of mitochondrial transmembrane proteins in the
cytosol and its effect on mitochondrial function still need to
be investigated.

If the UPS continuously monitors mitochondrial precursor
protein localization, what are the fates of these proteins when
proteasomal activity is inhibited? Investigations into this question
have yielded varying results that likely relate to the structure
and import efficiency of particular mitochondrial proteins. For
example, pharmacological inhibition of the proteasome in HeLa
cells leads to a significant increase in the levels of ubiquitinated
proteins in the inner mitochondrial membrane (Lavie et al.,
2018), suggesting that ubiquitinated proteins are imported into
mitochondria (Figure 1B). Li et al. (2019) also found that
inhibition of the proteasome leads to increased import of proteins
into mitochondria. In contrast, a recent study in Neuro-2a
cells revealed that inhibiting the UPS leads to the irreversible
aggregation of respiratory complex subunits in the cytosol (Rawat
etal., 2019) (Figure 1B). In this report, several electron transport
chain proteins were found to accumulate in insoluble protein
fractions which leads to increased oxidative stress and respiratory
defects (Rawat et al., 2019). Similarly, disruption in various
mitochondrial functions including inhibited ATP/ADP exchange
across the inner membrane (Wang and Chen, 2015) and
impaired mitochondrial translation (Fakruddin et al., 2018) leads
to mitochondrial protein aggregation in the cytosol. Cytosolic
aggregation of mitochondrial proteins can occur downstream
of import defects, resulting in a compensatory attenuation of
cytosolic translation and concomitant increase in proteasomal
activity to process mistargeted precursor proteins (Wrobel et al.,
2015). Although these responses transiently increase protein
QC (Wrobel et al., 2015), the sustained accumulation of the

precursor proteins leads to cell death (Wang and Chen, 2015).
Thus, it is clear that a dysfunctional UPS results in accumulation
of ubiquinated mitochondrial protein aggregates in both the
cytosolic and mitochondrial compartments of the cell. Taken
together, this illustrates the importance of proper trafficking
and import of nuclear-encoded mitochondrial proteins for
cytosolic proteostasis.

MITOCHONDRIAL UNFOLDED PROTEIN
RESPONSE (UPRMT)

Because the majority of mitochondrial proteins are nuclear-
encoded and imported in an unfolded state, mitochondria
contain resident chaperones and proteases to ensure proper
protein folding and degradation of aberrant precursor molecules.
The proteases in the matrix are also responsible for the
normal turnover of proteins inside the mitochondria (Bulteau
et al, 2017). LonP1 is the most abundant protease in
cardiac mitochondria (Bota and Davies, 2002; Lau et al,
2012) and is responsible for degrading various misfolded and
oxidatively damaged matrix and inner membrane proteins,
thereby preventing their deleterious accumulation (Bota and
Davies, 2002). When the levels of misfolded proteins exceed the
folding and degradative capacity of the resident chaperones and
proteases, a conserved mitochondrial unfolded protein response
(UPR™) is activated (Figure 2). This involves retrograde
signaling to the nucleus to promote a transcriptional program
aimed at restoring mitochondrial proteostasis through the
induction of chaperones and proteases (Miinch and Harper,
2016). Similar to the endoplasmic reticulum UPR (UPRER), the
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UPR™! is activated by an accumulation of misfolded proteins and
results in nuclear transcription of proteostatic genes. However,
the UPR™ can be distinguished from the UPRFR in the
downstream transcriptional targets. For example, the UPRER
induces the expression of resident ER chaperones Calreticulin
(CALR), GRP78/BiP (HSPAS5), GRP94 (HSP90BI), which harbor
the ER-targeting peptide sequence KDEL, to promote protein
folding in the ER lumen (Yamamoto et al., 2003). For a more
comprehensive understanding of ER-stress signaling and its
relationship to cardiovascular disease, readers are referred to a
recent review (Amen et al., 2019).

The UPR specific to the mitochondria was initially discovered
in cultured mammalian cells through overexpression of
the truncated mitochondrial matrix protein ornithine
transcarbamylase (OTC-A) which is prone to aggregation.
This study found that overexpression of OTC-A and the
resulting mitochondrial stress trigger increased expression
of the mitochondrial chaperones HSP60 (HSPDI) and
mtDNAJ (DNAJ3), as well as the matrix protease CLPP via
the transcription factor CHOP (DDIT3) (Zhao et al., 2002).
The UPR™ also upregulates glycolysis while downregulating
subunits in the respiratory chain and mitochondrial translation
to unburden the mitochondria while proteostasis is restored
(Nargund et al., 2012, 2015). In parallel, the UPR™ promotes
the expression of various genes responsible for mitochondrial
protein import, OXPHOS assembly, and mitochondrial ROS
detoxification (Shpilka and Haynes, 2018) (Figure 2). In addition
to intraorganellar proteotoxicity, the UPR™ has emerged as
a multifaceted response to several mitochondrial stressors
including mito-nuclear protein imbalance, import defects, and
mtDNA depletion. As such, the transcriptional regulators and
downstream effectors are currently under intense investigation.
In mammalian cells, activating transcription factor 5 (ATF5)
is a major regulator of UPR™" activation and possesses both a
mitochondrial translocation sequence and a nuclear localization
signal (Fiorese et al., 2016). In the basal state, ATF5 is imported
into mitochondria and subsequently degraded by resident
proteases. UPR™! activation disrupts the mitochondrial import
of ATF5 enabling its nuclear translocation and activation of
downstream effector genes. ATF5 has been reported to induce
a variety of genes involved in the UPR™, including HSP60,
mtHSP70, and the matrix protease LonP1 (Fiorese et al., 2016).
In addition to ATF5, CHOP (Aldridge et al., 2007) and ATF4
(Quirds et al, 2017), two known transcriptional regulators
of the UPRFR (Amen et al, 2019) have been identified as
mediators of the UPR™:, although it is currently unclear how
these transcription factors can orchestrate distinct proteostatic
responses in the ER and mitochondria.

Activation of the UPR™ has been reported to be important in
myocytes. Inhibition of the mitochondrial chaperone HSP90 or
OXPHOS Complex I in neonatal rat myocytes leads to activation
of a canonical UPR™ transcriptional response including the
induction of ATF5, CHOP, HSP60, mtDNAJ, LonPl, and
ClpP (Smyrnias et al, 2019). The authors confirmed that
overexpression of the aggregate prone mitochondrial OTC-A
in myocytes leads to a similar transcriptional profile. These
genes are also increased in a small cohort of human patients

undergoing valve replacement for aortic stenosis. Interestingly,
a subset of patients with strong induction of UPR™® exhibit
reduced levels of serum markers for myocardial damage, as well
as fewer apoptotic myocytes and fibrosis in tissue sections relative
to patients with low induction of UPR™ (Smyrnias et al., 2019).
These clinical observations indicate that a robust UPR™" response
in cardiac myocytes might protect the heart against pathological
remodeling and dysfunction. Indeed, pharmacological activation
of the UPR™" preserves ejection fraction and reduces infarct size
in murine models of pressure overload (Smyrnias et al., 2019)
and I/R injury (Wang et al.,, 2019), respectively. Importantly,
ATFS5 is required for the cardioprotective effects of the UPR™"
in these studies (Smyrnias et al., 2019; Wang et al., 2019). This
is in contrast to the UPRER which is primarily regulated by
ATF6 in the heart (Jin et al., 2017; Blackwood et al., 2019).
Consistent with the need for transcriptional activation, acute
activation of the UPR™ is insufficient to protect against I/R
injury (Wang et al., 2019). Furthermore, while UPR™" activation
preserves cardiac and mitochondrial functions, the hypertrophy
response is not abrogated suggesting that early responses in
cardiac growth occur independent of mitochondrial impairment
(Smyrnias et al., 2019).

Current knowledge of the molecular mechanism of UPR™"-
mediated protection during cardiac pathophysiology is limited.
In addition to ATF5, Hsp60 and LonP1 that function downstream
also appear to be essential in cardiac myocytes for protection
against stress. Deletion of Hsp60 in adult cardiomyocytes
produces a lethal cardiomyopathy within weeks of tamoxifen-
mediated gene deletion. Interestingly, although a UPR™
response occurred following the loss of Hsp60, it is not
sufficient to restore mitochondrial homeostasis suggesting a key
role for Hsp60 in this response (Fan et al, 2019). Similarly,
the LonP1 protease is critical for OXPHOS turnover during
myocardial ischemia (Sepuri et al., 2017) and limits myocyte
damage during reoxygenation (Venkatesh et al., 2019). Failing
mouse hearts display reduced proteolytic capacity due in large
part to oxidative modifications of LonP1 which diminish its
activity (Hoshino et al., 2014). The detrimental effects of
prolonged UPR™ induction (Gitschlag et al., 2016; Lin et al.,
2016) and its paracrine effects on distal tissues (Berendzen
et al, 2016; Shao et al, 2016) highlight the complexity
of this mitochondrial QC mechanism and the need for
additional studies.

ROLE OF MITOCHONDRIA IN
CYTOSOLIC PROTEIN QUALITY
CONTROL

Recent studies demonstrate that mitochondria can also directly
contribute to cytosolic protein QC. For instance, induction of
the UPR™ is observed in various models of Alzheimer’s disease
(AD) and is involved in reducing amyloid-B proteotoxicity
(Sorrentino et al., 2017). Because the UPR™! promotes the
expression of mitochondrial chaperones and proteases, these
observations indicate that this pathway might also support
cytosolic proteostasis through import and degradation of
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pathogenic amyloid-f peptides. However, whether amyloid-
p is imported into mitochondria is controversial (Petersen
et al, 2008; Cenini et al., 2016). Petersen et al. (2008)
reported that amyloid-p is transported into the mitochondrial
matrix via the TOM complex, while Cenini et al. (2016)
found that amyloid-p interferes with mitochondrial import
of nuclear-encoded mitochondrial proteins. It is possible that
amyloid-p can be imported into mitochondria before it forms
aggregates; however, large proteotoxic aggregates are likely to
interfere with various mitochondrial functions such as import.
In addition, the UPR™' has also been shown to promote
a cytosolic chaperone response through the transcriptional
regulator heat shock factor 1 that blunts the polyglutamine
repeat protein (PolyQ) aggregation accompanying Huntington’s
disease (Kim et al., 2016; Labbadia et al., 2017). Thus, the
recent reports of UPR™'-mediated cardioprotection during
pressure overload and ischemia may be applicable to protetotoxic
cardiac diseases such as desmin-related cardiomyopathy and
transthyretin amyloidosis.

A study by Ruan et al. (2017) demonstrated that in yeast,
cytosolic proteins prone to aggregation are indeed imported
into mitochondria via the TOM complex where they are
subsequently degraded by the LonP1 protease. Although import
of misfolded proteins at baseline is minimal, proteotoxic stress
by heat-shock significantly increases mitochondrial import of
cytosolic proteins. Importantly, loss of mitochondrial membrane
potential abrogates this adaptive response, exacerbating cytosolic
aggregation. This suggests that this potential novel QC pathway
can compensate and reduce the load of aggregated proteins
in the cytosol when cytosolic degradation is compromised
(Figure 3). This study also noted that mitochondrial uptake of
an aggregate-prone protein also occurs in human epithelial cells,
but they did not examine effects on cell viability and proteostasis.

The uptake of aggregate-prone proteins by mitochondria in
mammalian cells was recently confirmed by another study. This
group reported that proteosomal inhibition leads to the import
of misfolded proteins where they are degraded in the matrix
by LonPl (Li et al, 2019). Interestingly, the OMM protein
FUNDCI was found to facilitate the mitochondrial translocation
and import of UPS substrates through its interaction with
the cytosolic chaperone HSC70 (Li et al, 2019) (Figure 3).
As discussed below, FUNDCL is also a known regulator of
mitophagy. The authors also found that excessive uptake of
misfolded proteins interferes with mitochondrial function and
contributes to cellular senescence (Li et al., 2019). Excessive
import of misfolded cytosolic proteins into the matrix is clearly
toxic to mitochondria, but whether this led to activation of
the UPR™" still needs to be investigated. Mitochondrial import
of cytosolic proteins might function as an important QC
mechanism to ensure cellular proteostasis. However, whether
this pathway is relevant in metabolically active tissues such
as the heart remains to be investigated. It will be important
to thoroughly evaluate the relevance of these QC mechanisms
in cardiac myocytes considering the differences between their
mitochondrial network, energetic demands, and regenerative
potential relative to the various systems employed in the
aforementioned investigations.

SELECTIVE ELIMINATION OF
MITOCHONDRIA

Mitochondrial autophagy (mitophagy) serves as a QC
mechanism to remove entire damaged organelles that cannot
be repaired by smaller scale stress responses such as the UPR™
or UPS. Mitophagy targets dysfunctional mitochondria for
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autophagosomal engulfment and lysosomal degradation to
ensure their elimination prior to cytotoxicity. The primary
pathways involved in eliminating mitochondria are the PTEN-
induced putative kinase 1 (PINKI)/Parkin pathway and
mitophagy receptors in the OMM. The detailed molecular
mechanisms of PINKI1/Parkin- and mitophagy receptor-
mediated mitochondrial elimination have previously been
reviewed in detail (Gustafsson and Dorn, 2018; Pickles et al.,
2018). The conditions that activate these different pathways are
under intense investigation and the two pathways appear to
function under both distinct and overlapping conditions, making
it a challenging area of research.

Most studies to date in the heart have focused on the
PINK1/Parkin pathway, which is involved in the selective
removal of damaged mitochondria during stress. In this
pathway, the serine/threonine kinase PINKI1 is constitutively
imported into healthy mitochondria, where it is cleaved by
proteases in the intermembrane space and then returned to
the cytosol for proteasomal degradation (Jin et al, 2010;
Greene et al., 2012; Yamano and Youle, 2013). When damaged
or dysfunctional mitochondria lose their membrane potential,
import and degradation of PINKI are abrogated, resulting in
its accumulation on the OMM (Matsuda et al., 2010; Narendra
et al, 2010; Vives-Bauza et al, 2010). Interestingly, although
loss of mitochondrial membrane potential has been reported to
be the primary mechanism for activation of this pathway, one
study reported that excessive protein misfolding in the matrix
of respiring mitochondria with intact membrane potential also
leads to inhibition of PINK import and activation of mitophagy
(Jin and Youle, 2013). At the OMM, PINKI recruits the E3

ubiquitin ligase Parkin (Narendra et al., 2010), which in turn,
proceeds to ubiquitinate numerous proteins in the OMM (Sarraf
et al, 2013). This leads to recruitment of the autophagosome
machinery and sequestration of the mitochondria (Figure 4A).
The PINK1/Parkin pathway plays an important role in the heart
and many studies have reported on its importance in repair
and adaptation to stress. For instance, PINK1/Parkin-mediated
mitophagy is activated during pressure-overload (Billia et al.,
2011; Shirakabe et al., 2016), following myocardial infarction
(MI) (Kubli et al., 2013), and in I/R (Siddall et al., 2013).
A recent study also discovered that mitophagy is increased in
hearts of mice fed a high-fat diet and that Parkin deficiency
results in increased cardiac dysfunction (Tong et al, 2019).
Opverall, these studies have confirmed a key role of PINK1/Parkin-
mediated mitophagy in the adult heart where dysfunctional
mitochondrial must be eliminated to prevent loss of myocytes
and cardiac dysfunction.

Voltage-dependent anion channels (VDACs), which regulate
metabolite and ion transport across the OMM, are also involved
in regulating PINK1/Parkin-dependent mitophagy. It has been
reported that the VDACs are responsible for recruiting Parkin
to depolarized mitochondria (Sun et al, 2012). There are
three VDAC genes (VDACI, VADC2, and VDAC3) and only
simultaneous knockdown or deletion of all three VDACs
abrogates mitochondrial Parkin translocation (Sun et al., 2012).
In addition, the 18 kDa outer mitochondrial translocator protein
TSPO disrupts mitophagy through its interaction with VDAC1
(Gatliff et al., 2014). This study found that TSPO does not affect
Parkin translocation to mitochondria, but prevents Parkin from
ubiquitinating its substrates. How TSPO inhibits Parkin activity
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is currently unknown. Interestingly, heart failure is associated
with increased TSPO expression and cardiac-specific TSPO
KO mice are protected from pressure-overload-induced cardiac
remodeling and dysfunction (Thai et al., 2018). This study also
found that while mitophagy is impaired in wild-type myocytes
after 8 weeks of pressure overload, mitophagy is preserved in
TSPO-deficient myocytes (Thai et al., 2018). Collectively, these
findings point to important functions for TSPO and VDAC in
regulating Parkin-dependent mitophagy in cardiac myocytes.
Interestingly, PINK1/Parkin-mediated clearance of damaged
mitochondria in tissues also limits inflammation by preventing
overactivation of the inflammasome. These cytosolic multimeric
protein complexes function as sensors of infectious microbes
and molecules derived from pathogens. Once activated, the
inflammasome activates caspase-1 and induces inflammation
in tissues (Malik and Kanneganti, 2017). Unfortunately,
overactivation of the inflammasome can lead to excessive
inflammation and tissue damage. Because mitochondria are
descendants of bacteria, release of mtDNA into cytosol from
damaged mitochondria will also activate the inflaimmasome.
Induction of mitophagy to eliminate these mitochondria prior
to release of mtDNA prevents inflammasome activation (Zhong
et al,, 2016). Early studies on Parkin in the heart led to the
observation that Parkin-deficient mice are more sensitive to
endotoxins and develop increased mitochondrial damage and
contractile dysfunction after endotoxin exposure compared
with wild-type mice (Piquereau et al., 2013). Subsequent studies
have reported that mice with enhanced PINK1/Parkin-mediated
mitophagy in hearts render these mice more resistant to cardiac
dysfunction and alleviate inflammation and fibrosis after
endotoxin exposure (Sun et al., 2018; Essandoh et al., 2019).

Interestingly, another study focused on investigating why heart
failure is accelerated after an MI in patients with Type 2 diabetes
mellitus discovered a defect in myocardial mitophagy in these
patients that correlates with increased release of mitochondrial
DNA and hyperactivation of the NLRC4 inflammasome (Devi
etal, 2017). Overall, these studies demonstrate an important link
between mitophagy and inflammation in the heart.
Receptor-mediated mitophagy is also important in the
heart and differs from the PINKI1/Parkin pathway in that
ubiquitination and adaptor proteins are not needed for
recognition of cargo by the autophagosome (Gustafsson and
Dorn, 2018). Rather, OMM-anchored mitophagy receptors such
as BNIP3, BNIP3L/NIX, and FUNDCI directly tether the
mitochondrion to the autophagosome membrane via their
interaction with LC3 and GABARAP to facilitate its clearance
(Gustafsson and Dorn, 2018) (Figure 4A). The conditions
that induce activation of receptor-mediated mitophagy are
less clear. However, there is strong evidence that while
PINK1/Parkin-dependent mitophagy requires mitochondrial
membrane depolarization, receptor-mediated mitophagy is often
induced by hypoxia. Many of the mitophagy receptors are
induced during hypoxic conditions (Chen et al., 2017; Esteban-
Martinez and Boya, 2018). For instance, BNIP3 and NIX are
hypoxia-inducible pro-apoptotic members of the BH3-only BCL-
2 family with 56% sequence homology (Zhang and Ney, 2009).
Both BNIP3 and NIX have dual roles in inducing apoptosis
and mitophagy, which has made it challenging to dissect their
functions in cells. Overexpression of BNIP3 and NIX in cells,
including myocytes, leads to activation of both mitophagy and
cell death (Regula et al., 2002; Chen et al., 2010). However, studies
indicate that their primary function is to induce mitophagy
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but that during overwhelming stress and mitochondrial damage,
they turn on their pro-death function. This is supported by the
fact that BNIP3-deficiency in mice leads to attenuated myocyte
apoptosis and preserves contractile performance in models of
I/R injury (Diwan et al,, 2007) and doxorubicin cardiotoxicty
(Dhingra et al., 2014). This suggests that BNIP3 contributes to
cell death and cardiac injury under these conditions. However,
simultaneous deletion of NIX and BNIP3 in hearts leads
to accelerated accumulation of dysfunctional mitochondria in
myocytes with age (Dorn, 2010), implicating these proteins as
key regulators of normal mitochondrial turnover in hearts in the
absence of stress.

FUNDCI is another mitophagy receptor that facilitates
hypoxia-induced mitochondrial clearance (Chen et al,
2017). FUNDCI activity is regulated by phosphorylation
through several different kinases. Dephosphorylation by the
mitochondrial phosphatase PGAMS is required for its activation
and interaction with LC3 to induce mitophagy (Chen et al,
2014). Inhibition of FUNDCI seems to be a major factor
underlying myocardial I/R injury. Several kinases, including
MST1 (Yu et al, 2019), CK2a (Zhou et al., 2018), and RIPK3
(Zhou et al., 2017), have been reported to inhibit FUNDCI-
mediated mitophagy during I/R. For instance, Zhou et al
(2018) reported that upregulation of CK2a during myocardial
I/R inhibits FUNDCI-mediated mitophagy and results in
accumulation of dysfunctional mitochondria, opening of the
mitochondrial permeability transition pore, and activation of cell
death. What happens to other mitophagy receptors under these
conditions and their relationship with FUNDCI activity remain
to be investigated.

Recent observations of mitochondrial clearance in cells
lacking key canonical autophagy regulators Atg5 and Atg7
have led to the identification of alternative mechanisms of
mitochondrial degradation in cells. For instance, a non-
canonical autophagy pathway have been identified where Rab9-
positive double-membrane vesicles derived from the trans-
Golgi can engulf mitochondria which are then delivered to
lysosomes for degradation (Nishida et al., 2009). This alternative
autophagy pathway plays a role in clearing mitochondria
during starvation and in myocardial ischemia (Hirota et al.,
2015; Saito et al, 2019). It has also been reported that
dysfunctional mitochondria can be sequestered in Rab5-positive
early endosomes for subsequent delivery to the lysosome
for degradation (Hammerling et al., 2017a,b). The uptake of
depolarized mitochondria into early endosomes is dependent
on Parkin-mediated ubiquitination of mitochondrial proteins
which are then recognized by the ESCRT machinery (Figure 4A).
These ESCRT complexes facilitate capture and delivery of
mitochondria into the endosomal lumen. Interestingly, the
mitophagy receptor BNIP3 can also utilize the endosomal
pathway for mitochondrial elimination (Hammerling et al.,
2017b), but whether this requires ubiquitination and the
ESCRT machinery is currently unclear. Although BNIP3-
mediated sequestration of mitochondria into Rab5-positive
endosomes is independent of Parkin, it is possible that
BNIP3 still utilizes a resident E3 ubiquitin ligase to facilitate
uptake into endosomes. In addition to the endosome pathway,

microautophagy represents another form of non-canonical
autophagy that involves the direct uptake of cargo into lysosomes;
however, this process is not well characterized (Gustafsson and
Dorn, 2018). It has been reported that mitochondria can be
directly delivered to lysosomes in mammalian cells and that
GAPDH regulates their engulfment (Hwang et al., 2015). This
mode of mitochondrial degradation has been reported to be
inhibited in myocardial I/R injury (Yogalingam et al., 2013)
and in Huntington’s disease (Hwang et al, 2015). Thus, it is
likely that GAPDH-mediated mitochondrial engulfment by the
lysosome represents another major mechanism of mitochondrial
QC, in particular when formation of autophagosomes is reduced
or compromised. In sum, whole mitochondria are degraded
by the lysosome through direct fusion, or engulfment in
double and single-membraned autophagosomes and endosomes,
respectively (Figure 4B).

COORDINATION BETWEEN
MITOCHONDRIAL ELIMINATION AND
BIOGENESIS

Mitophagy is tightly coordinated with mitochondrial biogenesis
to appropriately balance the degradation and formation of
new organelles. Baseline mitophagy involving removal of
dysfunctional and aged organelles is always accompanied by
biogenesis for replacement of mitochondria that were degraded.
This continuous balance between degradation and synthesis
is particularly important in highly energetic cells such as
cardiac myocytes and neurons that rely on mitochondria for
function. Similarly, during stress, when a larger portion of
mitochondria are eliminated, there is a coordinated activation
of mitochondrial biogenesis. In addition to inducing mitophagy,
Parkin simultaneously induces mitochondrial biogenesis by
indirectly activating the PPARG coactivator 1 alpha (PGC-
la), a master regulator of mitochondrial biogenesis in the
heart (Lehman et al, 2000; Arany et al, 2005). Parkin
promotes the ubiquitination and proteasomal degradation of
PARIS, a transcriptional repressor of PGC-la (Shin et al,
2011). Parkin deficiency leads to increased levels of PARIS
and reduced mitochondrial mass in dopaminergic neurons
(Stevens et al,, 2015). In skeletal muscle injury (Vainshtein
et al,, 2015) and exercise (Erlich et al.,, 2018) models, PGC-
la exerts a positive feedback loop to enhance mitophagy
through the induction of TFEB, a transcriptional regulator
of the lysosomal machinery. Similarly, the metabolic sensor
and autophagy-promoting kinase AMPK has been shown
to phosphorylate PGC-la (Jiger et al, 2007) and induce
downstream PGC-la expression (Cant6 et al, 2009). Apart
from PGC-la and AMPK, emerging evidence suggests that
the transcriptional regulator of antioxidant gene expression
nuclear factor, erythroid 2 like 2 (Nfe2l2/Nrf2) coordinates
both mitophagy and mitochondrial biogenesis. Nrf2 promotes
the expression of biogenesis genes Nrf-1 (Merry and Ristow,
2016) and Tfam (Wu et al.,, 2016) as well as mitophagy factors
p62/SQSTM1 (Jain et al,, 2010) and DCT-1 (BNIP3 ortholog)
(Palikaras et al, 2015). However, while Nrf2 protects the
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heart from ischemic injury (Zhang et al., 2010) and pressure
overload (Li et al., 2009), constitutive myocardial Nrf2 activation
paradoxically promotes pathophysiology through proteotoxicity
(Rajasekaran et al., 2011; Shanmugam et al., 2020). Thus,
a closer examination into Nrf2-mediated mitochondrial QC
in cardiac myocytes is warranted. Mitochondrial uptake of
misfolded proteins was recently linked to increased mitophagy
and biogenesis in a human cell model of ribosomal mistranslation
(Shcherbakov et al., 2019). Therefore, mitochondrial import,
clearance, and biogenesis may integrate as a coordinated
stress response against proteotoxicity; however, more studies
are needed to examine the potential for this cross-talk in
cardiac myocytes.

In contrast, proper erythrocyte maturation necessitates bulk
degradation of mitochondria in the absence of compensatory
biogenesis, and this is achieved through the mitophagy receptor
NIX (Sandoval et al., 2008). However, how mitochondrial
biogenesis is suppressed in these cells during mitophagy
is unclear, but could be due to the mechanism by which
mitochondria are cleared (Parkin vs. NIX). Although a clear link
exists between Parkin and activation of mitochondrial biogenesis,
a similar link between NIX and mitochondrial biogenesis has
not been reported. Clearly, coordination between mitochondrial
degradation and biogenesis varies according to cell-type and
physiological context.

MITOCHONDRIAL-DERIVED VESICLES

To avoid eliminating the entire mitochondrion, damaged
proteins and lipids can be selectively incorporated into
vesicles that bud off from the OMM. These mitochondrial-
derived vesicles (MDVs) have been found to be enriched
with oxidized protein cargo suggesting that their formation
is an additional mitochondrial QC mechanism (Soubannier
et al, 2012b). Interestingly, ROS-induced MDYV formation
precedes mitophagy, with vesicles forming as early as 2 h
following antimycin A treatment to inhibit mitochondrial
respiration (McLelland et al., 2014). The MDVs are 70-150 nM
in diameter and ultrastructural analysis has confirmed that
they can be either double-membrane vesicles containing
matrix cargo or single-membraned containing outer membrane
proteins (Soubannier et al, 2012b). Incorporation of MDV
cargo appears to be highly specific as the origin of ROS (e.g.,
intra vs. extraorganellar) dictates whether MDVs contain
oxidized cargo from the inner compartments or OMM
(Soubannier et al., 2012b). A subset of MDVs is targeted
for lysosomal degradation through the endosomal system
(Soubannier et al., 2012a) (Figure 5). The formation of these
MDVs during mitochondrial stress requires PINKI and
Parkin, and Parkinson’s disease-associated Parkin mutants
are defective in MDV formation (McLelland et al, 2014,
2016). Their formation is independent of mitochondrial
fission (Soubannier et al, 2012a) and does not require
Atgs and Beclinl (McLelland et al., 2014) suggesting
an upstream mechanism that is distinct from general
autophagy. Also, the SNARE protein syntaxin-17 (STX17)

is recruited to the MDVs where it forms a complex with
SNAP29 and VAMP7 to facilitate their trafficking and
endolysosomal fusion in a homotypic fusion and vacuole
protein sorting (HOPS) tethering complex-dependent manner
(McLelland et al., 2016).

Interestingly, Matheoud et al. identified a distinct set of
MDVs that function in mitochondrial antigen presentation
(Figure 5). Antigen presentation plays a role in establishing
immune tolerance and is important in limiting autoimmunity
(Matheoud et al,, 2016). This study found that exposure to
heat stress or LPS leads to transportation of mitochondrial
proteins in MDVs to lysosomes for subsequent presentation
on MHC class I molecules at the cell surface. The formation
of these MDVs requires Rab7, Rab9, and sorting nexin
9 (SNX9) and is negatively regulated by PINKI/Parkin
(Matheoud et al., 2016). Moreover, the fact that MDV-
mediated mitochondrial antigen presentation requires Rab9
(Matheoud et al., 2016) while oxidative stress-induced lysosomal
degradation of MDVs is Rab-9-independent (McLelland et al.,
2014) indicates that distinct MDYV transport mechanisms
exist for diverse cellular stimuli. Indeed, peroxisomal delivery
represents an alternative fate for MDV cargo and this process
appears to uniquely require the vacuolar sorting protein
VPS35 (Braschi et al, 2010). Continued investigation is
needed to elucidate the key regulators of MDV formation,
trafficking and degradation as a QC mechanism, and to
differentiate this process from other homeostatic routes
of MDV transport.

Little is still known about the tissue-specific role for MDVs
and their relevance in human disease; however, this level
of mitochondrial QC is likely to be critical for cell types
with a high energetic demand that cannot afford to clear
large portions of the mitochondrial network via mitophagy.
Indeed, MDV formation appears to be an active process in
the heart. Cadete et al. demonstrated that MDVs are formed
in the H9¢2 myoblast cell-line and murine hearts at baseline.
MDVs carrying OMM and matrix proteins are observed in
H9c2 cells under baseline conditions and vesicle biogenesis is
significantly increased by ROS-inducing stimuli. Transmission
electron microscopy of mouse hearts after exposure to antimycin
A show formation of both single and double-membraned MDVs.
Importantly, while hearts from control mice show MDV budding
in the basal state, doxorubicin-treated mice depict a significant
increase in myocardial MDV accumulation indicating that
MDV formation contributes to mitochondrial quality during
physiologic and pathological conditions in vivo (Cadete et al,
2016). The identification of MDVs adds yet another layer of
mitochondrial QC in cardiac myocytes. It is likely that this
process represents the first level of defense against mitochondrial
damage; however, myocyte-specific effectors remain elusive
as these studies employed wild-type mice without individual
silencing of previously identified MDV regulators. As Cadete
and colleagues utilized a doxorubicin model, future studies
should aim to assess the temporal contribution of lysosomal
MDV degradation in myocardial ischemia and reperfusion
injury, and elucidate cross-talk with other QC pathways
discussed above.
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FIGURE 5 | Formation of mitochondrial derived vesicles (MDVs) as a quality control mechanism or antigen presentation. Generation of MDVs in response to
oxidative stress requires PINK1 and Parkin, while STX17, SNAP29, and VAMP7 are required for their fusion with the lysosome. These vesicles contain oxidized cargo
that are degraded in the lysosomes. MDVs are also formed in response to LPS exposure or heat stress and require the Rab7, Rab9, and SNX9. The mitochondrial
antigens are processed in the lysosome for subsequent presentation on MHC class | molecules at the cell surface.

THERAPEUTIC POTENTIAL OF
ENHANCING PROTEOSTASIS AND
MITOCHONDRIAL QUALITY CONTROL

The fact that damaged mitochondria are consistently reported
to accumulate in the diseased myocardium suggests that
strategies designed to promote mitochondrial QC may hold
therapeutic potential. Both general and mitochondrial autophagy
transiently increase during pathological cardiac stress, but these
compensatory mechanisms are ultimately exhausted at the point
of overt heart failure (Shirakabe et al., 2016). Moreover, cardiac
aging has been linked to diminished autophagy and mitophagy.
The aged myocardium is often burdened with excessive reactive
oxygen and nitrogen species which exert an inhibitory effect
on the function of autophagy related proteins (Frudd et al,
2018) and Parkin (Meng et al., 2011). Proteotoxic aggregates also
promote oxidative stress (Tanase et al., 2016) and can overwhelm
UPS and lysosomal machinery in cardiac myocytes (Pan et al.,
2017; Xu et al., 2020). Thus, enhancing lysosomal degradation
of proteotoxic species and dysfunctional mitochondria promotes
cardiac longevity.

Spermidine and urolithin A are two naturally occurring
compounds recently reported to induce autophagy and

mitophagy in pre-clinical models. Interestingly, “late-in-life”
spermidine supplementation to 18-month old mice attenuates
the pathological cardiac remodeling and dysfunction normally
seen at 23 months in rodents (Eisenberg et al., 2016). Spermidine
is also cardioprotective in high salt diets suggesting that
this bioavailable compound may translate to human aging
and congestive heart failure (Eisenberg et al, 2016). While
spermidine-mediated protection is Atg5-dependent (Eisenberg
et al, 2016), urolithin A appears to be a more selective
activator of mitophagy as urolithin A-mediated increases in
aged nematode mobility and lifespan require PINKI (Ryu
et al., 2016). Urolithin A administration to 24-month old mice
increases skeletal muscle strength and exercise performance
(Ryu et al, 2016). While this study did not examine the
cardiac-specific effects, a different group recently reported
diminished myocardial I/R injury in adult mice pre-treated with
urolithin A (Tang et al., 2017). In addition to spermidine and
urolithin A, the mTOR inhibitor rapamycin has been tested
as a cardioprotective agent for the age-associated decline in
myocardial autophagy. A 3-month rapamycin regimen in 24-
month old mice reverses age-induced cardiac hypertrophy and
dysfunction (Flynn et al., 2013). At the molecular level, the
cardioprotective effects of rapamycin have been attributed to
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decreased protein oxidation and ubiquitination (Dai et al., 2014)
as well as enhanced mitochondrial biogenesis (Chiao et al., 2016).
Taken together, these observations highlight the importance
of targeting proteostasis and mitochondrial QC in therapeutic
interventions for cardiac aging.

Caloric restriction is also a well-documented inducer of
autophagy in mammalian cells (Escobar et al, 2019), and
has been reported to reduce age-associated cardiovascular
disease (Colman et al, 2009) and increase the lifespan
(Pifferi et al., 2018) of primates. The heart is sensitive to
nutrient availability as a single overnight fast is sufficient to
stimulate autophagy in adult mouse hearts (Andres et al., 2016).
Moreover, long-term gradual caloric reductions (e.g., 20-60%
deficit for 4 weeks) also promote myocardial autophagic flux
(Finckenberg et al., 2012; Chen et al., 2013). Considering the cost,
availability, and multifaceted benefits of dietary intervention
on human health, caloric restriction may provide the greatest
translational value of the aforementioned therapies. Indeed,
a recent randomized control trial of alternate day fasting in
humans reports improved heart rate, blood pressure, and
Framingham Risk Score, suggesting enhanced cardiovascular
health (Stekovic et al., 2019). Although caloric intake was
reduced in this study (Stekovic et al, 2019), time-restricted
feeding, often referred to as intermittent fasting, elicits
cardiometabolic benefits even when total caloric intake is
maintained (Hatori et al., 2012). The fact that intermittent
fasting modulates the expression of electron transport chain
and protein folding machinery in a manner that reduces
cardiac aging suggests that feeding rhythms are tightly linked
to mitochondrial QC and proteostasis (Gill et al., 2015).
This is further supported by recent data demonstrating that
an intermittent fasting regimen during advanced protein
aggregation cardiomyopathy restores autophagic flux and
cardiac function in mice (Ma et al., 2019). In summary, caloric
restriction or intermittent fasting holds therapeutic promise
in part through protein and mitochondrial QC downstream of
enhanced autophagy.

Intermittent fasting increases circulating ketone levels in
humans (Jamshed et al., 2019). As an alternative fuel substrate,
ketone bodies have recently received significant attention for
their protective affects in a variety of neurological disorders
such as AD (Kashiwaya et al., 2013), epilepsy (Kovdcs et al,
2019), and anxiety (Ari et al, 2017). During heart failure,
diminished fatty acid oxidation results in a compensatory
increase in myocardial ketone oxidation (Aubert et al., 2016).
This response appears to be adaptive as genetically modified
mice incapable of catabolizing 3-hydroxybutyrate (30HB)
display worsened contractile dysfunction and cardiac remodeling
following transverse aortic constriction combined with a small
apical MI (Horton et al, 2019). Importantly, exogenous
30HB infusion in an established canine model of congestive
heart failure preserves cardiac output and ejection fraction
while attenuating left ventricular hypertrophy and chamber
dilation (Horton et al., 2019). While the effects of ketone
metabolism on mitochondrial QC are limited, Thai et al. (2019)
recently demonstrated that 24 h of ketone treatment in vitro
promotes Parkin-dependent mitophagy in young (2.5-month)

and aged (2.5-year) rabbit ventricular myocytes. However,
aged cardiac myocytes subjected to heart failure are not
protected by B-hydroxybutyrate. Rather, ketone administration
in these cells aggravates the incidence of Parkin aggregation
at depolarized mitochondria (Thai et al, 2019). Interestingly,
combining B-hydroxybutyrate with the mitochondrial fusion
promoting peptide TAT-MP1%Y (Franco et al., 2016) promotes
mitochondrial QC in aged and failing myocytes, suggesting
that a sufficient level of mitochondrial dynamics is required
for the protective effects of ketone supplementation in heart
failure (Thai et al., 2019). Combined activation of fusion and
mitophagy is also cardioprotective in a model of angiotensin-
II-induced cardiomyocyte injury (Xiong et al., 2019). These
recent observations indicate that ketones exert a beneficial effect
on cardiac myocytes through bioenergetic efficiency (Horton
et al., 2019) and mitochondrial QC (Thai et al., 2019). However,
more studies are needed to differentiate the effects from fasting-
induced ketosis and exogenous ketone supplementation. Because
a long-term ketogenic diet increases mitochondrial ROS and
reduces respiratory control ratio in the skeletal muscle (Kephart
et al., 2017), it will be important to optimize dose and duration
before translating to the clinic.

While it is clear that promoting autophagy through caloric
restriction or intermittent fasting is beneficial for cardiac
aging, more studies are needed to address mitochondria-
specific effects of these therapeutic strategies. The removal
of mitochondria represents only one aspect of the autophagy
pathway. Furthermore, little is known about the relative
contributions of various mitophagy receptors and the
endosomal-mediated pathway across various cardiac disease
settings. As lysosomal degradation likely represents the last
stage of QC, a deeper understanding of lower scale responses
such as the mitochondrial UPR and MDV’s will be critical
for more personalized approaches. Although much of the
mechanistic underpinnings remain elusive, the pharmacological
UPR™! activator nicotinamide riboside (NR) has been shown
to protect against pressure overload (Smyrnias et al, 2019)
and dilated cardiomyopathy (Diguet et al, 2018) in mice,
thereby justifying an early phase clinical trial in human
heart failure patients (NCT03727646). However, reports
leading up to this trial have focused on the reversal of
mitochondrial protein hyperacteylation (Lee et al, 2016;
Airhart et al., 2017; Walker and Tian, 2018), rather than
UPR™ induction. Moving forward, it will be important
to elucidate the relationship between these processes as it
relates to the efficacy of NR. There is also evidence that
excessive autophagy induction (Gao et al,, 2018) and Parkin
expression (Woodall et al., 2019) are maladaptive in the heart.
As such, fine-tuning safe thresholds for bulk degradation, and
continued investigation into novel regulators of alternative
pathways is warranted.

CONCLUSION

Pathophysiological stress often damages mitochondria in
myocytes which are vital for the heart’s contractile activity.
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Therefore, continuous monitoring and repair of mitochondria
are needed to maintain a healthy mitochondrial population
in cells. Multiple levels of mitochondrial QC exist both at
the protein and organelle level. Here, we have reviewed the
intricate pathways that coordinate mitochondrial quality in
cells and how they are altered in the diseased heart. First,
because the majority of mitochondrial proteins are encoded in
the nucleus, significant monitoring of mitochondrial precursor
proteins is needed during their cytosolic translation and
import. The UPS shapes the mitochondrial proteome through
steady-state turnover of mitochondrial precursors to ensure an
appropriate stoichiometry between nuclear and mitochondrially
encoded proteins and their proper localization (Margineantu
et al, 2007; Radke et al., 2008; Azzu and Brand, 2010;
Bragoszewski et al., 2013, 2015). Second, mitochondria contain
resident chaperones and proteases to ensure QC within the
mitochondria (Lau et al, 2012; Bulteau et al., 2017). Third,
excessive levels of misfolded proteins in the mitochondrial
matrix or a mito-nuclear protein imbalance activates a conserved
UPR™! which functions to selectively induce a transcriptional
response aimed at restoring mitochondrial proteostasis (Zhao
et al., 2002; Shpilka and Haynes, 2018). A closer examination
into these processes reveals an inextricable link between
mitochondrial QC and cytosolic proteostasis. More recently,
mitochondria themselves have been found to participate in
general protein QC through the import and degradation of
misfolded cytosolic proteins (Ruan et al., 2017; Li et al,, 2019).
In the event that the mitochondria cannot be repaired, myocytes
have the option of either eliminating damaged mitochondrial
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Many forms of cardiac disease, including heart failure, present with inadequate
protein quality control (PQC). Pathological conditions often involve impaired removal of
terminally misfolded proteins. This results in the formation of large protein aggregates,
which further reduce cellular viability and cardiac function. Cardiomyocytes have
an intricately collaborative PQC system to minimize cellular proteotoxicity. Increased
expression of chaperones or enhanced clearance of misfolded proteins either by the
proteasome or lysosome has been demonstrated to attenuate disease pathogenesis,
whereas reduced PQC exacerbates pathogenesis. Recent studies have revealed
that phosphorylation of key proteins has a potent regulatory role, both promoting
and hindering the PQC machinery. This review highlights the recent advances in
phosphorylations regulating PQC, the impact in cardiac pathology, and the therapeutic
opportunities presented by harnessing these modifications.

Keywords: phosphorylation, chaperones, proteasome, autophagy, ubiquitin enzymes, cardiac disease

Abbreviations: Akt, protein kinase B; Ambral, activating molecule in beclinl-regulated autophagy 1; AMPK, AMP-
activated protein kinase; AR, androgen receptor; ARG, Abl-related gene product; ASK1, apoptosis signal-regulating kinase 1;
Atg, autophagy-related gene; CamKII, calcium/calmodulin dependent protein kinase; CASA, chaperone-assisted autophagy;
CDK, cyclin dependent kinase; CHIP, carboxyl terminus of HSC70 interacting protein; c-IAP1, cellular inhibitor of
apoptosis protein 1; CK2, casein kinase 2; CMA, chaperone-mediated autophagy; CryAB, aB-crystallin; DRC, desmin-related
cardiomyopathy; DYRK2, dual-specificity tyrosine-regulated kinase 2; ER, endoplasmic reticulum; ERAD, endoplasmic
reticulum-associated degradation; ERK, extracellular signal regulated protein kinase; FGE, fibroblast growth factor; FGFR1,
fibroblast growth factor receptor 1; FLNC, filamin-c; Foxo, forkhead transcription factor; HECT, homologous to E6-AP
carboxyl terminus; HFpEF, heart failure with a preserved ejection fraction; HOP, HSP70-HSP90 organizing protein; HSP,
heat shock protein; I/R, ischemia/reperfusion; IRS, insulin receptor substrate 1; JNK, c-Jun N-terminal Kinase; MDM2,
murine double minute 2; MI, myocardial infarction; MK2, mitogen kinase 2; MKK, mitogen-activated protein kinase kinase;
mTORCI, mechanistic target of rapamycin complex 1; NEDD4, neural precursor cell expressed developmentally down-
regulated protein 4; OA, okadaic acid; PAS, pre-autophagosomal structure; PCNA, proliferating cell nuclear antigen; PFI,
proteasome functional insufficiency; PI3K, phosphoinositide 3-kinase; PINK1, PTEN-induced kinase 1; PKA, protein kinase
A; PKC, protein kinase C; PKG, protein kinase G; PO, pressure overload; PP1y, protein phosphatase 1y; PP2A, protein
phosphatase 2A; PQ, expanded polyglutamine; PQC, protein quality control; PTM, post-translational modification; RBR, ring
between ring; RING, really interesting new gene; SCE, skp, cullin, F-box containing complex; SOD, super oxide dismutase;
TAC, transverse aortic constriction; TFEB, transcription factor EB; TSC2, tuberous sclerosis complex 2; UBE2A, ubiquitin-
conjugating enzyme E2A; UBE2]1, ubiquitin-conjugating enzyme E2J1; Ulkl, Unc-51 like autophagy activating protein
kinase; UPS, ubiquitin proteasome system.
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INTRODUCTION

Hearts are tasked with an immense challenge of maintaining
protein homeostasis (proteostasis) in the face of disease
conditions stemming from genetic mutations or environmental
stressors (Willis and Patterson, 2013; Henning and Brundel,
2017). Pathological stressors can produce non-functional,
misfolding-prone proteins. The failure to remove these proteins
in a timely manner can compromise the integrity of intracellular
proteins and impair the contractile apparatus and organelles;
this results in decreased cell survival and function, culminating
in the development of heart failure (Wang and Robbins, 2006;
Wang et al, 2008). Indeed, many forms of heart disease
present with the accumulation of ubiquitinated proteins and/or
protein aggregates: hallmarks of inadequate or impaired PQC
(Weekes et al., 2003; Day, 2013; Day et al., 2013). Therapeutic
strategies to enhance PQC and induce cardioprotection are of
great interest, however a better understanding of the molecular
mechanisms regulating cardiomyocyte PQC is needed to facilitate
the development of such a novel strategy.

Cardiomyocytes  utilize elaborate intracellular PQC
mechanisms to maintain proteostasis and counter disease
progression (Figure 1). Briefly stated the first line of defense
against impaired proteostasis are the molecular chaperones
which bind to misfolded proteins, whereas degradation of
proteins is carried out by the proteasome and lysosome (Wang
et al., 2008; Ranek et al., 2018). Protein misfolding can expose a
stretch of hydrophobic amino acids to the cytosol. These amino
acids are recognized and bound by molecular chaperones to
either promote protein re-folding, prevent misfolded proteins
from aggregating, and/or facilitate the interaction between the
misfolded protein and a ubiquitin ligase (Ranek et al., 2018). The
UPS degrades proteins that have been targeted for degradation
via a ubiquitin chain, canonically a lysine-48 linked chain (Wang
et al., 2008). The UPS consists of the ubiquitination enzymes:
an E1 ubiquitin activating enzyme, an E2 ubiquitin conjugating
enzyme, and an E3 ubiquitin ligase; along with the barrel
shaped structure known as the proteasome which contains the
proteolytic activities (Wang et al., 2008, 2011). The lysosome
degrades proteins, macromolecules, and whole organelles by
processes encompassing autophagy, which involves the delivery
of substrates to the lysosome for internalization and degradation
(Zheng et al.,, 2011; Sciarretta et al., 2018b). Autophagy comes
in many forms: microautophagy, macroautophagy, chaperone-
mediated autophagy (CMA), CASA, and organelle-specific
autophagies (e.g., mitophagy) (Henning and Brundel, 2017;
Ghosh and Pattison, 2018; Sciarretta et al., 2018b).

A growing area of interest surrounds the role of PTMs
in the regulation of PQC pathways. Various PTMs have
been reported to promote or hinder cardiomyocyte PQC,
including nitrosylation, oxidation, and ubiquitination among
others (Wang et al, 2013). By doing so, PTMs have greatly
expanded the specificity and capacity of protein degradation
during cardiac disease. This review highlights the recent
advances of arguably the most established PQC-regulating
PTM, phosphorylation. Excellent reviews of the other PTMs
have been described elsewhere (Christians and Benjamin, 2012;
Scruggs et al., 2012; Wang et al, 2013; Penna et al.,, 2018;

VerPlank and Goldberg, 2018). This review details the recent
PQC phosphorylations that have been identified (Supplementary
Table 1), especially those with influential roles in cardiac
pathophysiology and some ubiquitous signaling pathways, and
that can be clinically interrogated.

Impaired Protein Quality Control (PQC) in
Cardiac Disease

Many forms of cardiac disease are characterized by an
accumulation of ubiquitinated proteins and the presence
of aberrant protein aggregation in the form of pre-amyloid
oligomers (Ranek and Wang, 2009; Parry et al, 2015; Gilda
and Gomes, 2017). Indeed, the majority of failing human
hearts are characterized by impaired proteostasis, termed
cardiac proteinopathies (Su and Wang, 2010; Zheng et al,
2011; Willis and Patterson, 2013). Studies conducted in mice
revealed that inadequate cardiomyocyte PQC precedes and
exacerbates cardiac pathogenesis (Figure 2) (Wang et al., 2011;
Gilda and Gomes, 2017; Henning and Brundel, 2017). The
Robbins lab overexpressed a misfolded protein surrogate with
a polyglutamine expansion pre-amyloid oligomer (PQS83) in
the heart, which impaired PQC leading to reduced cardiac
function and ultimately failure (Pattison et al., 2008). Similar
results were obtained in another mouse model expressing
a mutated aB-crystallin (CryABRI?%C), a misfolded and
aggregation prone protein, in cardiomyocytes alone (Wang
et al,, 2001, 2003). PQ83 and CryABR?%C mice exemplify a
pathological process termed proteotoxicity, which refers to
the adverse effects induced by the presence of damaged or
misfolded proteins (Sandri and Robbins, 2014). If not corrected,
cardiac proteotoxicity will result in apoptosis/necrosis at
the cellular level, decreased function at the organ level, and
even premature death for the organism (Sandri and Robbins,
2014). Indeed, CryABR120G mice showed impaired PQC
within 3 months of age and heart failure within 6 months of
age (Wang et al,, 2001, 2003; Kumarapeli and Wang, 2004).
Stimulation of protein degradation via genetic upregulation
of autophagy rescued the CryABR?°G phenotype (Pattison
et al., 2011). Interestingly exercise was also shown to attenuate
pre-amyloid deposition, proteotoxicity, and heart failure
progression (Maloyan et al., 2007). A recent study by the Wang
lab utilized the CryABR!2%G as a model of proteinopathy that
occurs with HFpEE, a devastating disease currently without a
treatment (Sharma and Kass, 2014). CryABR2%G mice were
treated with a phosphodiesterase 1 inhibitor, which activated
protein kinases A (PKA) and G (PKG), stimulated proteasome
activities, and attenuated proteotoxic stress (Zhang et al,
2019). This study demonstrates the potential of targeting
protein degradation as a heart failure treatment. Chronic
inhibition of any one of the PQC machineries exacerbates
cardiac pathogenesis following MI via closure of the left
ventricular anterior descending artery or left ventricular PO
via transaortic constriction (TAC), whereas the enhancement
of cardiomyocyte PQC protects the myocardium facilitating
increased proteostasis, cardiac function, and lifespan (Wang
and Robbins, 2006; Wang et al., 2008, 2011; Su and Wang, 2010;
Ranek et al., 2015).
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FIGURE 1 | An overview of protein quality control systems. Misfolded proteins may regain native structure with the assistance of chaperones, however if proper
re-folding cannot occur the misfolded protein will be catalyzed by the UPS through ubiquitination via a series of enzymatic reactions involving an ubiquitin activating
enzyme (E1), ubiquitin conjugating enzyme (E2), and ubiquitin ligase (E3) for degradation by the proteasome (A). Chaperone mediated autophagy (CMA) is a process
by which the heat shock cognate 70 (HSC70) complex recognizes and binds select protein targets for internalization and degradation to the lysosome through the
lysosome associated membrane protein 2A (LAMP2A) receptor (B). Macroautophagy is the bulk removal of proteins, protein aggregates, and organelles by first
forming an autophagosome to surround the cargo followed by merger with the lysosome for degradation (C). Microautophagy is a process by which the lysosome

invaginates to bring protein substrates into the lysosome for degradation (D).

Chaperones

The first line of defense against proteotoxicity are chaperones,
which are a broad class of proteins that assist with refolding
misfolded proteins, facilitating an interaction between misfolded
proteins and a ubiquitination enzyme, and preventing proteins
from aggregating together (Figure 1) (Willis and Patterson, 2010;
Ranek et al., 2018). There are chaperones that are constitutively
expressed (e.g., heat shock cognate 70, HSC70) and others, whose
expression are induced by a cardiac stress [e.g., heat shock protein
70 (HSP70)] (Wu et al., 1985; Dworniczak and Mirault, 1987).
Chaperones can protect cardiomyocytes against proteotoxicity
and subsequent cell death during a stressful/pathological
condition (Willis and Patterson, 2010; Tarone and Brancaccio,
2014; Penna et al, 2018). Indeed, overexpression of certain
chaperones has protected hearts from cardiac disease (Willis and
Patterson, 2010; Tarone and Brancaccio, 2014). Multiple studies
have reported overexpression of HSP70 to be protective in mouse
models of ischemia and ischemia-reperfusion injury (Marber
et al., 1995; Plumier et al., 1995; Radford et al., 1996). Another
study determined that HSP70 overexpression is protective in
periods of brief ischemia where there is myocardial dysfunction
but no infarct (Trost et al., 1998). In a pig model of ischemia-
reperfusion, HSP90 transfection was protective and reduced the
ischemic region (Kupatt et al., 2004). It was suggested that this
protective effect was due to HSP90 mediated enhancement of NO
formation (Depre et al., 2006). Injection of HSP22 into the swine

heart was protective against MI in a NO-dependent manner
(Chen et al,, 2011), however, it seems that this is only effective
acutely, as more recent work shows that chronic overexpression
is deleterious (Morin et al., 2019). This discrepancy was due to
increased ROS production and oxidative stress that occurs with
chronic HSP22 expression that results in cardiac hypertrophy
and shortened lifespan (Morin et al, 2019). Another study
using a HSP22 overexpression transgenic mouse model reported
cardioprotection with increased preconditioning to attenuate MI
(Depre et al., 2006). Here, the authors noted a metabolic switch to
favor glucose utilization and expression of anti-apoptotic factors
over pro-apoptotic factors. These findings were supported by a
recent study describing protection against doxorubicin induced
cardiotoxicity in HSP22 transgenic mice (Lan et al., 2020).

One of the most recognized protective roles of cardiomyocyte
chaperones is to maintain cardiac systole and diastole, through
modulation of contractile proteins (Willis et al., 2009, 2010).
Impaired cardiac function with increased ventricular stiffness
are hallmarks of heart failure. Altered sarcomeric and calcium
handling proteins contribute to diastolic left ventricular stiffness.
Phospholamban regulates calcium uptake to the sarcoplasmic
reticullum via SERCA for cardiomyocyte relaxation to occur.
Qian et al. (2011) identified that HSP20 negatively regulates
protein phosphatase 1 (PP1) activity via a direct interaction,
favoring phosphorylation of phospholamban and increased
cardiac function. The small heat shock protein HSPB7 modulates
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actin thin filament length by binding to monomeric actin and
limiting its availability for polymerization (Wu et al., 2017).
Zhu et al. (2009) applied single molecule force spectroscopy
to determine the contour length and bending rigidity of the
N2B-Us of titin and the effect of wild type and mutant R157H
(harboring the dilated cardiomyopathy missense mutation),
or R120G (desmin-related myopathy mutation) aB-crystallin
(CryAB) on the molecular mechanics of the N2B-Us and
its flanking Ig domains. CryAB functions as a chaperone
that lowers the probability of Ig domain unfolding and the
persistence length of the titin N2B-Us spring region. HSP27
or CryAB suppresses cardiomyocyte stiffness caused by stretch
and low pH (Kotter et al, 2014). Collectively these studies
demonstrate the strong cardioprotective potential of chaperones,
however before this potential can be therapeutically leveraged,
a greater understanding of the regulatory mechanisms involved
in chaperone expression and function is needed (Willis and
Patterson, 2010; Tarone and Brancaccio, 2014; Ranek et al., 2018).

Chaperones Regulated by Phosphorylation

Recent studies have identified protein kinases and phosphatases
responsible for phosphorylation and dephosphorylation,
respectively, of chaperones and the consequent effects on cardiac
function (Figure 3). The role of phosphorylation of chaperones
and co-chaperones varies depending on the site and even on

the temporal regulation of the sites. Some phosphorylation
events stabilize the chaperones and their interactions with their
client proteins, while others are specific for their client proteins
and will only function properly when phosphorylated at the
appropriate sites.

The HSP70 family of chaperones support proper protein
structure by unfolding and refolding misfolded proteins in an
ATP-dependent manner (Sharma et al., 2010; Finka et al., 2015).
Phosphorylation has a key role in regulating the function of
HSP70s. HSC70 phosphorylation at threonine 38 controls cell
cycle progression in a CDK-dependent manner by promoting
Gl cyclin binding and subsequent degradation to promote G1/S
transition in the cell cycle (Truman et al., 2012). While this study
was done in yeast, this phosphorylation site is highly conserved
and may play an important role in cardiovascular diseases
which typically exhibit high expression of HSC70 (Boehm and
Nabel, 2003). The vital role of HSP70s in redox homeostasis
is precisely regulated by its phosphorylation at serine 631,
which is required for superoxide dismutase 2 (SOD2) import
and activation in mitochondria (Zemanovic et al., 2018). Once
SOD2 restores the redox balance in mitochondria, HSP70 is
dephosphorylated, and both HSP70 and SOD2 are ubiquitinated
by CHIP and degraded (Zemanovic et al., 2018). Increased
oxidative stress has been associated with the development and
pathogenesis of cardiovascular disease. This precise regulation
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chaperones, ubiquitination enzymes, and the proteasome.

via phosphorylation is pivotal to both maintaining a homeostatic
redox state and then binding to proteins damaged by oxidation.
Regulatory phosphorylation can occur at the level of the
chaperone as well as at the level of the co-chaperone. HSP40,
a co-chaperone with HSP70, is phosphorylated by mitogen
activated protein kinase 5 (MKS5), resulting in enhanced ATP
hydrolase function to increase the refolding capacity, thus PQC-
maintaining ability, of HSP40/70 (Kostenko et al., 2014).

HSP90 proteins are chaperones with some similar, but
different, functions to HSP70s in facilitating protein folding, and
also directing proteins for degradation in order to avoid protein
aggregation (Hohfeld et al., 2001). The decision-making process
for whether to facilitate folding or to direct for degradation is
mediated by binding to co-chaperones CHIP and HSP70-HSP90
organizing protein (HOP) (Muller et al., 2013). Phosphorylation
is responsible for determining co-chaperone binding and macro-
complex formation, such that phosphorylation in the C-termini
of HSP70 and HSP90 prevents CHIP binding, but enhances
HOP binding, which can assist with protein folding (Muller
et al,, 2013). Cells in a proliferative state have higher levels of
phosphorylated HSP70 and HSP90 and those chaperones are
preferentially bound to HOP (Muller et al., 2013). This has
major implications in cancer due to the proliferative nature of
those cells, but could also impact cardiovascular diseases like
atherosclerosis, where vascular smooth muscle cell proliferation
is problematic (Bennett et al, 2016). Bachman et al. (2018)
demonstrated that the co-chaperone Cdc37 complexes with
HSP90 and recruits client kinases, which phosphorylates HSP90
to provide a mechanism for highly specific tuning of the

chaperone cycle depending on the client kinase that is recruited.
Similarly, dephosphorylation of HSP90 by protein phosphatase
5 was shown to regulate the activity and interacting proteins
of HSP90 (Haslbeck et al., 2015; Oberoi et al., 2016). These
findings are of particular relevance to the heart as HSP90
is known to be involved in functioning of multiple steroid
receptors (Pratt and Toft, 2003; Zhao et al., 2005) ARs play a
role in multiple cardiovascular diseases including hypertension,
stroke, and atherosclerosis, thus highlighting the therapeutic
potential of modulating chaperones (Huang et al., 2016). HSP90
is bound to unliganded AR in the cytosol, however following
phosphorylation of HSP90 at threonine 89 by PKA, the AR is
released into the cytosol where it binds to HSP27 and migrates
into the nucleus to modulates transcription via binding to
androgen response elements (AREs) (Dagar et al., 2019).

The cardioprotection elicited by increased molecular
chaperones in the heart is well-established (Willis and Patterson,
2010; Tarone and Brancaccio, 2014; Ranek et al., 2018), however,
a better understanding of the regulation of chaperones via
phosphorylation is desirable for the ability to better fine-tune
chaperones’ functions. A mouse model that overexpressed a
constitutively phosphorylated HSP20 at serine 16 (previously
found to be PKA mediated), promoted fibrotic remodeling and
heart failure (Gardner et al., 2019). This came as a surprise, as
prior studies suggested that HSP20 phosphorylation at serine
16 was protective against beta-agonist-induced apoptosis in
cardiomyocytes (Fan et al.,, 2004; Qian et al., 2009). A possible
explanation for this disparity is the former study examining
constitutive HSP20 phosphorylation at serine 16 was done in
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isolated cardiomyocytes, suggesting that acute phosphorylation
of this site is protective, while the effects of chronic HSP20
activation are harmful. Gardner et al. (2019) utilized a ubiquitous
knock-in mouse model and attributed this maladaptive response
to a pro-fibrotic role of phosphorylated HSP20 that mediates
IL-6 activation of cardiac fibroblasts. Another study identified
HSP27 phosphorylation at serine 82 as being protective in
biomechanically stressed mouse hearts (Collier et al, 2019).
Here, they found that actin-binding protein filamin C (FLNC)
and HSP27 are upregulated in mouse hearts subjected to
left ventricular PO induced by TAC surgery (Collier et al,
2019). It was determined that these proteins interact, with
phosphorylation of HSP27 facilitating their binding in a region
of FLNC that is mechanosensing, while FLNC localizes to load-
bearing sites (Collier et al., 2019). This suggests the mechanism
chaperones are recruited in response to force destabilization
is to maintain the integrity of the sarcomere and protect the
myocardium. HSP27 phosphorylation has also been found to
be upregulated in human platelets during ST-elevation post-MI,
possibly offering a new measurable stress response for patients
with MI (Kraemer et al., 2019).

Another chaperone with significant implications in
cardiovascular disease is p97/valosin-containing protein
(VCP)/Cdc48, an ATPase involved in a variety of functions to
include ERAD, cell cycle progression, autophagy, and DNA
repair (Parisi et al., 2018). This ATPase has been demonstrated
to play a role in myofibrillar formation, both in limiting
normal muscle growth but also contributing to muscle wasting
diseases (Piccirillo and Goldberg, 2012). The function of p97
is regulated by phosphorylation at multiple sites (Baek et al,
2013). Phosphorylation of tyrosine 805 disrupts the interaction
between p97 and PNGase, attenuating the ERAD pathway, thus
PQC (Li et al., 2008). Additional studies found that tyrosine
phosphorylation inhibits p97-ER membrane association and
transitional ER assembly (Lavoie et al., 2000). Phosphorylation
has also been shown to impact the ATPase activity of p97 as well
as its association with ubiquitinated proteins (Klein et al., 2005;
Mori-Konya et al., 2009). p97 has a role in the DNA damage
response, as it is phosphorylated at serine 784 and accumulates at
sites of DNA damage, possibly for DNA repair (Livingstone et al.,
2005). Taken together, these studies demonstrate the regulatory
role of phosphorylation and dephosphorylation on the function
of chaperones, presenting many possibilities for targeting these
modifications as a therapy.

Ubiquitination Enzymes

Proteins are targeted for degradation by the proteasome via
ubiquitination, a sequential system involving the following
enzymes: ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), ubiquitin ligase (E3), and possibly
a ubiquitin elongation factor (E4) (Figure 1) (Hershko and
Ciechanover, 1998; Goldberg, 2003; Zuo et al., 2020). In humans,
there are only 2 Els that have been identified, and as their name
suggests, they are responsible for activating ubiquitin so that
it can be conjugated to a protein. This process occurs in an
ATP-dependent manner in which the C-terminus of ubiquitin
is bound to an E1 cysteine via a thioester bond (Hershko and

Ciechanover, 1998; Zuo et al., 2020). The El1 then transfers
ubiquitin to one of approximately 40 E2s in humans through
another thioester bond (Hershko and Ciechanover, 1998; Zuo
et al., 2020). Finally, with an E3 the ubiquitin will be attached to
a substrate protein. There are three families of E3s: HECT, RING
and RBR, and these families differ slightly in the way that the
ubiquitin is transferred to its substrate (Zheng and Shabek, 2017;
George et al., 2018). HECT E3s will accept the ubiquitin first
from the E2 to form a thioester bond, and will then transfer the
ubiquitin to the substrate directly from the E3 (Zuo et al., 2020).
RING E3s will bring together the ubiquitin-E2 complex and the
substrate and simply mediate the transfer of ubiquitin from the
E2 to the substrate (Zheng and Shabek, 2017). RBR ubiquitin
ligases act as a hybrid protein of two domains, a canonical RING
domain as well as a catalytic cysteine residue similar to the
HECT domain (George et al., 2018). The specificity of the UPS is
thought to lie within the ubiquitination step (Wang et al., 2008;
Ranek et al., 2018). Given the importance of ubiquitination in
PQC and degradation, it comes as no surprise that this process
and selectivity is further regulated through phosphorylation of
these ubiquitination enzymes (Figure 3).

Phosphorylations That Regulate Ubiquitination
Enzymes

There is limited data into the sites phosphorylated and potential
functional change of the two Els in humans. Stephen et al. (1997)
described multiple phosphorylation sites at the N-terminus of
Ela. It was previously suggested that E1 could be phosphorylated
by PKC, and that Ela serine 4 could be phosphorylated by
Cdc2, a kinase that is key in cell cycle regulation (Kong and
Chock, 1992; Nagai et al., 1995). In these studies, the function
of these phosphorylation sites was not fully described. It was
determined that while phosphorylation increases in various states
of the cell cycle, the enzymatic activity of E1 was not changed
(Stephen et al., 1996). Also, while Ela was found to localize to
the nucleus, it was determined that phosphorylation was not
required for this localization (Stephen et al., 1997). It is possible
that this phosphorylation may increase the rate of nuclear
targeting or possibly change the stability of interactions with E2
enzymes, but how phosphorylation may alter these roles is yet
to be determined.

Functional alterations of E2 enzymes have been attributed to
phosphorylation, albeit the knowledge about them in the heart is
limited. A common theme of E2 enzymes and their regulation via
phosphorylation is their involvement in the cell cycle. There is
evidence of the cell cycle playing a role in cardiovascular diseases
such as hypertrophy and atherosclerosis, so these mechanisms of
regulation could have interesting therapeutic potential (Bicknell
et al, 2003; Ahuja et al., 2007). In one such study of the
involvement of an E2 in cell cycle regulation, Cdc34, in yeast was
shown to be phosphorylated at serines 203, 222, and 231 in the
acidic C-terminal tail domain by casein kinase 2 (CK2) (Sadowski
etal., 2007). In an effort to understand the biological importance
of these sites, they mutated them to alanine (phospho-null), or a
glutamate or aspartate (phospho-mimetics). With the phospho-
mutants, they observed differential kinetics through the cell
cycle, from G through S into the G,/M phase (Sadowski et al.,
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2007). The authors were able to associate the cells with faster
cell cycle kinetics with an increased rate of Sicl degradation,
and increased Skp, cullin, F-box containing complex (SCF)-
mediated ubiquitination of Sicl (Sadowski et al., 2007). Overall,
this was a demonstration that phosphorylation can regulate
the catalytic and cell cycle functions of Cdc34. In another
study, Shchebet et al. (2012) demonstrated that the ubiquitin-
conjugating enzyme E2 A (UBE2A) is directly phosphorylated
by CDKO9 at serine 120. Knocking down CDK9 reduced UBE2A
phosphorylation, which then decreased monoubiquitination of
histone H2B and PCNA, suggesting phosphorylation at serine
120 activates UBE2A (Shchebet et al., 2012). This finding is
of particular interest to the heart, as a recent study identified
monoubiquitination of H2B is a transcriptional regulator that
controls expression of cilia genes, where mutations have been
implicated in congenital heart disease (Robson et al., 2019). ER
stress occurs in various cardiovascular diseases with impaired
proteostasis (Ochoa et al., 2018). A study from 2017 identified
ubiquitin-conjugating enzyme E2 J1 (UBE2]1) phosphorylation
at serine 184 as being important for recovery of ER stress to
maintain proteostasis (Elangovan et al., 2017). It was reported
that UBE2J1 is phosphorylated at serine 184 by mitogen
kinase 2 (MK2) as a mechanism to alleviate ER stress (Menon
et al,, 2013). Phosphorylated UBE2]J1 has higher affinity for
the E3 ligase, c-IAP1, and that cells expressing a phospho-
null UBE2J1 cannot recover from ER stress (Elangovan et al,
2017). The authors also reported that phosphorylated UBE2]1
is degraded by the proteasome, potentially as a feedback loop
(Elangovan et al., 2017).

An E3 ligase that is implicated in multiple diseases, including
cardiovascular and neurodegenerative diseases, is Parkin, which
is known to be regulated by phosphorylation (Wang et al., 2018).
One study demonstrates phosphorylation negatively regulates
Parkin’s protective function (Chen et al,, 2018). Here, they
use a mutant a-synuclein model that, when overexpressed,
activates p38 MAPK, which then directly phosphorylates
Parkin at serine 131. This disrupts PTEN-induced kinase
1 (PINK1)-Parkin mediated mitophagy and exacerbates the
mitochondrial impairment induced by a-synuclein accumulation
(Chen et al, 2018). A few studies have highlighted the
importance of Parkin in the heart by performing knockout
experiments. One such experiment knocked out Parkin in
flies and observed accumulation of dysfunctional mitochondria
and dilated cardiomyopathy (Bhandari et al, 2014). This
phenotype could be rescued with cardiomyocyte-specific Parkin
expression (Bhandari et al., 2014). Another study found that
in response to MI the parkin knockout mice fared worse than
WT mice in terms of survival and infarct size (Kubli et al,
2013). Collectively these studies suggest determining the kinases
capable of phosphorylating Parkin in the heart and the role of
this PTM during cardiac pathogenesis could provide a novel
therapeutic avenue.

The neural precursor cell expressed developmentally down-
regulated protein 4 (NEDD4) is a HECT domain ubiquitin ligase
that is required for heart development, turnover of potassium and
sodium channels, and maintenance of proteostasis (Fouladkou
et al.,, 2010; Gilda and Gomes, 2017). FGFRI activation results

in tyrosine phosphorylation of four key sites (43, 365, 366,
and 585) on NEDD4 (Persaud et al, 2014). Site-directed
mutagenesis of these four tyrosines revealed that expression of
a phospho-mimetic results in constitutive activation of NEDD4
ubiquitin ligase activity, while phospho-null NEDD4 decreased
its ubiquitin ligase activity (Persaud et al., 2014). FGF signaling is
known to play a pathophysiological role in the heart as evidenced
by worsened cardiac hypertrophy in isoproterenol stimulated
hearts of FGF2 transgenic mice (House et al., 2010; Itoh and Ohta,
2013). FGF2 KO mice were protected against cardiac hypertrophy
and fibrosis following isoproterenol stimulation (Itoh and Ohta,
2013). FGF2 is mostly expressed in non-myocytes within the
heart, suggesting cell-to-cell communication as the mode of
cardiomyocyte regulation (Itoh and Ohta, 2013). Considering the
requirement of NEDD4 in cardiac development, the presence
of FGF in all cell types of the heart, and its role in heart
disease, this signaling axis presents an interesting therapeutic
target.

SUMOylation and neddylation are other PTMs that are
analogous to ubiquitination, utilize a similar E1, E2, and E3
mechanism of conjugating either SUMO or NEDDS8 to proteins,
and are known to be involved in many different biological
processes (Wilkinson and Henley, 2010; Zhou et al., 2019). There
is evidence of the modifiers SUMO-1 and NEDD8 themselves
being phosphorylated, but the functional implications are still
unknown (Matic et al.,, 2008; Enchev et al., 2015). We are
only beginning to understand the regulation of neddylation
El (NEDDS8-activating enzyme NAE) and E2s (UBE2M and
UBE2F) by phosphorylation. Interestingly, the E3s that have been
identified for neddylation can also function as ubiquitination
E3s (Enchev et al, 2015). Furthermore, phosphorylation is
responsible for converting an E3 from ubiquitin conjugating
to NEDD8 conjugating (Batuello et al., 2015). Under growth
factor stimulation, src kinase phosphorylates Mdm?2 at tyrosines
281 and 302, recruits the NEDD8 E2 (Ubcl2) and Mdm2,
to neddylate p53 in human cancer cell lines (Batuello et al,
2015). This has interesting implications if this mechanism applies
to other E3s. While phosphorylations have been identified on
SUMOylation E1 and E2, the function of these modifications is
not known (Tomanov et al., 2018). However, there are multiple
studies that have found that phosphorylation modifies the
function of SUMO E3s. One such study identified Ubc9 as being
phosphorylated by CDKI1 at serine 71 to enhance SUMOylation
activity in vitro (Su et al, 2012). Another study in HEK
293T cells elucidates a feedback system whereby DNA-damage
induced homeodomain interacting protein kinase 2 (HIPK2)
phosphorylates proprotein convertase (Pc2) at threonine 495,
which in turn controls Pc2 SUMOylation of HIPK2 in order
to enhance its ability to mediate transcriptional repression
(Roscic et al., 2006). Additional studies are needed to determine
the potential role phosphorylation of the neddylation and
SUMOylation proteins may have in cardiac disease pathogenesis.

The Proteasome

The UPS plays a key role in eukaryotic cells by degrading
damaged, defective, and non-functional proteins (Figure 1)
(Jentsch, 1992; Schwartz and Ciechanover, 1992; Ciechanover,
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1994). This pathway represents non-lysosomal degradation of
cellular proteins and plays a critical role in PQC (Goldberg, 2003;
Divald and Powell, 2006). Proteins are destined to proteasome-
mediated degradation by the formation of a ubiquitin chain
on the target protein. Ubiquitinated proteins are fed through
the proteasome core complex for degradation via an ATP
driven process (Collins and Goldberg, 2017). The mammalian
proteasome is a highly sophisticated multi subunit protease
complex composed of the 20S catalytic core particle, within
which proteins are degraded, and two 19S regulatory cap particles
which locates and binds to ubiquitinated substrate (Budenholzer
et al., 2017; Collins and Goldberg, 2017). The 20S particle is
formed by two copies of 14 different subunits (al-a7 and B1-
B7) stacked in heptameric rings (Groll et al., 1997; Budenholzer
et al., 2017). The active sites of the catalytic subunits (81, p2,
and B5) lines the central lumen of a chamber gated by an «a
subunit at its either end (Groll et al., 1997; Budenholzer et al.,
2017). The proteasome activator 700 (PA700) or 19S cap has
two distinct sub-components (Lasker et al., 2012). The base
consists of six Rpt (1—6) subunits that have constitutive ATPase
activity, plus two non-ATPase subunits, Rpnl and Rpn2; and
the lid structure contains 10 Rpn (3—12) subunits (Lasker
et al, 2012; Budenholzer et al., 2017). The 19S subunit is
responsible for binding and unfolding ubiquitinated proteins and
feeding the protein substrate to the 20S proteasome for catalysis
(Wang et al., 2008).

Several studies have shown a central role of the UPS in
cardiovascular physiology and pathophysiology (Razeghi et al.,
2006; Drews et al., 2010; Powell and Divald, 2010; Predmore
et al., 2010; Zu et al., 2010; Li et al., 2011). Cardiac proteasomes
exhibit distinct functional and subcellular distribution (Gomes
et al,, 2006, 2009; Drews et al, 2007; Powell et al., 2008;
Dahlmann, 2016). A substantial number of studies have shown
impaired proteasomal function contributes to heart disease (Su
and Wang, 2010; Willis et al., 2010; Wang et al, 2011; Day,
2013), which is supported by findings of insufficient UPS activity
in human end stage heart failure (Hein et al., 2003; Weekes
et al., 2003; Predmore et al., 2010). Proteasome dysfunction
has been reported in hypertrophic, ischemic, atrophic, desmin-
related, and diabetic cardiomyopathies (Razeghi et al., 2006;
Drews et al., 2010; Powell and Divald, 2010; Predmore et al.,
2010; Zu et al,, 2010; Li et al., 2011). Arguably the most well-
studied cardiac proteinopathy mouse model is DRC caused
by mutations in desmin, aB-crystallin (CryAB), and other
related genes (Wang and Robbins, 2006). The DRC model
features aberrant protein aggregates in myocytes, reduced cardiac
function, and a shortened lifespan (Wang et al., 2001, 2003;
Pattison et al., 2011). These hearts also have PFI, which was
postulated to contribute further to the impaired proteostasis and
the pathogenesis of DRC (Wang and Robbins, 2006; Su and
Wang, 2010; Wang et al., 2011). Studies enhancing proteasome
activity in DRC have supported this notion (Li et al., 2011; Ranek
etal., 2013). PFI has also been observed in mouse hearts subjected
to ischemia/reperfusion (I/R) injury and transaortic constriction
(TAC)-induced cardiac PO (Wang et al., 2011). Expression of
a catalytically inactive proteasome beta5 subunit negates the
chymotrypsin-like activity, but not the caspase- or trypsin-like

activities, and worsened cardiac PQC and function following I/R
or TAC (Ranek et al., 2015).

Methods to enhance proteasome activities have been shown
to be protective. Post-translational modifications are key
regulatory mechanisms for proteasome function. More than
300 phosphorylation sites in proteasome subunits have been
detected that can regulate protein stability, abundance, assembly,
subcellular localization, substrate recognition and enzymatic
activity of proteasome subunits (Benedict and Clawson, 1996;
Satoh et al.,, 2001; Bose et al., 2004; Zong et al., 2006; Bingol
et al,, 2010; Guo et al., 2011, 2016; Djakovic et al., 2012; Sledz
et al,, 2013; Yuan et al,, 2013; Li et al., 2015; Lokireddy et al,,
2015; Wani et al., 2016). In humans, 20S cap and the 19S base
subunits are more frequently phosphorylated than the 19S lid.
Many kinases have been demonstrated to regulate proteasome
activity in general and in heart tissues (Figure 3) (Powell and
Divald, 2010; Sledz et al., 2013; Wang et al., 2013; Collins and
Goldberg, 2017; VerPlank and Goldberg, 2018).

Phosphorylations Regulating the
Proteasome

Protein Kinase A (PKA)

Protein kinase A was the first kinase identified to phosphorylate
proteasome subunits and stimulate proteasome activities in vitro
as well as in vivo (Zong et al, 2006, 2008; Asai et al.,, 2009;
Gomes et al., 2009; Drews et al., 2010). A series of studies
using bovine pituitaries, and later from murine hearts, identified
PKA in a complex with endogenous 20S proteasomes (Pereira
and Wilk, 1990; Zong et al., 2006; Drews et al., 2010). PKA
phosphorylation of the proteasome has been detected on serine
residues of the a 1-, a 2-, a 3-, B 2-, B 3-, and B7-subunits,
and the threonine residues of the a 3-, f 3-, and B7-subunits
of the 20S proteasome (Zong et al., 2006). Additionally studies
demonstrated enhancement of proteasome activity via PKA
stimulation. The addition of cAMP stimulates PKA activation
and its interaction with the proteasome, which resulted in
increased phosphorylation of 19S cap subunit Rpn6 at Serl4
(Lokireddy et al., 2015). Pathare and others have shown that
raising cCAMP levels increases the amount of double-capped 26S
proteasomes, indicating increased stabilization of the proteasome
complexes (Pathare et al., 2012; VerPlank et al., 2019). Rpn6
serine 14 phosphorylation has been detected in vivo in response
to fasting, intense exercise, and hormonal cues which increases
intracellular cAMP and PKA activity (VerPlank et al., 2019).
PKA has also been reported to activate the proteasome via
phosphorylation of the ATPase subunit Rpt6 (Zhang et al., 2007).
Recombinant PKA directly phosphorylates Rpt6 at serine 120
in vitro, and expression of a Rpt6 phospho-silenced Ser120Ala
mutation reduced the proteasome activity (Zhang et al., 2007).
Phosphorylation of the 19S cap Rpt6 ATPase subunit initiates
assembly of 26S proteasome, by stimulating the association of
the 19S particle with the 20S proteasome (Satoh et al.,, 2001).
Subsequent studies have reproduced the changes in proteasome
activity by modulating PKA activity, however, they have failed
to confirm phosphorylation of several proteasome subunit sites
(VerPlank and Goldberg, 2018). There are various explanations

Frontiers in Physiology | www.frontiersin.org

November 2020 | Volume 11 | Article 593585


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Mishra et al.

Phosphorylation Modifications Regulating Proteostasis

for this discrepancy: a kinase may modify additional targets in
an artificial setting, in vitro but not in vivo, only in specific cell
types, and that kinases and phosphatases may co-purify with
the proteasome which can add or remove phosphate groups
during isolation (Guo et al., 2017; VerPlank and Goldberg, 2018).
Nonetheless, these studies demonstrate PKA is a critical regulator
of proteasome assembly and activity during physiological and
pathological conditions.

Protein Phosphatases 1y (PP1y) and 2A (PP2A)
Dephosphorylation via protein phosphatases of the proteasome
negatively regulates the activity of the proteasome. Protein
phosphatase 1y (PP1ly) was postulated to reverse the effect
of PKA phosphorylation on 20S proteasome activity (Zhang
et al, 2007). Protein phosphatase 2A (PP2A) has also been
reported to interact with and dephosphorylate the native 20S
subunits in cardiac proteasome (Zong et al., 2006). PP2A
reduced serine phosphorylation on al and B7, and threonine
phosphorylation on al, were linked to suppressed proteasome
activity. Echoing these results, pharmacological inhibition of
PP2A by OA conferred increased proteasome activity (Gomes
et al., 2006; Zong et al, 2006). These data demonstrate the
regulatory role of these phosphatases, however whether they can
be targeted during disease pathogenesis to enhance proteostasis
remains to be determined.

Calcium/Calmodulin-Dependent Protein Kinase Il
(CaMKII)

A rise of intracellular calcium stimulates proteasome activity by
way of calcium/calmodulin dependent protein kinase (CaMKII)
phosphorylation of the proteasome (Djakovic et al., 2009).
Purified CaMKIIa phosphorylated Rpt6 at serine 120 resulting in
increased 26S proteasome activity in both neurons and HEK 293T
cells (Djakovic et al., 2009). Phosphorylation of Rpt6 at serine
120 was found to be important for neuronal plasticity (Jarome
et al., 2013). Activated CaMKIla interacts with proteasome
complex which is essential for proteasome redistribution to
dendritic spines for degradation of polyubiquitinated proteins
(Bingol et al., 2010; Djakovic et al, 2012; Hamilton et al,
2012). Interestingly in the presence of calcium, calmodulin
binds to several proteasome subunits and proteasome-interacting
proteins, which may alter 26S function allosterically without
involvement of a kinase (Shen et al, 2005; Djakovic et al,
2009, 2012; Bingol et al., 2010). These findings are of particular
relevance to the cardiac field as both intracellular calcium
and activation of CaMKII are known to worsen cardiac
disease pathogenesis (Anderson et al., 2011), although CaMKII
regulation of the cardiac proteasomes and proteostasis in a
diseased state is yet to be explored.

Dual-Specificity Tyrosine-Regulated Kinase 2
(DYRK2)

The proteasome regulates many cellular processes, including
cell cycle progression where accumulating evidence suggests a
pivotal role for proteasome phosphorylation. Guo and colleagues
reported proteasomes purified from S phase of the cell cycle
contained increased phosphorylated Rpt3 (of the 19S cap) at

threonine 25 and remained high through G2 and M phases
(Guo et al,, 2016). Utilizing an unbiased screen of human
kinases, they found that dual-specificity tyrosine-regulated kinase
2 (DYRK2) could catalyze Rpt3 phosphorylation at threonine
25 to promote cell proliferation (Guo et al., 2016). Prevention
of this phosphorylation through expression of a phospho-null
threonine to valine (Thr25Val) mutation in human breast cancer
cells blocked the stimulation of the proteasomes by DYRK2,
thus slowing the degradation of essential cell cycle regulatory
factors like cyclin-dependent kinase inhibitor 1B (p27XiP)
and cyclin-dependent kinase inhibitor 1 (p21“"P!) (Guo et al.,
2016). DYRK2 phosphorylation of Rpt3 threonine 25 increased
substrate-stimulated ATP-hydrolysis, without changing basal
ATPase activity, indicating that the modification promotes
substrate translocation and degradation (Guo et al., 2016). The
role of DYRK2 on the proteasome remains to be explored in
striated muscle and as a potential therapeutic target for cardiac
proteotoxicities.

Apoptosis Signal-Regulating Kinase 1 (ASK1)
Proteasome phosphorylation does not always result in increased
activity. The ASK1 is a member of the mitogen-activated protein
kinase kinase kinase (MKK) family and is activated by several
cytotoxic stressors and apoptotic stimuli (Nishida et al., 2017).
ASK1 negatively regulates the 26S proteasome under oxidative
stress or apoptosis through phosphorylation of the 19S cap
subunit Rpt5, however it remains unclear which sites of Rpt5 are
modified by ASK1 (Um et al., 2010). Proteasome regulation by
ASK1 could be an underlying mechanism of its role in cardiac
pathogenesis. Deletion of ASK1 protected hearts from MI and
PO as evidenced by decreased fibrotic remodeling and apoptosis
with improved cardiac function (Yamaguchi et al., 2003).
Similar results were obtained with pharmacological inhibition
of ASK1 in a model of pulmonary arterial hypertension (Budas
et al., 2018). Together these studies suggest the cardioprotective
effects of ASK1 inhibition could be mediated by enhanced
proteasome activities.

P38 Mitogen Activated Protein Kinase (MAPK)

The Rpn2 subunit of the 19S cap acts as a scaffold for other
proteasome subunits and with other 19S subunits, regulates
its gate opening of the 26S proteasome into the 20S core
(Chen et al,, 2016; Finley et al., 2016; Schweitzer et al., 2016).
Phosphorylation of Rpn2 at threonine 273 by p38 MAPK
suppresses proteasome function (Lee et al., 2010). It has
been speculated that this phosphorylation of Rpn2 causes a
conformational change, affecting the accessibility of substrates
to the 20S core (Kors et al., 2019). Lee et al. (2010) reported
purified 26S proteasomes from HeLa cells expressing activated
p38 MAPK, had reduced proteolytic activities. The authors also
showed that overexpression of an active mutant of p38 MAPK
caused the accumulation of proteins that normally undergo
rapid proteasomal degradation by ubiquitin-dependent and -
independent pathways. p38 MAPK mediated phosphorylation
of Rpn2 at threonine 273 is stimulated by sorbitol and NaCl-
induced osmotic stress (Lee et al, 2010). Small molecule
inhibitors of p38 MAPK and siRNA-mediated knockdown of
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its a-isoform stimulated proteasome peptidase activity and
intracellular degradation of a-synuclein in neurons (Leestemaker
et al., 2017). Of note, Tsai et al. (2015) has shown that another
MAPK, ERK 2, could also phosphorylate the 19S cap subunit
Rpn?2 at threonine 273 in vitro. While p38 is known to be involved
in that pathogenesis of cardiac disease (Yokota and Wang, 2016)
its effect on the proteasome in the heart remains to be elucidated.

Casein Kinase Il (CK2)

Casein kinase II (CK2) is a pivotal regulator of the proteasome
and is dysregulated in heart failure. CK2 is co-purified with the
20S proteasome and has been demonstrated to phosphorylate
the a7 subunit at serines 243 and 250, which is associated with
stabilization of the 26S proteasome (Ludemann et al., 1993;
Castano et al., 1996; Bose et al., 2004). The phosphorylation
of serines is important for the interaction between the 19S
cap proteins with the 20S regulatory proteins of proteasome
complex (Bose et al., 2004). Interestingly, phosphorylation of
the 20S proteasome «7 subunit at serine 250 is found to be
significantly less in the tissues from end stage heart failure
patients, which is consistent with the diminished activity of the
UPS in these patients (Hein et al., 2003; Weekes et al., 2003;
Predmore et al., 2010). However, CK2 expression was found to
be higher by almost 70% (P = 0.019) in failing hearts (Day et al.,
2013). The possible explanation could be due to by increased
expression of PP1 and PP2A in myocardium of such patients
which can dephosphorylate this site (Neumann et al., 1997; Zong
et al., 2006; Hamdani et al., 2010), or increased oxidation and
carbonylation of CK2 resulting in diminished activity of the
kinase (Murtaza et al., 2008).

C-Abl and Abl-Related Gene Product (ARG)

As key regulators of cardiac growth and development, C-Abl and
ARG (Abl-related gene product) are multi-functional tyrosine
kinases, which also directly phosphorylate and regulate the
proteasome (Liu et al., 2006; Qiu et al., 2010; Li et al., 2016).
Phosphorylation of the a4-subunit at tyrosine 153 by c-Abl led
to the inhibition of the 20S and 26S proteasome and decreased
the degradation of ubiquitinated short-lived proteins in mouse
and human cells (Liu et al., 2006; Li et al., 2015). Activation of
c-Abl by H,0; or y-irradiation increased its interaction with the
a4-subunit and inhibited proteasome function (Liu et al., 2006).
Expression of a phospho-null a4 subunit tyrosine 153 mutant
in HEK 293T cells resulted in downregulation of several cell
cycle regulatory proteins and G1/S cell cycle arrest, indicating
the prominent role of c-Abl/ARG in cell cycle control (Liu et al.,
2006). In a separate study, it was shown that phosphorylation
of a4 at a different site, tyrosine 106, by c-Abl/ARG regulated
the turnover of the proteasome subunit itself (Li et al., 2015).
These interesting studies could provide insight into the role
of the proteasome in cardiac growth and development as well
as its regulation.

Protein Kinase G (PKG)

Activation of PKG protects the myocardium against pressure-
overload and ischemia-reperfusion (Takimoto et al., 2005;
Nagayama et al., 2009; Zhang and Kass, 2011; Sasaki et al., 2014;

Kokkonen and Kass, 2017; Ranek et al., 2019). There are also a
plethora of therapeutic strategies capable of activating PKG in
the heart (Dunkerly-Eyring and Kass, 2019). PKG activators have
shown such immense promise in pre-clinical studies that many
clinical trials were initiated with various PKG activation strategies
to treat human heart failure (Dunkerly-Eyring and Kass, 2019;
Pinilla-Vera et al., 2019; Oeing et al., 2020a). Stimulation of
PKG via pharmacological activation of the muscarinic 2 receptor
or inhibition of phosphodiesterase 5A, positively regulates
cardiomyocyte proteasomal proteolytic activity (Ranek et al.,
2013, 2014). Stimulation of PKG enhanced proteasome-mediated
degradation of a misfolded protein substrate (a modified GFP
harboring a degron sequence) and a bona fide misfolded protein
CryABRI2%G (Ranek et al,, 2013). The mechanism of action
involved increased phosphorylation of the 20S subunit $5 and the
19S ATPase subunit Rpt6 upon PKG activation in cardiomyocytes
(Ranek et al., 2013). The residues phosphorylated by PKG were
not identified in this study. It is noteworthy that proteasome-
mediated degradation of misfolded proteins was enhanced
but not that of normal (properly folded) proteins with PKG
stimulation, increasing the safety profile as a potential therapy
(Ranek et al., 2013). Accordingly, PKG activators are safe and
well-tolerated in human patients (Dunkerly-Eyring and Kass,
2019; Pinilla-Vera et al., 2019). A recent study that utilized human
HFpEF myocardium biopsies found that in vitro treatment
with an guanylyl cyclase 1 (GC-1) activator (to activate PKG)
resulted in lower levels of inflammatory cytokines and oxidative
stress (Kolijn et al., 2020). With oxidative stress being a known
cause of protein damage and activation of the protein damage
response, this reduction in oxidative stress can alleviate the
burden on the PQC systems such as the proteasomal degradation
pathway (Aiken et al., 2011). Taken together, the combination
of promising pre-clinical studies, human clinical trials, and
availability of pharmacological agents make activators of PKG an
attractive therapeutic strategy for cardiac proteinopathies.

AUTOPHAGY

Autophagy is an intracellular self-degradative process responsible
for the removal of misfolded proteins damaged organelles
and by the lysosome. Cardiomyocytes utilize many forms of
autophagy which differ by the method of degradation and the
substrates targeted for degradation (Figure 1) (Sciarretta et al.,
2018b). Macroautophagy begins with the formation of a double-
membrane vesicle called phagophore, through a series of highly
coordinated steps termed induction, nucleation and elongation,
which engulf malformed proteins or whole organelles in the
cytoplasm to form autophagosomes (Klionsky, 2005; Suzuki and
Ohsumi, 2007; Levine and Kroemer, 2008). A fully formed
autophagosome will then fuse with the acidic compartment of
lysosome for the degradation of its cargo molecules (Sciarretta
et al., 2018b). The non-selective lysosomal degradative process
called microautophagy involves direct engulfment of cytoplasmic
cargo at a boundary membrane by autophagic tubes, which
mediate both invagination and vesicle scission into the lumen (Su
et al., 2011). There are two types of autophagy in mammalian
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cells which involves degradation of cellular components via a
chaperone. Chaperone-mediated autophagy (CMA) is a selective
autophagic process mediated by a HSC70 chaperone complex,
wherein the proteins for degradation are selected based on
a consensus sequence of amino acid sequence present on
the surface of protein (Kaushik and Cuervo, 2018; Juste and
Cuervo, 2019). On the other hand, CASA is a highly selective
autophagy of misfolded proteins following a chaperone-mediated
formation of protein aggregates that are targeted to form
autophagosomes (Ulbricht et al., 2015). The vast majority of
studies into the role of autophagy in the heart and disease
pathogenesis have investigated macroautophagy. This section
describes our current knowledge into the roles and regulations
of autophagy by phosphorylation in cardiac disease, primarily
discussing macroautophagy due to the limited understanding of
the regulations of other forms of autophagy.

Evidence of autophagic impairment in human heart disease
was first reported in tissue samples from patients with dilated
cardiomyopathy (Shimomura et al, 2001). Autophagy is
repressed in failing hearts as evidenced by the accumulation
of numerous autophagic vacuoles containing cytoplasmic
material and organelles to be degraded within the degenerated
cardiomyocytes, which is thought to contribute to pathological
remodeling and heart failure (Shimomura et al., 2001). Reduced
autophagy is also implicated in cardiovascular decline and
aging (Eisenberg et al., 2016; Shirakabe et al., 2016). Autophagy
protects the heart during ischemia and starvation by supplying
substrates for maintaining cellular bioenergetics (Matsui et al.,
2007; Hariharan et al,, 2010; Zhai et al., 2011; Sciarretta et al.,
2012a; Kubli et al., 2013). Activation of autophagy has protected
the myocardium against pathological cardiac hypertrophy and
proteotoxicity (Gao et al, 2006; Kuzman et al., 2007; Flynn
et al., 2013; Dai et al., 2014). These seminal studies utilized a
genetic overexpression of an autophagy protein to stimulate
autophagy, while recent studies have identified critical PTMs
that regulate autophagy. More than 300 PTMs have been
characterized for various autophagic proteins that influence
their structure and function (Xie et al., 2015; Botti-Millet et al.,
2016). Here, we discuss the role of phosphorylation as a critical
PTM and its functional relevance in fine-tuning the autophagic
process (Figure 4).

Phosphorylations Regulating Autophagic

Flux

Mechanistic Target of Rapamycin Complex 1
(mTORC1)

Arguably the most well-defined regulator of macroautophagy
is the mechanistic (mammalian) target of rapamycin complex
1 (mTORCL1), an atypical serine/threonine kinase that also
regulates cellular metabolism and bioenergetics. Pro-growth
signals and a nutrient-rich environment are associated with
mTORCI activation which negatively regulate macroautophagy.
Cardiac PO, obesity, and metabolic syndrome are associated with
hyperactivation of mTORC1 (Choi et al,, 2012; Li et al., 2012;
Ramos et al., 2012; Guo et al., 2013; Pires et al., 2017). Indeed,
the hearts from pressure overloaded mice, ob/ob obese mice,

mice with hypertrophic cardiomyopathies, and hearts from a
swine model of metabolic syndrome exhibit mTORCI activation,
depressed autophagic flux, and cardiac functional impairment,
all of which were rescued by inhibiting mTORCI via rapamycin
administration (Choi et al., 2012; Li et al., 2012; Ramos et al.,
2012; Guo et al., 2013; Pires et al., 2017).

Macroautophagy is influenced by mTORCI by various
methods and pathways. Autophagosome formation is reduced
through mTORCI phosphorylation of autophagy related (Atg)
13, which decreases its affinity for Atgl (also known as Unc-
51 like autophagy activating protein kinase, Ulkl), resulting in
the dissociation of the Atgl3-Atgl-FIP200 complex (Papinski
and Kraft, 2016). Direct phosphorylation of Atgl (Ulkl) by
mTORCI is another strategy by which mTORCI1 suppresses
autophagosome formation (Sciarretta et al, 2012b, 2018a).
Recently protein phosphatase 2A (PP2A) was identified as a
phosphatase for Ulkl at serine 637, which counteracts the
autophagy inhibiting action of mTORC1 (Wong et al., 2015).
The Ambral is a positive regulator of autophagy that is
inhibited by mTORC1 phosphorylation at serine 52 (Nazio
et al., 2013). The role of Ambral is not well-defined in cardiac
disease, however it has been associated with the pathogenesis
of Alzheimer’s Disease, aging, and tumor growth (Cianfanelli
et al,, 2015). Cardiomyocyte macroautophagy is tightly linked
to the protein expression levels of Atg7 (Bhuiyan et al,
2013), which is negatively regulated by mTORCI1 by reducing
its expression level (Ramos et al., 2012). Overexpression of
Atg7 enhances macroautophagy to protect the myocardium
from cardiac proteinopathy, as evidenced by improved cardiac
function and extended lifespan (Pattison et al., 2011). The TFEB
is a master regulator, driving genes encoding autophagic proteins
like ultraviolet radiation resistance associated gene (UVRAG),
WD repeat domain phosphoinositide-interacting protein (WIPI),
microtubule-associated protein 1 light chain 3 beta (MAPLC3B),
sequestosome 1 (SQSTM1), vacuolar protein sorting-associated
protein 11 (VPS11), VPS18, and Atg9B (Settembre et al., 2011).
mTORCI negatively regulates TFEB through phosphorylation
at serines 142 and 211, which prevents the nuclear localization
and transcriptional activity of TFEB and thereby decreasing
macroautophagy (Napolitano et al.,, 2018). Buss et al. (2009)
and others have shown that hyperactivated mTORCI in the
heart blunts autophagy and profoundly increases pathological
cardiac remodeling in response to chronic ischemic injury, and
can be reversed by direct mTORCI1 inhibition with everolimus.
Taneike et al. (2016) have shown that knocking out TSC2
(tuberin), an upstream negative regulator of mTORCI, results in
constitutive stimulation of mMTORCI in the heart and subsequent
cardiac chamber dilatation and dysfunction associated with
an impairment of autophagic flux, which were reversed by
pharmacological inhibition of mMTORC1. GSK-3a knockout mice
display premature death and age-related cardiac abnormalities,
such as hypertrophy and sarcomere disruption, as a result of
mTORCI activation and autophagy inhibition (Zhou et al., 2013).
Inactivation of Ras homolog enriched in brain (Rheb) (a positive
mTORCI regulator) protects cardiomyocytes during energy
deprivation via depressing mTORCI1 hyperactivation resulting
in activation of autophagy, reduction of energy expenditure
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FIGURE 4 | A diagram of the regulators of autophagy. An overview of protein degradation via autophagy and its regulators, both positively (green box) and negatively
(red box).

and attenuation of ER stress in high fat diet-induced metabolic
syndrome (Sciarretta et al., 2012a). Similarly, long-term caloric
restriction attenuates the LV diastolic dysfunction of the aged rat
heart by reducing mTORC1 activity and enhancing autophagic
flux (Shinmura et al, 2011). These studies demonstrate the
regulatory capacity of mTORCI on macroautophagy and
cardioprotective effects that mTORCI inhibition may have,
however targeting mTORCI as a treatment regimen is complex.

Considering mTORC1 is a critical regulator of many
physiological processess, the role of mTORCI and autophagy
during cardiac development and pathogenesis is nuanced.
Riehle et al. (2013) has shown that insulin/IGF-1 signaling
through the insulin receptor substrate 1 proteins are
vital to perinatal development of the heart. Reduced IRS
signaling prevents the physiological activation of mTORCI1
to suppress autophagy resulting in unrestrained autophagy in
cardiomyocytes, which contributes to myocyte loss, heart failure,
and premature death (Riehle et al., 2013). Knocking out raptor,
the scaffolding protein of mTORCI, inhibits mTORCI1 and leads
to dilated cardiomyopathy (Shende et al., 2011). Furthermore,
chronic mTORCI inhibition with rapamycin is associated
with immunosuppression (Thomson et al., 2009). Collectively
these studies highlight the risk and reward that comes with
broad mTORCI inhibition. Inhibitors of mTORCI that inhibit
the pathological but not physiological roles of mTORCI are
of great interest.

AMP-Activated Protein Kinase (AMPK)

AMP-activated protein kinase is an intracellular metabolic energy
sensor that functions to maintain homeostatic levels of ATP.
Stimulation of AMPK results in inhibition of anabolic pathways
consuming ATP and activation of catabolic pathways generating
ATP. Cardiac insults such as myocardial ischemia, hypertrophy,
and heart failure are associated with reduced intracellular ATP
and subsequent activation of AMPK as a compensation to
increase autophagy (Kubli and Gustafsson, 2014). Many studies
have demonstrated that AMPK inhibits pathological cardiac

hypertrophy by activating autophagy (Li et al., 2014). A study by
Xie et al. (2011) suggested activation of AMPK and subsequent
increase in cardiac autophagy reduced myocyte apoptosis in
diabetic mouse hearts. AMPK activity was reduced in a mouse
model of severe early-onset type-1 diabetes, which subsequently
suppressed autophagy and increased cardiomyocyte apoptosis.
Restoration of AMPK activity with metformin prevented the
development of cardiomyopathy (Xie et al., 2011).

AMPK can stimulate autophagy through multiple
mechanisms. AMPK activates TSC2 (an upstream negative
of mTORC1) though phosphorylation at serine 1387 to inhibit
mTORCI (Inoki et al., 2003). AMPK also directly phosphorylates
raptor (mTORCI scaffold protein) at serines 722 and 792 to
reduce mTORCI activity by inducing 14-3-3 association (Gwinn
et al., 2008). Atgl (Ulk1) is positively and negatively regulated
by phosphorylation. mTORCI1-mediated phosphorylation of
Ulkl at serine 757 disrupts the Ulkl-AMPK interaction by
inducing an unstructured and intrinsically disordered region
in the protein (Kim J. et al., 2011; Shang et al., 2011; Khan and
Kumar, 2012). Kim J. et al. (2011) have shown that under glucose
starvation, AMPK promotes autophagy by phosphorylating Ulk1l
at serines 317 and 777, thus activating Ulkl. Under conditions of
mitochondrial stress, AMPK phosphorylates Ulkl at serine 555
to enhance mitophagy by promoting translocation of Ulkl to
mitochondria. Tian et al. (2015) created a phosho-silenced Ulk1l
by mutating serine 555, which blocked AMPK phosphorylation
and subsequent mitophagy, demonstrating the necessity for this
site to be targeted. AMPK phosphorylates beclinl at serines 91
and 94 in response to glucose starvation, and serines 93 and 14
following exposure to ethanol (Kim et al., 2013; Hong-Brown
et al,, 2017). AMPK mediated phosphorylation of beclinl at
threonine 388 enhances the association of beclinl with the
VPS34-ATG14-VPS15 complex to stimulate autophagy and also
reduces beclinl-Bcl2 complex formation (Zhang et al., 2016),
which is known to inhibit autophagy and induce apoptosis.
A beclin173%4 phospho-silenced mutant suppresses autophagy
by inhibiting its interaction with ATG14 (Zhang et al., 2016). The
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role that phosphorylation of these sites on beclinl has during
cardiac disease remains to be explored but may hold potential as
multiple studies demonstrated the important role of becin in the
heart (Zhu and He, 2015; Maejima et al., 2016; Sun et al., 2018).
AMPK is considered to be cardioprotective and is associated
with enhancing cardiomyocyte PQC, thus represents a potential
therapeutic target if the exact mechanisms of action can be
well-defined during cardiac disease.

Protein Kinase A (PKA)

Autophagic flux has been reported to be negatively and
positively regulated by PKA phosphorylation of various targets
(Torres-Quiroz et al., 2015). In a nutrient-rich environment
Atgl is phosphorylated by PKA which keeps Atgl largely
cytosolic and dissociated from the pre-autophagosomal structure
(PAS), which inhibits autophagosome formation to suppress
autophagy. During starvation Atgl is dephosphorylated and
localized to the PAS to facilitate autophagy (He and Klionsky,
2009). Atgl3 is an essential subunit of the Atgl autophagy
initiation complex, which following phosphorylation by PKA
at serine 437 will translocate away from the PAS. Conversely,
inactivation of PKA induces autophagy by reducing the
inhibitory phosphorylations of Atgl3 (serines 344, 437, and 581)
and Atgl (serines 508 and 515) allowing Atgl3 localization
at the PAS (Budovskaya et al, 2005; Stephan et al., 2009).
PKA phosphorylation of microtubule-associated protein 1 light
chain 3 (LC3) at serine 12 inhibits its lipidation, a critical step
involved in the incorporation of LC3 into autophagosomes,
resulting in inhibition of autophagy (Cherra et al., 2010). In
a model of diabetic cardiomyopathy, Lin28a overexpression
improved cardiac function and prevented apoptosis by activating
PKA/RhoA/ROCK2-dependent signaling and by upregulating
autophagy (Sun et al., 2016). Taken together, these studies
suggest that, much like the positive and negative reports of
stimulating autophagy in cardiac disease, PKA can also elicit
protective or detrimental responses. These disparities are likely
due to compartmentalization of activation within specific micro-
domains. Further studies are needed to tease out the differential
PKA regulation of autophagy.

Protein Kinase G (PKG)

The cardioprotective abilities of PKG have been demonstrated
in the setting of various cardiac diseases including PO, MI,
ischemia/reperfusion injury and is the subject of many clinical
trials as a heart failure treatment (Kokkonen-Simon et al,
2018; Dunkerly-Eyring and Kass, 2019; Pinilla-Vera et al., 2019;
Oeing et al., 2020b). ER stress during cardiac aging and heart
failure was abrogated by activating PKG by way of sildenafil
treatment (PDE5 inhibition) in isoproterenol-induced or TAC-
induced hypertrophy, or swimming exercise (Gong et al., 2013;
Chang et al., 2020). A new signaling paradigm was revealed
in early 2019 whereby PKG phosphorylates TSC2 (aka tuberin)
at serine 1365, which results in mTORC1 inhibition but only
in the presence of a pathological stimulus (Ranek et al., 2019).
Intriguingly, oxidation of PKG impairs the ability of PKG
to target TSC2 S1365 in response to a pathological stimulus
adding a layer of complexity to this pathway (Oeing et al,

2020b). Phosphorylation of TSC2 serine 1365 or expression of
a knock in phosho-mimetic (S1365E) mouse had no effect on
basal mTORCI activity or macroautophagy, however during
cardiac PO mTORCI hyperactivation was blocked resulting in
stimulated autophagic flux, reduced cardiomyocyte hypertrophy,
and increased cardiac function and lifespan (Ranek et al,
2019). These findings are unique as inhibition of mTORCI,
including phosphorylation regulations are associated with a
total inhibition of mTORCI activity, whereas modulation
of TSC2 serine 1365 does not influence mTORC1 activity
at baseline but has a potent suppression (phosphorylated
or phospho-mimetic) or exacerbation (unphosphorylated or
phospho-silenced) in the presence of a pathological hypertrophy
stimulus (Ranek et al, 2019; Oeing et al, 2020b). In a
recent study, activating PKG with an GC-1 activator has also
been shown to reduce oxidative stress and enhance autophagy
in H9c2 cardiomyocytes (Zhao et al, 2020). In this study,
H9c2 cardiomyocytes were pretreated with an GC-1 activator,
followed by doxorubicin, a known inducer of oxidative stress.
These cells had an increase in autophagosome formation,
indicating an increase in autophagic flux due to the activation
of PKG. Collectively these findings make PKG an attractive
therapeutic target.

Phosphoinositide 3-Kinase (PI3K) and Protein Kinase
B (PKB)

Activation of the class I phosphoinositide 3-kinase (PI3K)-
protein kinase B (Akt) pathway negatively regulates
autophagy during cardiomyocyte stress (Mellor et al,
2013). Macroautophagy has been associated with attenuation
and exacerbation of cardiac disease following myocardial
ischemia-reperfusion (I/R) injury, which appears to be
due to the timing and the method of autophagy activation
(Sciarretta et al., 2012b, 2018b).  Excessive  autophagy is
deleterious to cardiac function, and as Li X. et al. (2018)
demonstrated, stimulation of the PI3K/Akt/mTOR pathway
reduced myocardial I/R injury by suppressing excessive
autophagy. Similarly, in a 12-weeks of high fructose diet model
Mellor et al. (2011) found that PI3K-Akt pathway suppression
resulted in a dramatic upregulation of autophagy. A recent
study noted that in mice subjected to aortic banding to induce
left ventricular PO, there was enhanced Akt activity with
reductions in autophagic flux and cardiac function, whereas
inhibiting Akt activation increased autophagic flux an cardiac
function (Xu et al., 2019). A study out of the Ghigo lab in 2018
investigated the role of PI3Ky on autophagy in anthracycline
induced cardiotoxicity (Li M. et al., 2018). Wild type mice
treated with doxycycline exhibited increased PI3Ky activity, Akt
activation, and Ulkl phosphorylation which were associated
with reduced autophagic flux, cell survival, and cardiac function
(Li M. et al., 2018). PI3Ky-inhibited mice had suppressed Akt
activation and Ulk1 phosphorylation which coupled to increased
autophagic flux, cell survival, and cardiac function (Li M. et al,,
2018). In addition to increasing mTORC1 activity, activation of
the PI3K/Akt pathway also negatively regulates autophagy by
phosphorylating and inhibiting the Ulk1/2 complex in diabetic
hearts (Mellor et al., 2013). Additionally, Akt inhibits autophagy
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through phosphorylation of forkhead transcription factor (FoxO)
protein to impede transcription of autophagy related genes LC3,
gamma-aminobutyric acid receptor-associated protein-like 1
(Gabarapll), and Atgl2 (Sengupta et al., 2009).

Extracellular Signal Regulated Protein Kinase (ERK)
Activation of the ERK regulates autophagy through maturation
of the autophagic vacuoles (Corcelle et al., 2007). Treatment with
trastuzumab (Herceptin), a monoclonal antibody commonly
used as a therapy in HER24 breast cancer, activated the
ERK/mTORC1 pathway and inhibited autophagy in human
primary cardiomyocytes resulting in increased production of
ROS. Trastuzumab treatment interferes with cardiac HER2
signaling that leads to the phosphorylation of HER1-Y845/HER2-
Y1248 and the activation of Erk. This in turn results in
upregulation of the mTOR-Ulk1 pathway to mediate inhibition
of autophagy in cardiomyocytes (Mohan et al., 2016). ERK
is a negative regulator of TSC2, thereby activating mTORCI1
which is known to suppress autophagy and accelerate cellular
growth (Huang and Manning, 2008; Sciarretta et al, 2014,
2018a; Wang et al, 2019). Mitogen-activated protein kinase
kinase (MEK) inhibition counteracted the protective effects of
rapamycin on the induction of autophagy and attenuation of
phenylephrine (PE)-induced cardiac hypertrophy, suggesting
that ERK can also inhibit autophagy independent of mTORC1
(Gu et al, 2016). A highly selective inhibitor of MEK/ERK
(U0126), reduced excessive autophagy, apoptosis, and infarct
size in a model of cardiac I/R injury via the MEK/ERK/EGR-
1 pathway (Wang et al, 2016). Studies in renal tubular
epithelial cells and malignant human breast cells demonstrated
that ERK positively regulates autophagy by facilitating the
transition from LC3-I to LC3-II and increased production of
beclinl (Choi et al.,, 2010; Zeng et al., 2012). Further studies
are needed to further determine the role of ERK regulation
of autophagy in cardiac disease and identify the targets by
which this occurs.

p38 MAPK

Similar to ERK, both activation and inhibition of autophagy
have been reported with p38 MAPK stimulation (Webber and
Tooze, 2010b). Autophagy-related (Atg) 5 is a crucial protein
for autophagy to proceed. Atg5 is phosphorylated at threonine
75 by p38 MAPK leading to the inhibition of starvation-
induced autophagy (Keil et al., 2013). The authors went on to
create Atg5 phospho-silenced (threonine 75 to alanine, T75A)
and phospho-mimetic (threonine 75 to glutamic acid, T75E)
constructs, and these were used to transfect Atg5 deficient
mouse embryonic fibroblasts (MEFs), thus the only Atg5 being
expressed was the mutant constructs. Atg5 T75A MEFs contained
autophagosomes in both the starved and serum fed conditions,
suggesting enhanced basal autophagy, while the Atg5 T75E
MEFs showed no autophagosome formation in either condition
and had decreased autophagic flux (Keil et al., 2013). Another
mechanism of inhibition is following a proinflammatory signal,
whereupon p38o MAPK phosphorylates Atgl (Ulkl) at serines
504 and 757 to disrupt its functional complex with Atgl3
and reduce autophagy (He et al., 2018). Similarly, inhibition

of p38 MAPK in myelogenous leukemic K562 cells increased
beclin 1 expression and induction of autophagy (Colosetti et al.,
2009). Alternatively, p38 MAPK was shown to phosphorylate the
tumor suppressor protein p53 at serine 392, which enhanced its
transcriptional activity causing increased expression of beclinl
resulting in stimulation of autophagy (Liu et al., 2009; Younce
and Kolattukudy, 2010; Duan et al, 2011). Accordingly, in
cultured neonatal rat cardiomyocytes exposed to 48 h of
mechanical stretch and in mice following TAC, p38 MAPK
inhibition caused a decrease in the autophagy marker LC3-
I1, suggesting a positive p38-autophagy relationship (Lin et al.,
2014). Furthermore, Webber and Tooze provided evidence that
the mAtg9-p38 MAPK interaction is important for autophagy
and is regulated by the p38a activity (Webber and Tooze, 2010a).
They identified p38 as a mAtg9 interacting protein and showed
the interaction of mAtg9-p38 is required for starvation-induced
mAtg9 trafficking and autophagosome formation, allowing the
process of autophagy to proceed (Webber and Tooze, 2010a).
The regulation of autophagy by p38 MAPK appears to be
driven by the nature of the stimulus with potential sub-
domain specificity.

c-Jun N-Terminal Kinase (JNK)

Increased autophagy has been reported with activation of
c-Jun N-terminal Kinase (JNK), which has been attributed to
a compensatory mechanism (Borsello et al., 2003; Jia et al,
2006; Li et al, 2006). JNK-dependent pathways are involved
in the pathological mechanisms of myocardial hypertrophy and
ischemia/reperfusion injury (He et al., 1999; Sun et al., 2012;
Javadov et al., 2014). Other studies have shown that JNK
activation is transient and varies depending on the severity
and timing of oxidative stress during ischemia and reperfusion
(Knight and Buxton, 1996; Laderoute and Webster, 1997; He
et al., 1999; Fryer et al., 2001; Armstrong, 2004). JNK stimulates
autophagy by phosphorylating anti-apoptotic protein B-cell
lymphoma 2 (Bcl-2) (Chen et al., 2008; Wei et al, 2008a;
Geeraert et al., 2010; Nopparat et al., 2010), which is typically
bound to beclinl thereby inhibiting autophagy (Pattingre et al.,
2005), however once phosphorylated will dissociate from beclin1,
resulting in the induction of autophagy (Wei et al, 2008b;
Mrakovcic and Frohlich, 2018). JNK phosphorylation of Bcl-2
is associated with cell survival (Pattingre et al., 2009). JNK has
also been shown to induce expression of pro-autophagic proteins
SQSTML1 (p62), Atg5 and Atg7 in response to oxidative stress and
oncogenic transformations as a method to enhance autophagy
(Byun et al., 2009; Wong et al.,, 2010; Kim M. J. et al,, 2011). JNK
can also induce the expression of beclinl via phosphorylation
of c-Jun (Li et al,, 2009; Ren et al., 2010). In contrast to the
above mentioned pro-autophagic role of JNK, Xu et al. (2011)
have demonstrated that targeted deletion of JNKI, JNK2 and
JNK3 in neurons increases autophagy. Furthermore, in a diabetic
cardiomyopathy model and in Angiotensin II-treated hearts,
induction of miR-221 stimulated the transcription of JNK/c-
Jun which resulted in depressed autophagy and exacerbated
cardiac hypertrophy (Qian et al, 2017). Collectively, these
studies demonstrate that much like the other MAP kinases, the
regulatory role of JNK is context and stimuli dependent.
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FUTURE DIRECTIONS

Therapeutic strategies to enhance cardiac PQC are attractive,
presenting a new direction for treatment of cardiac disease.
Post-translational modifications, specifically phosphorylation
and dephosphorylation, of key PQC proteins add selectivity
and specificity to the protein degradation processes and
provide a unique opportunity for pharmacological intervention.
Indeed, some studies described here have demonstrated
the cardioprotective potential of PQC enhancers. Here
we have summarized the studies that investigated cardiac
PQC (Supplementary Table 2). We also detailed other
kinases that currently have not been linked to a protective
pharmacological strategy, but may have immense potential.
Phosphorylation of the proteins responsible for maintaining
cardiac PQC during a pathological stimulus has added
a new mechanism of regulation to this powerful system.
With new drugs to target kinases and phosphatases,
and advances in gene editing to create phospho-mimetic
and -silenced proteins, the opportunities to manipulate
these PQC systems are endless. Thus, elucidating the
phosphorylations that regulate cardiac PQC is essential to
advance our understanding and provide new therapeutic
opportunities to interrogate cardiomyocyte PQC to treat
cardiac disease.
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Burgeoning evidence has indicated that normal autophagy is required for nuclear
factor erythroid 2-related factor (Nrf2)-mediated cardiac protection whereas autophagy
inhibition turns on Nrf2-mediated myocardial damage and dysfunction in a setting of
pressure overload (PO). However, such a concept remains to be fully established by a
careful genetic interrogation in vivo. This study was designed to validate the hypothesis
using a mouse model of PO-induced cardiomyopathy and heart failure, in which cardiac
autophagy and/or Nrf2 activity are genetically inhibited. Myocardial autophagy inhibition
was induced by cardiomyocyte-restricted (CR) knockout (KO) of autophagy related
(Atg) 5 (CR-Atg5KO) in adult mice. CR-AtgbKO impaired cardiac adaptations while
exacerbating cardiac maladaptive responses in the setting of PO. Notably, it also
turned off Nrf2-mediated defense while switching on Nrf2-operated tissue damage in
PO hearts. In addition, cardiac autophagy inhibition selectively inactivated extracellular
signal regulated kinase (ERK), which coincided with increased nuclear accumulation
of Nrf2 and decreased nuclear translocation of activated ERK in cardiomyocytes
in PO hearts. Mechanistic investigation revealed that autophagy is required for the
activation of ERK, which suppresses Nrf2-driven expression of angiotensinogen in
cardiomyocytes. Taken together, these results provide direct evidence consolidating
the notion that normal autophagy enables Nrf2-operated adaptation while switching
off Nrf2-mediated maladaptive responses in PO hearts partly through suppressing
Nrf2-driven angiotensinogen expression in cardiomyocytes.

Keywords: Nrf2, autophagy, ERK, cardiac dysfunction, pressure overload
INTRODUCTION

Autophagy is an evolutionarily conserved pathway that targets cytoplasmic contents to the
lysosome for degradation (Wang and Hill, 2015; Wang and Cui, 2017; Sciarretta et al., 2018). Based
on how the target is delivered into lysosomes for final degradation, autophagy in mammals has
been classified into three types: (i) macroautophagy, (ii) microautophagy, and (iii) chaperone-
mediated autophagy (CMA). The macroautophagy (thereafter referred to as autophagy) is the
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best characterized. Autophagy serves as a house keeping process
to maintain cardiac integrity and function under baseline
conditions. Though, the role of autophagy in stressed hearts
remains controversial. Depending on the nature of stress and
timing of assessment, activation of cardiac autophagy has been
proposed to be either adaptive or maladaptive (Wang and Hill,
2015; Wang and Cui, 2017; Sciarretta et al., 2018). A biphasic
modality of cardiac autophagy regulation in obesity has been
proposed (Zhang et al., 2018). At an early stage of obesity,
cardiac autophagy may be increased as an adaptive response;
however, at a later stage of obesity, cardiac autophagy is impaired,
which is characterized by increased initiation of autophagy
and suppressed degradation of autophagosomes (Zhang et al.,
2018). Importantly, most of the recent studies have shown
that autophagy activation is likely an adaptive response in
the hearts after pressure overload (PO hearts) (Wang and
Cui, 2017; Sciarretta et al, 2018). In this regard, we lately
demonstrated that PO-induced cardiomyopathy and heart failure
are dramatically ameliorated by enhancing myocardial autophagy
via cardiomyocyte-restricted (CR)-autophagy related 7 (Atg7)
transgenic overexpression (Qi et al., 2020), providing critical
evidence to support adaptive nature of autophagy activation
in PO hearts. Nevertheless, the precise role of autophagy in
stressed hearts remains to be investigated and it may not be fully
understood until the signaling network of cardiac autophagy is
completely mapped.

Nuclear factor-erythroid factor 2-related factor 2 (Nrf2), a
transcription factor, controls the basal and inducible expression
of several hundred genes that can be grouped into several
categories with different functions including antioxidant defense,
detoxification, inflammatory responses, gene transcription,
transporters, protein degradation, and metabolism (Cui et al.,
2016; Zang et al., 2020a). Thus, the functions of Nrf2 spread
rather broadly from antioxidant defense to protein quality
control and metabolism regulation. Historically, Nrf2 has
been considered as a master regulator of antioxidant defense,
thereby providing protection against diverse cardiomyopathies
associated with oxidative stress (Li et al., 2009a). However,
this notion is challenged by the emerging evidence which
revealed a mediator role of Nrf2 in the progression of
cardiomyopathies associated with various pathological settings
including proteotoxicity associated with aging, myocardial
ischemia-reperfusion injury, pressure overload, and type 1
diabetes (Zang et al., 2020a,b). Although the precise mechanisms
underlying Nrf2-mediated dichotomy in the heart are poorly
understood, we observed that activation of Nrf2 is protective (Li
et al., 2009a) when autophagy is intact in PO hearts, whereas
it become detrimental to PO hearts when cardiac autophagy is
impaired (Qin et al., 2016). In addition, we found that autophagy
inhibition via CR-Atg5KO activates Nrf2-driven expression
of angiotensinogen in cardiomyocytes, presumably creating
a pathological signaling axis in which autophagy inhibition
activates Nrf2-driven angiotensinogen expression, which in
turn promotes angiotensin II production and subsequent
activation of angiotensin II receptor type 1 signaling, thereby
contributing to cardiac pathological remodeling and dysfunction
(Qin et al, 2016). These results indicate a unique role of

autophagy in controlling Nrf2-mediated dichotomy in PO hearts,
i.e., normal autophagy is required for Nrf2-mediated cardiac
protection whereas autophagy inhibition turns on Nrf2-mediated
myocardial damage and dysfunction. Yet, such a concept remains
to be fully established by genetic interrogation of an axis of
autophagy-Nrf2 activation-cardiac remodeling and dysfunction
in vivo.

In the present study, we verified the critical role of autophagy
in controlling Nrf2-mediated dichotomy in PO hearts using CR-
Atg5KO and Nrf2KO mice. We demonstrated that autophagy
inhibition via CR-Atg5KO wipes out Nrf2-operated defense while
activating Nrf2-mediated injuries in PO hearts toward heart
failure. We also found that autophagy is required for maintaining
ERK-dependent downregulation of Nrf2-driven angiotensinogen
expression in cardiomyocytes. These findings provide direct
evidence to consolidate the emerging notion that autophagy
controls Nrf2-mediated dichotomy in the heart.

MATERIALS AND METHODS

Animals

All animals were kept on a 12-hour light/dark cycle in a
temperature-controlled room with ad libitum access to food
and water. All animals were treated in compliance with the
USA National Institute of Health Guideline for Care and Use
of Laboratory Animals. The use of animals and all animal
protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of South Carolina,
United States. The breeding pairs of Nrf2 heterozygote knockout
(Nrf2*/7) and floxed Atg5 (Athﬂ/ﬂ) mice in a C57BL/6]
genetic background were purchased from Riken BioResource
Research Center, Tsukuba, Japan. The breeding pairs of a
transgenic mouse strain harboring a tamoxifen-inducible Cre-
fusion protein (MerCreMer) under the control of cardiomyocyte-
specific a-myosin heavy-chain promoter (Myh6 or aMHC) in
a C57BL/6] genetic background were purchased from JAX.
Littermates of wild type (WT) and Nrf2=/~ (Nrf2KO) mice were
generated by breeding pairs of Nrf2™/~ mice as we previously
described (Li et al., 2014). Littermates of MerCreMer™, Atg5/"//,
and MerCreMert:Atg5" mice were produced using the
breeding pairs of MerCreMer™:Atg5"/* and Agt5"/*, which
were generated by crossing MerCreMer™ with Atg5"//! mice; and
double Nrf2 and CR-Atg5 KO (Nrf2~/ ~:Atg5~/~) mice were
generated by crossing Nrf2~/~ mice with MerCreMer™ :: Atg5/"//!
mice as we previously described (Qin et al., 2016).

Induction and Quantification of

Recombination

Tamoxifen (Cat#: T5648, Sigma-Aldrich, St. Louis, MO,
United States) was dissolved in warm sunflower seed oil at
a concentration of 10 mg/ml and injected intraperitoneally
(i.p.) at 20 mg/kg body weight daily (20 mg/kg/d) for 3 weeks
to avoid the cardiac Cre toxicity as previously reported
(Koitabashi et al., 2009). The induction of recombination
with tamoxifen was started in male mice at 6 weeks of age.
After a time period of 2 weeks for washing out the tamoxifen,
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the efficacy of recombination was determined by Western
blot analysis of ATG5 expression in WT, MerCreMer™,
MerCreMer*::Atg5"/*, and MerCreMer™ ::Atg5"// mice which
received the tamoxifen induction.

Transverse Aortic Arch Constriction

(TAC)

Male littermates of WT and Nrf2~/~ (Nrf2KO) mice at 11
weeks of age were subject to sham or TAC operation for 4 or
8 weeks. Male littermates of WT, MerCreMert, Agt5"//, and
MerCreMer*::Atg5"/# or MerCreMer*, MerCreMer ™ :Nrf2KO,
MerCreMer™ Atg5"/, and MercreMer*::Atg5"//1::Nrf2KO mice
which received tamoxifen induction as described above were
subject to sham or TAC operation at 11-12 weeks of age and
euthanized 4 or 6 weeks later. The sham or TAC operation
in mice was performed under deep anesthesia as previously
described (Li et al, 2009b; Qin et al., 2016). Briefly, mice
were anesthetized by i.p. injection of ketamine (80 mg/kg) and
xylazine (5 mg/kg). The use of a horizontal incision at the
level of the suprasternal notch allows direct visualization of the
transverse aorta without entering the pleural space and thus
obviates the need for mechanical ventilation. The transverse
aorta was banded between the right innominate and left carotid
arteries to a 27-gage needle using a 6-0 nylon silk suture. Sham
operation on mice were similar but without actual aortic banding
and these mice served as a control group for all experimental
groups. Cardiac hypertrophy was determined by heart weight-
to-tibial length (HW/TIBIA) ratio, heart weight-to-body weight
(HW/BW) ratio and expression levels of cardiac hypertrophy
marker genes including atrial natriuretic factor (ANF), brain
natriuretic peptide (BNP), alpha-myosin heavy chain (a-MHC),
beta-myosin heavy chain (3-MHC), sarco-endoplasmic reticulum
calcium ATPase2a (SERCA2a).

Echocardiographic Analysis

Echocardiography was performed on anesthetized mice using the
Vevo 2100 High-Resolution Imaging System (VisualSonics Inc.)
with a 30-MHz high-frequency linear transducer as previously
described (Li et al., 2009b, Li et al., 2014; Qin et al., 2016). Briefly,
mice were anesthetized with 3% isoflurane and maintained with
1.5% isoflurane in room air supplemented with 100% O,. After
the anterior chest was shaved, the animals were placed on a
warming pad to maintain normothermia. The echocardiographic
gel was warmed before use to avoid hypothermia. Care was taken
to avoid excessive pressure on the thorax, which can induce
bradycardia. Two-dimensional (2D) long axis images of the left
ventricle (LV) were obtained at the plane of the aortic and mitral
valves where the LV cavity is largest, and visualization of the LV
apex is adequate; and a short-axis image was recorded at the level
of the papillary muscles. A 2D guided M-mode echocardiogram
was recorded through the anterior and posterior LV walls at 21
frames/s. Images were obtained at the level of the papillary muscle
tips, and measurements were then performed to obtain the
LV internal dimension (LVID; in mm), interventricular septum
thickness (IVS), and LV posterior wall thickness (LVPW; in

mm). LV percent fractional shortening FS (%) was calculated via
VisualSonics Measurement Software.

Pathology

Mice were anesthetized and perfused via the LV apex with saline
(0.9% NaCl) to wash out the blood from the heart tissue. Then,
the hearts were dried on gauze, weighed, dissected, and frozen.
Lungs and tibias were also dissected. Lungs were dried on gauze
and weighed. The length of the tibia from the condyle to the tip
of the medial malleolus was measured by micrometer calipers.

Histological and Immunochemical

Analysis

Hearts were cannulated via the LV apex, cleared of blood by
perfusion with normal saline at 90 mmHg, arrested in diastole
with 60 mM KCl, fixed by perfusion with 4% paraformaldehyde,
and embedded in paraffin. Paraffin sections were prepared
(5 pm, Leica RM2235, rotary microtome) and stored at room
temperature until staining. For LV cardiomyocyte cross-sectional
area, coronal sections were deparaffinized and the cardiomyocyte
membranes were stained with Alexa Fluor 488 conjugated
wheat germ agglutinin (WGA) (Invitrogen Corp., Carlsbad, CA,
United States) and observed using a fluorescence microscope
(Nikon Eclipse 80i; Nikon Instruments Inc. Tokyo, Japan) at
400x magnification. Twenty fields of each section were randomly
photographed using NIS-Elements F 4.0 imaging software
(Nikon Instruments Inc. Tokyo, Japan) and cross-sectional
areas of 1,000-1,400 circular cardiomyocytes per heart was
measured using Image-Pro Plus software (Media Cybernetics,
Inc., Bethesda, MD, United States). For myocardial fibrosis,
coronal sections were stained for collagen with a Masson’s
Trichrome Kit (Poly Scientific, Bay Shore, NY, United States)
according to the protocol provided by the manufacturer. Sections
were observed under a light microscope (Nikon Eclipse 80i;
Nikon Instruments Inc. Tokyo, Japan) at 200x magnification.
Twenty fields of each section were randomly photographed using
NIS-Elements F 4.0 imaging software (Nikon Instruments Inc.
Tokyo, Japan). The percentage of fibrosis (the blue stained area)
was measured by Image-Pro Plus software (Media Cybernetics,
Inc., Bethesda, MD, United States). At least two sections of each
heart were analyzed for the measurements of cardiomyocyte
cross sectional areas and cardiac fibrosis. Sub-cellular locations
of p-ERK and Nrf2 were analyzed by immunochemical staining
using anti-p-ERK (cat#: 9101, Cell Signaling Technology, Inc.,
Danvers, MA, United States) and anti-Nrf2 (cat#: sc-722, 1:200,
Santa Cruz Biotechnology Inc., Dallas, TX, United States). Two
sections from each heart were analyzed.

Cell Cultures, Adenoviral Infection, Oligo

and Plasmid Transfection

Rat neonatal cardiac myocytes were isolated and cultured
as previously described (Li et al, 2009b; Qin et al, 2016).
Adenovirus of control scramble shRNA (Ad-shCtr) and
rat Nrf2 shRNA (Ad-shNrf2) were generated as previously
reported (Li et al, 2009b). Rat neonatal cardiomyocytes were
infected with Ad-shCtr (20 MOI) and Ad-shNrf2 (20 MOI)
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in serum-free DMEM for 6 h and the cultured with full
growth medium (1 g/L glucose DMEM supplemented with
8% horse serum (HS) and 5% newborn calf serum (NCS) for
additional 24 h. The infected cardiomyocytes were further
transfected with scramble siRNA against luciferase (siCtr,
5'-CGUACGCGGAAUACUUCGATT-3/,  purchased from
Invitrogen Corp., Carlsbad, CA, United States), Agt5 siRNA
(siAtg5-1: 5-GACGCUGGUAACUGACAAATT-3/, siAtg5-2:
5-GUCAGGUGAUCAACGAAAUTT-3/, or siAtg5-3: 5'-
CCACAACUGAACGGCCUUUTT-3/, purchased from Ribobio,
Guangzhou, China) using Lipofectamine 2000 (Cat#: 12566-014,
Thermo Fisher Scientific, Waltham, United States) for 6 h and
then cultured with full growth medium aforementioned for
24 h. The transfection was repeated once and then the cells were
serum starved for 48 h prior to the treatment with Ang IT (1 uM,
Cat#: RAB0010, Sigma-Aldrich, St. Louis, MO, United States)
and U0126 (1 wM, an ERK inhibitor, Cat#: U120, Sigma-Aldrich,
St. Louis, MO, United States) in serum free DMEM. Based on
our pilot study that Ang II stimulation induced phosphorylation
of ERK at 10 min and upregulation of LC3-II at 24 h while
enhancing protein expression of angiotensinogen at 48 h in
rat neonatal cardiomyocytes (data not shown), we treated the
cardiomyocytes with Ang II for 10 min prior to Western blot
analysis of ERK phosphorylation and 24 h prior to Western blot
analysis of LC3-II and p62 protein expression, and 48 h prior
to Western blot analysis of angiotensinogen protein expression.
These experiments were repeated for four times.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) and Quantitative Real
Time (qPCR)

The total RNA from the LV was extracted using RNeasy Fibrous
Tissue Mini kit (Qiagen Inc., Valencia, CA, United States),
and the reverse transcription reaction was performed with
1 pg of total RNA using a RevertAid™ First Strand cDNA
Synthesis Kit (Cat#: K1622, Thermo Scientific). qPCR was
carried out using the Bio-Red CFX96™ Real-Time system
(C1000™ Thermal Cycler, Bio-Red Laboratories, Inc. Hercules,
CA, United States). Expression levels of target genes were
normalized by concurrent measurement of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA levels. Genomic
DNAs were also extracted from mouse tails and subjected to PCR
for genotyping of transgene mice. Primers that were used for PCR
are summarized in Supplementary Table S1.

Western Blot Analysis

Left ventricle or cardiomyocyte whole lysates or nuclear
and cytoplasmic fractions of cardiomyocytes extracted with
a NE-PER Nuclear and Cytoplasmic Extraction Kit (Cat#:
78833, ThermoFisher Scientific, United States) were subject
to Western blot analysis as we previously described.(Li
et al, 2009b, Li et al, 2014; Qin et al, 2016) Antibodies
used included anti-APG5L/ATG5 monoclonal antibody (Cat#:
3447-1, Abcam, Cambridge, United Kingdom), anti-LC3B
polyclonal antibody (Cat#: L7543, Sigma-Aldrich, St. Louis,
MO, United States), anti-ERK antibody (Cat#: 9101S, Cell

Signaling Technology, United States), anti-angiotensinogen
(Cat#: sc-7419, Santa Cruz Biotechnology Inc., Dallas, TX,
United States), anti-p62 (Cat#: ab91526, Abcam, Cambridge,
United Kingdom), anti-NQO1 monoclonal antibody (Cat#:
sc-376023, Santa Cruz Biotechnology, Inc., Dallas, Texas,
United States), anti-Nrf2 polyclonal antibody (Cat#: sc-722,
Santa Cruz Biotechnology, Inc., Dallas, TX, United States), anti-
GAPDH polyclonal antibody (Cat#: G9545, Sigma-Aldrich, St.
Louis, MO, United States), peroxidase-conjugated AffiniPure
goat anti-Mouse IgG (H+-L) (Cat#: ZB2305, ZSGB-BIO, Beijing,
China), and peroxidase-conjugated AffiniPure rabbit anti-goat
IgG (H+L) (Cat#: ZB2306, ZSGB-BIO, Beijing, China).

Statistics

Data are shown as mean =+ SD. Differences between 2 groups
were evaluated for statistical significance using the Student t test.
When differences among >3 groups were evaluated, results were
compared by one-way ANOVA with Bonferroni test for multiple
comparisons. Survival rate between experimental groups after
TAC was analyzed using Kaplan Meier test. Differences were
considered significant at P < 0.05.

RESULTS

Cardiac Autophagy Protects Against
PO-Induced Cardiomyopathy and
Controls Nrf2-Mediated Dichotomy in PO
Hearts

To determine a causative role of autophagy in the regulation of
cardiomyopathy and Nrf2-mediated dichotomy in PO hearts, we
determined the impact of cardiac specific autophagy inhibition
via CR-Atg5KO on TAC-induced cardiac remodeling and
dysfunction as well as Nrf2-mediated dichotomy (Qin et al., 2016)
in adult mice. In our pilot study, we found that the expression
of Cre per se induced by the nontoxic doses of tamoxifen
established by a previous study (Koitabashi et al., 2009) did not
have negative impact on the heart or cause any other health issues
at the basal conditions, but it did slightly worsen TAC-induced
cardiomyopathy (data not shown). To minimize the impact of
off-target effects of MerCreMer, we used mice which all carried
the MerCreMer transgene and all received the same regime of
tamoxifen treatment.

Transverse aortic arch constriction caused around 20%
mortality in Control MerCreMert (Ctl) mice as described
elsewhere (Qin et al, 2016) and it was slightly increased by
additional Nrf2KO (25%) (Figure 1A), suggesting Nrf2-mediated
protection. Compared with the Ctl or Nrf2KO groups, CR-
Atg5KO (32%) enhanced TAC-induced death; however, the CR-
Atg5KO-enhanced death was reversed by additional Nrf2KO
(Figure 1A), demonstrating autophagy inhibition-dependent
activation of Nrf2-mediated detrimental effects. In addition,
when cardiac autophagy flux is intact within the first 2 weeks
after TAC (Qin et al,, 2016), Nrf2KO enhanced TAC-induced
cardiac dysfunction (Figure 1B and Supplementary Table S2)
as we previously reported (Li et al, 2009b). When cardiac
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autophagy is inhibited at 6 weeks after TAC (Qin et al., 2016),
however, Nrf2KO improved TAC-induced cardiac dysfunction
(Figure 1Ca and Supplementary Table S3) and attenuated
TAC-induced cardiac hypertrophy and fibrosis (Figure 2 and
Supplementary Table §3) as we previously reported (Qin et al,,
2016). On the other hand, CR-Atg5KO resulted in declined
cardiac function in sham-operated mice and exaggerated
TAC-induced cardiac dysfunction at both 2 and 6 weeks
(Figures 1B,Ca,b and Supplementary Tables S2, S3). Also,
CR-Atg5KO exacerbated TAC-induced cardiac hypertrophy and
fibrosis at 6 weeks (Figure 2 and Supplementary Table S3).
These results demonstrate an essential role of cardiac autophagy
in maintaining cardiac homeostasis at both basal and PO
conditions. Notably, all these adverse impacts of CR-Atg5KO
could be rescued by additional Nrf2ZKO (Figures 1, 2 and
Supplementary Tables S2, S3), demonstrating that autophagy
inhibition activates Nrf2-mediated damage in stressed hearts,
such as PO hearts. To this end, we demonstrate that Cre
(MerCreMer) expression per se has less impact on Nrf2-mediated
dichotomy in PO hearts. Accordingly, we validate our previous
findings (Li et al., 2009b; Qin et al., 2016) but give in addition,
direct evidence to consolidate the concept that autophagy
controls Nrf2-mediated dichotomy in PO hearts.

Autophagy Inhibition-Induced
Inactivation of ERK Is an Upstream
Signal to Enhance Nrf2-Operated
Upregulation of Angiotensinogen in PO

Hearts

We have demonstrated that autophagy inhibition enables Nrf2 to
upregulate myocardial expression of angiotensinogen, a primary
cause of cardiac pathological remodeling and dysfunction
(Wollert and Drexler, 1999), in PO hearts (Qin et al., 2016). At
the molecular level, autophagy impairment suppresses activation
of Jak2/Fyn pathway which operates Nrf2 nuclear export for
degradation in PO hearts (Qin et al, 2016). A previous
study showed that the autophagosomal membrane could serve
as a platform to regulate intracellular signaling transduction
such as the activation of extracellular signal regulated kinase
(ERK) (Martinez-Lopez et al., 2013). Given that autophagy are
intertwined with multiple kinase pathways (Kroemer et al,
2010) including mitogen activated protein kinases (MAPKs),
such as ERK, and protein kinase B (AKT) cascades, all of
which regulate Nrf2 activity (Li et al, 2009a; Bryan et al,
2013), we questioned whether these kinases are also involved in
the emerging axis of autophagy inhibition-Nrf2-angiotensinogen
expression in PO hearts.

In 4-week TAC hearts in which the axis of Nrf2-
angiotensinogen activation is boosted by CR-Atg5KO (Qin
et al., 2016), we found that such autophagy inhibition minimally
regulated the activities of MAPK p38 and JNK or AKT, but
strongly suppressed the activities of ERK (Figure 3A). On
the other hand, Nrf2KO did not affect PO-induced activation
of these kinases (Figure 4) but downregulated PO-induced
upregulation of angiotensinogen expression at 4 weeks (data not
shown) when cardiac autophagy flux declines as we previously

observed (Qin et al., 2016). These results indicate that proper
initiation of autophagy, e.g., autophagosome formation, is
critical for signal-induced activation of ERK in cardiomyocytes
as observed in the other cell types (Martinez-Lopez et al,
2013). The autophagy-operating ERK activity is likely an
upstream event of Nrf2-mediated regulation of angiotensinogen
expression in the heart.

To further establish a pathophysiological relevance of the
autophagy inhibition-ERK-Nrf2 axis, we studied the nuclear
location of ERK and Nrf2 in PO hearts. Immunochemical
staining showed that there is no detectable level of nuclear
phosphorylated ERK (p-ERK) or Nrf2 in 4-week sham hearts of
Atg5/fl, MerCreMert and CR-Atg5KO mice (data not shown).
However, 4-week TAC led to increased levels of nuclear p-ERK
in the hearts of control Atg5"/! and MerCreMert mice but
not in the hearts of CR-Atg5KO mice (Figure 3B). Also, 4-
week TAC led to increased levels of nuclear Nrf2 in the hearts
of control Agt5"/ and MerCreMert mice and it was more
dramatic in the hearts of CR-Atg5KO mice (data not shown) as
we previously observed (Qin et al., 2016). Taken together, this
reciprocal relationship between nuclear p-ERK and Nrf2 in PO
hearts, as well as the enhanced nuclear Nrf2 levels in autophagy
deficient cardiomyocytes suggest that not only inactivation of
Jak/Fyn pathway (Qin et al., 2016) but also ERK is responsible
for the nuclear accumulation of Nrf2 leading to upregulation of
angiotensinogen in autophagy insufficient myocardium.

Autophagy Inhibition Suppresses
ERK-Mediated Nrf2-Driven
Angiotensinogen Expression in

Cardiomyocytes

To establish the signaling axis of autophagy inhibition-ERK
inactivation-Nrf2 activation-angiotensinogen expression in PO
hearts, we determined the effect of angiotensin II (Ang
II) on ERK activation, Nrf2 activity and angiotensinogen
expression in primary culture of neonatal rat ventricular
myocytes (NRVMs) with a combination of Atg5 and/or Nrf2
knockdown and/or ERK inhibition. As shown in Figure 5A,
Ang 1I induced phosphorylation of ERK along with increased
LC3 and angiotensinogen expression (data not shown) as we
previously observed (Qin et al,, 2016) in the control group.
These results indicate that Ang II-induced upregulation of
angiotensinogen associates with the activation of autophagy and
ERK in cardiomyocytes. Knockdown of ATG5 alone resulted
in downregulation of LC3-II and upregulation of p62 (data
not show) as we previously observed (Qin et al, 2016),
indicating impaired autophagy in cardiomyocytes. The ATG5
knockdown-induced autophagy inhibition blocked the Ang II-
induced activation of ERK whereas dramatically enhancing the
Ang II-induced angiotensinogen expression (Figures 5A,B),
demonstrating that autophagy inhibition suppresses activation
of ERK while facilitating upregulation of angiotensinogen in
cardiomyocytes as observed in autophagy-impaired PO hearts
(Qin et al., 2016). Knockdown of Nrf2 alone had minimal impact
on the Ang II-induced activation of ERK but suppressed the
Ang II-induced upregulation of angiotensinogen (Figures 5A,B).

Frontiers in Physiology | www.frontiersin.org

May 2021 | Volume 12 | Article 673145


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Wu et al. Nrf2 in Autophagy-Impaired Hearts

A 4Cll mN2KO AAGEKO xDuo-kO B o ", 2Wks
—#
A110-(20) (n) 18 40 o & —# 4
X 100 {@0) e T SC
- (19) o 30 18 o * *
8 90403 L P
© (16) % 4
< 80 - L-Jmo—ol 20 1 1 § a
-= =
'g 70‘ LL,A_A_ (15)_5## 10' o
B 60 - (13 o 09000006
50 4 TAC = =F=F==F
Q Z » O
T T 1 = % Q g
28 (days) X X X
O o o
# # #
| T T | —|
18 4 &, ,ﬁ#* 35 -
~16 1 =% Bwks ___ 30
€14 | £
g * * 825
m12" B.)
E10 - £ 20
© 1 ~
3 8 §15
= 6 - =
< 4 <
I > 18%%w0(s2emy = 9
0 0
TAC—+—+—+—+ TAC—+—+—+—+
9z 2 O 9z 2 O
T8 G © - 8N 8 o
3 3 & 5 3 3
I—_#_'l
#
50 - n;si1 " /515 = ILI_'I ,-\20 5 l—#llil
ns
40 - — §10 — §15_
~ 30 A o V] e
< 5 = £10-
2 ol = = Ss
10 A e Q ]
[ ojojojo S o] o] o] o =i o] o] of
—gzgo% QZZD% Q z>» 0
TAC() = S5 & 5 S & 5 S & S
A 3 A - A ]
Sham 5 3 3 © 33 °3 3

FIGURE 1 | Nrf2-mediated dichotomy in mice in response to pressure overload. The mice with genotypes of MerCreMer™ (Ctl), MerCreMer™::Nrf2 KO (Nrf2KO),
MerCreMer*::Atg5"/" (Atg5KO), and MerCreMert::Atg5"/7::Nrf2KO (Duo-KO) received tamoxifen treatment as described in the section “Materials and Methods” and
then were subject to sham and TAC operation for 6 weeks. (A) Survival rate at 4 weeks after TAC. #p < 0.05 by Kaplan Meier test. (B) FS (%) at 2 weeks after TAC.
*n < 0.05 vs TAC (-) in the same groups using the Student ¢ test; #p < 0.05 between indicated groups using one-way ANOVA followed by Bonferroni test. (C) FS
(%), HW/Tibia ratio and LW/Tibia ratio at 6 weeks after TAC. *p < 0.05 vs TAC (-) in the same groups using the Student ¢ test; ¥p < 0.05 between indicated groups
using one-way ANOVA followed by Bonferroni test. (a) Statistic analysis of both sham and TAC groups; (b) Statistic analysis of sham groups alone. Animal number for
each group is indicated in each figure. The efficacy of Cre and LoxP recombination which ablates myocardial Atgb expression in Atg5KO and Duo-KO mice was
confirmed by Western blot analysis.
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Although knockdown of Nrf2 did not affect the ATG5
deficiency-induced inactivation of ERK, it blocked the ATG5
deficiency-induced enhancement of angiotensinogen expression
(Figures 5A,B). These results demonstrate that Nrf2-mediated
angiotensinogen expression in cardiomyocytes (Qin et al., 2016)
is negatively regulated in part by autophagy-dependent ERK
activation, supporting that ERK signaling plays an important role
in the control of Nrf2-mediated upregulation of angiotensinogen
in autophagy-impaired hearts.

To establish a causative link between ERK, Nrf2 activation,
and angiotensinogen expression in cardiomyocytes, we used
an ERK inhibitor, U0126 in the primary culture of NRVMs.
U0126 enhanced Ang II-induced upregulation of NAD(P)H

quinone dehydrogenase 1 (Nqol), a typical Nrf2 target
gene and angiotensinogen mRNA levels in control group
(Figure 5B). These results reveal that ERK serves a negative
regulator of Nrf2 activation and angiotensinogen expression
when autophagy is intact. Notably, knockdown of ATG5
dramatically enhanced Ang II-induced expression of Nqol and
angiotensinogen mRNAs and this enhancement could not be
further increased by U0126; whereas, both U0126-potentiated
and ATGS5 deficiency-augmented angiotensinogen expression
were blocked by knockdown of Nrf2 (Figure 5B). These results
indicate that ERK suppresses angiotensinogen expression by
inactivating Nrf2, serving as a negative feedback mechanism for
the control of angiotensinogen expression in autophagy intact
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FIGURE 3 | The impact of cardiomyocyte-restricted knockout of Atg5 on pressure overload-induced activation of MAPK and expression of angiotensinogen (Agt) in
the heart. Male floxed Atg5 (Atg5"/"), MerCreMer* (Cre™), and MerCreMer™::Atg5"/" (CR-Atg5~/~ or CR-Atg5KO) after tamoxifen-induced ablation of Atg5 were
subject to sham or TAC operations for 4 weeks. (A) Western blot analysis of LV tissues (n = 4). The right panel is the semi-quantified densitometry analyses.
*n < 0.05 vs TAC (-) in the same groups using the Student ¢ test; #p < 0.05 between the indicated groups using one-way ANOVA followed by Bonferroni test.
(B) Immunohistochemical staining of phosphorylated ERK and Nrf2 in pressure overloaded hearts of Atg5"/, MerCreMer* (Cret) and CR-Atg5KO mice. LV tissue
sections of mice with indicated genotypes were stained with antibodies for phosphorylated ERK (p-ERK) and Nrf2 (data not shown).

cardiomyocytes; however, autophagy inhibition turns off the
negative feedback regulation thus exaggerating angiotensinogen
expression in cardiomyocytes.

DISCUSSION

In the present study, we provided a few pieces of evidence which
help clarify the contradictory roles of autophagy and Nrf2 in
cardiac remodeling and dysfunction, thereby consolidating the
notions that (1) autophagy activation is cardioprotective; (2)
autophagy is essential for Nrf2-mediated cardiac protection; (3)
autophagy inhibition or impairment switches on Nrf2-operated
myocardial damage; and (4) autophagy inhibition activates
Nrf2-driven transcription of angiotensinogen in cardiomyocytes,
thereby contributing to the pathological activation of Ang II-Ang

II receptor type 1 signaling axis in the heart (Wollert and Drexler,
1999) (Figure 5C).

Does Autophagy Activation Protect
Against PO-Induced Cardiomyopathy?

Although not entirely conclusive, most of the recent studies have
revealed that autophagy activation is most likely an adaptive
response in PO hearts (Wang and Cui, 2017; Sciarretta et al,,
2018). Of note, we lately provided direct evidence to support
this notion, i.e., that enhancement of myocardial autophagy
via CR-Atg7 transgenic overexpression dramatically ameliorated
PO-induced cardiomyopathy and heart failure (Qi et al,
2020). However, the adaptive nature of autophagy activation
in PO hearts may not be completely addressed without a CR
autophagy inhibition approach. This is likely due to experimental
weaknesses of the original study which demonstrated a
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cardioprotective role of autophagy using MerCreMer::Atg5/"//!
mice after tamoxifen induction (CR-Atg5KO) in adult (Nakai
et al., 2007). In this pioneer study, it is highly possible that the
observed cardiac hypertrophy and dysfunction of CR-Atg5KO
mice at the basal line are caused by Cre-mediated cardiotoxicity
(Koitabashi et al., 2009) due to the high dose injection of
tamoxifen (80 g per g body weight, daily, for one week)
(Nakai et al., 2007). In addition, Atg5"/, but not MerCreMer™
mice were used as the control (Nakai et al., 2007), which may
cover the Cre-mediated myocardial damage while amplifying
the CR-Atg5KO-dependent adverse phenotypes. In the present
study, however, we addressed all of these concerns by using
mice that all carried MerCreMer transgene and all received
the same regime of tamoxifen treatment which has minimal
impact on the heart at least at basal line condition (Koitabashi
et al., 2009) to minimize the known and yet unknown off-target
effects of MerCreMer on the heart. Importantly, compared with
such rigorous control of MerCreMer™ mice, we found that CR-
Atg5KO mice developed more severe cardiac hypertrophy and
dysfunction at both 2 and 6 weeks after TAC, demonstrating a
cardioprotective role of autophagy in PO hearts. Even in sham
operated mice, we observed that CR-Atg5KO led to cardiac
hypertrophy and dysfunction, indicating a housekeeping role
of autophagy in suppressing cardiac maladaptive remodeling
and dysfunction. Taken together, our results consolidate the
notions that autophagy plays a critical role in maintaining
cardiac homeostasis and autophagy activation is an adaptive
response in PO hearts.

Does Autophagy Controls Nrf2-Mediated
Dichotomy in PO Hearts?

Nrf2 has been considered as a hermetic factor (Maher and
Yamamoto, 2010). However, such a theory that either too
much or too little of Nrf2 can lead to pathological endpoints
cannot explain Nrf2-mediated cardiac phenotypes (Zang et al.,
2020a). For example, CR-Nrf2 Tg mice is perfectly normal
under physiological conditions, and sustained PO does not
result in super-activation of Nrf2 in the heart although Nrf2
activation promotes the PO-induced cardiomyopathy (Zang
etal., 2020a). In the present study, we showed that cardiac specific
autophagy inhibition via CR-Atg5KO wiped out Nrf2-mediated
cardiac protection while turning on Nrf2-mediated pathological
cardiac remodeling and dysfunction, providing direct evidence
to demonstrate a critical role autophagy in the control of Nrf2-
mediated dichotomy in PO hearts. These findings also indicate
that Nrf2 does not act as a hermetic factor and Nrf2-mediated
dichotomous effects are coupled with specific cellular processes,
such as autophagy, in the heart.

How Does Autophagy Control
Nrf2-Mediated Dichotomy in PO Hearts?

Our previous study have shown that autophagy inhibition
inactivates Jak/Fyn signaling for Nrf2 nuclear export and
degradation, leading to nuclear accumulation of Nrf2 to drive
angiotensinogen expression in cardiomyocytes, which inevitably
activates pathological Ang II-Ang II receptor type 1 (AT1R)

Frontiers in Physiology | www.frontiersin.org

131

May 2021 | Volume 12 | Article 673145


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Wu et al.

Nrf2 in Autophagy-Impaired Hearts

A kDa = 4, # 4
()]
P-ERK [ESESS=S =S|l « 2 .
e *
-— - £
ERK e mmememjius 2] ns ns
QT
GAPDH (e e e= e s e «s| <« 35 3 rl ﬂ I-LI H [1]
G—
Angll — + =+ =+ =+ Angll = +]- +]- +]-
SiAth__++__++ Ata5 | —
Ad-shCtl  Ad-shNrf2 = == L
-shCt -S
B ¢ Stresses Ad-shCtl Ad-shNrf2
| [ ]
34 '_*-}c# Nqo1 e.g., pressure overload
Ub
2 1 * Nrf2
Autophagy o ‘ N
|
S 11 L > S>>
()
P o))
0 c F Proteasomal
= 5 0. p-Fyn -
o c —# degradation
x5 =2 Keap1
Q= 3. *%  Agt Nrf2
< ‘6 <
< b * o
1d 2 U export
£ ns NP2 Vo o
i N
PO Vo
0 Ang I i+
o p-Nrf2 o N2 7
Angll —++—++—++—++ \/
URI2E ~=t—petmt . B ATJR o
. roteasoma
SIAtQS —TTFTFTTTTE T gegradation i i
g Cardiac pathological <+
Ad-shCtl Ad-shNrf2 remodeling & dysfunction
FIGURE 5 | The impact of autophagy inhibition on Ang ll-induced ERK activation, Nrf2 activity and angiotensinogen (Agt) expression in the primary culture of
neonatal rat ventricular myocytes (NRVMs). NRVMs were infected with adenovirus of scramble (Ad-shCtl) or Nrf2 shRNA (Ad-shNrf2) and then transfected with the
control siLuc (siCtl) or Atg5 siRNA (siAtg5) prior to the treatment of Ang Il (1 wM) and U0126 (1 M) as described in the section “Materials and Methods.”
(A) Representative immunoblots and densitometric analysis (n = 4). *p < 0.05 vs the vehicle control (-) treated Ad-shCtl + siCtl cells using the Student t test;
#b < 0.05 between indicated groups using one-way ANOVA followed by Bonferroni test. ns, non-significant. (B) gPCR analysis of Ngo1 and angiotensinogen (Agt)
expression (n = 4). *p < 0.05 vs the vehicle control (-) group using the Student ¢ test; *p < 0.05 between indicated groups using one-way ANOVA followed by
Bonferroni test. (C) A working hypothesis. Sustained pressure overload interrupts Keap1-mediated Nrf2 ubiquitination for proteasomal degradation, thus increasing
free Nrf2 which is translocated into nuclei and activates its target gene expression. On the other hand, it also induces autophagy inhibition to switch off Jak/Fyn and
ERK-mediated phosphorylation of nuclear Nrf2 for nuclear export and degradation, which in turn results in enhancement of Nrf2-driven expression of Agt, leading to
pathological activation of Ang II-AT1R axis in the heart. Accordingly, sustained pressure overload causes autophagy impairment, which in turn intensifies
Nrf2-mediated cardiac pathological remodeling and dysfunction toward heart failure. Ub, ubiquitin; up arrow, increased activity; down arrow, decreased activity.

signaling axis in the heart (Wollert and Drexler, 1999). In
this study, we further demonstrated that autophagy inhibition
inactivated ERK, thereby activating the Nrf2-angiotensinogen
axis in cardiomyocytes. These results not only validate our prior
findings, but also give more mechanistic insights into autophagy-
dependent control of Nrf2 signaling in PO hearts. However, how
exactly autophagy controls Jak/Fyn and/or ERK signaling for the
negative control of Nrf2-operated angiotensinogen expression
in PO hearts has not been completely delineated. The critical
downstream effectors of Nrf2-mediated myocardial damage
and dysfunction in autophagy-impaired PO hearts remain to
be determined. Recently, we demonstrated that CR-Atg5KO
exacerbates Nrf2-mediated cardiac pathological remodeling and
dysfunction and intensifies Nrf2-driven transcription of a subset
of genes, such as acyl-CoA synthetase long-chain family 4
(Acsl4), cluster of differentiation 36 (Cd36), angiotensinogen
(Agt), and Kruppel-like factor 9 (KIf9), while suppressing

Nrf2-operated transcription of cellular defense genes including
glutathione peroxidase 4 (Gpx4) and ferroptosis suppressor
protein 1 (Fspl), also known as apoptosis-inducing factor
mitochondria 2 (Aifm2), thereby exaggerating the progression
of cardiomyopathy associated with type 1 diabetes (Zang et al,,
2020b). Whether such autophagy-governed coordination of Nrf2
signaling pathways is also disturbed in PO hearts deserves
investigations, thus providing mechanistic insights into the
molecular network by which autophagy controls Nrf2-mediated
dichotomy in the heart.

What Are Clinical Relevance and
Limitations of This Study?

The enthusiasm for activating Nrf2 as a novel approach to
treat human diseases, at least non-cardiac disease, remains very
high; a number of clinical trials of various phases on Nrf2
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activators for treating diseases such as diabetic complications
and cancers are still actively ongoing (Al-Sawaf et al., 2015).
This study clearly demonstrated autophagy inhibition-dependent
activation of Nrf2-mediated cardiac damage and dysfunction.
Accordingly, it raises a concern regarding the ‘dark” side of Nrf2
in these clinical therapies, especially when the treated subjects are
compounded with conditions such as hypertensive, ischemic and
diabetic cardiomyopathies, all of which likely have myocardial
autophagy inhibition (Wang and Cui, 2017; Zang et al., 2020a).
The therapeutic efficacy of targeting Nrf2 for these diseases
may not be achieved without shutting down Nrf2-mediated
adverse signaling in the heart. These issues further create the
need for better understanding of the molecular mechanisms
underlying such unusual coupling between autophagy inhibition
and detrimental activation of Nrf2 in stressed hearts, which have
not been completely dissected in the present study. Whether such
coupling contributes to PO-induced cardiac diastolic dysfunction
has also remained to be addressed. These limitations need further
investigation, thereby uncovering the nature of the unique
coupling between autophagy function and Nrf2 signaling in
cardiac pathological remodeling and dysfunction. As a result, the
outcome may provide new insights into the development of a
novel therapeutic approach which could simultaneously activate
autophagy and Nrf2 for treatment of chronic heart diseases with
cardiac autophagy inhibition.
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Cardiomyocyte death in the form of apoptosis and necrosis represents a major cellular
mechanism underlying cardiac pathogenesis. Recent advances in cell death research
reveal that not all necrosis is accidental, but rather there are multiple forms of necrosis
that are regulated. Necroptosis, the earliest identified regulated necrosis, is perhaps
the most studied thus far, and potential links between necroptosis and Cullin-RING
ligases (CRLs), the largest family of ubiquitin E3 ligases, have been postulated. Cullin
neddylation activates the catalytic dynamic of CRLs; the reverse process, Cullin
deneddylation, is performed by the COP9 signalosome holocomplex (CSN) that is formed
by eight unique protein subunits, COPS1/CNS1 through COPS8/CNS8. As revealed
by cardiomyocyte-restricted knockout of Cops8 (Cops8-cko) in mice, perturbation
of Cullin deneddylation in cardiomyocytes impairs not only the functioning of the
ubiquitin—proteasome system (UPS) but also the autophagic-lysosomal pathway (ALP).
Similar cardiac abnormalities are also observed in Cops6-cko mice; and importantly, loss
of the desmosome targeting of COPS6 is recently implicated as a pathogenic factor
in arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C). Cops8-cko
causes massive cardiomyocyte death in the form of necrosis rather than apoptosis and
rapidly leads to a progressive dilated cardiomyopathy phenotype as well as drastically
shortened lifespan in mice. Even a moderate downregulation of Cullin deneddylation as
seen in mice with Cops8 hypomorphism exacerbates cardiac proteotoxicity induced by
overexpression of misfolded proteins. More recently, it was further demonstrated that
cardiomyocyte necrosis caused by Cops8-cko belongs to necroptosis and is mediated
by the RIPK1-RIPK3 pathway. This article reviews these recent advances and discusses
the potential links between Cullin deneddylation and the necroptotic pathways in hopes of
identifying potentially new therapeutic targets for the prevention of cardiomyocyte death.

Keywords: Cullin, COP9 signalosome, deneddylation, necroptosis, cardiomyocyte, mice, RIPK1 signal pathway,
RIPK3

INTRODUCTION

The ubiquitin—proteasome system (UPS) mediates the degradation of most cellular proteins
that are either native or misfolded; hence, the proper functioning of the UPS is pivotal to
both protein homeostasis (proteostasis) and the regulation of nearly all cellular functions.
There is a large and growing body of evidence that UPS dysfunction plays a major
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role in cardiac pathogenesis, including the progression from a
large subset of heart disease to heart failure (Wang and Wang,
2020). The latter is the leading cause of morbidity and mortality
in humans. Thus, targeting UPS dysfunction is a conceivable
strategy in treating heart disease, but such a strategy has not been
applied clinically yet. To facilitate the development of such a new
strategy, exciting progress has been made lately in research areas
such as the cellular and molecular mechanisms by which cardiac
UPS is regulated (Ranek et al., 2013, 2014, 2020), how to alter
the regulation when needed (Zhang et al., 2019; Oeing et al,
2020; Wang and Wang, 2020), and how UPS malfunction causes
cardiac injury (Tian et al.,, 2012; Ranek et al., 2015; Su et al., 2015),
although answers to most of these questions remain incomplete.
Degradation of a substrate protein by the UPS requires
polyubiquitination of the substrate protein, but the substrate
specificity is conferred by ubiquitin ligases. The largest family
of ubiquitin ligases is Cullin-RING ligases (CRLs), where Cullin
serves as the scaffold for a RING protein and a substrate receptor
module to assemble into a multiprotein complex to act as a
ubiquitin ligase (Rao et al., 2020). Covalent attachment of a
ubiquitin-like protein NEDDS8 (Neural precursor cell Expressed
Developmentally Downregulated 8) to a lysine residue of Cullin
via a ubiquitination-like post-translational modification process
known as neddylation is essential for the activation of CRLs
(Li J. et al, 2020; Zhang et al, 2020). The reverse process
of Cullin neddylation, referred to as Cullin deneddylation, is
catalyzed by the COP9 (constitutive photomorphogenesis 9)
signalosome (CSN), an evolutionally conserved protease complex
(Wei and Deng, 2003; Lingaraju et al., 2014). Countering Cullin
neddylation which is essential to the assembly and activation
of CRLs, Cullin deneddylation triggers a timely disassembly of
an active CRL that has completed ubiquitination of its specific
substrate so that key components of the CRL can be recycled and
used for the formation of new and different CRLs. Hence, Cullin
deneddylation is equally important to the assembly/disassembly
dynamic and thereby helps maintain the proper functioning of
CRLs (Rao et al., 2020). Indeed, in vivo and genetic studies
reveal that loss of function of the CSN also suppresses the
overall ubiquitination activity of CRLs, although earlier in vitro
biochemical studies suggested an inhibiting effect of Cullin
deneddylation on CRLs (Wei and Deng, 2003). Mice with
cardiomyocyte-restricted knockout of a canonical subunit of the
CSN develop cardiomyopathy and display significantly shortened
lifespans associated with massive cardiomyocyte necrosis and
impairment of both the autophagic-lysosomal pathway (ALP)
and UPS proteolytic function (Su et al., 2011a,b). While the CSN
is ubiquitously expressed in all tissues, there seem to be tissue-
specific functional roles; this review will focus on current studies
on the CSN and its biological function in maintaining the survival
of cardiomyocytes. Most recently, an elegant study by Liang et al.
(2021) unveiled that COPS6 is a resident protein of myocardial
desmosomes, a main mechanical junction of the intercalated disk.
They also demonstrated that the interaction between the MPN
domain of COPS6 and the spectrin repeats in the N-terminus
of desmoplakin (DSP) mediates the localization of COPS6
to the desmosome. Moreover, they discovered that COPS6
protein enrichment in the intercalated disk is remarkably lost

or attenuated in the myocardial biopsies from human patients
with arrhythmogenic right ventricular dysplasia/cardiomyopathy
(ARVD/C), a bona fide disease of desmosomes. Furthermore,
they showed strong evidence that human ARVD/C-associated
mutations in DSP and plakophilin-2 (PKP2) diminish or even
abrogate the desmosome targeting of COPS6, arguing strongly
for a pathogenic role of the loss of junctional COPS6 in ARVD/C;
indeed, they showed that Cops6-cko recapitulates many aspects
of the ARVD/C phenotype (Liang et al., 2021). This represents an
important advance in cardiac CSN research because it provides
not only new mechanistic insight into CSN biology but also direct
evidence for the clinical relevance of investigating the CSN in
the heart.

Loss of cardiomyocytes in the form of either apoptosis or
necrosis can be the tipping point during the progression from
various forms of primary heart disease to heart failure. Recent
advances in the research into the mechanisms of cell death
have unveiled that necrosis includes not only accidental but
also regulated forms as well (Galluzzi et al., 2018). Depending
on the primary underlying cause and thereby pathways taken,
regulated necrosis can further be categorized into many forms,
such as necroptosis, ferroptosis, and pyroptosis, to name a
few (Galluzzi et al., 2018). Tumor necrosis factor o (TNFa)
induces apoptosis in most cells; however, TNFa was found to
induce necrosis in cells deficient of caspase-8 or when there
was inhibition of caspases (Hitomi et al, 2008). The term
necroptosis was coined to refer to this type of necrosis (Degterev
et al., 2005). Hence, necroptosis is probably the earliest form of
regulated necrosis described. Subsequent studies have established
that the canonical pathway for death receptor activation to
induce necroptosis involves the activation of the receptor-
interacting protein kinase 1 (RIPK1), RIPK3, and mixed-
lineage kinase domain-like pseudokinase (MLKL) (Galluzzi et al.,
2018). Emerging evidence not only indicates that cardiomyocyte
necroptosis plays an important role in cardiac pathogenesis but
also begins unveiling the molecular mechanisms that govern
cardiomyocyte necroptosis (Del Re et al, 2019). This article
will review recent advances in elucidating the link between
dysregulated proteostasis and necroptosis in cardiomyocytes,
leveraging on the massive cardiomyocyte necrosis induced by the
genetic perturbation of CSN-mediated Cullin deneddylation.

CULLIN DENEDDYLATION BY THE CSN

Initially discovered in Arabidopsis thaliana, a small flowering
plant (Wei et al., 1994), the CSN quickly has been found to
be highly conserved in all eukaryotes, from fungi to humans
(Lingaraju et al, 2014). It is composed of eight canonical
subunits, which are eight unique proteins named CSN1 through
CSN8 or, more officially, COPS1 through COPS8, according
to the descending order of molecular weights (Kwok et al,
1998). Depletion of any of the canonical subunits impairs Cullin
deneddylation, demonstrating that the deneddylase activity of
the CSN requires the formation of the CSN holocomplex by the
eight subunits (Figure 1). The deneddylase of the CSN resides
in COPS5, but COPS5 exerts Cullin deneddylation activity only
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when it is situated in the fully assembled CSN holocomplex
consisting of all eight subunits, which is why the loss of any of
the eight CSN subunits abolishes Cullin deneddylation in the cell
(Wei and Deng, 2003). A recent report claims the discovery of
the ninth subunit of the CSN, a small protein with the molecular
weight of 6.5 kDa, referred to as CSN acidic protein (CSNAP), but
deletion of CSNAP does not alter Cullin deneddylation (Rozen
et al,, 2015), indicating that CSNAP is not essential to the Cullin
deneddylation by the CSN. This newly discovered CSNAP might
function to enhance the interaction of the CSN with CRLs (Rozen
etal., 2015).

In a CRL complex, Cullin serves as a scaffold; the substrate
receptor module binds to its N-terminal segment, responsible for
the recruitment of a specific substrate protein for ubiquitination;
and the RING protein bound to the C-terminal domain recruits
the ubiquitin-charged E2. In the absence of Cullin neddylation,
the substrate and the ubiquitin associated with the two arms of
the CRL are too far apart for ubiquitin transfer to take place.
Cullin neddylation, however, changes the conformation of the
CRL so that the N- and C-terminal arms of the Cullin bend
toward each other, rendering the substrate and ubiquitin-charged
E2 in close proximity to each other, allowing the ubiquitin to be
efficiently transferred from the E2 to the substrate protein (Rao
et al., 2020). CRLs represent the largest family of E3 ubiquitin
ligases. Over 700 currently known ubiquitin ligase complexes in
humans belong to CRLs, responsible for the ubiquitin-dependent
degradation of ~20% of cellular proteins (Dubiel et al., 2020).
CRLs are crucial for UPS-mediated proteolysis of regulatory
proteins and, as such, participate in the regulation of a vast array
of cellular pathways and processes, such as the progression of the
cell cycle. Blondelle et al. (2020) comprehensively reviewed the
role of CRLs in the development, physiology, and pathology of
striated muscle, including cardiac muscle.

As described earlier, neddylation is crucial for the ubiquitin
ligase activity of CRLs, and disruption of neddylation via, for
example, inhibition of NEDDS8 activating enzyme 1 (NAE1)
has emerged as a potential new therapeutic strategy for tumor
suppression (Soucy et al., 2009; Nawrocki et al., 2013). Phase IIT
clinical trials on neddylation inhibitor MLN4924 (also known as
pevonedistat) to treat hemopoietic malignancies (NCT03268954)
are ongoing. Mice with cardiomyocyte-restricted knockout of
NAEIl driven by the Myh6-Cre displayed perinatal lethality
due to myocardial hypoplasia, ventricular non-compaction, and
heart failure at late gestation, which is associated with defective
Hippo-YAP signaling (Zou et al, 2018). By virtue of Cullin
deneddylation, the CSN modulates the assembly and activity of
CRLs. Without timely Cullin deneddylation as seen in depletion
of any of the canonical CSN subunits, a CRL complex cannot
correctly disassemble but rather stays in its active form and
continues ubiquitinating the current substrate it has bound,
as well as auto-ubiquitinating its own components such as
its substrate receptor, leading to self-destruction (Wee et al.,
2005). Thus, loss of function of the CSN can impair the
overall ubiquitination by CRLs by hindering the exchange of
substrate receptors in CRLs (Lydeard et al., 2013; Rao et al.,
2020). A small molecule inhibitor of the CSN (CSN5i-3) has
been reported to impair Cullin deneddylation and shows great

promise in the experimental treatment of cancer (Schlierf et al.,
2016).

PATHWAYS TO CARDIOMYOCYTE
NECROPTOSIS

Necroptosis is a form of caspase-independent regulated cell
death that shares the morphologic characteristic of necrosis.
The prototype of necroptosis is the necrosis induced by
stimulation of the death receptor family in cells deficient of
intracellular apoptotic signaling (Degterev et al., 2005). It is
characterized by the lack of the typical nuclear condensation and
internucleosomal DNA fragmentation that are characteristic of
apoptosis and by the presence of enlarged and swollen organelles
and early cell plasma membrane perforation and resultant
release of inflammatory damage-associated molecular patterns
(DAMPs), which initiate innate immune responses, resulting in
an inflammatory response (Zhou and Yuan, 2014; Pasparakis and
Vandenabeele, 2015; Wegner et al., 2017; Samson et al., 2021).
Consequently, necroptosis has been widely implicated in innate
immunity and inflammatory diseases (Zhou and Yuan, 2014;
Pasparakis and Vandenabeele, 2015; Wegner et al., 2017; Molnar
etal., 2019).

For detection of apoptosis, a well-defined set of assays
have been developed on the basis of its unique biochemical
and morphological features, but the current situation for the
identification of necroptosis or any forms of regulated necrosis
is quite different because all regulated necrosis [e.g., necroptosis,
ferroptosis, pyroptosis, and MPT (mitochondrial permeability
transition)] and even incidental necrosis share virtually the
same morphological changes although the molecular pathways
to the various forms of regulated necrosis differ (Del Re et al.,
2019). Thus, the detection of these forms of necrosis must
rely on a combination of assessments that identify the co-
existence of necrosis with the activation of the mechanistic
pathway characteristic of the respective forms of regulated
necrosis (Mishra et al., 2019). For cardiomyocyte necroptosis, the
following pathways have been documented.

The RIPK1-RIPK3-MLKL Pathway

At the molecular level, necroptosis can be induced by activation
of death receptors upon engagement of their respective ligands,
which includes binding of TNFa to tumor necrosis factor
receptor 1 (TNFR1), first apoptotic signal ligand (FasL) to
Fas, TNF-related apoptosis-inducing ligand (TRAIL) to TRAIL
receptor 1/2 (TRAIL-R1/2), interferons (INFs) to INF receptors
(INFRs), Toll-like receptor (TLR) ligands to TLR3/4, or by
binding of virus Z-form DNA or RNA to the cytosolic nucleic
acid sensor, Z-DNA binding protein 1 (ZBP1) (Zhou and
Yuan, 2014; Pasparakis and Vandenabeele, 2015; Wegner et al,,
2017; Samson et al., 2021). Necroptosis triggered by TNFa
ligation of TNFR1 is best understood (Figure 2), thus being
considered as the prototypical form (Zhou and Yuan, 2014).
In this model, the binding of TNFa to TNFRI1 induces the
recruitment of various proteins to the cytoplasmic tail of TNFR1,
including TNFR-associated death domain (TRADD), RIPKI,
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TNFR-associated factor 2 (TRAF2), linear ubiquitin chain
assembly complex (LUBAC), cellular inhibitor of apoptosis-
1 (cIAP1), and cIAP2, forming a membrane-bound assembly
known as Complex I (Zhou and Yuan, 2014; Pasparakis and
Vandenabeele, 2015; Wegner et al., 2017; Samson et al., 2021). At
this point, LUBAC adds N-terminal methionine (Metl)-linked
linear ubiquitin chains to RIPK1 and other proteins, whereas
cIAP1/2 catalyze the addition of K63-linked polyubiquitin
chains to RIPKI1 and other proteins within Complex I. The
ubiquitinated RIPK1 functions as a scaffold to recruit nuclear
factor kB (NFkB) essential modulator (NEMO, also known
as an inhibitor of NFkB kinase subunit gamma, IKKy) and
transforming growth factor beta-activating kinase 1 (TAK1),
leading to the activation of NFkB and mitogen-activated protein
kinase (MAPK) pathways, respectively (Figure2). Activation
of these pathways promotes the synthesis of proinflammatory
cytokines and cell survival. Of note, RIPK1 mediates NFkB
activation independent of its kinase activity. However, Complex
I can be transformed into the secondary cytosolic complex,
Complex II, which mediates cell death. This transition requires
deubiquitination of Complex I and association with Fas-
associated protein with death domain (FADD) and caspase-8.
Complex II may contain different components and promote
cell death in a manner that is either independent or dependent

of the kinase activity of RIPK1. The canonical RIPK1 kinase-
independent proapoptotic caspase-8 complex is termed Complex
Ia (also known as ripoptosome), whereas RIPK1 kinase-
dependent complexes are named Complex IIb (also named
necrosome). Complex IIa may be composed of TRADD, FADD,
RIPK1, or RIPK3, while Complex IIb consists of RIPK1, RIPK3,
MLKL, FADD, and inactive caspase-8, although the complete
composition of these complexes is not yet established. Caspase-
8 activity in Complex Ila determines downstream signaling
toward an apoptotic outcome by activating Bid and caspase-
3 and simultaneously prevents necroptosis by cleaving RIPK1
or RIPK3. Inactivation of caspase-8 in Complex IIb promotes
necroptosis via a core signaling axis of RIPK1-RIPK3-MLKL,
which is called canonical necroptosis. In the canonical pathway,
blockade of caspase activity triggers autophosphorylation of
RIPK1 on Ser166 (Degterev et al., 2008), which in turn assembles
with RIPK3 into hetero-amyloid filaments, resulting in RIPK3
phosphorylation on Ser232 as well as subsequent recruitment of
downstream necroptosis effector, MLKL, and phosphorylating
MLKL on Thr357/Ser358 sites (Sun et al., 2012). This RIPK3-
mediated phosphorylation of MLKL triggers a conformational
change in MLKL, leading to its translocation to the plasma
membrane, where it oligomerizes and forms pores that mediate
necroptosis by lysing the membrane (Dondelinger et al., 2014;
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Wang et al., 2014). Necroptotic signaling triggered by the
activation of other receptors upon engagement of their ligands
may be different at the upstream, but all converge with RIPK3-
dependent phosphorylation and activation of MLKL toward
plasma membrane lysis (Pasparakis and Vandenabeele, 2015;
Wegner et al., 2017; Samson et al., 2021).

It should be noted that signaling mechanisms underlying
necroptosis act in a context-, cell type-, and species-dependent
manner and are still far from a comprehensive understanding
(Wegner et al., 2017; Samson et al., 2021). Physiologically, the
essential regulators which determine activation of distinct death
pathways remain unclear. In addition, the endogenous factors
which determine the formation of Complex IIb (necrosome)
are not well-understood. Intriguingly, a few deubiquitinating
enzymes (DUBs), such as cylindromatosis (CYLD), A20
(Tnfaip3), and OTULIN (ovarian tumor deubiquitinase with
linear linkage specificity), appear to regulate necrosome
formation and outcome. CYLD deubiquitinates RIPKI to
decrease the interaction of RIPK1 with NEMO, thus destabilizing
Complex I, whereas it also deubiquitinates RIPK1 in TNFa-
induced necrosome to facilitate kinase activation and necroptosis
(O’Donnell et al,, 2011; Moquin et al,, 2013). CYLD is negatively
regulated by caspase-8-mediated cleavage, protecting against
TLR-mediated necroptosis (Legarda et al., 2016). The ubiquitin-
chain editing function of A20 can replace K63 polyubiquitin
chains from RIPK1 with K48 polyubiquitin chains, leading
to its proteasomal degradation (Wertz et al, 2004), while
restricting K63-ubiquitination of RIPK3 at K5 and reducing
its binding to RIPK1, thus suppressing necroptosis (Onizawa
et al., 2015). Mutations causing hypomorphic A20 expression
and function are linked to a wide range of human inflammatory
and autoimmune diseases (Martens and van Loo, 2020), and
as necroptosis is intimately involved in inflammation, a better
understanding of how A20 regulates necroptosis is expected
to advance the investigation into the pathogenesis of human
inflammatory and autoimmune disease. In addition, OTULIN
inhibits necroptosis via downregulation of necroptotic RIPK1
ubiquitination and activation (Douglas and Saleh, 2019). Cell-
type-specific knockout approaches demonstrate non-redundant
functions of these DUBs, which are presumably explained
by their differential specificity for different types of ubiquitin
chains (Lork et al., 2017). However, the molecular mechanisms
underlying specific functions of CYLD, A20, and OUTLIN as
well as their crosstalk with each other or with other DUBs remain
poorly understood.

The complexity of necroptosis regulation is further intensified
by emerging crosstalk between necroptosis and other types
of necrotic cell death, including pyroptosis, ferroptosis, and
mitochondrial permeability transition pore (MPT)-mediated
necrosis. Unlike the reciprocally negative regulation between
apoptosis and necroptosis, these types of necrotic cell death
usually help each other in facilitating necrotic processes
via yet unknown mechanisms (Kist and Vucic, 2021). In
addition, necroptosis is usually associated with the accumulation
of autophagosomes, double membrane-enclosed vesicles that
package cytoplasmic components and deliver the cargo to
lysosomes for degradation (Shen and Codogno, 2012). As

discussed specifically in the Interactions between macroautophagy
and the RIPKI-RIPK3-MLKL pathways section, autophagy
may function as a prosurvival mechanism via suppression
of necroptosis.

The RIPK3-CaMK2-MPT Pathway

An early study showed that RIPK3 was upregulated in ischemic
myocardium, but the infarct size of a myocardial infarction
(MI) model induced by a comparable permanent ligation of
the coronary artery did not seem to differ between wild-type
(WT) and RIPK3~/~ mice (Luedde et al., 2014). Nevertheless,
this study has provided the first experimental evidence that
RIPK3, a critical kinase regulating necroptosis, plays a mediator
role in post-MI maladaptive remodeling. This is because this
study revealed that myocardial reactive oxygen species (ROS)
levels examined at 24 h post-MI, the CD3-positive cell infiltration
examined at 4 days post-MI, and the maladaptive cardiac
remodeling observed at 30 days post-MI were all significantly
attenuated in the RIPK3™/~ mice compared with WT mice
(Luedde et al., 2014). Furthermore, data collected from neonatal
rat ventricular myocyte (NRVM) cultures did support the
requirement of RIPK3 and potentially its interaction with
RIPK1 for the induction of cardiomyocyte necrosis by treatment
of TNFa combined with a broad-spectrum caspase inhibitor
(zVAD-fmk) (Luedde et al., 2014), but no direct evidence was
provided for the role of cardiomyocyte necroptosis in post-MI
remodeling. This is because RIPK3 was ablated in all cells in
RIPK3 ™/~ mice, and the protection of RIPK3 deficiency could
have come from the reduced inflammatory responses resulting
from the loss of RIPK3 in inflammatory cells.

A subsequent study using myocardial ischemia-reperfusion
(I-R) injury and doxorubicin (Dox)-induced acute cardiotoxicity
models showed that cardiomyocyte necrosis was significantly
reduced in RIPK3™/~ mice compared with WT mice (Zhang
et al., 2016), indicating that RIPK3 activation plays an essential
role in I-R injury and Dox cardiotoxicity. Moreover, these
authors presented evidence that RIPK3 does so through
activation of calcium-calmodulin-dependent protein kinase II
(CaMKII) rather than through the well-established partners
RIPK1 and MLKL (Zhang et al., 2016). They showed that siRNA-
mediated knockdown of either RIPK1 or MLKL yielded no
significant effects on the leakage of LDH and the reduction of cell
viability induced by adenovirus-mediated RIPK3 overexpression
in cultured NRVMs. The increases of myocardial Thr287-
phosphorylated CaMKII in response to I-R injury or Dox
treatment were attenuated or abolished by RIPK3 deficiency
in mice, and RIPK3 was found to bind to and, via both
phosphorylation and oxidation, activate CaMKII in cultured
NRVMs (Zhang et al,, 2016). It is well-known that CaMKII is
activated and plays a mediating role in myocardial cell death
and I-R injury (Bell et al., 2014). Hence, it is not surprising that
treatment of a CaMKII inhibitor (KN-93) was found to effectively
reduce the infarct size and serum LDH elevation induced by
myocardial I-R and similarly attenuate the Dox-induced cardiac
damage and malfunction in WT mice (Zhang et al, 2016).
Importantly, adenoviral overexpression of a dominant-negative
CaMKII was shown to reduce the cytotoxicity induced by not
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and forms pores, allowing an influx of extracellular ions and water into the cell that causes cell swelling and rupture, and the release of cellular contents triggers

proinflammatory responses.

only Dox treatment or hypoxia/reoxygenation (H/R) but also
RIPK3 overexpression in NRVM cultures (Zhang et al., 2016).
It should be noted that this study has also unveiled that RIPK3
contributes to the induction of apoptosis by myocardial I-R,
and CaMKII plays a mediating role in the caspase activation by
RIPK3 overexpression in cultured NRVMs. Hence, the RIPK3-
CaMKII pathway appears to be responsible for both necroptosis
and apoptosis in I-R injury and acute Dox cardiotoxicity.

Since the activation of CaMKII was known to cause
cardiomyocyte death via opening MPT pores (Joiner et al.,
2012), Zhang et al. further tested whether MPT is the
downstream executor of the RIPK3-CaMKII pathway in NRVM

cultures. They found that siRNA-mediated downregulation of
cyclophilin D, a key regulator of MPT, moderately but statistically
significantly alleviated RIPK3 overexpression-induced cell death
as assessed by LDH release and cell viability assays (Zhang
et al., 2016). It was also found that RIPK3 deficiency reduced
the induction of the depolarization of the mitochondrial
membrane potential (AW,) by I-R or Dox treatment, RIPK3
overexpression induced AWy, depolarization in a cyclophilin
D-dependent manner, and inhibition of CaMKII prevented
RIPK3 from inducing AWy, depolarization (Zhang et al., 2016).
Taken together, these in vivo and in vitro findings support a
RIPK3-CaMKII-MPT pathway to cardiomyocyte necroptosis
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(Figure 3). This blurs the boundary between necroptosis and
the MPT-driven necrosis (Galluzzi et al., 2018); the Ilatter
can be differentiated from other types of regulated necrosis
by its dependency on cyclophilin D (Baines et al, 2005),
according to a recent classification scheme (Galluzzi et al,
2018). The RIPK3-CamKII-MPT pathway may be unique to
cardiomyocytes because a prior study demonstrated that cells
depleted of mitochondria can still undergo necroptosis (Tait et al.,
2013), arguing against an obligatory role of MPT opening in
necroptosis. The RIPK1/RIPK3-mediated necroptosis and MPT-
driven necrosis have been shown to contribute uniquely to renal
I-R injury (Linkermann et al., 2013), whereas RIPK1 and MPT
were implicated to work in the same pathway in myocardial I-R
injury (Lim et al., 2007).

The defining evidence provided by Zhang et al. (2016)
to support the role of MPT opening in the RIPK3-CaMKII
necroptotic pathway was collected primarily from cell cultures,
which may represent a caveat. This is because in the cell culture
setting, a cell undergoing apoptosis may also show loss of its
membrane integrity (the characteristic of necrosis), although
this does not occur in vivo (Del Re et al., 2019). Therefore,
decreased cell viability and increased LDH leakage induced by
RIPK3 overexpression in cultured NRVMs might not necessarily
result from necroptosis, especially when RIPK3 can mediate both
necroptosis and apoptosis as shown by this and other prior
studies. It also should be pointed out that evidence for ruling out
the involvement of MLKL or RIPK1 also seems to be quite weak,
and further studies to gather more comprehensive and especially
in vivo genetic evidence are warranted. MLKL knockout mice
have been reported and used to test the involvement of MLKL
in necroptosis and pathogenesis (Wu et al., 2013); it will be
very interesting and important to test whether MLKL null
mice show resistance to I-R injury and Dox cardiotoxicity. As
highlighted in an earlier section, the requirement of RIPK1 in
cardiomyocyte necroptosis induced by at least TNFR1 signaling
has been well-demonstrated.

INTERACTIONS BETWEEN
MACROAUTOPHAGY AND THE
RIPK1-RIPK3-MLKL PATHWAYS

Emerging evidence increasingly suggests that the processes of
autophagy and necroptosis interact at multiple levels in both
non-myocyte cells and cardiomyocytes. For example, lysosome
inhibition with bafilomycin A1 is capable of accumulating RIPK1
and RIPK3, and conversely, rapamycin-activated autophagy
protects against necroptosis in rat pheochromocytoma PC12 cells
(Liu et al,, 2018). ATG16L-dependent autophagy has been shown
to clear RIPK1, PIPK3, TRIF, and ZBP1 and attenuate necroptosis
induced by TNFa and TLR ligands in macrophages (Lim et al.,
2019). This is further complicated by the observations that MLKL
suppresses autophagy, most likely at the level of autolysosome
efflux, while the protein turnover of MLKL is indeed controlled
by autophagy in hepatocytes under physiological conditions
(Wu et al., 2020b). Lipid overloading intensifies MLKL-mediated
autophagy inhibition and necroptosis in hepatocytes (Wu et al.,

2020b). In addition, although MLKL attenuates autophagy
characterized by autophagosome and autolysosome dysfunction
in immortalized mouse dermal fibroblasts and HT-29 colorectal
cancer cells treated with TSI (TNE the SMAC mimetic
Compound A, and caspase inhibitor IDN-6556), suppression of
autophagosome formation via CRISPR/Cas9-mediated knockout
of autophagy-related gene 5 (Atg5) or of Atg7 does not affect
necroptosis in these cells (Frank et al.,, 2019). Taken together,
these findings from non-cardiomyocytes seem to indicate that
defective removal of autophagosomes resulting from decreased
autophagic flux may contribute to necroptosis.

At the molecular level, autophagy-initiating kinase ULK1 has
been shown to phosphorylate RIPK1 at Ser357, thereby inhibiting
TNF-induced cell death (Wu et al., 2020a). Activation of mTOR is
known to suppress autophagy. A recent study showed that mTOR
hyperactivation by either Western diet or genetic inhibition
of Tscl led to necroptosis of gut epithelia, contributing to
inflammatory bowel disease; mechanistically, mTOR suppresses
TRIMM11-mediated ubiquitination of RIPK3, and the latter
targets RIPK3 for autophagic degradation (Xie et al., 2020). A
different group subsequently reported that during necroptosis,
RIPK3 reduces autophagosome-lysosome fusion and thereby
decreasing autophagic flux in intestine epithelia (Otsubo et al.,
2020). MLKL-dependent but RIPK3-independent signaling was
shown to suppress autophagy in hepatocytes, contributing
to Western diet-induced liver injury in mice (Wu et al,
2020b). In other cells undergoing necroptosis, the association
of active MLKL with cell membrane was shown to suppress
autophagosome removal (Frank et al., 2019). Conversely, the
phosphorylation of ULK1 at Ser746 by RIPK3 was shown to be
required for the induction of alternative autophagy by genotoxic
stress (Torii et al., 2020).

It appears that impaired autophagic flux contributes to
necroptosis in cardiomyocytes. Two recent reports showed
evidence collected from cultured H9c2 cells suggesting a
major contribution of impaired autophagy to the induction of
necroptosis by TNFa (Ogasawara et al., 2017; Abe et al., 2019).
According to these reports, autophagic flux was suppressed as
the RIPKI1-RIPK3 interaction and necroptosis were induced
by the combined treatment with TNFa and a broad-spectrum
caspase inhibitor (Ogasawara et al., 2017); improving autophagic
flux through inhibition of mTORC1 was able to attenuate
the necroptosis in an autophagy- and transcription factor EB
(TFEB; a master regulator of the ALP)-dependent fashion
(Ogasawara et al., 2017; Abe et al,, 2019); and MPT was not
important in the execution of necroptosis (Ogasawara et al.,
2017). More recently, Li C. et al. (2020) reported that aging-
associated impairment of autophagy promoted myocardial I-
R injury, the protection of metformin against such injury was
associated with improving autophagic flux, and the upregulation
of p62 resulting from decreased autophagy promoted the
interaction of RIPK1 and RIPK3, a key step for the activation
of the RIPK1-RIPK3-mediated necroptotic pathway. Given that
both necroptosis and autophagic impairment have been shown
as mediators in cardiac pathogenesis, it will be extremely
important to improve our understanding of the interaction
between autophagy and necroptosis in cardiomyocytes as the
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resultant mechanistic insight is expected to help identify
potentially new therapeutic strategies to treat a large subset of
heart disease.

CARDIAC Cops8 DEFICIENCY CAUSES
MASSIVE CARDIOMYOCYTE NECROSIS
AND HEART FAILURE IN MICE

The cardiac physiological significance of the CSN has been
studied using mice with cardiomyocyte-restricted Cops8

knockout (Cops8-cko) (Su et al., 2011a,b). In mice with Cops8-
cko produced by coupling a Cops8-floxed allele with a transgenic
Cre driven by the mouse a myosin heavy chain (Myh6) promoter,
the depletion of Cops8 protein in cardiomyocytes was found to
take place during the perinatal period; hence, this Cops8-cko
is referred to as perinatal Cops8-cko. The perinatal Cops8-
cko did not appear to affect prenatal cardiac development
but remarkably affected post-natal cardiac development and
functioning. In these mice, pathological cardiac hypertrophy
was evident at 2 weeks post-natal, left ventricular (LV) chamber
dilatation and malfunction became detectable by 3 weeks, and
decompensated left heart failure (as reflected by increased lung
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weight to body weight ratios) as well as overt development
retardation (as reflected by lack of body weight gain between 3
and 4 weeks) was discerned between 3 and 4 weeks of age. Mice
with perinatal Cops8-cko all died by post-natal 52 days, with a
median lifespan of ~32 days (Su et al., 2011b). These findings
demonstrate that Cops8 is indispensable for post-natal cardiac
development and cardiac function. Since the Cops8-cko mice
display remarkably reduced myocardial protein levels of virtually
all other CSN subunits and increases in neddylated Cullins as
expected, the abnormal phenotype observed in the Cops8-cko
mice is conceivably attributable to perturbation of the CSN and
of Cullin deneddylation although this remains to be confirmed
by conditional knockout of at least another CSN subunit.

Biochemical and histopathological examination by Su et al.
(2011b) revealed that cardiomyocyte apoptosis in Cops8-cko
mice was not increased until 4 weeks of age when overt heart
failure had occurred; moreover, cardiac overexpression of anti-
apoptotic protein BCL2 failed to delay the premature death
of Cops8-cko mice. These findings compellingly indicate that
apoptosis is not a primary cause of the cardiac pathology
induced by Cops8-cko. Further examination revealed that
massive cardiomyocyte necrosis took place in the Cops8-cko
mice as early as 3 weeks of age, as evidenced by increased
in vivo Evans blue dye (EBD) uptake by cardiomyocytes,
increased leukocyte infiltration, and necrotic morphology
detected by transmission electron microscopy (Su et al,
2011a,b). Furthermore, massive cardiomyocyte necrosis, dilated
cardiomyopathy, rapidly progressed heart failure, and an
overwhelmingly increased mortality were subsequently observed
in Cops8-cko initiated in adult mice as well (Su et al,
2013), indicating that post-natal cardiac development-associated
cardiomyocyte proliferation and hypertrophy are not a required
compounding factor for the induction of cardiomyocyte necrosis
by Cops8 deficiency. Notably, apoptosis appears to be the
primary mode of cell death observed in mice with conditional
deletion of the Cops8 in peripheral T lymphocytes and in the liver
of mice with the hepatocyte-restricted ablation of Cops8 (Menon
et al., 2007; Lei et al., 2011, 2013); hence, the mode of cell death
induced by Cops8/CSN deficiency may be tissue- or cell-type
specific. It will be interesting to dissect the mechanism governing
this specificity.

MECHANISMS UNDERLYING
CARDIOMYOCYTE NECROSIS INDUCED
BY Cops8 DEFICIENCY

The Cardiomyocyte Necrosis in Cops8-cko
Mice Is Primarily RIPK1-RIPK3-Mediated

Necroptosis

To determine the nature of the cardiomyocyte necrosis induced
by Cops8-cko, Xiao et al. (2020) examined the potential
involvement of the RIPKI1-RIPK3 pathway. They found that
myocardial protein levels of major known players of the canonic
necroptotic pathway (RIPK1, RIPK3, RIPK1-bound RIPK3, and
MIKL) were all markedly increased in the face of significantly

increased myocardial Bcl2 and decreased cleavage of caspase-
8 in mice with perinatal Cops8-cko (Xiao et al., 2020). These
findings are indicative of suppressed apoptotic pathways but an
activation of the RIPK1-RIPK3-MLKL pathway in Cops8-cko
mouse hearts. This is because defective caspase-8 or suppression
of the apoptotic pathway has been shown as the prerequisite for
death receptor activation to induce necroptosis, and the increased
binding of RIPK3 with RIPK1 is a hallmark of the activation
of the necroptotic pathway by death receptor stimulation (Cho
et al,, 2009; He et al., 2009; Zhang et al., 2009). To further
establish the role of the RIPK1-RIPK3 pathway, Xiao et al
(2020) tested the effects of necrostatin-1 (Nec-1, a specific kinase
inhibitor of RIPK1) and of germline RIPK3 knockout on the
cardiomyocyte necrosis and mouse premature death induced
by Cops8-cko. The osmotic minipump-mediated treatment of
the Cops8-cko mice with Nec-1 initiated at 2 weeks of age
achieved a nearly complete blockade of cardiomyocyte necrosis
examined at 3 weeks of age and significantly delayed mouse
premature death, demonstrating that kinase activity of RIPK1
is required for the induction of cardiomyocyte necrosis by
Cops8-cko. Moreover, heterozygous knockout of Ripk3 also
significantly attenuated cardiomyocyte necrosis and elongated
the lifespan of mice with Cops8-cko (Xiao et al., 2020).
Taken together, these experimental findings provide unequivocal
evidence that cardiomyocyte necrosis induced by Cops8-cko is
primarily necroptosis mediated by the RIPK1-RIPK3 pathway.
The upregulation of myocardial MLKL proteins in Cops8-cko
mice suggests that MLKL is probably the downstream effector for
this pathway, but this remains to be established because neither
the phosphorylation status of MLKL nor the requirement of
MLKL in the increased necrosis has been examined in these mice.

Cardiomyocyte Necroptosis Induced by
Cops8-cko Is Independent of MPT

As discussed in the Pathways to cardiomyocyte necroptosis
section, MPT-dependent necrosis by itself can be an independent
form of regulated necrosis (Galluzzi et al, 2018); more
recently, a RIPK3-CamKII-MPT pathway to cardiomyocyte
necroptosis was reported to play an important role in
myocardial I-R injury and acute Dox cardiotoxicity (Zhang
et al., 2016). Cyclophilin D is a mitochondrial peptidyl-
prolyl cis-trans isomerase, a genetically confirmed activator of
MPT, and is required for MPT (Baines et al., 2005). Hence,
the golden standard for the identification of MPT-dependent
necrosis is to show that the necrosis can be blocked by
depletion of cyclophilin D (Galluzzi et al, 2018). Neither
homozygous nor heterozygous knockout of cyclophilin D was
able to attenuate cardiomyocyte necrosis or premature death
of Cops8-cko mice (Xiao et al., 2020), demonstrating that
cardiomyocyte necrosis induced by Cops8-cko is independent of
MPT. Intriguingly, depletion of cyclophilin D via homozygous
knockout exacerbated cardiomyocyte necrosis and shortened the
lifespan of Cops8-cko mice, suggesting that homeostatic levels of
cyclophilin D are essential for cardiomyocyte survival and heart
function under the stress condition created by Cops8-cko. This
is in agreement with a prior report showing that cyclophilin D
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knockout increases the propensity for heart failure in mice (Elrod
et al., 2010).

How Could Cops8 Deficiency Activate the
Cardiac RIPK1-RIPK3 Necroptotic

Pathway?

Although the link between Cops8/CSN deficiency and activation
of the RIPKI-RIPK3 necroptotic pathway has not been
delineated, existing literature has offered possible candidates.
First of all, increases of p62 and LC3-II proteins and decreased
autophagic flux due to impaired autophagosome-lysosome
fusion occur in the cardiomyocytes of mice with perinatal Cops8-
cko before 2 weeks of age, which is clearly before cardiomyocyte
necrosis becomes detectable (Su et al., 2011a); hence, autophagic
impairment, especially combined with the UPS dysfunction that
results directly from Cops8 deficiency (Su et al., 2015) and
indirectly from autophagic impairment (Tian et al., 2014; Wang
and Wang, 2015), could have served as an underlying cause of
the cardiomyocyte necrosis via a RIPK1-RIPK3-dependent or
-independent pathway. This is because it has been shown that
duo inhibition of the proteasome and autophagy is sufficient to
cause cardiomyocyte necrosis in mice (Su et al., 2011a) and, as
discussed in the Interactions between macroautophagy and the
RIPKI-RIPK3-MLKL pathways section, accumulated p62 may
serve as a scaffold to promote the interaction between RIPK1
and RIPK3 and thereby activation of the RIPK1-RIPK3 pathway
(Li C. et al., 2020).

Second, the release of DAMPs from the necrotic
cardiomyocytes can conceivably further induce inflammatory
responses that lead to increased secretion of inflammatory
cytokines including TNFa, which in turn could trigger the
death receptor signaling of the cardiomyocytes via endocrinal,
paracrinal, or autocrinal modes. As elaborated below, the
malfunction of CRLs intrinsic to Cops8 deficiency due to loss
of Cullin deneddylation can affect multiple pathways in such a
manner that the TNFa-triggered signaling is ultimately steered
to the RIPK1-RIPK3 necroptotic pathway in Cops8-deficient
cardiomyocytes (Figure4). As illustrated in Figure2, the
engagement of TNFR1 by TNFa can potentially trigger at least
three downstream events: (1) formation of the membrane-
associated Complex I where RIPK1 and its ubiquitinated forms
serve as a scaffold in a manner independent of its kinase activity,
which produces survival signals through activation of NFkB
pathway and MAPKs; (2) formation of Complex IIa, which
leads to apoptosis via caspase-8 and downstream events in the
so-called extrinsic apoptotic pathway; and (3) formation of
Complex IIb (i.e., the RIPK1-RIPK3-MLKL), thus induction
of necroptosis when caspase-8 is absent or suppressed (Del Re
et al.,, 2019). The kinase activity of RIPK1 is indispensable for
RIPK1 to mediate programmed cell death in Complex ITa. UPS-
dependent degradation of IkBa is an essential step for TNFa
to activate NFkB where the K48-linked ubiquitination of IkBa
is catalyzed by Skpl-Cull-p-TrCP (SCEP—TrCPy (Kanarek and
Ben-Neriah, 2012), a member of the CRL1 family of ubiquitin
ligases. Since the catalytic dynamics of CRLs is perturbed by
Cops8-cko, it is very likely that the NFkB-centered survival

signaling in cardiomyocytes is impaired in Cops8-cko mice.
Myocardial F-box protein B-TrCP protein levels were found
to be lower in Cops8-cko mice compared with control mice
(Su et al., 2011b), arguing further for a predicted reduction of
SCFP—TrCP Jigase activities. Therefore, there is a great possibility
that Cops8 deficiency steers TNFR1 signaling toward cell death
direction. It is not known yet whether serum or myocardial
TNFa is increased in Cops8-cko mice, and the impact of Cops8
deficiency on the NFkB signaling in cardiomyocytes remains to
be determined.

Third, why cardiomyocyte necroptosis rather than apoptosis
takes place in Cops8-cko mice? The induction of the necroptotic
pathway by death receptor activation has two prerequisites:
a) the so-called Complex IIb containing RIPK1 and RIPK3
is formed and b) caspase-8 cannot be activated (Del Re
et al, 2019). The study by Xiao et al. (2020) has shown
that both prerequisites are met in the Cops8“K® hearts.
Myocardial RIPK1, RIPK3, and MLKL protein levels as well
as RIPKI1-bound RIPK3 were all significantly increased in
Cops8-cko mice; and importantly, impaired caspase-8 activation
as reflected by markedly decreases in the cleaved form of
caspase-8 and in caspase-8 activity were observed in mice
with perinatal Cops8“KC compared with mice with control
genotypes (Xiao et al., 2020). This caspase-8 impairment is likely
due to the loss of Cullin deneddylation because Cul3-RBX1-
mediated polyubiquitination of caspase-8 is essential for further
processing and activation of caspase-8 and for the progression
of the extrinsic apoptotic pathway (Jin et al., 2009). Both
neddylation and deneddylation of Cullins are indispensable for
the assembly and disassembly of CRLs; hence, the ubiquitination
of caspase-8 by Cul3-RBX1 is conceivably compromised by
Cops8 deficiency. This postulate is further supported by that
inhibition of neddylation with a NEDDS8 activation enzyme
inhibitor MLN4924 makes monocytes more susceptible to
necroptosis in vitro (El-Mesery et al., 2015). As discussed in
section The RIPK1-RIPK3-MLKL pathway, the deubiquitinating
enzyme CYLD deubiquitinates RIPK1 to decrease its interaction
with NEMO, thus destabilizing Complex I, whereas it also
deubiquitinates RIPK1 in TNFa-induced necrosomes to facilitate
kinase activation and necroptosis (O’Donnell et al., 2011; Moquin
et al., 2013). CYLD was shown to be negatively regulated by
caspase-8-mediated cleavage, protecting against TLR-mediated
necroptosis (Legarda et al., 2016). Therefore, it is possible that
the reduced caspase-8 activation in Cops8-cko hearts promotes
cardiomyocyte necroptosis via accumulation of CYLD. It will be
very interesting to examine whether CYLD is increased in Cops8-
deficient cardiomyocytes and whether CYLD plays a critical role
in cardiomyocyte cell death caused by Cops8/CSN deficiency.

Not only the extrinsic pathway (as discussed above) but also
the intrinsic pathway of apoptosis is likely suppressed in Cops8-
cko cardiomyocytes because the powerful anti-apoptotic factor
Bcl2 was significantly increased (Su et al., 2011b; Xiao et al.,
2020). Increased ROS has been shown to play a role in RIPK3-
mediated necroptosis in cultured cells (Zhang et al., 2009; Schenk
and Fulda, 2015). In the induction of necroptosis by TNFa,
the RIPK3-centered necrosome stimulates aerobic metabolism
and thereby increases ROS production; it appears that RIPK3
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FIGURE 4 | A working model for induction of cardiomyocyte necroptosis by Cops8 deficiency. Loss of function of Cops8/CSN is expected to suppress the CRLs

shown in green font, which in turn disrupts the respective ubiquitination events and

pathway via increasing BCL2 and hindering the activation of caspase-8 (Casp8), steering the death receptor-triggered pathway to the RIPK1-RIPK3-mediated
necroptosis. The pathways in the shaded zone are likely involved but not directly examined in Cops8-deficient mice. It is hypothesized that TFNa comes from

autocrinal or paracrinal routes from the myocardium with cardiomyocyte-restricted

marked with bold black font. Dotted line denotes a potential link that has not been tested yet. Nec-1, necrostatin-1; p-lkBa, phosphorylated IkBa; Psm, proteasomal
degradation; RIPK3-KO, global knockout of RIPK3; ROS, reactive oxygen species [adopted from Xiao et al. (2020)].

thereby blocks NFkB-mediated survival signaling and inhibits the apoptotic

Cops8 knockout (Cops8-CKO). The interrogations that have been completed are

does so through activation of key metabolic enzymes such
as glycogen phosphorylase (PYGL), glutamate-ammonia ligase
(GLUL), glutamate dehydrogenase 1 (GLUDI1) (Zhang et al,
2009), and more recently pyruvate dehydrogenase (PDH), a rate-
limiting enzyme linking glycolysis to aerobic respiration (Yang
et al., 2018). The elevated ROS further facilitates the formation
of necrosomes and increases cytotoxicity during necroptosis
(Schenk and Fulda, 2015). Elevated levels of ROS or oxidative
stress are indeed associated with cardiomyocyte necroptosis in
Cops8“KO mice, as evidenced by increased levels of protein
carbonyls and superoxide anion (O ) in CopsSCKO hearts (Xiao
etal,, 2020). As revealed by the transcriptome analysis (Abdullah
et al., 2017), the increased oxidative stress apparently induced
the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway,
the master regulator of antioxidant and defensive responses,
in Cops8“KO hearts even before cardiomyocyte necrosis was
discernible (Abdullah et al., 2017). The activation of cardiac
Nrf2 by ROS is expected to be more robust in Cops8-cko mice
than in WT mice as the UPS-mediated degradation of Nrf2 is
likely impaired by Cops8 deficiency. This is because SCFP~TrCP
and KEAPI1-Cul3-Rbx1, the two known ubiquitin ligases for
Nrf2 ubiquitination, are CRLs and expected to be impaired by

Cops8/CSN deficiency. The increases in myocardial mRNA levels
of Bcl2 (Xiao et al., 2020), a known target gene of Nrf2 (Niture
and Jaiswal, 2012), further attest Nrf2 activation in Cops8-
cko hearts. Nevertheless, the role of an altered redox state in
cardiomyocyte necroptosis induced by Cops8/CSN deficiency
has not been established.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

In conclusion, COPS8 and very likely the CSN suppress cardiac
RIPK1-RIPK3 necroptotic pathway in vivo. The underlying
mechanism remains unclear, but the regulatory roles of the
COPS8/CSN in both autophagosome maturation and supporting
the catalytic dynamics of CRLs via Cullin deneddylation are
conceivably involved. To establish these conceived molecular
links, many questions remain to be addressed. For example, to
confirm Cullin deneddylation is required, it will be essential to
test whether ablation of other CSN subunits in cardiomyocytes
yields the same phenotype as Cops8-cko. The phenotype
reported for Cops6-cko shares a lot of similarities with that
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of Cops8-cko (Liang et al, 2021), but it remains unclear
whether cardiomyocyte necrosis occurs in Cops6-cko mice.
COPS8/CSN s required for autophagosome maturation in at
least cardiomyocytes (Su et al, 201la), but the molecular
underpinning for this requirement remains unknown; it is even
unclear whether Cullin deneddylation is a mediating mechanism.
To establish the role of decreased autophagic flux or of p62
upregulation will require testing if improving autophagic flux
or prevention of p62 accumulation, respectively, can attenuate
cardiomyocyte necroptosis in Cops8-cko mice. The regulation of
death receptor signaling involves arguably the most diverse forms
of ubiquitination (e.g., K48, K63, and linear ubiquitination).
They signal for either proteolytic or non-proteolytic fates and
are regulated by many ubiquitin ligases (of which some are
CRLs), ubiquitin-editing enzymes (e.g., A20), and DUBs (e.g.,
CYLD, OTULIN); hence, it will be extremely important to
understand how COPS8/CSN regulates these regulators and
thereby the death receptor signaling. Although the bona fide
biochemical activity of the CSN is Cullin deneddylation, COPS
subunits or minicomplexes of them may also exert deneddylase-
independent function. For example, in Cops8 hypomorphic
mouse embryonic fibroblasts, the free Cops5 or the Cops5-
containing minicomplex may promote the cell cycle transition
from GO/G1 to S phase via facilitation of nuclear exclusion of
p27 and thereby promoting cell proliferation (Liu et al., 2013).
Hence, it will also be interesting to investigate the potential
involvement of the minicomplex in cardiomyocyte survival.
Since both the CSN/Cullin deneddylation and necroptosis
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