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Chronic heart failure is the end stage of cardiac diseases. With a high prevalence and a high mortality rate worldwide, chronic heart
failure is one of the heaviest health-related burdens. In addition to the standard neurohormonal blockade therapy, several
medications have been developed for chronic heart failure treatment, but the population-wide improvement in chronic heart
failure prognosis over time has been modest, and novel therapies are still needed. Mechanistic discovery and technical innovation
are powerful driving forces for therapeutic development. On the one hand, the past decades have witnessed great progress in
understanding the mechanism of chronic heart failure. It is now known that chronic heart failure is not only a matter involving
cardiomyocytes. Instead, chronic heart failure involves numerous signaling pathways in noncardiomyocytes, including fibroblasts,
immune cells, vascular cells, and lymphatic endothelial cells, and crosstalk among these cells. The complex regulatory network
includes protein—protein, protein—-RNA, and RNA-RNA interactions. These achievements in mechanistic studies provide novel
insights for future therapeutic targets. On the other hand, with the development of modern biological techniques, targeting a
protein pharmacologically is no longer the sole option for treating chronic heart failure. Gene therapy can directly manipulate the
expression level of genes; gene editing techniques provide hope for curing hereditary cardiomyopathy; cell therapy aims to replace
dysfunctional cardiomyocytes; and xenotransplantation may solve the problem of donor heart shortages. In this paper, we
reviewed these two aspects in the field of failing heart signaling cascades and emerging therapeutic strategies based on modern

biological techniques.
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INTRODUCTION

Cardiovascular disease has become one of the heaviest health
burdens worldwide. Approximately 40% of the total deaths
worldwide are attributed to cardiovascular disease, which is the
“No. 1 killer” that claims more than 17 million lives each year.! Due
to the great effort that has been put into improving the prognosis
of cardiovascular diseases, the incidence of chronic heart failure,
which is the end stage of most cardiovascular diseases, has
gradually decreased over time. However, in a population-based
study of 4 million individuals in the UK, approximately 3 out of
1000 patients developed heart failure each year.” The prognosis
associated with chronic heart failure is still relatively poor. At 1, 5,
10, and 15 years after the diagnosis of chronic heart failure, the
survival rates were 75.9%, 45.5%, 24.5%, and 12.7%, respectively,®
which significantly affected the life expectancy of these patients.
To make matters worse, chronic heart failure is also characterized
by a high risk of recurrent and worsening episodes. Recurrent
emergency department visits and hospitalizations significantly
add to the economic burden. In 2014, in the United States, it was
estimated that a total of 11 billion dollars were spent on heart
failure hospitalizations.* In Denmark, a chronic heart failure patient
has to spend an average of 17,039 euros per year for this disease,
which is nearly 3 times the cost of a control individual matched by

; https://doi.org/10.1038/s41392-022-00972-6

age, gender, marital status, and municipality.” Therefore, improv-
ing the survival of chronic heart failure patients is of paramount
importance in global public health and the economy.

With the development of genetic techniques, we have a much
deeper understanding of the signaling cascades associated with
the chronic heart failure. However, translational work, to some
extent, is still lagging behind. The standard chronic heart failure
treatments, which are angiotensin Il-converting-enzyme inhibitors/
angiotensin Il receptor blockers, beta-blockers, and aldosterone
receptor antagonists, were established more than 10 years ago.5™'?
The pathophysiology underlying these therapies, neurohormonal
activation in chronic heart failure, was discovered even longer ago.
Recent breakthroughs in chronic heart failure treatment are also
based on outdated mechanistic discoveries. lvabradine slows the
heart rate by blocking the funny channel in the sinoatrial node,'?
which was discovered in 1979.' Sacubitril-valsartan provided
additive survival benefits for chronic heart failure patients by
further inhibiting the neutral endopeptidase neprilysin.'® The great
success of sodium—glucose cotransporter 2 inhibitors in chronic
heart failure'®'” originated from an unexpected observation of
heart failure risk reduction in clinical trials for diabetes.'® The
molecular mechanism underlying the benefit of sodium-glucose
cotransporter 2 inhibitor treatment remains unclear.
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Fig. 1 Functions of different cell types in a failing heart. Heart failure is a complex process that involves multiple cell types in the heart. Under
stress, cardiomyocytes undergo either pathological hypertrophy or cell death. Hypertrophy led to cardiomyocyte dysfunction, while non-
programmed or programmed cell death led to cardiomyocyte loss. Cardiac fibrosis is another form of cardiac remodeling. It mainly involves
fibroblast activation and conversion to myofibroblast. Various immune cells also contribute to heart failure. These cells infiltrate the injured
myocardium, secret cytokines, and cleared unwanted material to regulate inflammation, regeneration, and function of other cell types in the
failing heart. Both vascular endothelial cells (VECs) and lymphatic endothelial cells (LECs) regulate cardiac function. VECs affect neighboring
cardiac cells by paracrine factors. LECs regulate cardiac regeneration after infarction by maintaining fluid balance, promoting immune cell

clearance, and also secreting paracrine factors

Therapeutic improvement is always derived from novel
achievements in mechanistic or technical research. Therefore, to
provide insights for future translational efforts, we believe it is
important to review these achievements. In this paper, we
reviewed signaling cascades involved in failing hearts and
emerging therapies based on modern biological techniques.

SIGNALING CASCADES IN FAILING HEART

With achievements in molecular studies, we will have many more
therapeutic targets and opportunities for heart failure treatments.
As ischemic cardiomyopathy and myocardial infarction are the
most prevalent causes of chronic heart failure, the mechanisms of
these diseases and myocardial regeneration are closely related to
heart failure. Recent progress has shown that in addition to
cardiomyocytes and fibroblasts, immune cells, microvascular
endothelial cells, and lymphatic endothelial cells are important
players in maintaining normal cardiac function and chronic heart
failure pathophysiology (Fig. 1). The signal transduction in these
cells in failing heart will be discussed individually. Heart failure with
preserved ejection fraction (HFpEF) has gained increasing attention
in recent years. Although in the same entity of heart failure, there
are substantial differences in epidemiology, pathophysiology, and
most importantly, responses to heart failure medication between
HFpEF and heart failure with reduced ejection fraction (HFrEF).
Therefore, studies focusing on the molecular mechanism of this
chronic heart failure subtype will be briefly reviewed.

Cardiomyocytes

Pathological cardiomyocyte hypertrophy. Under mechanical or
biochemical stress, the heart undergoes adaptive remodeling to
maintain cardiac output and systemic perfusion. Pathological
cardiomyocyte hypertrophy is one of these remodeling processes
and is characterized by an increase in cardiomyocyte mass,
sarcomere rearrangement, and fetal gene reactivation. Although
pathological cardiomyocyte hypertrophy is considered a compen-
satory mechanism at the beginning of stress, prolonged and
uncontrolled hypertrophy leads to chronic heart failure.' A better
understanding of the mechanism of pathological cardiomyocyte
hypertrophy would help identify potential therapeutic targets for
chronic heart failure. Except for the canonical protein-based
signaling cascades, noncoding RNAs and RNA modifications are
also extensively involved in the development of pathological
cardiomyocyte hypertrophy.
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Canonical signaling pathways: Calcineurin-nuclear factor of
activated T cells (NFAT) signaling: Calcineurin is a calcium- and
calmodulin-dependent serine/threonine protein phosphatase that
is a heterodimer composed of the catalytic subunit calcineurin A
(CnA) and the regulatory subunit calcineurin B (CnB). The
C-terminus of CnA is an autoinhibitory domain that forms a-
helices to block the upstream catalytic site under basal conditions.
When there is an increase in the intracellular Ca®* concentration,
Ca®" occupies low-affinity binding sites in CnB, which in turn leads
to a conformational change in CnA. This change promotes the
binding of Ca®"-calmodulin. The interaction between Ca®* and
CnA releases the catalytic site from the autoinhibitory domain, and
the calcineurin complex becomes fully activated.?’ This process
couples calcium signaling to the dephosphorylation of multiple
downstream substrates of calcineurin, one of which is NFAT. The
subcellular localization of NFAT largely depends on its phosphor-
ylation status. Once dephosphorylated by calcineurin, NFAT
translocates from the cytoplasm to the nucleus and acts as a
transcription factor to initiate the transcription of multiple
genes,® including those that promote pathological cardiomyo-
cyte hypertrophy. In 1988, Molkentin et al. generated a transgenic
mouse that overexpressed a constitutively active form of CnA
lacking the C-terminal autoinhibitory domain in cardiomyocytes.'
Every transgenic mouse spontaneously developed severe cardiac
hypertrophy, which could be prevented by the calcineurin
inhibitor cyclosporin A. Calcineurin inhibition also attenuated
phenylephrine (PE)- or angiotensin Il (Ang ll)-induced pathological
cardiomyocyte hypertrophy in vitro. As NFAT3 is the dominant
NFAT isoform in the heart,®? a transgenic mouse with constitu-
tively active NFAT3 in cardiomyocytes was also generated. NFAT3
transgenic mice successfully recapitulated the hypertrophy
phenotype of CnA transgenic mice. Since then, much effort has
been put into treating cardiac hypertrophy by calcinurin inhibi-
tion. Transgenic mice overexpressing dominant-negative mutants
of calcineurin or inhibitory proteins downregulated calcineurin
signaling. These mice were protected from pressure overload- or
isoproterenol infusion-induced cardiac hzypertrophy23'25. Genetic
deletion of the calcineurin partner Ca** and integrin-binding
protein-1 (CIB1) also reduced activity of calcineurin. CIB1-KO mice
developed less severe pathological hypertrophy induced by
pressure overload than control mice. In contrast, physiologic
hypertrophy induced by swimming activity was not altered.”®
Despite these promising results, some studies raised concerns
about calcineurin inhibition. Overexpressing the endogenous
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inhibitor of calcineurin ZAKI-4 beta attenuated pressure overload-
induced cardiac hypertrophy but also exacerbated diastolic
dysfunction.?” Another study showed that different CnA isoforms
had different effects. CnA is encoded by 3 genes (CnAg, CnAB, and
CnAy). CnAB is dominant in the heart. Two spliced variants of
CnAB have been identified (CnAB1 and CnAP2). Specifically,
CnAp2 differs from typical CnA in that the C-terminal autoinhibi-
tory domain is replaced by a unique region with an unknown
function.?® Interestingly, CnAB2 overexpression protected the
heart from pressure overload-induced hypertrophy and myocar-
dial infarction. This protective effect was not dependent on NFAT
dephosphorylation. Instead, Akt/mammalian target of rapamycin
(mTOR) might be involved.?>?°

G protein-coupled receptor-mediated signaling: It is well
established that endothelin-1 (ET-1), Ang I, and catecholamines
are important inducers of cardiac hypertrophy and chronic heart
failure. These extracellular signals are transduced to intracellular
effectors mostly through G protein-coupled receptors.>® These
receptors are transmembrane proteins that possess a G protein
binding site on the intracellular domain. Once bound to a ligand, a
G protein-coupled receptor undergoes a conformational change
and acts as a guanine nucleotide exchange factor to replace GDP
with GTP on a G protein. This process activates the G protein by
releasing the a subunit (Ga) from the B and y subunits (GBy).>' The
activated protein G stimulates various downstream signaling
pathways, depending on the type of Ga. ET-1, angiotensin I
receptors, and a-adrenergic receptors are coupled to Gg/11.
Activated Gg/11 binds to phospholipase Cp (PLCP), which induces
the generation of diacyl glycerol (DAG) and inositol-1,4,5-trispho-
sphate (IP3). The former activates protein kinase C (PKC), and the
latter triggers an increase in intracellular Ca®*. Increased Ca®" can
activate not only calcineurin-NFAT signaling but also calmodulin-
dependent kinase (CamK). CamK phosphorylates histone deace-
tylases (HDACs) and promotes shuttling from the nucleus to the
cytoplasm.>> HDAC represses transcriptional activity through
histone deacetylation. Under basal conditions, HDAC binds to
the transcription factor myocyte enhancer factor-2 (MEF2) and
suppresses its activity. MEF2 is released when HDAC leaves
the nucleus and activates the transcription of hypertrophic
genes® Gaq overexpression is sufficient to induce cardiac
hypertrophy.3*~¢ Genetic deletion of Gaq/Gal1 or overexpression
of its inhibitory peptide blocks cardiac hypertrophy induced by
pressure overload.®’~3°

B1-adrenergic receptor is coupled to Gs, which activates
adenylate cyclase and downstream cAMP/protein kinase A (PKA)
signaling.**™*? B1-adrenergic receptor is believed to mediate the
positive chronotropic, inotropic, and lusitropic effects of catecho-
lamines. In vivo overexpression of B1-adrenergic receptor, Gs, or
downstream PKA leads to cardiac hypertrophy and ultimately
heart failure.**™4¢

Regulators of G protein signaling (RGSs) are a family of
proteins that share a homologous RGS or RGS-like domain. The
subfamilies R4/B, R7/C, R12/D, and RZ/A are highly expressed in
the heart. Most RGSs inhibit G proteins by promoting the
intrinsic GTPase activity of Ga,”” although various other
functions have also been documented. RGS2 deficiency leads
to a more severe cardiac hypertrophic phenotype induced by
pressure overload, and decreased Gaq signaling, but it did not
affect exercise-induced cardiac hypertrophy because Gaq
activation was not involved.*® RGS14 also inhibited hypertrophy.
Interestingly, this effect appeared to be mediated by crosstalk
with mitogen-activated protein kinase (MEK)-extracellular signal-
regulated protein kinase (ERK) 1/2 signaling. In contrast, a study
showed that RGS12 promoted cardiac hypertrophy by activating
MEK-ERK1/2 signaling.*

Mitogen-activated protein kinase (MAPK) signaling: In
mammalian cells, 3 families of MAPKs have been identified:
extracellular responsive kinases (ERKs), c-Jun N-terminal kinases
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(UNKs), and p38 MAPKs.>® Each of the MAPK families is part of a
protein kinase cascade consisting of a sequence of kinases that are
activated in series: a MAPK kinase kinase (MAPKKK), a MAPK kinase
(MAPKK) and a MAPK. MAPKKK can directly sense stretch or can be
activated by an upstream MAPKKK kinase (MAPKKKK) or a small G
protein. The MAPK pathway can transduce multiple extracellular
signals through various receptors, such as hypertrophic signals
mediated by G protein-coupled receptors, transforming growth
factor-B signals mediated by receptor serine/threonine kinases,
and insulin-like growth factor-l (IGF-1) signals mediated by
receptor tyrosine kinase.>' Once activated, MAPKs phosphorylate
their downstream transcription factors to regulate their activity.

ERK signaling: There are 5 subtypes of ERK, among which ERK1
and ERK2 are the most widely studied. Corresponding MAPKKs
upstream of ERK1/2 are MEK1/2. Upstream of MEK1/2 is a MAPKKK
called RAF1 that is activated by a small G protein in the Ras family.
Once activated, ERK1/2 translocates to the nucleus and phosphor-
ylates multiple transcription factors, such as cAMP-responsive
element-binding protein (CREB) and ELK1. Activation of the ERK1/
2 MAPK cascade ultimately leads to a transcriptomic change that
favors cell growth.>® Transgenic mice with cardiomyocyte-specific
activated MEK1 overexpression developed spontaneous cardiac
hypertrophy. MEK1 specifically activated ERK1/2 but not p38 or
JNK. Interestingly, cardiac function was increased in these mice
without signs of decompensation over time. Cardiomyocytes with
MEK1 overexpression were resistant to apoptotic stimuli both
in vitro and in vivo. These data indicated that the ERK1/2 pathway
was associated with concentric physiologic but not pathologic
hypertrophy.>? In addition to classic RAF1-MEK1/2 signaling, ERK1/
2 can also incorporate signaling from other pathways. MEK1/2
activates ERK1/2 by phosphorylating threonine and tyrosine in the
threonine-glutamate-tyrosine (TEY) motif within the activation
loop, which are Thr183 and Tyr185 in murine ERK2.>®> A study
showed that ERK2 could also be autophosphorylated at Thr188,
which requires an interaction between ERK2 and Gfyg. A gain-of-
function mutation in ERK2 that mimics phosphorylation promoted
pressure overload-induced cardiac hypertrophy, while a loss-of-
function mutation attenuated this phenotype. A mechanistic study
showed that the ERK2 Thr188 mutation did not alter the
phosphorylation of cytosolic substrates of ERK1/2 but dramatically
changed the phosphorylation of its nuclear targets, suggesting
that autophosphorylation at Thr188 promotes ERK2 nuclear
translocation.”® In contrast, cardiomyocyte-specific activation of
MEK5-ERKS5 led to lethal dilated cardiomyopathy. Although the
fetal gene program was activated, the relative heart weight was
not increased. Cardiomyocytes in these mice had an elongated
morphology with a decreased cross-sectional area. These data
suggested that ERK5 was responsible for pathological eccentric
cardiac hypertrophy.”?

p38 signaling: p38 signaling can be induced by multiple stress
and inflammatory stimuli, such as oxidative stress, infection, and
cytokines. MEK3 and MEK6 are the two important activators of
p38, which in turn can be activated by a MAPKKK called TGF-beta
activated kinase (TAK). Activated p38 phosphorylates several
hypertrophic transcription factors, such as MEF2.>® TAK1 and p38
activation can be observed in cardiac hypertrophy models
induced by pressure overload, ET-1 or PE.>"~°° Overexpression of
an activated TAK1 mutant in cardiomyocytes led to p38
phosphorylation in vivo, cardiac hypertrophy, fibrosis, and
eventually heart failure.°® Dual-specificity protein phosphatases
(DUSPs) are a family of specialized phosphatases that can
dephosphorylate MAPKs and inactivate them.!’ Among them,
DUSP1 and DUSP4 mainly act on p38. DUSP1 and DUSP4 double-
deficient mice developed severe dilated cardiomyopathy and
cardiac hypertrophy, which could be rescued by pharmacological
inhibition of p38.%% The function of MEK3/6 in cardiac hypertrophy
remains controversial. In vitro overexpression of MEK3/6 in
cardiomyocytes induced hypertrophic responses, including cell
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enlargement, sarcomere reorganization, and increased ANP
expression.®® However, an in vivo study told a different story. In
vivo overexpression of MEK3 and MEK®6 resulted in p38 activation,
interstitial fibrosis and fetal gene expression. The transgenic heart
had both systolic dysfunction and restrictive diastolic abnormal-
ities. However, heart weight was not significantly changed.
Examination of cross-sections of the heart suggested that MEK3
overexpression led to heterogeneous myocyte atrophy and
sporadic hypertrophy, while MEK6 overexpression only resulted
in moderate cellular hypertrophy.®* Inconsistent results were
reported by another study. Mice expressing dominant-negative
MEK3 and MEK6 developed cardiac hypertrophy at baseline and
had more severe cardiac hypertrophy induced by pressure
overload, Ang |l, isoproterenol or PE than control mice.
Augmentation of calcineurin-NFAT signaling might mediate the
p38 inhibition-associated phenotype.®®> These inconsistent data
indicate that the association between p38 signaling and
hypertrophic heart growth is complex. There are 4 p38 MAPKs:
p38a, p38B, p38y, and p388, which can be grouped into two
subsets based on structural similarity.°® Each isoform appears to
have a distinct role in cardiac hypertrophy. Inhibiting p38a by
overexpressing a dominant-negative mutant induced sponta-
neous cardiac hypertrophy and promoted hypertrophic changes
in response to stimulation.’®> The right ventricle (RV) and left
ventricle (LV) undergo distinct postnatal growth that results in a
larger LV relative to the RV. Cardiomyocytes in the RV had lower
proliferation, more apoptosis, and a smaller average size than
cardiomyocytes in the LV, which was accompanied by selective
activation of p38 in the RV. Genetic deletion of p38a and p38p led
to enlargement in the RV but not the LV, suggesting that selective
p38 activation was important for proper chamber organization
during development.®” In contrast to p38a-deficient mice, p38y-
and p386&-deficient mice had impaired postnatal hypertrophic
heart growth, which eventually led to a smaller heart. Under Ang Il
stimulationA, there was also no obvious hypertrophic heart
growth in these genetically deficient mice. A mechanistic study
showed that p38y and p38& could phosphorylate the mTORC
inhibitor DEPTOR and promote its degradation.®® Taken together,
these data indicate that p38a and p38f inhibit cardiac hyper-
trophy, while p38y and p386 promote hypertrophy. The regulation
of p38 MAPK signaling appears to involve a more complex
network than a simple MAPKKK-MAPKK-MAPK cascade.

JNK signaling: Three JNK MAPKs have been identified: JNK1,
JNK2, and JNK3. JNK1 and JNK2 are expressed in many cell types,
while JNK3 is mainly expressed in the heart, nervous system and
testis.®” Upstream MAPKKs mainly include MEK4 and MEK7.
MAPKKKs that regulate MEK4/7 include MEKK1, MEKK2, MEKK3,
and mixed lineage kinases 2 and 3 (MLK2 and MLK3). Activated
JNK' translocates into the nucleus and phosphorylates multiple
transcription factors, such as c-JUN, activating transcription factor
2 (ATF-2), ELK-1, and p53. Overexpressing active MEK7 in neonatal
rat cardiomyocytes induced hypertrophy.”® However, an in vivo
study showed that MEK7 overexpression in adult mice led to
severe heart failure, which was due to the downregulation of Cx43
and the loss of gap junctions, and no obvious cardiac hypertrophy
was observed.”" A loss-of-function study showed that delivery of a
dominant-negative MEK4 expression vector to the heart blocked
pressure overload-induced JNK activation and cardiac hypertro-
phy.”? Genetic deletion of MEKK1 attenuated cardiac hypertrophy
induced by Gaq overexpression. This deletion specifically blocked
JNK activation but did not affect the phosphorylation of ERK or
p38.”® However, another study showed that MEKK1 deficiency did
not affect cardiac hypertrophy and exacerbated heart failure
induced by pressure overload. This outcome was possibly due to
increased levels of apoptosis and inflammation.”* Similarly,
deletion of JINK1, JNK2, or JNK3 did not affect pressure
overload-induced cardiac hypertrophy, but JNK1 deletion led to
the rapid deterioration of cardiac function, which was associated
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with increased apoptosis and inflammatory infiltration in the
heart.”> Another study indicated that JNK was a negative regulator
of cardiac hypertrophy. Mice expressing dominant-negative JNK1
and JNK2 displayed increased cardiac hypertrophy induced by
pressure overload. This effect could be mediated by crosstalk with
the calcineurin/NFAT signaling pathway.”® Therefore, although
JNK activation can be induced by cardiac stress, it is still unclear
how JNK regulates cardiac hypertrophy.

Phosphoinositide 3-kinases (PI3K)-AKT signaling: PI3K is an
important molecule that mediates signals of cell growth and
proliferation. There are 4 classes of PI3Ks, among which Class | is
further divided into the IA and IB subsets. PI3Ks can be regulated by
tyrosine kinase receptors such as IGF-1 receptor and GRCPs,
including o- and PB-adrenergic receptors.”””? Class IA PI3K is
composed of a p110 catalytic subunit (with a, B, or & isoforms)
and a p85 regulatory subunit, while Class IB PI3K is composed of a
catalytic p110y and a regulatory p101 subunit. Tyrosine kinase
receptors regulate Class IA PI3K, and GRCPs regulate Class IB PI3K.
Once activated, PI3K catalyzes the conversion of phosphatidylino-
sitol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trispho-
sphate (PIP3). PIP3 directly binds protein kinase B (PKB)/AKT and
phosphoinositide-dependent kinase-1 (PDK1). Because PIP3 is
membrane-restricted, binding recruits both AKT and PDK1 to the
membrane and promotes their interaction. The interaction of PDK1
and AKT leads to AKT phosphorylation and activation, and
phosphorylated AKT in turn phosphorylates downstream effectors
such as mTOR and glycogen synthase kinase 3 (GSK3p).
Phosphorylated mTOR enhances protein synthesis in 2 ways: (1)
by activating S6 kinase-1 and S6 kinase-2 and increasing ribosomal
biogenesis and (2) by releasing eukaryotic initiation factor 4E (elF4E)
from its binding protein and promoting translation initiation.2%®’
GSK3p negatively regulates hypertrophic transcription factors, such
as cJUNS? -MYC® STAT®* NF-«B,* NFAT®® and GATA4?Y The
phosphorylation of GSK3[ attenuates its inhibitory activity.

Genetic deletion of the p85a isoform of the regulatory subunit
of Class IA PI3K led to attenuated Akt signaling and reduced heart
size. Exercise-induced cardiac hypertrophy was also attenuated in
these mice.®® Overexpression of constitutively active p110a
resulted in larger hearts, while the expression of dominant-
negative p110a resulted in smaller hearts. Cardiomyocytes sizes
changed accordingly. However, these changes in heart growth
were not associated with cardiomyopathic phenotypes, such as
myocyte necrosis, apoptosis, interstitial fibrosis or contractile
dysfunction.? Interestingly, IA PI3Ka appeared to protect the
heart against pathological growth. Overexpression of active p110a
improved the survival of a mouse model of dilated cardiomyo-
pathy and reduced relative cardiac hypertrophy induced by
pressure overload, while inhibiting p110a had the opposite effect.
This effect might be mediated by the PI3Ka's negative regulation
of GPCR-induced activation of ERK1/2 and Akt.°° Phosphatase and
tensin homolog (PTEN) counteracts PI3K activity. Inactivation of
PTEN led to cardiac hypertrophy and a decrease in cardiac
contractility. While the change in cardiomyocyte size was
mediated by PI3Ka, decreased contractility was mediated by the
activation of PI3Ky. Deletion of p110y enhanced cardiac contrac-
tility without obvious hypertrophy. The negative inotropic effect of
PI3Ky was mediated by inhibiting cAMP production.’’ Another
study provided further insights into the function of PI3Ky.
Although PI3Ky-deficient mice had enhanced contractility at
baseline, they developed severe heart failure after pressure
overload. PI3Ky™~ mice had heart chamber dilation and an
impaired compensatory hypertrophic response that was charac-
terized by the absence of left ventricular wall thickening. Massive
cardiac necrosis and secondary fibrosis were observed in the
failing heart. However, inhibiting PI3Ky kinase activity protected
the heart from pathological hypertrophy induced by pressure
overload without increasing myocardial damage. Mechanistic
studies indicated that PI3Ky functions via 2 distinct pathways.

Signal Transduction and Targeted Therapy (2022)7:134



Signaling cascades in the failing heart and emerging therapeutic strategies
He et al.

1
Il. miRNAs & circRNAs !

cytoplasm

B. Chromatin 1 Far iR 208
modification Jb) 1 ko
. -
o2 M3 cha
Mb [+) <o B |u Exportin R34
1 =

Pre-miRNA b

cPRa A. Transcriptional

1

1

regulator :

i &) ~ 1
1

1

1

1

Target
mismatch

G ==

y

H " Drosha degradation &
translation repression

Y [ A __——_— ]

miR-1

0O°G modification

-

circRNAs

! ]
\ 1
H 1
H 1
> 1 i
pri-miRNA 1 ROS 1
H 1
y ! AL i
WTA% : ‘ :
long noncoding RNA - m6A writer

METTI;) complex ,-\jr ™, PE or ISO :

mBA ‘
1 @ Nm6A reader 1
/S 0008 uun .
1 AR AAA 1
/ 1 !
“FTO) : :
< ALksHs (@ = 7 Fribsomome) 1
méAeraser/ |, @ ‘@ g o b @ mm L
| S S 1
H 1
Genomic DNA 1 decay translation !
nucleus ! lll. RNA modification |

Fig.2 RNA related mechanism of cardiac hypertrophy. Recent studies on RNA creates a novel regulatory network for cardiac hypertrophy. (I)
Long non-coding RNAs (IncRNAs) are molecularly multi-functional. They can physically interact with and modulate function of cytoplasmic
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RNAs (circRNAs) are also multifunctional, but cardiac hypertrophy related researches mainly focuses on their role as miRNA sponges. (Ill) RNA
modification further adds to the complexity of the regulatory network. N6-methyladenosine (m6A) alters the function of mRNA. Modulating
m6A “writer” or “eraser” can affect the development of cardiac remodeling. Oxidative stress creates 8-oxoguanine modification on miR-1,
which leads to its target mismatch and triggers hypertrophic response. miRNA: microRNA; circRNA: circular RNA; ZFAS1: Zinc finger antisense
1; PRC2: polycomb repressor complex 2; Chaer: cardiac-hypertrophy-associated epigenetic regulator; SERCA2a: sarco/endoplasmic reticulum
Ca2-+-ATPase 2a; CPhar: cardiac physiological hypertrophy-associated regulator; TF: transcription factor; RISC: RNA Induced Silencing Complex;
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METTL14: methyltransferase like 14; m6A: N6-methyladenosine; FTO: fat mass and obesity associated gene; PE: Phenylephrine; 1SO:
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One pathway is kinase-dependent regulation of Akt and MAPK,
which mediates cardiac hypertrophy. The other pathway is kinase-
independent regulation of CAMP degradation by interacting with
and controlling phosphodiesterase (PDE) 3b. The second pathway
is believed to negatively regulate cardiac contractility.>?

Overexpression of an active form of downstream Akt induced
concentric cardiac hypertrophy, increased contractility and
decreased diastolic function under stress. GSK3f phosphorylation
was increased, which in turn mediated GATA4 translocation into
the nucleus.” Akt1-deficient mice were resistant to exercise- or
IGF-1-induced cardiac hypertrophy but were sensitized to pressure
overload- or ET-1-induced hypertrophy.”® These data indicated
that Akt1 had differential regulatory effects on pathological and
physiological cardiac hypertrophy. Interestingly, a study from
Wang et al. indicated an opposite function of Akt1 in the nucleus.
11,12-regioisomeric epoxyeicosatrienoic acids (11,12-ETT) was an
anti-hypertrophic metabolite. This effect was mediated by the its
induction of accumulation of phospho-Akt1 in the nucleus. 11,12-
ETT induced phosphor-Akt1 nucleus translocation by promoting
interaction of AMP-activated protein kinase catalytic subunit alpha
2 (AMPKa2) with Akt1.”*

Hypertrophic stimuli such as isoproterenol and PE led to GSK3f
phosphorylation.”> Overexpression of active GSK3B attenuated
cardiac hypertrophy induced by pressure overload or chronic
B-adrenergic stimulation.” In addition to transcription factor regula-
tion, another well-established downstream effector of Akt is mTOR.
Multiple studies have demonstrated that rapamycin, a specific mTOR
inhibitor, attenuates pathological cardiac hypertrophy.””%

Noncoding RNAs: With the development of RNA sequencing
techniques, many transcripts without coding potential have been
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identified. Heart failure patients had extensive dysregulation of
noncoding RNA in both myocardial tissue and serum.”'? Studies
from recent decades have demonstrated the extensive involve-
ment of these noncoding RNAs in the pathophysiology of cardiac
hypertrophy (Fig. 2). Noncoding RNAs are categorized according
to their length: <200 nucleotides small noncoding RNAs and >200
nucleotides long noncoding RNAs (IncRNAs).

MicroRNAs: The most widely studied small noncoding RNAs are
microRNAs (miRNAs). These RNAs are single-stranded RNAs of ~22
nucleotides in length that function in RNA silencing. miRNAs bind
mRNA molecules, mostly at the 3’ untranslated region (UTR), by
base pairing with complementary sequences. The binding of a
miRNA leads to translational repression or mRNA degradation.
Numerous miRNAs have been shown to regulate cardiac
hypertrophy. In vivo inhibition of miR-133 using chemically
modified antisense oligonucleotides (ASOs) caused sustained
cardiac hypertrophy. The antihypertrophic effect of miR-133 might
be mediated by the downregulation of its targets ras homolog
family member A (RhoA), cell division cycle 42 (Cdc42), and
negative elongation factor complex member A (NELFA).'
Another study showed that miR-133 attenuated cardiac hyper-
trophy and apoptosis induced by pressure overload or
B-adrenergic stimulation by targeting adenylate cyclase VI and
the downstream cAMP-dependent pathway.'®? miR-378 repressed
cardiac hypertrophy by targeting multiple components in the
MAPK pathway: MAPK1, IGF-1 receptor, growth factor receptor-
bound protein 2, and kinase suppressor of ras 1.'°® There are also
pro-hypertrophic miRNAs, such as miR-208,'** miR-22,'% miR-
21,'% miR-25,"" miR-34,'%® miR-199a,'®° miR-212/132,""° and
miR-23.""" Interestingly, miR-320 had “double faces” in heart
failure. Overexpression of miR-320 in cardiomyocyte deteriorated
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transverse aortic constriction (TAC) induced cardiac hypertrophy
and heart failure, while overexpression in fibroblast attenuated
these phenotypes. These opposite effects might be due to
different targets of miR-320 in those two cell types. In
cardiomyocytes, miR-320 targeted an anti-hypertrophic protein
pleckstrin homology domain containing M3, while in fibroblasts it
targeted interferon induced transmembrane protein 1.''? Target-
ing pro-hypertrophic miRNAs in vivo using chemically modified
inhibitory oligonucleotides showed promising therapeutic effects.
However, the delivery of the oligonucleotides is mostly systematic.
A cardiac-specific delivery system would further improve the
translational potential of this strategy. Ultrasound-targeted micro-
bubble cavitation (UTMC) was proposed to solve this problem.
Modified antimiR-23a loaded on cationic lipid-coated microbub-
bles was infused through a jugular cannula. Ultrasound directed at
the heart destroyed the microbubbles and promoted antimiR-23a
release in the heart. This approach was effective in preventing
cardiac hypertrophy induced by PE .'"

LncRNAs: Multiple IncRNAs are also involved in cardiac
hypertrophy. Unlike miRNAs, IncRNAs have various molecular
functions in cardiomyocytes. Myosin heavy chain-associated RNA
transcripts (Mhrts) are a cluster of antisense transcripts at the
Myh7 gene locus. Mhrts are downregulated in pressure overload-
induced cardiac hypertrophy. Restoration of the expression of one
Mhrt (Mhrt799) improved cardiac function and reduced hyper-
trophy after TAC surgery. Mechanistically, Mhrt and Brg1 formed a
feedback loop to regulate hypertrophy. Brgl is a chromatin
remodeling factor that promotes hypertrophy-related transcrip-
tomic changes. Under stress, Brg1, which is a component of the
chromatin repressor, suppressed the transcription of Mhrt. Then,
Mhrt bound to the helicase domain of Brg1, sequestering it from
its genomic DNA targets and preventing subsequent chromatin
remodeling."’* Cardiac hypertrophy-associated epigenetic regu-
lator (Chaer) is a heart-enriched hypertrophic IncRNA. Genetic
deletion of Chaer attenuated TAC-induced cardiac hypertrophy.
Chaer interacts with the catalytic subunit of polycomb repressor
complex 2 (PRC2), preventing histone H3 lysine 27 (H3K27)
methylation at the target DNA and inducing hypertrophic gene.
The interaction of Chaer and PRC2 is induced by stress and is
necessary for epigenetic reprogramming in hypertrophy. Interest-
ingly, inhibiting Chaer before but not after TAC efficiently
suppressed cardiac hypertrophy, which suggested its role in the
initiation of hypertrophy.'’> The IncRNA H19 is also enriched in
muscle. H19 is upregulated at the early phase of pressure
overload-induced cardiac hypertrophy but is downregulated at
later stages. H19 repression was also observed in a pig model of
cardiac hypertrophy and diseased human hearts. H19 knockout
promotes cardiac hypertrophy, while H19 overexpression inhibits
cardiac hypertrophy. H19 also inhibits PRC2 activity through
physical interactions and represses H3K27 trimethylation
(H3K27me3) at the tescalcin promoter, which reduces the
inhibitory effect of tescalcin on NFAT activity."'® Interestingly,
H19 appeared to function differently in the right ventricle. Plasma
H19 was upregulated in pulmonary artery hypertension patients
with decompensated right heart failure. Serum H19 levels
predicted the prognosis of patients with idiopathic pulmonary
artery hypertension. Silencing H19 protected the right ventricle
from hypertrophy and fibrosis in animal models of pulmonary
artery hypertension.''” In addition to the abovementioned
studies, there is much evidence that IncRNAs modulate cardiac
function in other disease models. For example, the IncRNA ZFAS1
acts as an inhibitor of sarco/endoplasmic reticulum Ca®"-ATPase
2a (SERCA2a) and causes contractile dysfunction in myocardial
infarction."®

Unlike pathological hypertrophy induced by stress, exercise-
induced cardiac hypertrophy is considered physiological and
beneficial. Understanding the molecular mechanism of physiolo-
gical hypertrophy may contribute to cardiovascular disease
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prevention. The IncRNA cardiac physiological hypertrophy-
associated regulator (CPhar) is upregulated during swimming
training. CPhar was shown to be necessary for physiological heart
growth. Mechanistically, CPhar interacts with DEAD-Box Helicase
17 (DDX17) and prevents the interaction of CCAAT/enhancer
binding protein beta (C/EBPB) with its DNA targets, which
ultimately leads to a decrease in the transcription of ATF7.'"
Another study induced pathological hypertrophy in mice with
physiological hypertrophy preconditioning induced by swimming
training compared with untrained mice. Exercise-induced hyper-
trophy preconditioning was shown to attenuate cardiomyopathy
marker increases, pulmonary congestion, and cardiac dysfunction
after TAC surgery. Exercise training induced Mhrt779 expression
via H3K4me3 and H3K36me3 at the promoter region. Mhrt779
inhibited the activation of the histone deacetylase 2 (HDAC2)/Akt/
GSK3B pathway during pathological cardiac hypertrophy.'*°

Circular RNAs (circRNAs) are a special class of noncoding RNAs
in which an RNA circle formed by back splicing of linear RNA.
Although circRNAs play various molecular roles in different cell
types, currently identified cardiac hypertrophy-related circRNAs
mainly function as miRNA sponges. For example, heart-related
circRNA (HRCR) inhibits cardiac hypertrophy by acting as a miR-
233 sponge to limit its activity. As a result, the expression of the
miR-223 target activity-regulated cytoskeleton-associated protein
is increased and antagonized cardiac hypertrophy.'?' circRNAs
normally lack a structural 5’ cap and 3’ polyA tail and are resistant
to degradation mediated by RNases. In addition, one circRNA
molecule has multiple miRNA binding sites, which makes it an
ideal tool for targeting pathogenic miRNAs.'*?> The miRNA-212/
132 family has been suggested to have a hypertrophic effect.''®
Targeting the miR-212/132 family using ASOs (antagomiR-212/
132) was successful in treating heart failure in a pig model.'** An
engineered circRNA with binding sites for miR-212/132 was
developed to target these miRNAs. This engineered circRNA had
higher efficacy and stability than antagomiR-212/132. Adeno-
associated virus-based overexpression of the engineered circRNA
attenuated cardiac hypertrophy induced by pressure overload.'**

Although the abovementioned RNAs are classified as noncod-
ing RNAs, recent studies have shown that some IncRNAs and
circRNAs encode micropeptides. Our group analyzed the transla-
tomes of hypertrophic cardiomyocytes and identified multiple
micropeptides encoded by IncRNAs. Several of these micropep-
tides regulated PE-induced pathological cardiomyocyte hypertro-
phy in an in vitro model.'?® Dwarf open reading frame (DWORF) is
a micropeptide encoded by a putative muscle-enriched IncRNA
transcript. DWORF interacts with SERCA and enhances its activity
by sequestering phospholamban (PLN). DWORF overexpression
counteracted contractile dysfunction caused by PLN overexpres-
sion. In a mouse model of dilated cardiomyopathy, the over-
expression of DWORF restored cardiac function and prevented
cardiac hypertrophy and Ca®>" mishandling.'

RNA modifications: RNA can be chemically modified. There are
more than 100 types of posttranscriptional modifications of
RNA.'?” N6-methyladenosine (m6A) represents the most abundant
internal RNA modification. m6A has important roles in RNA
stability and translation. During the progression of cardiac
hypertrophy and heart failure, the landscape of m6A changes
and is tightly associated with translatomic changes independent
of RNA levels."?® These data indicated that RNA m6A modification
could be involved in cardiac hypertrophy. Currently, 2 RNA m6A
writers have been identified: methyltransferase-like protein 3
(METTL3) and METTL14. Obesity-associated gene (FTO) and AlkB
homolog 5 RNA demethylase (ALKBH5) serve as erasers to
maintain the balance of m6A. FTO expression in the hearts of
heart failure patients was significantly lower than that in the
hearts of control individuals. Restoring FTO expression in heart
failure attenuated the ischemia-induced increase in m6A and
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Fig. 3 Non-programmed and programmed cardiomyocyte death in failing heart. Cardiomyocyte death contribute to loss of myocardium,
especially after ischemia injury. Different types of programmed cell death are controlled by their specific signaling pathway. Modulating
programmed cell death by targeting their signaling pathway can attenuate cardiac dysfunction after ischemia injury. BAX: BCL-2-associated X
protein; BAK: BCL2-antagonist/killer 1; cty C: Cytochrome C; FADD: Fas associated death domain; FasL: Fas ligand; TNF-a: tumor necrosis factor
o; TRAIL: TNF-related apoptosis inducing ligand; IAP, Inhibitor of apoptosis; ARC: Apoptosis repressor with caspase recruitment domain; mPTP:
mitochondrial permeability transition pore; TNFR: TNF receptor; TRADD: TNFR1-associated death domain; RIPK1: serine/threonine kinases
receptor interacting protein kinase 1; MLKL: mixed lineage kinase-like domain; DAMPs: damage-associated molecular patterns; GSDMD:
gasdermin D; PNS: perinuclear space; Atg5: Autophagy related 5; Atg3: Autophagy related 3; Tfr: transferrin receptor; TTP: tristetraprolin; GPX4:

glutathione peroxidase 4; GSH: glutathione

rescued cardiac contractile function. FTO demethylated cardiac
contractile-related RNAs, prevented their degradation, and
improved protein expression under ischemic conditions.'?
METTL3-mediated m6A was also involved in normal cardiac
function and the hypertrophic response. METTL3 overexpression
was sufficient to promote cardiac hypertrophy. METTL3-knockout
mice were more likely to develop heart failure with stress and
aging than wild-type mice."*® Cardiac hypertrophy-associated
piRNA (CHAPIR) can regulate cardiac hypertrophy by modulating
m6A. The interaction of CHAPIR with METTL3 blocked m6A in the
protein mono-ADP-ribosyltransferase (PARP10) transcript, which
resulted in an increase in PARP10 protein levels. PARP10
promoted the mono-ADP-ribosylation of GSK3( and inhibited
GSK3p activity. NFATc4 is then released from the inhibitory effect
of GSK3p, translocates into the nucleus and drives the expression
of hypertrophic genes.®’ In addition to mRNA modifications,
noncoding RNA modifications have also been reported to regulate
cardiac hypertrophy. Reactive oxygen species (ROS) can oxidize
biomolecules. RNA 8-oxoguanine (0%G) is one such modification.
Under adrenergic agonist stimuli, 0°G predominantly occurred at
position 7 of miR-1. With oxidative modifications, 0®G can be base
paired with A. Introducing 708G-miR-1 (miR-1 with 0%G at position
7) or 7U-miR-1 (miR-1 with a G to U replacement at position 7) was
sufficient to induce cardiac hypertrophy.'? The discovery of RNA
modifications involved in cardiac hypertrophy added to the
complexity of the regulatory network of gene expression.
However, studies in this field are just at the beginning, and much
still remains to be explored.

Cardiomyocyte death. Myocardial loss and cardiomyocyte death
are distinguishing features of some cardiac diseases, such as
myocardial infarction. Progressive cell death ultimately leads to
insufficient functional cardiomyocytes and chronic heart failure. In
the 20th century, cell death was identified by optical microscopy.
When cells are harmed by chemical, physical, or biological insults,
they undergo organelle swelling and the loss of cell structure.'?
Subsequent studies showed that in some instances, cell death is
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regulated by signaling pathways'** and is known as programmed
cell death (PCD). After PCD signals stimulate membrane or
cytoplasmic proteins, they are transduced through a cascade of
protein modifications and trigger apoptosis. There were 3 major
features of apoptosis'®®: 1) cell shrinkage, the formation of
apoptotic bodies, plasma membrane blebbing, and chromatin
condensation; 2) apoptotic body uptake by macrophages; and 3)
the integrity of apoptotic bodies and absence of inflammatory and
immune responses caused by the leakage of intracellular
contents.'**"3” Recent decades have witnessed the discovery of
other forms of PCD: ferroptosis'*® pyroptosis,'**'*° autophagy-
dependent cell death,”*' and necroptosis.'*>'** Both PCD and
nonprogrammed cell death have been suggested to be involved
in multiple cardiac diseases, including ischemic cardiomyopathy,
chronic heart failure, myocarditis, and congenital cardiomyopathy
(Fig. 3).144—148

Apoptosis:  Apoptosis can be initiated by the cell surface death
receptor pathway or mitochondrial pathway. Both pathways lead
to caspase activation. Ligands that activate the cell surface death
receptor pathway include Fas ligand (FasL), tumor necrosis factor
a (TNF-a), and TNF-related apoptosis inducing ligand (TRAIL).
Corresponding receptors are members of the TNF receptor
superfamily. The ligand-receptor interaction triggers the forma-
tion of the death-inducing signaling complex (DISC) by the
Fas-associated death domain (FADD) protein and procaspase-8/
10.19713" After procaspase-8 enters the DISC, it is processed into
the mature initiator caspase-8. Then, mature caspase-8 catalyzes
the conversion of procaspase-3 to effector caspase-3. The
mitochondrial pathway is usually activated by intracellular stimuli,
such as DNA injury, nutrition deprivation, and oxidative stress.'>* B
cell lymphoma 2 (BCL-2) family members, such as Bax, Bak, Bcl-2,
and Bcl-xL, change the permeability of the mitochondrial
membrane and regulate the release of apoptotic molecules.'>
Among these apoptotic molecules, cytochrome C links
procaspase-9 to apoptotic protease-activating factor 1 (APAF1)
and forms a complex called the apoptosome. The apoptosome
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activates the initiator caspase-9, which in turn activates the
effector caspase-3.">*

Very early studies concluded that necrosis is the major form of
cell death in cardiac ischemia-reperfusion injury. However, a
considerable amount of apoptosis was also observed.'*”'>®
Multiple studies have shown that inhibiting the cell surface death
receptor pathway or mitochondrial pathway reduces cardiomyo-
cyte apoptosis and infarct size in an ischemia—reperfusion (I/R)
model. I/R injury stimulates the expression of FasL. Compared with
wild-type mice, mice with a loss-of-function mutation in TNF
receptor superfamily member 6 had less apoptosis, as measured
by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)."*® Genetic deletion of the proapoptotic factor Bax or
overexpression of the antiapoptotic factor Bcl-2 limited myocar-
dial infarction in an I/R model.'>”'*® Human chronic heart failure
samples had more TUNEL-positive apoptotic cells than nonheart
failure control samples.'*® Collectively, these data suggested the
involvement of apoptosis in the chronic heart failure.

Apart from these canonical apoptosis pathways, other protein
or RNA regulators are involved in cardiomyocyte apoptosis.
Inhibitors of apoptosis (IAPs), such as cellular IAP1 (clAP1), clAP2,
and X-linked IAP (XIAP), inhibit caspase activity and negatively
regulate apoptosis.'”® Cardiac overexpression of cIAP2 reduced
the number of TUNEL-positive cells and infarct size after I/R
injury.'®® The apoptosis repressor with caspase recruitment
domain (ARC) interferes with the interaction between the DISC
and FADD and consequently downregulates the cell surface death
receptor apoptosis pathway.'®' In addition, ARC can also inhibit
the conformational change in Bax into an active form and inhibit
the mitochondrial pathway. Under I/R injury, ARC undergoes
ubiquitin-mediated proteasomal degradation. Cardiac-specific
overexpression of ARC protected cardiomyocytes from I/R injury
and hypoxia-induced cell death.'®"'%? AMPKa2 protected against
cardiomyocyte apoptosis in a pressure-overload induced heart
failure model. AMPKa2 interacted with PTEN-induced putative
kinase 1 (PINK1) and enhanced the activity of PINK1-Parkin-
sequestosome-1 pathway involved in cardiac mitophagy, which
led to elimination of damaged mitochondria, improvement in
mitochondrial function, decrease in reactive ox%/gen species
production, and apoptosis of cardiomyocytes.'®> miR-342-5p
targeted Caspase 9 and JNK2 to inhibit I/R-induced cardiomyocyte
apoptosis.'® miR-320 promoted cardiomyocyte apoptosis and
exacerbated cardiac function in a model of diabetic cardiomyo-
pathy. Mechanistically, miR-320 recognized promoter region of
CD36 (a fatty acid translocase) and recruited argonaute RISC
catalytic component 2 (Ago2) to the promoter, which resulted in
enhanced CD36 transcription. Increased CD36 protein induced
cardiomyocyte apoptosis by promoting lipotoxicity.'®® I/R stress
stimulates ROS generation, which can cause oxidative modifica-
tions of specific molecules and lead to dysfunction. Bcl-xL and Bcl-
w are not natural target of miR-184. However, oxidized miR-184
was associated with the 3’ UTRs of Bcl-xL and Bcl-w, which led to
the downregulation of these proteins and the initiation of
apoptosis in cardiomyocytes.'®®

Necroptosis: Necroptosis is another form of PCD with features of
both necrosis and apoptosis. Like necrotic cell death, necroptosis
is also characterized by the leakage of intracellular contents, which
occurs in a tightly regulated manner.'®” When TNF receptors
receive corresponding stimuli, homologous receptor interacting
protein kinase 1 (RIPK1) is recruited. RIPK1 and receptor
interacting serine/threonine kinase 3 (RIPK3) phosphorylate each
other and form a complex called the necrosome, which in turn
phosphorylates and activates mixed lineage kinase-like domain
(MLKL). Activated MLKL forms oligomers, which are inserted into
the cell membrane. As a result, membrane permeability changes,
and necroptosis is initiated.'®® Administration of the RIPK1
inhibitor necrostatin-1 was able to reduce infarct size in an I/R
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model."®"7° RIPK3 and MLKL deficiency protected tissue from I/R
injury, but RIPK3 provided greater protection than MLKL."”" Later
studies showed that RIPK3 was not only involved in the classic
RIPK1-RIPK3-MLKL necroptosis pathway but could also induce
necroptosis by activating CamK Il and triggering opening of the
mitochondrial permeability transition pore (mPTP). The RIPK3-
CamK II-mPTP pathway is involved in both I/R-related and
doxorubicin-induced cardiomyocyte necroptosis and heart fail-
ure."”? As mentioned previously, FADD is an important regulator
of apoptosis and has been shown to regulate programmed
necrosis. FADD knockout promoted H,0,-induced cardiomyocyte
necroptosis but inhibited apoptosis. FADD negatively regulates
necroptosis by inhibiting the interaction of RIPK1 and RIPK3.
miRNAs targeting FADD promote necroptosis and I/R-induced
myocardial injury.”® In contrast, miR-873, which targets RIPK1/
RIPK3, downregulated necroptosis and reduced infarct size in the
I/R model. The IncRNA necrosis-related factor (NRF) acts as an
endogenous sponge of miR-873 and therefore upregulates
necroptosis and myocardial I/R injury.'”

Pyroptosis:  Pyroptosis was discovered early in 1992 by observing
the rapid cytolysis of macrophages infected with Shigella flexneri.
Pyroptosis is a highly inflammatory form of PCD. Pyroptosis
signaling triggers the formation of a multiprotein complex called
the inflammasome, which activates a different set of caspases
than apoptosis. Activated caspase-1 cleaves gasdermin D
(GSDMD), producing the functional GSDMD N-terminal domain
(GSDMD-N). GSDMD-N can oligomerize and form pores in the cell
membrane, which allows the leakage of intracellular contents,
including IL-13 and IL-18, water influx, and cell swelling and
bursting. The family member GSDME is cleaved by caspase-3 and
is also involved in pyroptosis.'”>'”® To date, pyroptosis has been
observed in various cell types, including monocytes, macro-
phages, dendritic cells, cardiomyocytes, and fibroblasts.'””
Because the inflammatory response is involved in I/R injury,
pyroptosis may also play a role. A large number of inflammasomes
can be observed in cardiac I/R injury. Germline deletion of the
pyroptosis-related genes apoptosis-associated speck-like adapter
protein (ASC) and caspase-1 protected the heart from I/R injury.'”®
However, as there are many cell types in the heart, the specific
role of cardiomyocyte pyroptosis must be demonstrated by a
study with cell type-specific genetic modification. Indeed, deletion
of GSDMD in cardiomyocytes had a similar protective effect.
Interestingly, studies showed that cardiomyocyte pyroptosis was
mediated by caspase-11 but not classic caspase-1.""° In diabetic
cardiomyopathy, miR-30d targets forkhead box O3 (FOXO3a),
which in turn leads to a decrease in ARC, caspase-1 activation, and
pyroptosis.'® Activated NLR family pyrin domain containing 3
(NLRP3) inflammasomes and cardiomyocyte pyroptosis can be
observed in myocardial tissues from dilated cardiomyopathy
patients. Doxorubicin-induced dilated cardiomyopathy was also
associated with NLRP3 inflammasome-mediated pyroptosis.
NLRP3 or caspase-1 deletion can reduce doxorubicin-induced
pyroptosis and improve cardiac function.'®’

Autosis: Autophagy is a conserved catabolic process that
degrades macromolecules (such as proteins, lipids, and nucleic
acids) and injured organelles (especially mitochondria).'*' The
target material is first loaded into autophagosomes that are
surrounded by a lipid bilayer. The cargo-loaded autophagosomes
then merge with lysosomes, where the contents are degraded by
acid hydrolase. As autophagy is a self-digestive process and the
cell membrane is intact, it does not induce an inflammatory
response. Autophagy is a cell survival strategy that responds to
stress, but it can also be overactivated in certain circumstances
and lead to unnecessary cell death. There are multiple forms of
autophagy: macroautophagy, chaperone-mediated autophagy,
microautophagy and endosomal microautophagy.'®? This review
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mainly focuses on macroautophagy, as this is believed to be the
major form in the myocardium. Autophagy is increased in heart
failure induced by pressure overload or desmin-related cardio-
myopathy.'®'8* Autophagy related 5 (ATG5) is required for
autophagy. Cardiomyocyte-specific deletion of ATG5 in adult mice
led to the rapid deterioration of cardiac function under baseline
and stress conditions, indicating that constitutive cardiomyocyte
autophagy was important for maintaining normal cardiac function
and that increased autophagy was an adaptive response to
stress.'® However, data on Beclin 1, a protein that is required for
autophagosome formation, appeared to be conflicting. Hetero-
zygous deletion of Beclin1 decreased cardiomyocyte autophagy
and protected the heart from pathological remodeling induced by
pressure overload. Beclin 1 overexpression increased both
autophagy and cardiac remodeling under stress.'®* These incon-
sistent results suggested that autophagy was mediated by
different pathways and might have different functional implica-
tions. The effect of cardiomyocyte autophagy also differed under
different stress conditions. Chemical inhibition of autophagy
worsened cardiomyocyte survival in glucose deprivation, which
is a condition that mimics myocardial ischemia. However, the
downregulation of autophagy by heterozygous Beclin 1 deficiency
protected the heart from I/R injury. A mechanistic study showed
that ischemia-induced autopha%y was AMPK-dependent, while I/
R-induced autophagy was not.'®® These data further emphasized
the complexity of the autophagy regulatory network under
different conditions. Interestingly, apoptosis was also reduced in
Beclin 17~ mice, as measured by the TUNEL assay.'®® Further
study showed that Beclin 1 could interact with Bcl-xL,'®” which
regulates Bax activity and apoptosis.'® This inconsistency was
also present in diabetic cardiomyopathy. Inhibiting autophagy by
downregulating Beclin 1 or ATG16 protected the heart in diabetic
mice,"®® but another study indicated that the benefit of metformin
was mediated by the upregulation of autophagy in the heart.'® It
is worth pointing out that autophagy is not always the direct
driving force of cell death. Instead, autophagy can accompany cell
death or be triggered by cell death.'"

Autosis, a form of autophagy-dependent cell death, has been
proposed recently. Autosis can be induced by autophagy-inducing
peptides, starvation, and hypoxia-ischemia, where Na*, K*-ATPase
plays an important role. Cardiac glycosides or knockdown of the
Na®, K™-ATPase al subunit can effectively inhibit autosis.'®?
Autosis morphologically differs from apoptosis and necrosis.
Autosis is characterized by autophagic bodies and dilation and
fragmentation of the endoplasmic reticulum at an early stage,
swollen perinuclear spaces, electron-dense mitochondria, an
empty ballooning space with the membrane starting to merge
with the outer nuclear membrane, focal nuclear concavity at the
following stage, and empty focal ballooning perinuclear spaces
and a marked decrease in cytoplasmic organelles at the final
stage. More importantly, autosis can only be rescued by
autophagy inhibitors but not inhibitors of other forms of cell
death."®® During cardiac I/R injury, the upregulation of Rubicon
resulted in the accumulation of autophagosomes and increased
autosis. Inhibition of autosis either by inhibiting Rubicon or
administering cardiac glycoside reduced I/R injury.'**

The functional implication of autophagy-dependent cell death
varies significantly in different pathological processes and even at
different stages in the same pathological process. Therefore, much
remains to be studied before considering the therapeutic
potential of targeting autophagy.

Ferroptosis: Ferroptosis is a form of PCD that is highly
dependent on intracellular iron and is characterized by lipid
peroxidation damage. Dense, compact mitochondria with loss of
cristae are distinct morphological characteristics.'®> ROS genera-
tion caused by excess intracellular iron accumulation is the main
driver of ferroptosis. When the amount of iron exceeds the
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intracellular storage capacity, ferrous iron in the liable iron pool
(LIP) increases and reacts with peroxide to generate ROS, which is
known as the Fenton reaction. ROS attack lipids on the membrane
and generate toxic lipid peroxides. The antioxidant system is the
major negative regulator of ferroptosis, among which glutathione
peroxidase 4 (GPX-4) plays a fundamental role. GPX-4 and
glutathione (GSH) convert toxic lipid hydroperoxides to nontoxic
lipid alcohols. In cardiac I/R injury, abundant iron and oxygen in
the blood provide ideal substrates for the Fenton reaction.
Moreover, I/R downregulates the antioxidant system, predisposing
cells to ferroptosis. A cardiac magnetic resonance imaging study
showed that residual myocardial iron caused by intramyocardial
hemorrhage in patients with myocardial infarction was associated
with left ventricular remodeling during follow-up.'®® In a cross-
sectional study on chronic stable angina patients, serum iron was
positively associated with the severity of coronary heart dis-
ease.'”” In a study of isolated perfused mouse hearts, ferroptosis
was found to be involved in I/R injury. The iron chelator
deferoxamine (DFO) or ferroptosis inhibitor ferrostatin-1 success-
fully protected the heart from I/R injury.'®® In doxorubicin-induced
cardiomyopathy, nuclear factor erythroid 2-related factor 2 (NRF2)
translocates to the nucleus and upregulates the expression of
heme oxygenase 1 (HMOX1), which degrades heme and releases
free iron in cardiomyocytes and induces ferroptosis. Zinc
protoporphyrin IX, an HMOX1 antagonist, attenuated cardiac
injury induced by doxorubicin. Interestingly, excess free iron
accumulated mainly in mitochondria and caused lipid peroxida-
tion on the membrane. Compared with nontargeted antioxidants,
mitochondria-targeted antioxidants had a more robust cardiopro-
tective effect.'” mTOR is also involved in the regulation of
cardiomyocyte ferroptosis. Rapamycin, an mTOR inhibitor, rescued
cardiomyocyte death triggered by ferroptosis inducers.?® This
outcome could be explained by the role of mTOR in iron
hemostasis. mMTOR can modulate transferrin receptor 1 stability
and alter cellular iron flux through tristetraprolin.?’’

Fibroblasts

Chronic heart failure is often accompanied by cardiac fibrosis.
Cardiac fibrosis manifests as the deposition of collagen and other
extracellular matrix (ECM) components. The most important step is
the activation of cardiac fibroblasts and their transformation into
myofibroblasts. Under stress, cardiac fibrosis maintains the integrity
of the heart when functional cardiomyocytes are lost, but prolonged
fibrosis is pathologic, leading to cardiac stiffness and diastolic
dysfunction.?°*?%® Cardiac fibrosis is not just a matter of cardiac
fibroblasts. Instead, this process involves various intracellular
interactions and crosstalk, especially in the injured heart.

Transforming growth factor 3 (TGF-B) signaling. TGF-f is the most
widely studied cytokine associated with fibrosis in multiple
organs.?**2%” |n the mammalian heart, three isoforms, TGF-B1,
B2 and -B3, constitute the TGF-B family.2°® TGF-B1 is widely
distributed in tissues and appears to be the strongest regulator of
fibrosis.2%° TGF-B and its binding proteins are secreted as a latent
complex and are located in the ECM. Multiple activation steps are
required to release mature TGF-B.>'° The latent TGF-B complex
serves as a sensor that can be activated by signals from multiple
activators, such as proteases, integrin and ROS.%'"2"? In mammals,
there are 7 type | receptors (TRRI, also known as activin-like
receptor kinase (ALK) 1-7) and 5 type Il receptors (TBRII), which are
all transmembrane serine/threonine kinases.?'®> The binding of
TGF-3 to TPRIl induces the formation of a heterotetrameric
complex by two TBRI and two TBRII units, which phosphorylate
and activate the cytoplasmic domain of TRRI and trigger a
downstream cascade.?'*?'

The Smad-dependent TGF-f signaling pathway in fibrosis is the
most established. TRRI is activated by TGF-$ and can bind and
phosphorylate intracellular receptor-activated Smads (R-Smads).
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Specifically, ALK5 activates Smad2 and Smad3, while ALK1 and
ALK2 activate Smad1, Smad5, and Smad8. Subsequently, the
activated R-Smads form complexes with Smads in the cytoplasm,
which then translocate to the nucleus and modulate gene
expression as transcription factors.2'2'® The TGF-B/ALK5/
Smad2/3 axis is suggested to play a dominant role in cardiac
fibrosis. Other cascades, such as the ALK1/Smad1 axis?'® and
Smad7-dependent signaling,®?®**" are also involved in cardiac
fibrosis, which, however, is less well established.

Mice with Smad3 global deficiency had reduced collagen
deposition and inflammatory infiltration after myocardial infarc-
tion. Although the infarct size was not changed, dilative
remodeling and diastolic dysfunction were attenuated.’?? How-
ever, TGF-B1/Smad3 signaling plays different roles in fibroblasts
and cardiomyocytes. Fibroblast-specific deletion of Smad3 para-
doxically led to unrestrained fibroblast proliferation, impaired scar
remodeling, reduced collagen synthesis, and perturbed alignment
of myofibroblasts after myocardial infarction by suppressing
integrin-nicotinamide adenine dinucleotide phosphate oxidase-2
(NOX-2) signaling. As a consequence, adverse cardiac remodeling
was accentuated. In contrast, cardiomyocyte-specific loss of
Smad3 attenuated remodeling and reduced cardiomyocyte
apoptosis, which was associated with decreased NOX-2, nitrosa-
tive stress, and matrix metalloproteinase 2 (MMP-2) levels in the
myocardium.>?®> In a cardiac hypertrophy model induced by
pressure overload, however, Smad3 deletion worsened cardiac
hypertrophy and survival after TAC surgery, although it did reduce
cardiac fibrosis.?** Myofibroblast-specific Smad3-knockout mice
also showed unexpectedly exacerbated systolic dysfunction after
TAC surgery. Phosphorylated Smad3 inhibited the expression of
MMP-3 and MMP-8 and upregulated the expression of tissue
inhibitor of metalloproteinases-1 (TIMP-1), which reduced ECM
fragmentation, decreased inflammation driven by macrophages,
and ultimately protected cardiomyocytes from necrosis and
dysfunction.??> In an obese diabetic mouse model, heterozygous
Smad3 deletion resulted in less fibrosis, but Smad3-null mice
exhibited early lethality.??® Altogether, Smad3-mediated fibrosis
plays dual roles in the heart. Smad3 is necessary for the adaptive
fibroblast response to cardiac stress but also contributes to
maladaptive cardiac fibrosis. The role of Smad2 in cardiac fibrosis
is less clear. In vitro knockdown of Smad2 reduced collagen V
expression and fibronectin, periostin, and versican synthesis in
cultured cardiac fibroblasts.??” However, fibroblast- or
myofibroblast-specific Smad2-knockout mice??’~??° had a normal
cardiac phenotype and function, without changes in fibrosis
induced by pressure overload. In addition to these classic factors
in the cascade, multiple players involved in the TGF-B/ALK5/
Smad2/3 signaling pathway also modulate cardiac fibrosis.

Regulators of cardiac fibroblasts: Vascular peroxidase 1 (VPO1) is
a heme enzyme that transforms hydrogen peroxide (H,0,) into
hypochlorous acid (HCIO) and is upregulated and activated in
myocardial infarction or by TGF-f stimulation. In vivo and in vitro
loss-of-function studies showed that VPO1 promoted cardiac
fibroblast proliferation, migration and differentiation by catalyzing
HCIO formation, which further activated downstream Smad2/3.23°
In a pressure overload model, Sirtuin 1 activation ameliorated
cardiac fibrosis and hypertrophy by reducing the transcriptional
activity of Smad2/3 by decreasing the acetylation level.”*' In a
myocardial fibrosis model induced by a combination of angio-
tensin Il infusion and cardiac pressure overload, TIMP-1 exacer-
bated myocardial fibrosis in a metalloproteinase-independent
manner. Specifically, TIMP1 induced the interaction between CD63
(a cell surface receptor of TIMP1) and integrin-1 in fibroblasts,
which initiated the activation and nuclear translocation of Smad2/
3 and B-catenin and subsequent collagen synthesis.?*? Moreover,
periostin, an ECM protein that is mainly secreted by osteoblasts
and fibroblasts, was upregulated in human samples of chronic
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upregulation was partly dependent on TGF-$1/Smad signaling.
Recently, Chen et al.** identified WW domain containing E3
ubiquitin protein ligase 2 (WWP2) as a regulator of the profibrotic
gene network in diseased rat and human hearts. Specifically, in
primary cardiac fibroblasts, the WWP2 N-terminal isoform
translocated into the nucleus in response to TGF-B1 stimulation.
WWP2 subsequently bound to Smad2 in the nucleus and initiated
the transcription of ECM-related genes. Intriguingly, a type of
primary cilium in neonatal and adult cardiac fibroblasts was also
found to contribute to fibrogenesis. The primary cilium and its
requisite signaling protein PC1 can mediate the activation of the
TGF-B1/SMAD3 signaling pathway.?*®

Regulators of cardiomyocytes: Although the effect of hypoxia on
cardiomyocytes is well understood, hypoxia can also affect
fibroblasts by changing the cardiomyocyte secretome. A recent
study used a novel mass spectrometry-based secretome analysis
of hypoxic cardiomyocytes. Proprotein convertase subtilisin/kexin
type 6 (PCSK6) was the most strongly upregulated factor. PCSK6
was secreted into the extracellular space and activated TGF-,
which initiated Smad signaling and ultimately exacerbated cardiac
fibrosis.?*® In addition, in a dilated cardiomyopathy (DCM) mouse
model generated by cardiac-specific knockdown of lamin A/C, Yin
Yang 1 (YY1) increased the expression of bone morphogenetic
protein 7 (BMP7) but suppressed connective tissue growth factor
(CTGF) expression in cardiomyocytes, which suppressed TGF(/
Smad signaling in the heart and inhibited fibrosis.**’

Regulators of immune cells: Liu et al.>*® showed that the
eosinophil (EOS)-derived cationic protein mEar1 could inhibit the
activation of cardiac fibroblasts by blocking TGF-B-induced
Smad2/3 signaling in mice after myocardial infarction. In addition,
CD1d, a glycoprotein expressed on antigen-presenting cells and
that is recognized by natural killer T (NKT) cells, was suggested to
be involved in cardiac remodeling and fibrosis. In an Ang Il
infusion model, CD1d deletion led to exacerbated fibrosis and
inflammation, which was associated with TGF-31/Smad2/3 path-
way activation.?*°

Noncoding RNA regulators: The combination of MI and chronic
intermittent hypoxia (CIH) exposure increased the expression of
miR-214-3p. As a result, one of its targets, cardiac C1q tumor
necrosis factor-related protein 9 (CTRP9), was downregulated. The
suppression of the cardiokine CTRP9 was responsible for TGF-3/
Smad activation and subsequent enhancement of cardiac
fibrosis.>*° miR-29b downregulated TGF-B/Smad3 signaling by
directly targeting the coding sequence of TGF-f1, which inhibited
cardiac fibrosis induced by Ang Il infusion.?*' In addition, the
intracellular transfer of miRNAs is also involved in fibrosis
regulation. miR-30d, which is released from cardiomyocytes in
extracellular vesicles (EVs), targets integrin subunit alpha 5 (ITGA5)
and decreases its expression in cardiac fibroblasts in a paracrine
manner, leading to the inhibition of TGF-31/Smad2/3 signaling
and cardiac fibrosis.?*?

Crosstalk between TGF-b signaling and MAPK pathway: Inter-
leukin 11 (IL-11) was robustly upregulated in response to
TGFB1 stimulation and mediated its profibrotic effect. Mechan-
istically, IL-11 promoted fibrosis-associated protein synthesis
through ERK signaling in an autocrine manner.?*® In ischemic
injury, myofibroblast- or resident fibroblast-specific MAPK p38a
deletion alleviated cardiac fibrosis, while activating p38 signaling
in cardiac fibroblasts induced fibrotic remodeling.244 However,
another study showed that cardiac fibroblast p38a signaling
promoted pathological cardiomyocyte hypertrophy through IL-6
paracrine signaling.?*> Follistatin-like 1 (FSTL1), a secretory protein,
was significantly increased in fibroblasts and myofibroblasts in the
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infarcted area and after TGF-B1 stimulation. FSTL1 activated
fibroblasts through ERK1/2 signaling instead of Smad2/3 signaling.
FSTL 1-mediated fibrosis protected the heart from rupture after
myocardial infarction.?*®

Crosstalk between TGF-b signaling and Wnt pathway: Cardiac
fibrosis mediated by TGF-B signaling plays a pivotal role in
autoimmune myocarditis. Specifically, the TGF-B/TAK1 cascade
triggers Wnt protein secretion and subsequently activated signal
transduction, which promotes myofibroblast differentiation and
fibrosis progression.?*’ In addition, a recent study showed that
miRNAs also regulated crosstalk between Wnt and TGF-$
signaling.*® Profibrotic stimuli decreased the expression of miR-
384-5p in cardiac fibroblasts, which enhanced the expression of a
series of receptors [Frizzled class receptor 1 (FZD1), FZD2, LDL
receptor related protein 6 (LRP6), and TGF-B receptor type 1
(TGFBR1)]. Subsequently, the TGF-B-induced expression of Wnt3a
was increased, which in turn increased TGF-B synthesis, thus
forming a TGF-B/Wnt transactivation loop and triggering myofi-
broblast activation.

Wnt signaling. The Wnt1 gene was first identified in breast
tumors in 1982,%*° and the relationship between diseases and the
Whnt signaling pathway was described for the first time in
199125921 Wnts are a group of secretory proteins and can be
found in various species and multiple organs. In vertebrates, 19
Wnt genes have been identified as ligands that can interact with
at least 15 receptors to transduce signals.?> There are 3 pathways
involved in Wnt signaling: 1) the canonical B-catenin-dependent
pathway, 2) planar cell polarity, and 3) the calcium pathway.?>*
B-catenin is the most important downstream protein in the
canonical pathway, which is the best characterized of the three. In
the absence of a Wnt ligand, a complex of assembled proteins
consisting of Dishevelled (DVL), Axin, adenomatosis polyposis coli
(APC), GSK3, Casein kinase 1 (CK1), protein phosphatase 2 A and
the E3-ubiquitin ligase B-TrCP mediate the phosphorylation and
ubiquitination of B-catenin, which is subsequently degraded by
proteasomes. When extracellular Wnt binds to a heterodimeric
receptor complex formed by one FZD and one LRP5/6, FZD
recruits DVL, which further triggers Axin recruitment and LRP5/6
phosphorylation by GSK3 and CKla. Then, the destruction
complex for B-catenin is detached, which leads to P-catenin
accumulation and nuclear translocation. In the nucleus, B-catenin
and T-cell factor (TCF) activate Wnt-responsive genes.?>*%>>

In Wnt/planar cell polarity (PCP) signaling, Wnt binds to FZD
receptors and induces the serial activation of DVL and Dishevelled
associated activator of morphogenesis (DAAM)/Ras homolog
family member A (RHOA)/Rho associated coiled-coil containing
protein kinase (ROCK) and Rac family small GTPase 1 (RACT)/JNK,
which leads to remodeling of the actin cytoskeleton and cell
polarity, respectively.**?*” Another B-catenin-independent sig-
naling pathway is Wnt/calcium signaling. Wnt activates FZD
receptors and heterotrimeric G proteins, which induce the
activation of PLC. Activated PLC catalyzes the formation of IP3
and DAG. IP3 promotes Ca®" release from the endoplasmic
reticulum, and Ca®" levels rapidly increase in the cytoplasm.
Activated CamKIl and calcineurin in turn activate the transcription
factors NF-kB and NFAT, respectively. In addition, DAG activates
PKC, and PKC in turn activates NF-kB and CREB, which regulate
gene expression in a similar way as IP3.2°%2°? The Wnt signaling
pathway has been shown to contribute to fibrosis in multiple
organs, including the heart.?>?

Wnt/B-catenin signaling: An in vitro study showed that Wnt
ligands can be transferred to cardiac fibroblasts by extracellular
vesicles and activate the Wnt/B-catenin pathway.’*® Moreover,
Wnt1 expression was stimulated by acute cardiac ischemic injury.
Wnt1 stimulated cardiac fibroblasts to proliferate and express
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profibrotic genes. Disruption of Wnt/B-catenin in cardiac fibro-
blasts negatively affected wound healing and cardiac function
after acute ischemic injury.?®’ Wnt10b is expressed by cardio-
myocytes and enriched in intercalated discs (IDs). In a model of
myocardial infarction, Wnt10b was upregulated in cardiomyocytes
at the border zone. Cardiomyocyte-specific overexpression of
Wnt10b activated canonical Wnt/B-catenin signaling in endothe-
lial cells and enhanced their proliferation, which triggered
neovascularization after heart injury, attenuated fibrosis, and
improved heart function.?®> The Wnt coreceptor LRP6 was shown
to have a protective effect on cardiac fibrosis in a recent study.
Mechanistically, under pressure overload, cardiomyocyte-specific
overexpression of LRP6 enhanced the interaction of LRP6 with
cathepsin D (CTSD), which caused the degradation of Wnt5a and
Wnt11. As a result, cardiomyocyte-secreted Wnt5a/Wnt11 was
reduced, and cardiac fibrosis was eventually attenuated.?®® In the
pressure overload model, Wnt/f3-catenin signaling was activated.
Cardiac fibroblast-specific loss of p-catenin preserved heart
function and alleviated cardiac hypertrophy and fibrosis under
TAC by downregulating the expression of collagen genes down-
stream of TGF-B signaling.?®* Similar to Smad-mediated fibrosis,
Whnt-mediated fibrosis also plays dual roles in different conditions.

MicroRNA regulators of the Wnt/B-catenin signaling
pathway: miR-27b-3p levels were significantly reduced in the
peripheral blood of atrial fibrillation (AF) patients. In this study,
miR-27b-3p directly targeted Wnt3a and decreased its expression,
which inhibited Wnt/B-catenin signaling and attenuated atrial
fibrosis.2®> Desmoglein-2 (DSG2) is one of the most common
pathogenically mutated genes associated with arrhythmogenic
cardiomyopathy (AC). Cardiomyocyte-specific overexpression of
the human DSG2 mutant in mice triggered AC pathogenesis,
including cardiomyocyte necrosis and ventricle fibrosis. miR-708-
5p, miR-217-5p and miR-499-5p were significantly dysregulated in
this AC model. These dysregulated miRNAs were predicted to
regulate Wnt/B-catenin signaling.’®® miR-29 has been shown to
inhibit fibrosis in multiple organs.?®”?°® Global miR-29 knockout,
antimiR-29 administration, and cardiomyocyte-specific miR-29 loss
all prevented cardiac hypertrophy and fibrosis induced by
pressure overload. A mechanistic study suggested that miR-29
repressed Wnt signaling by targeting and inhibiting four factors
involved in Wnt signaling [GSK-3(, B-catenin interacting protein 1
(CTNNBIP1), HMG-Box Transcription Factor 1 (HBP1) and GLIS
Family Zinc Finger 2 (GLIS2)] in cardiomyocytes. The activation of
Whnt signaling due to miR-29 loss triggered cardiac hypertrophy
and the secretion of profibrotic factors, which could stimulate
cardiac fibroblasts.?*°

Regulatory role of secreted Frizzled-related proteins (sFRPs)
in Wnt/B-catenin signaling: sFRPs are normally known as
negative regulators of the Wnt signaling pathway and are
involved in cardiac fibrosis. The sFRP-1 expression level was
increased in samples from chronic heart failure patients. Cardiac
fibroblasts lacking sFRP-1 had increased a-smooth muscle actin
expression, cell proliferation rates, and collagen production. Aged
sFRP-1 knockout mice spontaneously developed massive cardiac
fibrosis and heart failure. The loss of sFRP-1 led to increased
expression of Wnt1, Wnt3, Wnt7b, and Wnt16 and Wnt responsive
genes, such as Wnt1 inducible signaling pathway protein 1
(WISP1) and lymphoid enhancer binding factor 1 (LEF1), along
with increased [B-catenin protein levels.?”® sFRP-4 was also
reported to play a cardioprotective role.?”" In contrast to sFRP-1
and sFRP-4, there was evidence suggesting that sFRP2 could
activate Wnt/B-catenin signaling and promote proliferation in
cardiac fibroblasts.?’?

Whnt/calcium signaling pathway: CaMKIl is a key downstream
effector in the Wnt/calcium pathway?”* and is involved in cardiac
remodeling. Wnt signaling activation by transgenic overexpres-
sion of DVL-1 led to severe heart failure accompanied by cardiac
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hypertrophy and fibrosis. All 3 downstream Wnt pathways were
activated in transgenic mice.””* The cardiac phenotype of DVL-1-
overexpressing mice was normalized when CaMKIISy was deleted.
The loss of CaMKII had no impact on Dvl-1-induced activation of
-catenin or JNK, indicating that CaMKIl was the major effector of
Dvl-1 overexpression-induced cardiomyopathy. Mechanistically,
CaMKIl coupled Wnt signals to HDAC4 and the activity of MEF2.2">
However, global genetic modification could not distinguish the
role of CaMKIl in different cell types in the heart.

Immune cells

Immune cells, including myeloid and lymphoid cells, account for
10.4% of the total cell population in atria and 5.3% in ventricular
tissues.>’® Numerous types of immune cells, including macro-
phages, neutrophils, eosinophils, dendritic cells (DCs), mast cells
(MCs), T cells, B cells, and NK cells, can be found in the heart.?””
These immune cells have close interactions with other cell types
in the heart and play important roles in maintaining cardiac
homeostasis.””” Interleukin-1 (IL-1B) is secreted by various
immune cells and had a pro-inflammatory effect. In CANTOS trial,
an IL-1B monoclonal antibody, canakinumab, significantly
reduced recurrent cardiovascular events among patients with
previous myocardial infarction and a high-sensitivity C-reactive
protein level.?”® What's more, a subsequent analysis showed that
canakinumab treatment also reduced risk of heart failure among
these patients.?””? These data demonstrated the importance of
inflammation mediated by immune cells in cardiac remodeling
after MI.

Macrophages can be classified as bone marrow-derived
macrophages and resident macrophages (rMacs) according to
their origins. These cells are engaged in dead cardiomyocyte
clearance, the regulation of cardiomyocyte regeneration and left
ventricle remodeling.?®° Macrophages are necessary for neonatal
heart regeneration after injury (before P7) but contribute to
fibrosis and final scar formation in the adult heart.?®' Macrophages
differentiate into 2 subgroups, namely, M1 or M2, in response to
pro- or anti-inflammatory signals. Proinflammatory M1 macro-
phages have enhanced phagocytosis and antigen presentation,
while reparative M2 macrophages are characterized by increased
secretion of anti-inflammatory cytokines.”®> M1 macrophages
have been shown to have a protective role in the infarcted heart
by antagonizing cardiomyocyte apoptosis, while M2 macrophages
enhance cardiac fibrosis and angiogenesis to promote cardiac
repair.’®®> Neutrophils play a reparative role by accelerating the
growth of endothelial cells and angiogenesis during myocardial
infarction but attenuate cardiac hypertrophy by reducing macro-
phage activation.”®* Horckmans et al. constructed a neutrophil
depleted mice via intraperitoneal injection of monoclonal anti-
body clone 1A8. These mice had more apoptotic cells and
worsened cardiac function after MI. Mechanistically, neutrophils
secreted gelatinase-associated lipocalin (NGAL) to promote
macrophage polarization towards M2c, which was required for
apoptotic cell clearance.?®® DC depleted mice had deteriorated
cardiac function and remodeling after MI. These mice had marked
infiltration of proinflammatory monocytes and macrophages, but
impaired recruitment of anti-inflammatory monocytes and macro-
phages?®® MCs are regarded as sentinels in the heart that secrete
various proinflammatory and immunoregulatory factors that
regulate aortic valve stenosis, myocardial infarction and myocar-
ditis.?®” MC depletion led to reduced cardiac function and
suppressed cardiomyocyte contractility after MI.?®®  Among
lymphocytes, CD4™ T cells indirectly enhance fibrosis by promot-
ing macrophage polarization,?®® which further activates cardiac
fibroblasts and enhances wound healing after myocardial infarc-
tion.”® In a model of I/R injury, CD4" depletion but not CD8"
depletion significantly reduced the infarct size.?®' Regulatory
T cells (Tregs) recruitment was observed in infarcted myocardium
and Tregs ablation after Ml leaded to enhanced inflammatory
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response and fibrosis. In vitro study showed that Tregs could
directly modulate phenotype of cardiac fibroblast.>*? In addition
another study also proved that Tregs could modulate monocyte/
macrophage differentiation.’®> B cells are involved in the
regulation of atherosclerosis, chronic heart failure, and cardiac
remodeling after injury.>** Zouggari et al. observed mature B cell
recruitment in the ischemic myocardium and B cell depletion had
decreased inflammatory responses and improved cardiac function
after MI. Moreover, impaired monocyte mobilization and com-
partmentalization were observed after B cell depletion.?*> Natural
killer (NK) cells have been suggested to prevent fibrosis and
inflammatory cell maturation in the heart?®* Ong et al. depleted
NK cells in mice via injection of anti-asialo GM1 antibody. These
mice had increased inflammatory response and cardiac fibrosis in
a model of autoimmune myocarditis.?*® In this review, we mainly
focus on the associated signaling pathways in immune cells.

Macrophages
Membrane receptors on macrophages: Tyro3, AXL and MerTK
(collectively known as TAM receptors) make up a family of
receptor tyrosine kinases and are expressed on the surface of
macrophages, and these receptors are involved in efferocytosis
and the inflammatory response.??” MerTK was shown to mediate
the efferocytosis of apoptotic cardiomyocytes to promote
inflammation resolution and cardiac repair after myocardial
infarction.®® In addition, myocardial I/R initiates CCR2-
dependent monocyte recruitment, which leads to MerTK cleavage
and impairs MerTK function, resulting in impaired cardiac
repair.?®” In chronic heart failure patients, AXL was upregulated
in the myocardium and the circulation.3® A recent study showed
that AXL levels were elevated on cardiac macrophages in both
humans and mice after I/R injury. In cardiac macrophages,
enhanced crosstalk between AXL and Toll-like receptor 4 (TLR4)
promoted STAT1 phosphorylation and the subsequent activation
of HIF-1a signaling. This cascade led to a metabolic transition into
glycolysis in cardiac macrophages and the secretion of IL-1f3,
which contributed to intramyocardial inflammation, adverse
ventricular remodeling, and impaired contractile function.>®"
LGR4 is a member of the leucine-rich repeat-containing G
protein-coupled receptor (LGR) family and is highly expressed
on the membranes of cardiac macrophages after myocardial
infarction. Specifically, LGR4 binds to Gas, activates the cAMP/
PKA/CREB cascade, and promotes CREB-mediated transactivation
of the Fos gene family, subsequently resulting in enhanced
activity of AP-1, which regulates the transcription of a series of
inflammatory genes. This process eventually activates the proin-
flammatory activity of macrophages.®®? A study published in 2020
further expanded the role of macrophages in maintaining
physiological heart function. Cardiomyocytes eliminated dysfunc-
tional mitochondria and other cellular garbage by packaging them
in membranous particles known as cardiac exophers, which was
dependent on cardiomyocyte autophagy. The released exophers
were actively taken up and digested by cardiac macrophages via
the phagocytic receptor MerTK. These processes were enhanced
under stressed conditions, such as myocardial infarction. Deple-
tion of cardiac macrophages or MerTK knockout led to cardiac
dysfunction by triggering several pathological events: impaired
elimination of mitochondria, the accumulation of dysfunctional
mitochondria in cardiomyocytes, impaired autophagy, and inflam-
masome activation.3®

Apart from macrophage-specific receptors, Dectin-1, a member
of the C-type lectin receptor family that is mainly expressed on
activated myeloid cells, was also shown to be a crucial regulator of
macrophage function in I/R injury. The expression level of Dectin-1
in the myocardium was upregulated after myocardial I/R injury.
Specifically, Dectin-1 deficiency or inhibition improved cardiac
function after I/R injury and decreased M1 macrophage polariza-
tion and neutrophil infiltration. Dectin-1 contributes to neutrophil
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infiltration by regulating the expression of chemokine C-X-C motif
ligand 1 (CXCL1) and granulocyte colony-stimulating factor (G-
CSF). In addition, the production of IL-23/IL-1f in Dectin-1-induced
M1 macrophages triggered the secretion of IL-17A by y&T cells,
which was also involved in neutrophil infiltration. These signaling
pathways eventually resulted in activation of the inflammatory
response in heart injury.3®* Other receptors, like angiotensin II
receptor type 1 and adenosine 2 A receptor, mediated the role of
macrophage in vascular injury.39>3%

Intracellular signaling in macrophages: Phagocytosis activates
Smad3 in the absence of TGF-f. The activation of Smad3 in turn
accelerates milk-fat globule EGF factor-8 (MFGE8) synthesis,
which initiates anti-inflammatory cascades, contributes to the
anti-inflammatory phenotype of macrophages, and ultimately
protects the heart from myocardial infarction. Smad3-mediated
proinflammatory effects are also associated with changes in
phagocytosis-induced peroxisome proliferator-activated recep-
tor (PPAR) expression.307

Interaction between macrophages and other cardiac cells: M1-
like macrophages were shown to worsen cardiac dysfunction after
myocardial infarction. In the context of myocardial infarction, M1-
like macrophages secrete proinflammatory exosomes, which
transfer miR-155 to endothelial cells. miR-155 was taken up and
led to angiogenesis inhibition and cardiac dysfunction by down-
regulating the target genes Rac family small GTPase 1 (RAC1), p21-
activated kinase 2 (PAK2), Sirtuin 1, and AMPKa2.>%® miR-155-
containing exosomes can also be taken up by cardiac fibroblasts
and inhibit the expression of SOS1 to inhibit fibroblast prolifera-
tion and suppressor of cytokine signaling 1 (SOCS1) expression to
enhance the inflammatory response.>*® Iron balance is crucial for
maintaining normal cardiovascular conditions. Iron deficiency®'®
and overload®"" both contribute to cardiovascular disease.
Hepcidin, a sensor and regulator of iron, is synthesized and
secreted by a subpopulation of inflammatory cardiac macro-
phages, and the specific loss of hepcidin in macrophages triggers
cardiomyocyte renewal and cardiac regeneration after myocardial
infarction in adult mice and apical resection in neonatal mice.
Hepcidin suppressed the secretion of the reparative cytokines IL-4
and IL-13 via the phosphorylation of STAT3 in macrophages.®'?

IL-35 is mainly produced by regulatory Tregs. IL-35 was
upregulated in myocardial infarction, which promoted cardiac
healing. IL-35 neutralization led to impaired wound healing,
increased cardiac rupture rate and impaired cardiac function.
Mechanistically, IL-35 increased reparative macrophage survival to
maintain cardiac recovery by activating STAT1 and STAT4 to
enhance the expression of CX3C chemokine receptor 1 (CX3CR1)
and TGF-p1.3'3

Neutrophils. The inflammatory response after heart transplanta-
tion contributes to graft failure. Ferroptosis was shown to be an
important initiation factor in the posttransplantation inflammatory
response. Ferroptosis recruits neutrophils to the injured myocar-
dium by promoting neutrophil adhesion to coronary endothelial
cells via the TLR4/TIR-domain-containing adapter-inducing inter-
feron-B (TRIF)/type | interferon (INF) pathway. Inhibiting ferropto-
sis reduced cardiomyocyte death and neutrophil recruitment after
transplantation.®’ Neutrophil infiltration and the rate of early
onset myocardial rupture were decreased by cardiomyocyte-
specific TGF-B receptor knockout in myocardial infarction. TGF-3
inhibition in cardiomyocytes augments the secretion of multiple
protective cardiokines, including thrombospondin 4 (Thbs4), IL-33,
follistatin-like 1 and growth and differentiation factor 15. These
cardiokines play inhibitory roles in neutrophil integrin activation
and tissue migration.>'> Cardiac infiltration of neutrophils also
plays a role in pressure overload-induced heart failure. Myeloid
deficiency of Wnt5a, a noncanonical Wnt ligand, suppressed
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neutrophil infiltration in the heart and pathological remodeling
after TAC surgery. The depletion of neutrophils produced a similar
phenotype. In contrast, Wnt5a overexpression led to exacerbated
cardiac hypertrophy, inflammation, and cardiac dysfunction.3'®

MCs. In myocardial infarction, MCs infiltrate the heart primarily
through white adipose tissue. MC depletion led to impaired
cardiac function after myocardial infarction mainly due to the
suppression of cardiomyocyte contractility. MC-specific protease
regulated PKA activity in cardiomyocytes via protease-activated
receptor 2 proteolysis, which in turn regulated myofilament
X 24 s s 288
phosphorylation and Ca“™ sensitization.

Vascular endothelial cells

Vascular endothelial cells (VECs) are the most abundant non-
cardiomyocytes in the heart. In an adult mouse heart, it is
estimated that 60% of noncardiomyocytes are VECs.>'” Apart from
forming the inner layer of the vascular network, VECs also play
important roles in the regulation of vessel tone, inflammation,
immune cell adhesion and migration, smooth muscle proliferation,
and coagulation.?'® Furthermore, VECs participate in maintaining
cardiomyocyte homeostasis. In the heart, the myocardial capillary
endothelium and coronary vascular endothelium have very
distinct locations and, therefore, have different effects on the
heart. Coronary VECs are in close contact with vascular smooth
muscle cells and are mainly involved in regulating vascular tone.
Coronary VECs could also affect cardiac function indirectly
through coronary perfusion. In contrast, myocardial capillary VECs
are in immediate contact with cardiomyocytes. The short distance
and anatomical arrangement between capillary ECs and cardio-
myocytes create an optimal condition for intercellular commu-
nication.?'"3%° Indeed, an in vitro study showed that when
neonatal rat cardiomyocytes were cocultured with bovine aortic
endothelial cells, there was a 2.1-fold increase in atrial natriuretic
factor secretion.®?' In vivo studies showed that VECs were
important in maintaining normal myocardial contractile func-
tion.>2%32% On the other hand, contact with cardiomyocytes is also
necessary for the secretory function of VECs32* These data
suggest that dysfunction in VEC-cardiomyocyte communication
will negatively affect myocardial physiology and predispose
patients to maladaptive remodeling and even the progression of
chronic heart failure. Unfortunately, pathological factors in chronic
heart failure, such as ROS, exert harmful effects on VEC function.>*®
The most established molecules that transduce signals from VECs
to cardiomyocytes are nitric oxide (NO) and endothelin (ET). There
is evidence that VECs can secrete many other factors that are
dysregulated during chronic heart failure and are involved in
cardiac remodeling, such as IL-6, periostin, and tenascin-C,**® and
release extracellular vesicles to transduce signals to neighboring
cells in the heart,**”3%8 put there has been a relatively limited
number of studies on this topic. Therefore, this review mainly
focuses on NO and ET.

NO. In 1980, Furchgott and Zawandski identified a substance
that was secreted by ECs that had a local vasodilation effect,?°
which was initially named endothelium-derived relaxation factor
(EDRF). Later, EDRF was identified as nitric NO.>3° Although other
mechanisms cannot be excluded, NO elicits effects on various cell
types by activating soluble guanylyl cyclase (sGC), which increases
cGMP levels. The accumulation of cGMP can in turn activate
multiple downstream targets, such as protein kinases, ion
channels, and cGMP-dependent PDEs.>*' This signaling pathway
has been shown to exert a protective effect against cardiac
remodeling. An in vitro study showed that the NO donor S-
nitroso-N-acetyl-D,L-penicillamine attenuated the norepinephrine-
induced increase in protein synthesis in both cardiomyocytes and
fibroblasts. The cGMP analog 8-bromo-cGMP has a similar
suppressing effect.33? Multiple in vivo studies showed that the
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administration of NO sources inhibited cardiac remodeling after
myocardial infarction or hypertension.®**-*3*> Moreover, NO was
shown to be an important mediator of the beneficial effects of
angiotensin-converting-enzyme inhibitor treatment.**® Multiple
molecular mechanisms have been proposed to explain the
cardioprotective effect of NO and the cGMP pathway. For
example, cGMP-activated protein kinase G (PKG) directly phos-
phorylates tuberin to block the activation of target of rapamycin
complex-1 (MTORC1) under cardiac stress.>*” PKG also phosphor-
ylates ion channels and attenuates Ca®" entry, thus inhibiting
activation of the calcineurin/NFAT hypertrophic signaling path-
way.>*® We refer readers to another review for a more detailed
description of the cGMP/PKG signaling pathway.>*°

Reduced bioavailability of NO is the hallmark of endothelial
dysfunction in various cardiovascular diseases.>*° Several
approaches to enhance NO signaling in chronic heart failure
have been tested. The earliest attempt was to increase NO by NO
sources, such as inorganic nitrate. Before the establishment of
standard neurohormonal blockade therapy, the combination of
hydralazine and isosorbide dinitrate reduced mortality risk in
male chronic heart failure patients.3*' There is also evidence that
the combination of hydralazine and isosorbide dinitrate still
provides benefits in black patients, in addition to standard
chronic heart failure treatment>*? However, tolerance and
resistance are the major shortcomings. After continuous applica-
tion, the effects of nitrates vanish.>**3** Therefore, current heart
failure guidelines do not recommend routine use of nitrates in
chronic heart failure patients.>*> The second approach was to
prevent cGMP breakdown. PDEs are a family of enzymes that
catalyze the degradation of cAMP and cGMP into 5'-AMP and 5'-
GMP, respectively. Among them, PDE5 specifically acts on cGMP.
Sildenafil was developed to inhibit PDE5 and thereby enhance
the NO-cGMP signaling pathway. This compound is now
approved as a treatment for erectile dysfunction and pulmonary
arterial hypertension.3*%3%” However, the treatment efficacy for
chronic heart failure was disappointing. In the RELAX trial,
sildenafil did not improve exercise capacity or clinical status
among patients with heart failure with preserved ejection
fraction (HFpEF).3*® The neutral results could be explained by a
following metabolites profiling study. This study indicated that
sildenafil treatment might have adverse effect on mitochondrial
function and endoplasmic reticulum stress through an unknown
mechanism.>** The latest encouraging news comes from the
third approach: sGC stimulation. The novel oral sGC stimulator
vericiguat sensitizes sGC to nitric oxide by stabilizing nitric oxide
binding to the binding site.3>*® In the VICTORIA trial, vericiguat
improved the prognosis of patients with heart failure with
reduced ejection fraction.>*' The success of the VICTORIA trial
builds confidence in the future exploration of novel medications
targeting the NO/cGMP pathway.

ET. ETis a short peptide that was discovered in the culture media
of bovine aortic ECs in 19853233 Three ET peptides (ET-1, ET-2,
and ET-3) were identified, and ET-1 is the major peptide in the
cardiovascular system. Multiple factors in chronic heart failure
could induce ET-1 gene expression in ECs, such as inflammatory
cytokines, Ang Il and TGF-8>** Two G protein-coupled ET
receptors have been identified (ET receptor type A (ETA) and ET
receptor type B (ETB)). ETA is mainly expressed in the vasculature,
heart, lungs, ovaries, and uterus and is believed to mediate most
of the effects of ET-1.3°° ET-1 is a strong vasoconstrictor.>>*3>3
Together with NO and other vasoactive agents, ET-1 plays an
important role in maintaining physiological vessel tone. When ET-
1 binds to ETA on vascular smooth muscle cells, the coupled G
protein activates PLC, which leads to the accumulation of IP3 and
DAG. IP3 promotes calcium release from the endoplasmic
reticulum and thus vasoconstriction.>**3*” DAG stimulates the
protein PKC. Activated PKC stimulates the Na+-H+ exchanger,
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which leads to a decrease in intracellular pH and the sensitization
of contractile proteins to Ca®".3*® The same signaling pathway
could also explain its inotropic effect on the heart.3*® ET-1 also has
features of growth factors. In the 1990s, exogenous ET-1 was
suggested to have a hypertrophic effect on cultured cardiomyo-
cytes.>*°73%" Cardiomyocyte-specific overexpression postnatally of
ET-1 induced severe cardiac hypertrophy and the rapid deteriora-
tion of cardiac function.®> The hypertrophic effect of ET-1 is
mostly mediated by increases in DAG. DAG, probably through PKC
activation, activates the small G-protein Ras and, in turn, the
downstream MAPK signaling pathway.>*3¢* In addition, ET-1 may
also contribute to the progression of chronic heart failure by
promoting cardiac fibrosis.>*>-3¢8

Previous work led to the development of ETA antagonists for
their therapeutic potential. BQ-123 is a peptide ETA antagonist
that was discovered in 1992.3%° Using BQ-123 for ETA blockade
yielded promising results. In a rat model of myocardial infarction,
although acute administration of BQ-123 decreased myocardial
contractility, long-term ETA blockade improved rat survival and
reduced myocardial remodeling.*’® In a heart failure model
induced by pressure overload, BQ-123 attenuated cardiac
hypertrophy during the early phase>’" Orally active, small-
molecule ET receptor antagonists have also been discovered.
These agents included the earliest mixed ETA/ETB antagonist
bosentan and others with differential ETA/ETB specificity.>”? Short-
term administration of bosentan did show beneficial hemody-
namic changes in chronic heart failure patients.3”> However, the
following clinical trials were disappointing. The ENABLE trial
showed that treatment with bosentan did not reduce the risk of
the primary outcome in chronic heart failure patients. In contrast,
bosentan appeared to increase the early risk of heart failure
hospitalization because of fluid retention.>’* Human clinical trials
with enrasentan and ETA-selective darusentan were also unsuc-
cessful.3”>37% Interestingly, a follow-up mechanistic study showed
that sympathetic neuron-specific but not cardiomyocyte-specific
ETA knockout reduced cardiac remodeling induced by pressure
overload. ETA inhibition in sympathetic neurons could attenuate
adrenergic neurotransmission and exert cardioprotection.>”” The
authors proposed that the widely used beta-blocker might
interfere with the beneficial effect of ET receptor antagonists in
clinical trials with chronic heart failure patients.>””

Lymphatic endothelial cells (LECs)

The lymphatic vasculature maintains interstitial fluid balance®”®
and plays an important role in the immune response by
transporting pathogens, antigens, and immune cells. The lympha-
tic vasculature contributes to the physiological function of
multiple organs, including the heart. Recent studies have shown
that the cardiac lymphatic vasculature undergoes massive
remodeling under pathological conditions, suggesting that the
lymphatic system is also involved in the cardiac response to injury.
After myocardial infarction, extensive lymphangiogenesis was
observed in the infarcted region.?’°%' Vascular endothelial
growth factor-C (VEGFC) can promote lymphatic vessel growth
by interacting with VEGF receptor 3 (VEGFR3) but can also
negatively affect blood vessels by interacting with VEGFR2.382383
VEGFC-C156S is a point mutant of VEGFC that can selectively
interact with VEGFR3.3%* VEGFC-C1565 can effectively induce the
growth of Ig/mphatic vasculature without affecting blood ves-
sels. 38338538 pygmentation of lymphangiogenesis during cardiac
injury using VEGFC-C156S can reduce cardiac remodeling and
improve heart function. Intraperitoneal injection of recombinant
VEGFC-C156S, intramyocardial injection of microparticles loaded
with VEGFC-C156S, and intraperitoneal injection of adeno-
associated virus (AAV) encoding VEGFC-C156S all showed robust
protective effects after myocardial infarction. These therapies
improved cardiac function and reduced cardiac fibrosis and infarct
size after M| 379380387388 Racearchers attributed the beneficial
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effect of lymphangiogenesis to improved fluid balance and
enhanced immune cell clearance.3”°3¥773% |nterestingly, a recent
study further expanded our understanding of the function of
cardiac lymphatic vessels.*®' In this study, lymphatic endothelial
cell-specific deletion of PROX1 (PROX14E“2 LEC) disrupted the
development of the lymphatic vasculature. Heart weight was
significantly reduced in PROX14E<2 Y€ mice due to reduced
cardiomyocyte proliferation. This effect was independent of
hemodynamic defects but was mediated by Reelin, a factor
secreted by LECs. Reelin binds to integrin-31 on cardiomyocytes
and stimulates downstream signals such as FAK, DAB1, AKT and
ERK. In an Ml model in neonatal mice, Reelin deficiency led to
reduced recovery due to suppressed cardiomyocyte proliferation
and increased apoptosis. In adult hearts, local Reelin delivery by
collagen patches reduced cardiac remodeling and improved
cardiac function. In the latter case, Reelin reduced cardiomyocyte
apoptosis but did not affect adult cardiomyocyte proliferation.
This study demonstrated that in addition to its conventional role
in fluid balance and the immune response, the lymphatic
vasculature can also modulate the cardiac response to injury by
paracrine signaling.

HFpEF
Most of the abovementioned studies focused on HFrEF. During the
past 2 decades, HFpEF has received increasing attention, along
with the increase in the prevalence of diabetes and obesity.
Although lacking a uniform definition,>*' HFpEF generally refers to
a group of patients with the classic symptoms of heart failure, a left
ventricular ejection fraction in the normal range, and without a
well-defined etiology, such as cardiac amyloidosis. HFpEF makes
up 50% of all chronic heart failure cases,>*? with a similar or slightly
better prognosis than HFrEF3°2 However, in the same context of
chronic heart failure, HFpEF is distinct from HFrEF, not only in their
demographic features and comorbidity patterns®®* but also in their
responses to pharmacological treatment. Standard neurohormonal
blockade treatment did not improve the prognosis of HFpEF
patients in large clinical trials.3**°% In 2021, the publication of the
EMPEROR-Preserved trial announced the first piece of good
news.>*® The sodium-glucose cotransporter 2 inhibitor (SGLT2i)
empagliflozin reduced the risk of the primary outcome by 21% in
HFpEF patients, which was mainly driven by the reduced risk of
hospitalization for heart failure. However, SGLT2i was originally
designed to treat diabetes. The application of SGLT2i in chronic
heart failure was derived from the unexpected reduction in heart
failure risk in diabetes patients treated with SGLT2i.'® Therefore, to
develop targeted therapy for HFpEF in the future, the pathophy-
siology and molecular mechanism need to be better understood,
which turns out to be rather difficult.

Previously, HFpEF was defined as diastolic heart failure because
diastolic dysfunction was believed to be the major reason
for heart failure symptoms.*”® However, it was gradually
recognized that diastolic dysfunction was not a specific feature
of HFpEF.*'%%3 |nstead, the pathophysiology of HFpEF is much
more complicated, including arterial stiffening and adverse
ventricular-vascular interactions,****%>  chronotropic incompe-
tence, "% pulmonary hypertension and right HF.*%941° |n
addition to the heart, HFpEF patients often have dysfunction in
multiple organs, such as the kidney, lung, and skeletal
muscle*'"™"® These characteristics make HFpEF highly hetero-
geneous*'**> and have multiple subphenotypes.*’®*'® This
complexity makes HFpEF hard to model in animal experiments.*'®
Currently available animal models only recapitulate some but not
all features of HFpEF patients. As hypertension is highly prevalent
in HFpEF, hypertension-induced left ventricle remodeling is
traditionally believed to be the fundamental step in HFpEF
pathophysiology.**® As a result, early HFpEF models emphasized
hypertension. These models included Dahl salt-sensitive rats fed
by a high-salt diet,**' spontaneously hypertensive rats,**> and
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mice with aortic constriction*? or Ang Il infusion.*?* These models
had preserved ejection fraction and impaired diastolic function,
but they eventually progressed to a decompensated stage where
systolic function was also compromised.*'® In HFpEF patients,
however, LVEF is mostly stably preserved for a long time.***
Obesity and diabetes were also prevalent comorbidities in HFpEF.
Multiple attempts were made to incorporate these 2 diseases into
HFpEF models. Examples included obese Zucker diabetic fatty/
spontaneously hypertensive rat hybrids.*”®> However, these
animals benefited from B-blocker treatment,**® which is not the
case in humans. A more recent pathogenic model of HFpEF
proposed that comorbidities induced a systematic proinflamma-
tory state, which caused coronary endothelial inflammation and
dysfunction. NO-cGMP-PKG signaling was thus reduced in
cardiomyocytes, promoting pathological cardiomyocyte hypertro-
phy and stiffness.*’’ The most recent two-hit HFpEF mouse model
used a combination of a high-fat diet and constitutive nitric oxide
synthase inhibition using Nw-nitro-L-arginine methyl ester (L-
NAME).*?” A high-fat diet induced metabolic stress, while L-NAME
induced NO deficiency-based hypertension. This model was
comprehensively characterized with multiple assays and recapi-
tulated many features of HFpEF in humans. Using this model,
researchers found that inducible nitric oxide synthase (iNOS) was
increased in HFpEF hearts. Nitrosative stress causes S-nitrosylation
of the endonuclease inositol-requiring protein 1a (IRE1a) and
decreases its splicing activity on X-box-binding protein 1 (XBP1s),
leading to a decrease in the spliced form of XBP1, which may
affect stress responsiveness in cardiomyocytes.*?® Pharmacologi-
cal or genetic suppression of iNOS rescued cardiac dysfunction in
this two-hit HFpEF model. However, the increase in iINOS was likely
induced by the use of constitutive nitric oxide synthase inhibitors.
It is not clear whether nitrosative stress plays an equally important
role in HFpEF patients. Moreover, studies have shown that HFpEF
is heterogeneous and has multiple subphenotypes with differ-
ences in clinical characteristics, cardiac function and structure,
prognosis, transcriptome, and even response to treat-
ment. 16417429430 i ynknown whether one mouse model can
represent all these subphenotypes. The two-hit model was
originally developed using male mice. However, researchers later
found that female mice developed a milder cardiac phenotype
than males, and the protective effect persisted even after
ovariectomy.*®' In an epidemiological study, however, elderly
postmenopausal women had an equal, if not higher, risk of HFpEF
than men.**%**3 This inconsistency again emphasizes that a single
animal model may not fit all HFpEF patients.

A recent transcriptome study of endomyocardial biopsy
samples from HFpEF patients shed light on the molecular
signaling in this disease.**® Compared with those in the control,
inflammatory and immune response and oxidative phosphoryla-
tion pathways were upregulated in HFpEF hearts, while epigenetic
modulators, membrane morphogenesis/organization, organoni-
trogen signaling, and receptor-coupled kinase signaling pathways
were downregulated. Compared with HFrEF, HFpEF has higher
expression of genes in the oxidative phosphorylation pathway but
lower expression of genes in the endoplasmic reticular, cGMP-
related, autophagy, fibrosis, and hypertrophy-related pathways.
Using Non-negative matrix factorization, the author examined the
subphenotypes of HFpEF based on transcriptome data. Three
groups were identified. Group 1 had a higher proportion of males
and diabetes with a lower BMI and LVEF and higher NT-proBNP
levels and left ventricle dimensions. The transcriptomes of Group
1 were close to those of HFrEF. Group 2 included females with the
highest BMI, smallest left ventricle dimensions and lowest NT-
proBNP levels. The transcriptome of Group 2 was characterized by
an enhanced immune-related pathway. Group 3 had higher
expression of inflammatory and extracellular matrix process-
related genes. This study highlighted the heterogeneity of
molecular signaling in different HFpEF phenotypes.
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Fig. 4 Emerging therapeutic strategies to treat failing hearts. Gene
therapy via various vectors enables direct manipulation of gene
expression. Cell therapy is aimed at replacing the lost functional
cardiomyocytes either exogenously or endogenously. Chimeric
antigen receptor (CAR) T cell therapy is also proposed to ameliorate
cardiac fibrosis and improve cardiac function. Xenotransplantation
technique makes pig-to-human heart transplantation possible by
overcoming multiple cross-species barriers. Clustered regularly
interspaced short palindromic repeats CRISPR)/CRISPR-associated 9
(Cas9) based gene editing has the potential for curing inherited
cardiomyopathy in the future. CDK: cyclin-dependent kinase; GTM
(H): Gata4, Mef2c, and Tbx5 (Hand2); iPSC: induced pluripotent
stem cell; hESC: human embryonic stem cell; CAR T-cell: Chimeric
Antigen Receptor T-Cell; sgRNA: small guide RNA; VEGF: vascular
endothelial growth factor; FGF4: fibroblast growth factor 4; ASO:
antisense oligonucleotide; SERCA: sarco/endoplasmic reticulum
Ca2+—ATPase

EMERGING THERAPEUTIC STRATEGIES FOR FAILING HEART
Modern biomedical techniques have changed the landscape of
future chronic heart failure treatment (Fig. 4). Pharmaceutical
targeting of a disease-regulating protein is no longer the sole
option. Virus-based and modified RNA-based in vivo delivery
techniques enable the development of gene therapy. Progress in
stem cell manipulation has given rise to cell therapy. The
discovery of genetic editing techniques boosts research on heart
xenotransplantation and the genetic correction of hereditary
disease. We will summarize these breakthroughs in cardiomyo-
pathy therapies. Representative clinical trials involved in this
section was summarized in Table 1.

Therapeutic strategies based on gene therapy

Gene therapy aims to modulate the expression of genes to treat
diseases. The real understanding of gene therapy began in the
1960s ~1980s, when the genetic code was deciphered,****** and
AAV* and a series of enzymatic tools were identified.**”**® The
first clinical gene therapy trial (ADA-SCID) was conducted in 1990
and was aimed at treating patients with adenosine deaminase
deficiency.”*® During the past 30 years, nearly three thousand
clinical trials on gene therapy have been conducted, and seven
products have been approved by the FDA or European Medicines
Agency according to the Gene Therapy Clinical Trials Worldwide
database.** In the field of cardiac disease, although most gene
therapy trials yielded negative results, they provided valuable
evidence for future studies (Fig. 5).**'
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Plasmid-based gene therapy. Plasmids can package large DNA
fragments and are easy to manipulate and store. Importantly,
plasmids have low tumorigenicity due to rare genomic integra-
tion.**? In 1996, the first plasmid-mediated gene therapy was
conducted in rabbits. phVEGF165 (cDNA encoding the 165-amino
acid isoform of VEGF inserted into the pUC118 vector) was
injected into the ischemic hindlimb muscles of rabbits and
improved collateral circulation and tissue perfusion.*** The clinical
application of phVEGF165 was soon evaluated in patients with
ischemic limbs. In total, 2000 pg of phVEGF165 was infused into
the popliteal artery by an angioplasty balloon, which promoted
angiogenesis.*** Initial plasmid-mediated gene therapy in periph-
eral arterial disease yielded promising outcomes in clinical
studies.*** In 1998, phVEGF165 gene therapy was used to promote
myocardial angiogenesis in patients with symptomatic myocardial
ischemia. In this study, a low dose of 125ug phVEGF165 was
directly injected into the ischemic myocardium through a mini left
anterior thoracotomy. Myocardial perfusion was also improved.**
A similar study using a higher dose of 250 ug showed similar
results.*”” However, these trials were open-label, single-arm trials
without placebo controls. The observed beneficial effects could be
biased by the limitation in the study design.**® Indeed,
subsequent studies with double-blinded placebo-controlled
designs failed to show positive results.**®**° Stromal cell-
derived factor-1 (SDF-1) is a regulator of tissue repair that has
multiple beneficial effects on ischemic cardiomyopathy.****? The
phase 2 STOP-HF trial was designed to determine the therapeutic
potential of a plasmid encoding stromal cell-derived factor-1
(pSDF-1) in chronic ischemic heart failure. Ninety-three patients
were randomized to receive placebo, 15 mg of pSDF-1, or 30 mg
of pSDF-1. The primary endpoint of a composite change in the
Minnesota Living with Heart Failure Questionnaire and 6-min walk
distance was not met, but there were trends toward improve-
ments in ejection fraction and left ventricular end-systolic
volume.**®> However, there hasn’t been any information about a
subsequent phase 3 trial.

Virus-based gene therapy. Compared to the low delivery
efficiency of plasmid vectors, adenoviruses and AAV vectors are
more effective and efficient forms of gene delivery. The viral
vectors consist of a protein capsid or a lipid envelope and carry
the target cDNA inside, which can be delivered into the nucleus
of the target cell.***

Adenoviral vectors: Adenovirus (Ad) is a double-stranded (ds)
DNA viruses. With a 36 kb genome, it has a large packaging
capacity. Ad is widely used for in vitro transfection of dividing and
nondividing cells, including cardiomyocytes.**®> Due to robust but
transient gene expression, Ad vectors have been chosen as
delivery tools for short-term revascularization in myocardial
ischemia.**® In 1999, the first Ad-based phase | clinical trial was
conducted to use gene therapy to promote cardiac angiogenesis.
In this study, human VEGF 121 cDNA carried by adenovirus was
administered by myocardial injection. In this trial, VEGF gene
therapy successfully induced myocardial angiogenesis and
improved exercise capacity in patients with coronary artery
disease.”” However, later randomized controlled trials with larger
sample sizes did not yield positive results.*****° In addition to the
transient nature of Ad-based overexpression, another shortcoming
was the proinflammatory effect of Ad capsule proteins,**® which
may lead to safety issues in clinical practice. Moreover, transfec-
tion of the Ad vector into nontarget cells was also a potential
problem in cardiac gene therapy.*®' To solve the problem of
specificity, an adenovirus serotype 5 (Ad5)-derived recombinant
vector was used as gene therapy for cardiac disease. Ad5 can
recognize Coxsackie-adenovirus receptor (CAR) highly expressed
on the surface of cardiomyocytes.*®* Ad5 vectors were used to
deliver fibroblast growth factor 4 (FGF4) in a series of angiogenic

Signal Transduction and Targeted Therapy (2022)7:134



Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

17

Apeded asiiaxd
pue ‘uoisnyul sulWeINgop

"uonduny A7 panoiduwl Buunp pue 210499 1p/dp- oqade|d Jo 9DvY (£88L€VLT)
9DVY-SpY Jo uoisnjul Aieuosodenu| ead pue 1p/dp+ yead A1 4IAT  -SPV JO uoisnjul Aleuolodesu) 2.n|iey 1esH vl/Ty I 9107 ‘[e 3 puowwey
‘Kydeded aspiaxe anoidwi Jou oqgade|d
PIP 494Y-5pY jo uoisnyui Aieuosodenu 10 494Y-GpY JO 950p-MO| ‘3s0p (zTLsT8Ll)
‘pareulwia) Ajpinjewald sem Apnis ay| 159} 9dueIS|0} 3SIDISXT -Ybiy Jo uoisnjul Areuolodesiu] eulbuy 8E/€¥/SE  NI/All £00T ¥ INIOV
‘Aydeded asppiaxe anoidwi Jou ogade|d
PIP 494Y-SpY 40 uoisnyur Areuolodeiu) 10 494Y-GpY JO 350p-MO]| ‘350p (zLssT8Ll)
‘pareulwI) Ajpin1ewsaid sem Apnis syl 1591 9dUeIS|0) 3SIDISXT  -ybiy Jo uoisnjul Areuolodeiu) eulbuy 6€L/ZEL/0FL  NI/9ll £00T € INIOV
‘uoisnyiad |eipiedoAw paroidwi 123dS Aq passasse ogade|d 40 494y (TLSE9STL)
494Y-SpY Jo uoisnjul Kieuosodenu|  9zis 10949p uolisnyad 3|qISISAlY  -GpY JO uoisnjul Aleuolodeiiu) eulbuy /1/S€E I €00C Z INIOY
"dwi1 3s1DI9X3 PIN0Od ogade(d 4o 454y (850L0611)
494Y-SpY JO uoisnjul Aleuolodenu| Bunsal [jlwpeasy 9sDIaX3  -SPY JO uoisnjul Aleuolodenu| eulbuy 61/09 I 00T 1INIOV
‘Aydeded aspiaxd anoidwi 1ou
PIP 493A-PY Jo Uond3(ul |elpedoky ogade|d 4o 493IA (r10TsT12)
‘pareuUIWIR) Aj2injewaid sem Apnis Y] uoneinp 3sD4aX3 [0} ul dbueyd -py Jo uondslul |elpiedoAp aseasip A1oye Aieuosod S/zL I L10Z leu3 YAON
‘uoissaidap uswbas 1udwWieal} [edipaw
-1S Ww | 0} Wi} 3SIDI9Xd Paseatdul uoissaidap Juswbas JO UOIIBNUIIUOD IO 4DIA (£8T16/91)
493A-PY 4O uondaful eipsedokpy -1S Wwi | 0} Swi} 3sI549X3 -py 4o uondalul [e1piedoAy eulbuy SE/CE Il 900¢ |el} DSVAIY
"9Jes sem 493N (65£0€¥01)
493IN-PY jJo uonda(ul [eipiedoA JSETTEIS -py j0 uond3(ul |eipiedoAN aseasip A1ape Aieuoiod 1z | 6661 |e 19 Hebuasoy
paseq-sniip ¢
O4HMIW Pue aMw O4HMIN pue ogadeld Jo piwseld
9 u1 sbuey> anoidwi Jou pip piwse|d AMW 9 3y} Jo Bunsisuod L-40s jo 3sop bw 0g o G| (521950927)
1-44s jo uonda(ul [eipiedoAwopus julodpus sysodwod e jo sbueyd)  jo suondaful jeipiedoAwopu] 2.n|iey 1esy dIWaYdSs| LE/0E/TE I (X4 ey 4H-dO1S
"3jes sem piwseld |-4as (S0962+€7)
L-40sd jo uondaful |eipiedofwopul JSEILEIS 40 uonda(ul |eipiedoAwopul AyredoAwiolpied djwayds| YA | €102 ‘|e 39 uudd
Aydeiboibue Aieuoiod
J919WeIP uswn| |ewluiw aAneluenb Aq painsesw  uoinn|os sJabuly 1o awosodi|
10 9184 sisoudlsas abueyd Apuedyiubis sisoud)s Jadwelp juadiad  prwseld 4H3Ayd ‘sniinouspe
10U pIp J3ysuesy susb 4H3A dylL pue Ja1aWelp uswn| [ewiuly  4HIA JO uoishjul Aleuoiodenu| 9seasip Jeay AJeuolod 8€/8T/LE I €00C (L86TV/LTL) 1V
‘uoisnysad
[etpiedoAw aoidwi J0u pip piwsed 103dS A9 ogaded Jo prwsejd 453AYd (breesesl)
4953AYd Jo uondaful [eipiedoAp passasse uoisnyiad [eipJedoAp Jo uonda(ul |eipiedokN aseasip Aiope Aieuoiod Sv/81 I 600C [eM} NYIHIHON
‘salljewJsoude uoisnyad [eipiedow
paonpul-ssais anosdwi Jou pip piwse|d 123dS Aq passasse 109j9p ogade|d 1o piwseid 453ayd (L5£808G1) |ewn
4953AYd jo uondaful |eipiedoA uoisnyad ssauls |e1piedok|y J0 uonda(ul |eipiedoA 9seasIp Heay dIwayds| ot/0% I S00C 9uQ 13[uloing
piwseid 4o53Ayd (L£6£881L1)
9Jes s 493AYd Jo uondslul jeipiedoky JSEILES Jo uonda(ul |eipiedoA eulbuy / | L00Z ‘[e 19 Jexes
piwseld 353Ayd (6££0986)
'9jes s 493AYd Jo uondalul jeipiedoky JSETLES Jo uonda(ul |eipiedokN eulbuy S | 8661 ‘|e 19 oplosoT]
paseq-piwse|d °L
Adesayy auap °|
(I9DN w1
uojIsn|puod Ul juiodpug UO[IUDAIDIU| aseasiq 9zIs 9jdwes aseyd Jeak uonedignd dind) Apnmis
sa1ba1e.1s dinadelayy USIYIP JO S|ell [edluld dAneluasaiday  °L djqel

SPRINGER NATURE

Signal Transduction and Targeted Therapy (2022)7:134



Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

18

‘uonpuny d1joisAs deipied anosdwi Jou
pIp S[|92 Jesonuouow Mollew auoq
snobojoine Jo 13jsuei) Aleuolodenu|

uoisnyiad
|eipied0Aw pue 9zis 12Jejul
‘uoldUNy d1jolSeIP PUe D1j01SAS A]

S||93 Je32NUoUOW MOoIRW
auoq jo uoisnjui Aleuoiodenu|

uoIeUl
[eipied0Aw snoiaaid
YHM 9seasip Heay d1wayds|

€T/ve

(£2£18¢€81)

800¢C ‘|& 19 oA

1192 wa)s ewAyduasaw paAuap-MmoLIeW duog ‘T

‘uonouny
1eay diydesboipiedoyds anoidwi Aydeibolpiedoyds Aq passasse uonejueldsuesy ogade|d 1o (59558¢781)
0] pa|ie} pauiquiod suoidaful 1sejqoAy  uonouny A7 [euolbal pue [eqojD  1sejqoAw |e1d[ays snobojoiny AyredoAwolpied diwayds| 0€/49 I 800C |eul DOV
‘[enuazod dlusbowyiAyie
s11 Joj 1dadxa ‘ojes sem uonejuejdsuey uonejuejdsuesy (0z6L9T1)
1sejqoAw |e1d)eys snobojoiny A13jeS  1se|qoAw |e13]9ys snobojoiny AyyedoAwolpied d1wayds| ol | €00C ‘e 32 9ydseus|y
1seqoAi L
Adesay 13D "1
"(L00Z-V1LN)
uioad 3ppnJedoueu pidi| ul papeo|
Y11l WNISS Ul 9SeaId9p 01 P3| pue djes ui0.d wWId1SAS 6SeD-HdSIYD Y1l Ayredoinaukjod (¥2osLzye)
sem L00Z-V1LN JO uoishjul snousAesU] ]| Wnds ul abueyd pue A19jes  -IJUB JO UOISNJUI SNOUSARIU| yum sisopiojfwe Y |y 9 | LZ0Z [ 1@ asowID
Bunipa ausp ||
judjeAlinbs
3S1 9SeasIp JejndseAolpied
J110J3|250I3 Y18
%05~ Aq 2-7Q7 paJsamo| ogade|d Jo UelISIDUl  UB IO dseasIp Jejndsenoipled (zov/81TE)
ueJisipul Jo uondsful snosueNdgns 2-1@1 jo abueyd Jo uondaful snosueNdgns J10J9pPs0IBYIY £08/018 1 020Z  |eu1 LL-NOIHO
%05~ Aq 2-1@7 paJiamoj ogade|d Jo uelisipul 9seas|p Jejndsenolpled (Zov/81TE)
ueJisipul Jo uondsful snosuendgng 2-1@1 jo abueyd Jo uonda(ul snosueNdgng J10J3[2s0IBYIY 08./18L 1 020Z  |eu1 0L-NOIHO
2-1Q7 pa4amoj ogade|d Jo uessipul (68£90€87)
ueJisipul Jo uondsful snosueNdgns 2-1@1 jJo abueyd Jo uond3(ul snosueNdgns  d-1Q7 P1eA3JD Yum syudned LS Ajje1ol Il 10T ‘le 12 Aey
oqgade|d
Jo (ueuisipui) sspiedoueu
‘9jes sem ul papeo] YNuIs 6XS2d (S1£6S6LT)
ueJisipul Jo uondsful snosuendgng A1djes  -nue uonds(ul snosuendgng s1991un|joA AyyesH ve | 10T  |e 19 plesabzi4
paseq-apnoapnuobi|o €
ogade|d Jo ezyDYIS/LAYY (£1£699T€)
‘pareuiwa] Ajpunjewsud sem Apmis sy Adeded aspiax3 JO uolisnjul Aieuolodelu| AVAT © Yum ainjiey 1eaH Wiz el 020T AvAT-vYDY3s
Buispowsal
A1 @noidwil 10U pIp eZYDYIS
/LAVY 4O uoisnjur Kieuoiodenu ogade|d 1o ezyDYIS/LAYY (6£V£6€87)
‘pareuiwia] Ajpunjewsaud sem Apnis ay | ASIAT ul 9buey> JO uoisnjul Aieuosodelu| 2in|ie} 1esH v/S Il £10T 4H-1NIOV
2in|iey 1eay bujussiom
1oy Juswieasy Alole|nquie
'sisouboud anosdwi Jou pip ezydYHIS 10 2in|iey 1By JO Isnedsq oqgade[d 10 eZYDYIS/LAVY (€¥£0892)
/LAVY JO uoisnjui A1euoiodeiu) uolssiwpe [eldsoy 01 awli] JO uoisnjul Aieuosodenu| ain|ie} 1esH YedVixd) qll 910C z aildnd
sulewop Bujepowai/uoiduny
"2in|ie) ey A1 ‘41a34ewoiq ‘leuonduny oqgade|d Jo ‘ezyDYIS/LAVY
pasueape anoidwil pinod ezydyYys  dnewoldwAs ul syuswainsesw JO 3SOP-MO]| ‘DSOpP-pIW ‘BSOp (#9060£17)
/LAVY JO uoisnjui A1euoiodeiu) Jo syulodpus aysodwo) -ybiy jo uoisnjul Areuolodeiu) 2in|iej 1eaH v1/8/8/6 Il 110T aidnd
(I9DN !
uoIsn|DuUod Ul juiodpug uonuUIAIDU| aseasiq ozis ajdwes aseyd Jeak uonedignd diwd) Apnms
panunuod L 3|qel

Signal Transduction and Targeted Therapy (2022)7:134

SPRINGERNATURE



k4 —_ w v Cc
3 ot §> 2EQ
1S = = =1
- ) . = S vy
c :,O_C T 5 o’ g9
0 o5 .0 £ 0 S
3 2_%F v 3 T3 5
b= “5&': Sa ©c2
v & > n 9
aSwx¥F a9 S5 2
— 5 <S<t3w w“— = < 9 &
SG0o = SR ie S
'Qgtjw.e c Sv 3
s=2388 2Y:-|s58¢
guceco asSlald
S2feg Z55]|2a32
c 20 = EEE|lox s
£ T T £ cc 0 0
o 2.879 =g 2|lTuy
k7] »© P >0 oS fNa
= O%m'gg SO0 | 3—a
(7] [v] =
g Noovd §a82| Y€
S n@®>L5 2561 L€53
(o} - 2 E £ 09 © &0
OO0 T OoCL v¥c]lcos
£ 5oLt (GRS SR
© ESEw= 55l gL
Q L O 7] =
= EEcEY £Eo0 0|l gewg
sg‘i
553
= T O
325
© .C
Lo s
£ 323
© wvw L
v PE
Teg
£g>
" =
i & Sed
= = £33
- T £ 2 <y
% S g P
2o v
a a c Q&g
T Ll © v — O
(= > = c YT
i} 4 (v} 30
2 z3E
= >
] S o . Q-
[ R— Q0 I yc
S T %= =8%E
K] V] o ¢ \IC\Q_;‘
Cow c g S 52
99 c 25 g €8
o2 5 =
C._O VU 3 C
=% = 22 €L
595 Egglfss
PT2w® 2>29¢|TIE
c S0 g StEvul o<
o U = oo | xX <
= 0852 §95|%Z3
c 225 o e;,_ e
[ EScO 036|coc o
2 roaoe 92 < 5%
9] ScygQ Es2le8F
£ ESES EEg|e g
£ £0€EQ £EO °
Q8T
g-cs.'E
c S99
> K] 5%
< o L O =
S 5 “Eg
8 © = o
Y— OOQ
o £ o V=
> = QoS
£ T f oL
o o=
2 o R
e © >E°”
S 9 £ 5
le) [
¥} 9 qJC;
) = I Eo_o
@ = T 5 v
© o v g o
o = £ =
@ < 3 = 0 Q
2 [ ] c T3
[a] 2 < gL -
e 2e
H._>
g “5 3
3 Tb-c
w -
o S qad b
Q o - KoY
£ Q > O
© B o 0‘6;
v < - St e
223
3 £ c 'S
< — 29
[a% = = ge>
N o o g
© 553
> R
5 ERC IS
o =
E=] S8 .
g R
= " o ‘Ucw
o] — =) xﬁmm
s |3 o S L E£c
o | & N N 33&
> S-C<
c >LL|
£ S+
c — c 'L
s la T _ =~ 8< 8
VIS sd =) Ew
Q- LLS < E“’E'
- ) T © x o 23 S
U TN = N w2358
2|18z U o gLo Y oo%E
=2 | 3 v n w > Sg8 o
L v g =a o =3 L&

Signal Transduction and Targeted Therapy (2022)7:134

Signaling cascades in the failing heart and emerging therapeutic strategies
He et al.

gene therapy (AGENT) clinical trials (from AGENT to AGENT4).
Again, although AGENT and AGENT 2 showed some promising
preliminary data,*®®> phase 2/3 AGENT 3 and 4, which had larger
sample sizes, did not show any improvements in patients with
stable angina, although subgroup analysis did show that certain
patient subgroup might benefit from the therapy.*** Adenylyl
cyclase type 6 (AC6) is the dominant AC in cardiomyocytes.
Overexpression of AC6 preserved heart function in a genetic
model of cardiomyopathy.*®>4%® The beneficial effect of AC6 is
likely to be mediated by a cCAMP-independent mechanism, such as
improving Ca?" mishandling.**”*¢® Therefore, a phase 2 study was
designed to test the safety and efficacy of single intracoronary
administration of Ad5 encoding human AC6 (Ad5.hAC6). Ad5.
hAC6 therapy was shown to be safe. The treatment group with the
highest viral dose had improved ejection fraction, LV peak -dP/dft,
and heart failure symptoms compared with the placebo-control
group.*® A larger phase 3 trial was designed and launched to
further validate the efficacy of Ad5.hAC6 treatment in chronic
heart failure.*”°

AAV vectors: In contrast to Ads, adeno-associated viruses (AAVs)
are single-stranded DNA viruses and have been suggested to be
more useful and suitable for in vivo gene delivery due to their
safety, long duration of gene expression and mild immune
response.*® AAV-based gene therapy has made exciting progress
in multiple diseases, including retinal degenerative disorder and
central nervous system diseases. Some therapies have been
approved for clinical applications.*”" An important advantage of
the AAV vector is its tissue tropism.*’? In chronic heart failure,
Ca®" handling in cardiomyocytes is important for contractility
regulation.**® SERCA is a crucial regulator of cardiac Ca>™ cycling
and contractility. SERCA2a, a spliced transcript of SERCA, is
only expressed in cardiac muscle and slow twitch skeletal
muscle.*”* A preclinical study showed that SERCA2a gene delivery
to cardiomyocytes improved heart function in models of heart
failure.*”**’® These promising results drove translation efforts in
clinical trials. First, the phase 2 CUPID 1 trial tested the effects of
AAV1-mediated SERCA2a on patients with advanced chronic heart
failure. Thirty-nine patients were randomized to receive intracor-
onary infusion of placebo or different doses of AAV1-SERCA2a.
AAV1-SERCA2a therapy was safe and showed a trend of beneficial
effects.*””*’® However, the subsequent phase 2b CUPID 2 trial
yielded disappointing results. In total, 250 patients were
randomized to receive AAV1-SERCA2a or placebo by intracoronary
infusion. SERCA2a gene therapy did not reduce the risk of
hospitalization for heart failure or ambulatory treatment for
worsening heart failure.’ The AGENT-HF trial was a separate
study from the CUPID Il trial, which was prematurely terminated
because of the neutral results of CUPID Il. Analyses of the 9
patients involved did not indicate a beneficial effect of AAV1-
SERCA2a in terms of the change in left ventricular end-systolic
volume in chronic heart failure patients.*®® SERCA-LVAD tested
this therapy in chronic heart failure patients implanted with a left
ventricular assist device. SERCA-LVAD was terminated after the
publication of CUPID Il and did not show beneficial effects.*®' The
level of delivered genes in myocardial tissues obtained from
cardiac transplantation, biopsy, or autopsy was low or even
undetectable in the CUPID, CUPID II, and SERCA-LVAD trials, which
could be caused by either low delivery efficiency or lack of
persistence. Pre-existing neutralizing antibodies could be one of
the reasons. It's estimated that 59.5% of heart failure patients had
pre-existing AAV1 neutralizing antibodies in their serum.*®?
Prolonged expression of target genes appears to be a major goal
in improving cardiac gene therapy.

Oligonucleotide-based gene therapy. The abovementioned gene

therapy treats diseases based on the protective role of gene
overexpression. Some diseases can also benefit from the
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Fig.5 Summary of therapeutic strategies based on gene therapy for failing hearts. Early attempts were plasmid and adenovirus based. These
reagents are usually locally delivered by intracoronary infusion or intramyocardial injection. The overexpressed genes encode secretory
protein related to angiogenesis and tissue repair. In one trial, the putative protective adenylyl cyclase type 6 (AC6) was overexpressed. Recent
gene therapy trials adopt adeno-associated virus (AAV). A series of clinical trials are designed to overexpress sarco/endoplasmic reticulum
Ca”"-ATPase 2a (SERCA2a) in cardiomyocytes to improve Ca®* handling in heart failure. Modified RNAs represent a novel approach to target
specific genes. It's normally systemically delivered. Although there hasn't been any clinical trial testing RNA therapy for failing heart, preclinical
studies using antisense oligonucleotide (ASO) against phospholamban (PLN) showed promising results. AAV: Adeno-associated virus; ASO:
antisense oligonucleotide; FGF4: fibroblast growth factor 4; VEGF: vascular endothelial growth factor; SDF-1: stromal cell derived factor-1;
SERCA: sarco/endoplasmic reticulum Ca2+-ATPase; PLN: phospholamban; AC6: Adenylyl cyclase type 6

downregulation of specific genes by targeting mRNAs. Although
gene can be silenced by AAV-delivered short hairpin RNAs,*® this
method is still limited to basic research. Alternatively, gene
silencing can also be achieved by systematic administration of
ASOs or siRNAs. Proper chemical modifications greatly improve
the stability, distribution, cellular uptake, and potency of these
agents.”® Compared with traditional pharmaceutical treatment,
RNA therapy has some important advantages. First, some proteins
are difficult to target with inhibitory molecules due to their
specific conformation, while mRNAs can be easily targeted by
oligonucleotides. Moreover, noncoding RNAs, which are tradition-
ally considered undruggable, can also be targeted by RNA
therapy. Second, off-target effects can be avoided by
proper sequence design. Third, once the platform is established,
a new oligonucleotide drug can be rapidly developed compared
with the start from scratch approach of traditional drug
development. RNA therapy has been successful in multiple
diseases.*®> The most typical example in the cardiovascular field
is inclisiran for treating hypercholesterolemia. Proprotein con-
vertase subtilisin—kexin type 9 (PCSK9) is a well-established target
of LDL-C-lowering therapy. PCSK9 is mainly expressed in
hepatocytes and secreted into the circulation. PCSK9 binds to
and mediates LDL receptor degradation in hepatocytes, conse-
quently reducing LDL-C uptake and increasing circulating LDL-C
levels. Targeting PCSK9 with blocking antibodies in addition to
standard therapy lowers LDL-C levels and reduces cardiovascular
risk.*8487 Inclisiran is a synthetic siRNA against PCSK9 mRNA.
Inclisiran is conjugated to triantennary N-acetylgalactosamine
carbohydrates, which increases hepatocyte specificity via asialo-
glycoprotein receptors. The siRNA is modified with phosphor-
othioate, 2/-O-methyl nucleotide, and 2'-fluoro nucleotide
modifications to improve molecular stability. In patients with
elevated LDL-C despite maximum tolerated statin therapy,
subcutaneous injection of inclisiran every 6 months reduced
LDL-C levels by approximately 50%.*¥8*%° The long-lasting LDL-C-
lowering effect of inclisiran is a great advantage for increasing
patient compliance. These data demonstrate the feasibility and
efficacy of oligonucleotides in treating cardiovascular disease.
Antisense technology has not been tested to treat cardiomyo-
pathy in clinical trials, but preclinical studies have shown
promising results. For example, in mouse models of dilated
cardiomyopathy, subcutaneous injection of an ASO against PLN
rescued Ca?™ mishandling and improved cardiac function.”®" In
addition to targeting protein-coding genes, targeting noncoding
RNAs is also feasible. Wisp2 superenhancer-associated RNA
(Wisper) is a cardiac fibroblast-enriched IncRNA that positively
regulates  cardiac  fibrosis  after injury. ASO-mediated
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downregulation of Wisper attenuated cardiac fibrosis after
myocardial infarction and improved cardiac function.**> miRNA
mimics are an alternative method for gene silencing. Compared
with siRNAs or ASOs, miRNA mimics is are less specific and have
multiple targets. However, this can be an advantage, as numerous
genes are dysregulated in the failing heart**® Intracardiac
injection of miR-19a/19b mimics induced cardiomyocyte prolifera-
tion and cardiac regeneration after myocardial infarction in
mice.*** However, there has not been a modification that
enhances cardiomyocyte uptake of oligonucleotides. Increasing
tissue specificity and reducing unwanted side effects will be a
major obstacle in improving RNA therapy for cardiomyopathy.

Therapeutic strategies based on gene editing

Inherited cardiomyopathies are functional and structural disorders
of the heart caused by genetic defects, including but not limited
to hypertrophic, dilated, restrictive, arrhythmogenic right ventri-
cular cardiomyopathies. These diseases are often progressive and
significantly reduce life expectancy. However, current treatments
are often symptom relieving or palliative.*>™#” With recent
progress in gene-editing technology, correcting pathogenic gene
mutations may be achieved in the near future. Although gene
editing can be achieved by some technologies, such as zinc finger
nucleases (ZFNs)**® and transcription activator-like effector
nucleases (TALENs),**° the recent discovery of a clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated 9 (Cas9) system boosted research in this field.>®
CRISPR/Cas9 is derived from the CRISPR/Cas system in bacteria,
which provides bacteria with adaptive immunity to viruses and
plasmids. When bacteria are infected, a short sequence of
invading DNA is inserted as a spacer sequence into the CRISPR
array. The transcribed precursor CRISPR RNA (pre-crRNA) under-
goes maturation and generates individual mature crRNAs.
Together with a transactivating crRNA (tracrRNA), crRNA serves
as a guide for the Cas protein to introduce a double-strand break
on the invading DNA that is complementary to the crRNA spacer
sequence. A protospacer adjacent motif (PAM) is a short
nucleotide motif near the target DNA sequence and is 3 nt
downstream of the cleavage site. There are 3 CRISPR/Cas systems
(type |, I, and Ill). A PAM is necessary for the activity of Cas in type |
and Il systems. Cas9 from the type Il system is the simplest to
manipulate because it is composed of a single protein instead of a
large protein complex in the other systems. The dual tracrRNA:
crBRNA duplex is also further simplified and engineered as a single
guide RNA (sgRNA). Therefore, the CRISPR/Cas9 system requires
only 2 elements to introduce a double-strand break in a target
DNA: an sgRNA and the Cas9 protein. After the CRISPR/
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Cas9 system induces a double-strand break in genomic DNA, it
can be repaired by nonhomologous end joining (NHEJ) or
homology-directed repair (HDR). NHEJ is error-prone. NHEJ repairs
the DNA break but also introduces small deletions or insertions at
the break site. HDR is error-free and repairs the DNA break using a
DNA template. This template can be either an endogenous
homologous chromosomal fragment or an exogenously provided
DNA template. Consequently, HDR is preferred in gene editing
therapy. However, the efficiency of HDR over NHEJ is generally not
high. In nondividing somatic cells such as cardiomyocytes, HDR is
relatively rare. Even in mitotic cells, HDR is restricted to the S and
G2 phases.”®"

In inherited diseases, genetic correction can prevent transmis-
sion of the pathogenic mutation to the next generation. Early in
2014, Eric N. Olson’s group tried to use the CRISPR/Cas9 system to
correct a nonsense mutation in exon 23 of the Dmd gene in mdx
mice. The mdx mouse is an established animal model for
Duchenne muscular dystrophy (DMD), an inherited X-linked
disease.>®> DMD is characterized by progressive weakness in
muscle, including the myocardium, due to a lack of functional
dystrophin protein. Death in DMD patients is usually caused by
breathing complications or cardiomyopathy.>®* In this study, Cas9,
an sgRNA targeting the mutant Dmd locus, and the HDR template
were injected into mouse zygotes. The editing produced mosaic
animals containing 2 to 100% correction of the Dmd gene.
However, even a low rate of gene correction significantly rescued
the muscle phenotype. As an early attempt at gene editing using
CRISPR/Cas9, some concerns were also revealed in this study. For
example, although the sgRNA was designed against the mutant
Dmd allele, sequencing showed that this system also created a
double-strand break in the nonmutant allele in wild-type mice.
Moreover, highly varied mosaicism is not acceptable in humans.
Recently, a breakthrough was made in human embryos>%*
Mutations in the thick filament-associated cardiac myosin-
binding protein C (MYBPC3) gene account for approximately
40% of all genetic defects in hypertrophic cardiomyopathy.”®
Sperm from an adult male patient with hypertrophic cardiomyo-
pathy caused by a heterozygous dominant 4-bp GAGT deletion in
exon 16 of MYBPC3 and oocytes from healthy female donors were
studied. A mixture of sgRNA, recombinant Cas9 protein and DNA
template was injected with sperm into MIl phase oocytes. Out of
58 analyzed embryos, 16 (27.6%) were uniformly heterozygous
carrying NHEJ-induced alleles. The remaining 42 embryos were
uniformly MYBPC3WT/WT, with 41 repairing their DNA break by
HDR using the maternal wild-type allele. Among these embryos,
some blastomeres underwent HDR using the maternal chromo-
some as a template, while others used the exogenously provided
DNA as a template. Further whole genome sequencing did not
identify any off-target mutations. The M-phase injection approach
proposed by this study achieved a 100% targeting efficiency and a
dramatic decrease in the rate of mosaicism, taking a great step
toward clinically practical gene editing.

An even more attractive application of the gene editing
technique is to cure patients with diagnosed inherited cardio-
myopathies. In vivo somatic genome editing is more ethically
acceptable because the modified DNA will not be passed to the
next generation. However, this method is also more challenging.
As most somatic cells, including cardiomyocytes, do not
proliferate, HDR is uncommon, which limits the efficiency of
error-free editing. Delivery of editing tools to the target cells
in vivo is also difficult, but thanks to the discovery of AAV, this
issue is partially resolved in certain cell types, including skeletal
and cardiac muscle. To date, most in vivo gene editing studies for
cardiomyopathy have focused on DMD using AAV8 or AAV9 as
delivery tools. Dystrophin is a large protein, and many regions are
dispensable.®®® Skipping mutant exons or nearby exons can
bypass nonsense mutations and restore the open reading frame of
the Dmd gene. It is estimated that 80% of DMD patients can
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benefit from exon skipping.>®® Most of the published studies
aimed to restore dystrophin expression using this strategy. For
DMD caused by exon 50 deletion, a CRISPR/Cas9-induced single
cut at the exon 51 splice acceptor site skipped exon 51 or
introduced an in-frame insertion.>*”>°® For DMD caused by a point
mutation, 2 cuts at the flanking introns removed the nonsense
exon with or without nearby exons’?'* These studies all
reported high efficiency in restoring dystrophin expression and
skeletal and cardiac muscle function. Long-term evaluation further
confirmed that in vivo gene editing in mdx mice was well
tolerated, and the mice had sustained dystrophin restoration,
although the host response and unintended genome modifica-
tions were also documented.”'* There were also attempts to cure
autosomal dominant inherited cardiomyopathy. A gain-of-
function missense mutation in the RYR2 (ryanodine receptor 2)
gene can promote uncontrolled calcium leakage from the
sarcoplasmic reticulum and cause catecholaminergic polymorphic
ventricular tachycardia (CPVT). Mutant alleles can be disrupted by
one double-strand break induced by the AAV9-delivered CRISPR/
Cas9 system. The treated mutant heterozygous mice were free
from arrhythmias, while 71% of the untreated control developed
arrhythmias. The enhanced Ca®" signal was also normalized by
gene editing>'> A similar strategy also worked for mice with
PRKAG2 cardiac syndrome.>'®

Recently, the results of a phase 1 clinical trial aiming to treat
hereditary transthyretin amyloidosis by in vivo gene editing were
published.’'” Hereditary transthyretin amyloidosis is a rare disease
and is estimated to occur in approximately 50,000 individuals
worldwide.>'® This disease has an autosomal dominant inheri-
tance pattern.>'® Affected patients have amyloid polyneuropathy,
cardiomyopathy, or a combination of both.>?° A pathogenic
mutation in transthyretin favors amyloidogenesis.>®® As most
circulating transthyretin is produced in the liver,>?' the study used
lipid nanoparticles with liver tropism as delivery vehicles. An
mRNA encoding Cas9 protein and an sgRNA targeting the human
transthyretin gene were loaded into the nanoparticles. After being
infused into the circulation, plasma apolipoprotein E binds to the
surface of lipid nanoparticles. The nanoparticle and its cargo are
then taken up by hepatocytes through the low-density lipoprotein
receptor.”?? Six patients were treated with a low or a high dose. At
Day 28 after the single-dose infusion, the lower-dose group had
an average reduction in serum transthyretin of 52%, while the
higher-dose group had an average reduction of 87%. Although
the results were preliminary, this study provided important
evidence of the therapeutic utility of CRISPR/Cas9-based in vivo
genome editing in humans.

While progress on in vivo genome editing is promising, we should
examine its limitations and future challenges to overcome. The
in vivo studies mentioned above involved error-prone NHEJ for DNA
repair. Therapeutic value is based on the condition that the
downregulation of the target gene or deletion of a certain region
of the target protein does not cause severe consequences. What's
more, a study published in 2019 indicated that AAV vector was
commonly integrated into the DNA breaks, which could lead to
potential risk.>>* Therefore, this therapy is still restricted to highly
selective gene defects. To cover a broader range of inherited
cardiomyopathies, error-free editing is needed. To this end, a base
editor was developed to correct pathogenic base substitutions. The
Cas9 protein has been engineered to deactivate its catalytic domains
while retaining its ability to bind to the target DNA sequence (dCas9).
An enzyme that converts C-G to T-A>** or T-A to C-G>% is fused with
dCas9 to edit the target genome base. Zeng et al. successfully
corrected a Marfan syndrome pathogenic point mutation in human
embryos with the base editor system.>* It is noteworthy that base
editing does not involve DNA cleavage and repair and should enable
error-free editing in both dividing and nondividing cells. This
technology may have potential for in vivo correction of
cardiomyopathy-associated point mutations in the future.
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Fig. 6 Summary of therapeutic strategies based on cell therapy for failing hearts. The earliest attempt is myoblast transplantation to the
injured heart. However, these cells don't form connection with neighboring cardiomyocytes. Transplantation of bone marrow derived
mesenchymal stem cell (BMSC) shows modest benefit, which is mediated by paracrine factors secreted by BMSC instead of
transdifferentiation into cardiomyocytes. Transplantation of inducible pluripotent stem cell derived cardiomyocytes (iPSC-CM) or embryonic
stem cell derived cardiomyocytes (ESC-CM) successfully achieve electromechanical coupling between the transplanted and in situ
cardiomyocytes, but these therapies have the shortcomings of immune rejection, arrythymogenicity, and teratogenicity. In vivo reprograming
tries to induce fibroblast-to-cardiomyocyte transdifferentiation or cardiomyocyte proliferation by gene manipulation to compensate for
cardiomyocyte loss. Chimeric antigen receptor (CAR) T cell therapy targeting activated fibroblast has been just proposed by a proof-of-
concept study. These CAR T cells can be induced by injection of modified RNA loaded in T cell directed lipid nanoparticles. LNP: lipid
nanoparticle; FAP: fibroblast activation protein; iPSC: induced pluripotent stem cell; ESC: embryonic stem cell; MSC: mesenchymal stem cell

Therapeutic strategies based on cell therapy

The loss of functional cardiomyocytes is the most important
reason for chronic heart failure. Replacing the injured or lost
cardiomyocytes exogenously or endogenously can potentially
restore cardiac function (Fig. 6).

Therapeutic strategies based on stem cell therapy. The earliest
attempt to provide exogenously derived myocytes was made with
skeletal myoblasts. In animal models of myocardial infarction,
autologous transplantation of skeletal myoblasts into the infarcted
area partially preserved cardiac function and attenuated ven-
tricular remodeling.?’~>%° A phase | clinical trial with 10 patients
with ischemic cardiomyopathy demonstrated that skeletal myo-
blast transplantation reduced the risk of hospitalization for heart
failure and improved the NYHA class and LVEF.>*°® However, a
multicenter, randomized, placebo-controlled, double-blind, phase
Il trial with 94 patients with myocardial infarction and left
ventricular dysfunction showed that myoblast transplantation
did not improve cardiac function, as measured by echocardio-
graphy at 6 months. The risk of arrhythmic events was increased in
patients treated by myoblast transplantation.>>" Although myo-
blasts have contractile features, they cannot form electromecha-
nical coupling with nearby cardiomyocytes, which may explain the
failure to improve coordinated cardiac contraction. Moreover,
uncoupled myoblasts may also serve as ectopic triggers of
arrhythmias. These shortcomings limit further translational poten-
tial of this strategy.>*

In the microenvironment in the myocardium, stem cells may be
able to transdifferentiate into functional cardiomyocytes that can
form electric connections with surrounding cells. Bone marrow-
derived mesenchymal stem cells (BMSCs) are relatively easily
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available. Culturing patient-derived MSCs in medium with
5-azacytidine converts them into cells with stick-like morphology
and myotube-like structures.>** Rat BMSCs were cocultured with
cardiomyocytes, and some BMSCs showed features of cardiomyo-
cytes, including regular contraction, expression of cardiomyocyte
markers, sarcomere formation and inward rectifier potassium
current.>** These data indicated that BMSCs could also transdiffer-
entiate into cardiomyocytes in vivo. Indeed, BMSC transplantation
in @ mouse model of myocardial infarction showed beneficial
effects.>>>>3¢ These promising preclinical results led to multiple
clinical trials testing BMSC transplantation in chronic heart failure
and myocardial infarction. The REPAR-AMI trial showed that
among patients with myocardial infarction, BMSC intracoronary
infusion after reperfusion therapy improved LVEF and reduced the
risk of mortality, reinfection, and revascularization procedure.”” In
the BOOST trial, which had similar settings, intracoronary infusion
of BMSCs did not provide long-term benefits on LV systolic
function but promoted short-term LVEF recovery after reperfusion
therapy.>®® In the C-CURE trial, BMSCs were first exposed to a
cardiogenic cocktail. Then, the derived cardiopoietic stem cells
were delivered by endomyocardial injection to patients with
chronic ischemic heart failure. The treatment group had
significantly more improvement in terms of LVEF and 6-min walk
distance than the control group.>® The MSC-HF trial showed that
intramyocardial injection of BMSCs reduced left ventricular end-
systolic volume in chronic ischemic heart failure.”*® The POSEIDON
trial demonstrated the safety and efficacy of both allogeneic and
autologous BMSC transplantation.>*' However, some other studies
showed inconsistent results. The TIME and the FOCUS-CCTRN trials
included more than 100 patients. The TIME trial did not show a
beneficial effect of BMSC therapy on myocardial infarction in
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terms of the recovery of global or regional left ventricular
function,®*? while the FOCUS-CCTRN trial did not show a benefit
on chronic ischemic heart failure in terms of cardiac function,
exercise capacity, or cardiac perfusion®*® A meta-analysis
summarized the results from 50 clinical trials and suggested that
BMSC therapy did provide modest long-term improvements in left
ventricle function and reduced mortality risk in patients with
ischemic heart disease>* Although the results were not
universally consistent, these clinical trials suggested that BMSC
therapy did provide significant yet modest benefits. Moreover, the
results also demonstrated the safety and feasibility of stem cell
therapy in cardiovascular disease.

The turning point in BMSC therapy came with the publication of
several studies that used different BMSC tracing techniques.>*~>*’
These studies indicated that BMSCs transplanted in injured or
normal hearts maintained a hematopoietic cell phenotype and did
not transdifferentiate into cardiomyocytes in vivo. The observed
clinical benefit was possibly mediated by the paracrine functions
of BMSCs that regulated cardiac remodeling or angiogenesis. Most
of the beneficial factors are intercellularly transferred by
extracellular vesicles.>*® For example, VEGF, hepatocyte growth
factor (HGF), and IGF-1 were secreted by BMSCs and could
promote angiogenesis and reduce collagen deposition.>**>>°
Secreted hypoxia- and Akt-induced stem cell factor (HASF) could
activate the IGF-1 receptor, stimulate cardiomyocyte proliferation,
and inhibit apoptosis.>>'™>>* sFRP2 inhibited the Wnt pathway and
apoptosis and protected the heart during myocardial infarction.>>>
Some paracrine factors could protect the heart by modulating
metabolism.>**>>” There were also factors that regulated the
immune environment in the injured myocardium. Bone marrow
mononuclear cells produced IL-10, which reduced T cell accumu-
lation and therefore inhibited inflammation in infarcted hearts.>>®
Paracrine factors from MSCs induced the secretion of SDF-1 and
plasminogen activator inhibitor-1 (PAI-1) by macrophages. Both
factors induced EC differentiation, which promoted angiogen-
esis.”>® As most of the beneficial effects of BMSC therapy come
from paracrine effects, purified extracellular vesicles from BMSCs
might have improved efficacy and avoid unnecessary side effects.

Another cell therapy approach was the transplantation of
differentiated cardiomyocytes. Embryonic stem cells (ESCs) are
derived from the inner cell mass of a blastocyst. ESCs are
characterized by pluripotency, self-renewal, and rapid prolifera-
tion. ESCs can be induced to differentiate into both atrial and
ventricular cardiomyocytes in vitro.>®® The transplantation of ESC-
derived cardiomyocytes (ESC-CMs) improved cardiac function
after myocardial infarction in rodent models.>®'*%? Similar
beneficial effects were also observed in nonhuman primate
models of cardiac I/R injury. Remuscularization could be observed
in the infarcted region. Most importantly, transplanted cardio-
myocytes form electromechanical couplings with the nearby
myocardium.”®>*®* Unlike BMSC therapy, transplanted ESC-CMs
contracted synchronously with the host's myocardium and
reduced ventricular arrythmias caused by myocardial injury.>®
However, ESC-CM therapy has 2 major shortcomings: the
requirement of immunosuppression therapy to inhibit rejection
and the risk of teratoma due to the immaturity of ESC-CMs. The
discovery of inducible pluripotent stem cells (iPSCs) provided an
alternative approach for cell therapy. The overexpression of
Yamanaka factors (Oct3/4, Sox2, KIf, and c-Myc) reprograms
mature somatic cells into iPSCs,*%®°%” which can be induced to
differentiate into various cell types, including cardiomyocytes.>®®
The transplantation of human cardiomyocytes derived from iPSCs
(iPSC-CMs) remuscularized the infarct region and improved
cardiac function in a nonhuman primate model of myocardial
infarction.”®® Theoretically, iPSC-CM transplantation should not
induce rejection because it is autogeneic. However, this is not the
case. Zhao et al. showed that autogeneic iPSCs were rejected in
C57BL/6 mice>”® A subsequent study showed that during
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dedifferentiation from somatic cells to iPSCs, a mutation occurred
in mitochondrial DNA (mtDNA), which could elicit an immune
response in humans and mice.””" Therefore, screening mtDNA in
iPSCs before transplantation is important for safety. Another
problem is arrhythmogenicity. iPSC-CM transplantation increased
the risk of ventricular arrhythmias in nonhuman primates, which
was transient and nonlethal.*®® Much improvement is still needed
before iPSC-CM transplantation can be tested in clinical trials.

Therapeutic strategies based on in vivo cardiac reprogramming. An
endogenous myocardial repair strategy may be able to overcome
the immunogenic and arrhythmogenic issues associated with
exogenous cardiomyocyte replacement. New cardiomyocytes can
come from existing cardiomyocytes or noncardiomyocytes
through reprogramming, which represents 2 different strategies.

The first strategy is the induction of the transdifferentiation of
noncardiomyocytes into cardiomyocytes. Fibroblasts are the best
candidate because they are the most abundant proliferative cell
type in the mammalian heart.>’>>’% Overexpression of Gata4,
Mef2c, and Tbx5 (GTM) with or without Hand2 induces fibroblast
transdifferentiation into cardiomyocyte-like cells that express
cardiomyocyte genes, have sarcomere structures, and exhibit
spontaneous beating and calcium oscillations.>”**”> In vivo
transdifferentiation was also successful. GTM retrovirus with GFP
successfully infected proliferative noncardiomyocytes, especially
fibroblasts, after myocardial injection. The infected cells were
reprogrammed to become cardiomyocyte-like cells with action
potentials, responses to electrical pacing, and electrical coupling.
Delivery of GTM reduced the infarcted area and improved cardiac
function in the myocardial infarction model.>’%*”” Delivery of a
cocktail of miRNAs (miR-1, miR-133, miR-208, and miR-499) was
also able to activate cardiomyocyte genes in fibroblasts and
improve systolic function after myocardial infarction.>’®*”° To
avoid potential side effects of virus-based delivery, Cao et al.
successfully reprogrammed fibroblasts to become cardiomyocytes
with 9 small-molecule compounds.®® This small-molecule com-
pound-based strategy was also effective in reducing scar
formation and improving cardiac function in a myocardial
infarction model.*®" Transdifferentiation does not involve a stem
cell stage and therefore should not have immunogenic or
teratogenic issues. However, there are still problems that need
to be overcome. The efficiency of in vivo reprogramming is rather
low (5 to 15%) in fibroblasts in mice. Reprogramming is even less
efficient and slower in humans. This low efficiency may lead to
immature cardiomyocytes and dysfunctions in intracellular
electrical and biological communication.”®® Although benefits
have been demonstrated in rodents, evidence in large animals is
still needed.

The second strategy is turning the cell cycle on in cardiomyo-
cytes. In human, there is self-renewal in the myocardium. At the
age of 20, 1% of cardiomyocytes are renewed each year. The
percentage decreases with age.’®® Cardiomyocytes are prolifera-
tive in neonatal mice. However, they lose their proliferative
capacity at Day 7 after birth.”®* Cardiomyocytes from pigs also
showed the same trend.>®>°8 Therefore, reprogramming adult
cardiomyocytes back to their fetal state may induce their
proliferative capability. Modulating cell cycle related factors is
effective. Deletion of Meis homeobox 1 (MEIS 1) reactivated
cardiomyocyte mitosis in adult mice without deleterious effects on
heart function.®®” The overexpression of a combination of cell
cycle factors (4 F) [cyclin-dependent kinase 1 (CDK1), CDK4, cyclin
B1, and cyclin D1] induces proliferation in postmitotic cardiomyo-
cytes from mice, rats, and humans. In vivo reprogramming with
the 4 F combination drove 15-20% of infected cardiomyocytes to
return to the cell cycle and improved cardiac function after
myocardial infarction.®®® The Hippo pathway is a negative
regulator of cell proliferation and growth. Genetic inhibition of
the Hippo pathway increased cardiomyocyte proliferation and
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preserved heart function after myocardial infarction.’®® Another
strategy is to modulate stemness-related factors in adult
cardiomyocytes. In vivo expression of Yamanaka factors in adult
cardiomyocytes induced dedifferentiation and regenerative capa-
city. Transient expression of Yamanaka factors induced a fetal
gene program in adult cardiomyocytes, while extended expres-
sion led to reprogramming and tumor formation. In a model of
myocardial infarction, short-term expression of Yamanaka factors
did not affect inflammation or the rate of cardiomyocyte death
but increased the rate of proliferative cardiomyocytes and
reduced the infarcted area.”®°

Therapeutic strategies based on chimeric antigen receptor (CAR) T
cell therapy. Although most of the attention in cardiac cell
therapy focuses on the stem cell therapy and in vivo reprogram-
ming, it is worth mentioning that Jonathan A. Epstein’s team
proposed a CAR T cell-based anti-fibrosis therapy.”®'”? After
isolated from human blood, T cells were transduced with a gene
coding the CAR, an engineered receptor protein that enable
T cells to target a specific protein. The main focus of CAR T cell
therapy is its anti-cancer potential. T cells are engineered to
recognize a protein on the surface of a tumor. After recognizing
the tumor cell, CAR T cells become activated and attack these
tumor cells.>®® Epstein’s group found that fibroblast activation
protein (FAP) was robustly expressed in cardiac fibroblast in
diseased hearts. However, in normal hearts, FAP expression was
minimal. These features made FAP an ideal target for activated
fibroblasts. Mouse T cells that express a CAR construct specific to
mouse FAP was established by viruses in vitro. Cardiac fibrosis
was induced by 4 weeks of Angll/PE infusion. Two dosages of CAR
T cell transfer at 1- and 2-week after Angll/PE initiation
significantly reduced cardiac fibrosis at 4- and 8-week. Both
systolic and diastolic function were improved. No toxicities were
observed.”®! This study provided the possibility for the CAR T cell
therapy to prevent cardiac fibrosis. However, the persistence of
the engineered CAR T cells post threat to other injuries as
fibroblast activation is required for wound healing. The same
research group proposed an in vivo approach for anti-FAP CAR T
cell generation. Modified mRNA encoding CAR against FAP was
loaded in lipid nanoparticles (LNPs) (LNP-FAPCAR). The LNPs were
decorated by anti-CD5 antibodies for T cell specific uptake of the
cargo (CD5/ LNP-FAPCAR). One week after Angll/PE initiation,
mice received CD5/LNP-FAPCAR injection, which produced
FAPCAR+T cells at 48h. FAP trogocytosis was observed,
suggesting CD5/LNP-FAPCAR successfully produced functional
FAPCAR T cells. Cardiac fibrosis was reduced by CD5/LNP-FAPCAR
treatment and cardiac function was improved.>*? Unlike in vitro
virally engineered FAPCAR T cells, CD5/LNP-FAPCAR generated
FAPCAR T cells transiently, thus reducing the threat to fibroblast
dysfunction in the future. Moreover, this in vivo method did not
involve in vitro processes of T cell isolation, culture, transfection,
expansion, and re-administration. These results provided a
promising therapy to inhibit pathological fibrosis right after
acute injury. These proof-of-concept studies proposed a promis-
ing cell therapy for cardiac fibrosis.

Xenotransplantation

Heart transplantation remains the ultimate curative therapy for
advanced chronic heart failure. However, human donor hearts are
in short supply. In the United States, more than 7% of patients on
the heart transplant wait list die because of the lack of availability
of a suitable human donor heart.>** To address this large unmet
need, xenotransplantation, or transplantation between different
species, has been introduced. This strategy has potential as an
unlimited and prompt supply of functional organs. Pigs have been
chosen as the most suitable sources of xenografts because of their
short gestation time, rapid growth and sexual maturity, and organ
size compatibility. In contrast, although some primates are
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concordant without immunological barriers or hyperacute rejec-
tion, they normally have a slow natural breeding cycle and raise
concerns about ethical issues®*> A major breakthrough was
reported in pig-to-baboon life-supporting cardiac xenotransplan-
tation in 2018.°% Using heart from genetically modified pigs,
nonischemic continuous perfusion of an oxygenated solution of
blood and nutrients, immunosuppression treatment, and anti-
heart-growth treatment, Langin et al. reported a high level of
transplant survival, with 4 out of 5 animals surviving for more than
3 months. In 2000, The International Xenotransplantation Associa-
tion and International Society for Heart and Lung Transplantation
suggested that the survival rate of animals at 3 months be at least
60% in a series of consecutive life-supporting experiments, with a
minimum number of 10 nonhuman primates surviving for this
period of time before considering a clinical trial.>*” Obviously, the
Langin group’s procedure represents a large step toward clinically
practical cardiac xenotransplantation. We will review the obstacles
that have been met and breakthroughs that have been achieved
in recent decades.

Genetic modifications. When a wild-type pig organ is trans-
planted into a nonhuman primate, the graft fails rapidly within
minutes to hours, which is a process called hyperacute rejection.
Wild-type pigs have several carbohydrates that are absent in
humans. Preformed antibodies in human blood against these
epitopes drive hyperacute rejection after the xenotransplantation
of hearts from wild-type pigs.>*® Among these carbohydrates,
galactose-a-1,3-galactose is targeted by 80~90% of preformed
antibodies.”®® Genetic deletion of galactose-a-1,3-galactosyl-trans-
ferase (GalTKO) can eliminate the expression of galactose-a-1,3-
galactose.?%>®°" N-glycolylneuraminic acid, which is produced by
cytidine monophospho-N-acetylneuraminic acid hydroxylase, and
sda, which is produced by b-1,4-N-acetylgalactosaminyltransfer-
ase, were shown to be responsible for a large proportion of the
residual preformed antibodies.5°>"%* Triple deletion of these 3
genes may further reduce the risk of rejection.*>-°” Complement
activation is also an important step in xenograft rejection. In
humans, complement regulatory proteins (hCRPs) can down-
regulate complement system activity. Although similar CRPs also
exist in pigs, they are not sufficient to inhibit the complement
system in humans during xenotransplantation. Introduction of
hCRPs, such as hCD46,°°%%% hCD55,5'%"" or hCD59,%' reduces
complement-mediated graft injury. Combined with immunosup-
pressive therapy, GalTKO or the expression of one or more hCRPs
dramatically reduced hyperacute rejection and prolonged the
graft survival time in heterotropic nonlife supporting cardiac
xenotransplantation.’’® The combination of GalTKO and hCD46
expression further prolonged nonlife-supporting xenograft survi-
val to 236 days.™

As the graft survival time increases, coagulation dysregulation
becomes more obvious,®'> suggesting another major barrier to
successful xenotransplantation. Under physiological conditions,
there is a balance between coagulation and anticoagulation.
Thrombomodulin (TBM)-protein C is part of the anticoagulation
system. The interaction of TBM on the surface of the endothelium
and protein C in the circulation promote the latter's activation.
Activated protein C suppresses factors Va and Vllla and prevents
thrombin formation, thereby downregulating the coagulation
cascade.®'® Unfortunately, pig TBM is incompatible with human
protein C, which makes their binding ineffective.°” Adding hTBM
to the GalTKO/hCD46 genetic background extended xenograft
survival by 1 year with immunosuppressive therapy.5'85'?

Immunosuppressive and anti-inflammatory therapy. As men-
tioned above, immunosuppressive therapy is important for long-
term survival of cardiac xenograft. In the case of study from Ldngin
et al>®®, induction regimen included anti-CD20 for B cell
depletion, anti-thymocyte globulin, and either an anti-CD40

Signal Transduction and Targeted Therapy (2022)7:134



monoclonal antibody or humanized PASylated Fab-CD40L to
block costimulation pathway. Maintenance therapy consisted of
mycophenolate mofetil, anti-CD40 monoclonal antibody or
humanized PASylated Fab-CD40L, and methylprednisolone. As
inflammation also contributed to graft failure, anti-inflammatory
therapy was also adopted by Langin et al., which included an IL-6-
receptor antagonist, TNF inhibitor, and IL-1-receptor antagonist.

Nonischemic continuous organ perfusion. Compared with hetero-
tropic nonlife supporting xenotransplantation, orthotopic life
supporting xenotransplantation is even more challenging. In
addition to preventing rejection, preserving normal cardiac
function is also critical to successful orthotopic xenotransplanta-
tion. Perioperative cardiac xenograft dysfunction (PCXD) occurs in
40 to 60% of cardiac orthotopic xenotransplantations.’?® It is
believed that ischemia-reperfusion injury is one of the reasons for
PCXD. To prevent ischemia between explanation and transplanta-
tion, a perfusion system was developed.®?' Pig hearts were
preserved at 8°C in an oxygenated albumin-containing hyper-
oncotic cardioplegic solution that contained nutrients, hormones
and erythrocytes. Oxygen consumption in the heart was
significantly reduced in this system.%?? Langin’s group continu-
ously perfused and oxygenated the hearts from explanation to
transplantation. During implantation surgery, the hearts were
intermittently perfused every 15min. Using this continuous
perfusion system, PCXD was successfully avoided.>*°

Inhibition of heart overgrowth. The problem of heart overgrowth
was not recognized until recent technical progress enabled
orthotopic xenografts to survive long enough to observe cardiac
hypertrophy and diastolic dysfunction.’®® Previous studies on
kidney and lung xenografts indicated that graft overgrowth after
transplantation depended on intrinsic factors.%>> However, Lin-
gin's group found that the situation was more complex in cardiac
xenografts. The researchers successfully prevented cardiac over-
growth with a combination of 3 treatments. First, recipient
baboons received antihypertensive treatments to lower the blood
pressure to the donor pig’s level. Second, given that cortisone can
cause cardiac hypertrophy, recipients were weaned from cortisone
at an early stage. Third, pharmaceutical inhibition of the cell
growth regulator mTOR was achieved with sirolimus. These results
indicate that cardiac overgrowth depends largely on host factors
and is amenable to medical treatment.

During the preparation of this review, a piece of exciting news
comes from University of Maryland Clinical Center.5** A life-
supporting pig-to-human orthotropic heart xenotransplantation
was successfully performed on patient with terminal heart disease,
who was not qualified to be on the transplant list and ineligible for
an artificial heart pump. The donor pig was genetically modified
by knock-out of 3 genes responsible for rapid antibody-mediated
rejection, knock-in of 6 human genes responsible for immune
acceptance, and knock-out of 1 gene to prevent heart overgrowth.
The donor heart was preserved in a perfusion device called “XVIVO
heart box”. Among with conventional anti-rejection drugs, an
experimental compound was also used to suppress the immune
system. At the time of the report, the recipient patient was doing
well for at least 3 days after surgery. Detailed information has not
been revealed yet. The follow-up of this recipient will shed light on
the field of cardiac xenotansplantation.

CONCLUSIONS AND FUTURE PERSPECTIVES

Therapeutic improvements always depend on 2 factors: novel
theoretical discovery and technical innovation. Basic research in
recent decades has dramatically changed our understanding of the
pathogenesis of chronic heart failure. The canonical protein-based
signaling cascade is no longer the only player in the diseased heart.
With the increase in studies focusing on RNA function in recent
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years, signal transduction in the failing heart has been shown to
involve a network of protein—protein, protein-RNA, and RNA-RNA
interactions. Epitranscriptome RNA modifications further add to the
complexity of this regulatory network. At the cellular level, chronic
heart failure is not only a disease of cardiomyocytes. Rather, it is
driven by the massive dysregulation of intercellular crosstalk and
interactions among cardiomyocytes, fibroblasts, immune cells, VECs,
and LECs. These novel discoveries provide numerous opportunities
for identifying new therapeutic targets for chronic heart failure
treatments. Traditionally, chemical activation or inhibition of protein
regulators is the main treatment for chronic heart failure. With the
development of novel therapeutic techniques, the landscape of
chronic heart failure therapy is changing. Gene therapy provides an
approach for the direct manipulation of gene expression; cell
therapy attempts to replace dysfunctional cardiomyocytes endo-
genously or exogenously; gene editing therapy has the potential to
cure inherited cardiomyopathies; and xenotransplantation techni-
ques provide unlimited functional hearts for the ultimate therapy:
cardiac transplantation. With progress in both mechanistic studies
and therapeutic techniques, we may be able to see a new picture of
chronic heart failure management in the near future.

ACKNOWLEDGEMENTS

We thank members of the Huang laboratory for advice and support. This work is
supported by National Key R&D Program of China (2021YFA1302500), National Natural
Science Foundation of China (81873463 to Z.-P.H. and 82000385 to X.H.), Guangdong
Basic and Applied Basic Research Foundation (2019B151502003 to Z.-P.H.) and the
donation for scientific research from the Terry Fox Foundation to Z.-P.H.

AUTHOR CONTRIBUTIONS

X.H., T.D,, T.L. and Z.-P.H. prepared the manuscript. X.H., T.D. and T.L. wrote the main
parts of the article and produced graphics. X.L. and Y.D. performed critical editing to
the manuscript. Z.-P.H. drafted the final version of the manuscript. All authors have
read and approved the article.

ADDITIONAL INFORMATION

Competing interests: The authors declare no competing interests.

REFERENCES

1. Dagenais, G. R. et al. Variations in common diseases, hospital admissions, and
deaths in middle-aged adults in 21 countries from five continents (PURE): a
prospective cohort study. Lancet 395, 785-794 (2020).

2. Conrad, N. et al. Temporal trends and patterns in heart failure incidence: a
population-based study of 4 million individuals. Lancet 391, 572-580 (2018).

3. Taylor, C. J. et al. Trends in survival after a diagnosis of heart failure in the United
Kingdom 2000-2017: population based cohort study. BMJ 364, 1223 (2019).

4. Jackson, S. L. et al. National Burden of Heart Failure Events in the United States,
2006 to 2014. Circ. Heart Fail 11, e004873 (2018).

5. Bundgaard, J. S. et al. The economic burden of heart failure in Denmark from
1998 to 2016. Eur. J. Heart Fail 21, 1526-1531 (2019).

6. Packer, M. et al. The effect of carvedilol on morbidity and mortality in patients
with chronic heart failure. U.S. Carvedilol Heart Failure Study Group. N. Engl. J.
Med 334, 1349-1355 (1996).

7. Eichhorn, E. J,, Domanski, M. J., Krause-Steinrauf, H., Bristow, M. R. & Lavori, P. W.
A trial of the beta-blocker bucindolol in patients with advanced chronic heart
failure. N. Engl. J. Med 344, 1659-1667 (2001).

8. Cohn, J. N. & Tognoni, G. A randomized trial of the angiotensin-receptor blocker
valsartan in chronic heart failure. N. Engl. J. Med 345, 1667-1675 (2001).

9. Yusuf, S., Pitt, B, Davis, C. E, Hood, W. B. & Cohn, J. N. Effect of enalapril on
survival in patients with reduced left ventricular ejection fractions and con-
gestive heart failure. N. Engl. J. Med 325, 293-302 (1991).

10. Effects of enalapril on mortality in severe congestive heart failure. Results of the
Cooperative North Scandinavian Enalapril Survival Study (CONSENSUS). N. Engl.
J. Med. 316, 1429-1435 (1987).

11. Cohn, J. N. et al. A comparison of enalapril with hydralazine-isosorbide dini-
trate in the treatment of chronic congestive heart failure. N. Engl. J. Med 325,
303-310 (1991).

SPRINGER NATURE

25



Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

26

12.

13.

14.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Pitt, B. et al. The effect of spironolactone on morbidity and mortality in patients
with severe heart failure. Randomized Aldactone Evaluation Study Investigators.
N. Engl. J. Med 341, 709-717 (1999).

Swedberg, K. et al. lvabradine and outcomes in chronic heart failure (SHIFT): a
randomised placebo-controlled study. Lancet 376, 875-885 (2010).

Brown, H. F., DiFrancesco, D. & Noble, S. J. How does adrenaline accelerate the
heart? Nature 280, 235-236 (1979).

. McMurray, J. J. et al. Angiotensin-neprilysin inhibition versus enalapril in heart

failure. N. Engl. J. Med 371, 993-1004 (2014).

. McMurray, J. J. V. et al. Dapagliflozin in patients with heart failure and reduced

ejection fraction. N. Engl. J. Med 381, 1995-2008 (2019).

Packer, M. et al. Cardiovascular and renal outcomes with empagliflozin in heart
failure. N. Engl. J. Med 383, 1413-1424 (2020).

Zelniker, T. A. et al. SGLT2 inhibitors for primary and secondary prevention of
cardiovascular and renal outcomes in type 2 diabetes: a systematic review and
meta-analysis of cardiovascular outcome trials. Lancet 393, 31-39 (2019).
Sadoshima, J. & Izumo, S. The cellular and molecular response of cardiac
myocytes to mechanical stress. Annu. Rev. Physiol. 59, 551-571 (1997).

Roy, J. & Cyert, M. S. Identifying new substrates and functions for an old enzyme:
calcineurin. Cold Spring Harb. Perspect. Biol 12, a035436 (2020).

Molkentin, J. D. et al. A calcineurin-dependent transcriptional pathway for car-
diac hypertrophy. Cell 93, 215-228 (1998).

Hoey, T., Sun, Y. L., Williamson, K. & Xu, X. Isolation of two new members of the
NF-AT gene family and functional characterization of the NF-AT proteins.
Immunity 2, 461-472 (1995).

Zou, Y. et al. Calcineurin plays a critical role in the development of pressure
overload-induced cardiac hypertrophy. Circulation 104, 97-101 (2001).
Rothermel, B. A. et al. Myocyte-enriched calcineurin-interacting protein, MCIP1,
inhibits cardiac hypertrophy in vivo. Proc. Natl Acad. Sci. USA 98, 3328-3333
(2001).

De Windt, L. J. et al. Targeted inhibition of calcineurin attenuates cardiac
hypertrophy in vivo. Proc. Natl Acad. Sci. USA 98, 3322-3327 (2001).

Heineke, J. et al. CIB1 is a regulator of pathological cardiac hypertrophy. Nat.
Med 16, 872-879 (2010).

Gelpi, R. J. et al. Genetic inhibition of calcineurin induces diastolic dysfunction in
mice with chronic pressure overload. Am. J. Physiol. Heart Circ. Physiol. 297,
H1814-H1819 (2009).

Lara-Pezzi, E. et al. A naturally occurring calcineurin variant inhibits FoxO activity
and enhances skeletal muscle regeneration. J. Cell Biol. 179, 1205-1218 (2007).
Padron-Barthe, L. et al. Activation of serine one-carbon metabolism by calci-
neurin AB1 reduces myocardial hypertrophy and improves ventricular function.
J. Am. Coll. Cardiol. 71, 654-667 (2018).

Frey, N. & Olson, E. N. Cardiac hypertrophy: the good, the bad, and the ugly.
Annu Rev. Physiol. 65, 45-79 (2003).

Thal, D. M., Glukhova, A., Sexton, P. M. & Christopoulos, A. Structural insights into
G-protein-coupled receptor allostery. Nature 559, 45-53 (2018).

Wu, X. et al. Local InsP3-dependent perinuclear Ca2+ signaling in cardiac
myocyte excitation-transcription coupling. J. Clin. Invest 116, 675-682 (2006).
McKinsey, T. A., Zhang, C. L. & Olson, E. N. MEF2: a calcium-dependent regulator
of cell division, differentiation and death. Trends Biochem Sci. 27, 40-47 (2002).
Adams, J. W. et al. Enhanced Galphaq signaling: a common pathway mediates
cardiac hypertrophy and apoptotic heart failure. Proc. Natl Acad. Sci. USA 95,
10140-10145 (1998).

D’Angelo, D. D. et al. Transgenic Galphaq overexpression induces cardiac con-
tractile failure in mice. Proc. Natl Acad. Sci. USA 94, 8121-8126 (1997).

Mende, U. et al. Transient cardiac expression of constitutively active Galphaq
leads to hypertrophy and dilated cardiomyopathy by calcineurin-dependent
and independent pathways. Proc. Natl Acad. Sci. USA 95, 13893-13898 (1998).
Wettschureck, N. et al. Absence of pressure overload induced myocardial
hypertrophy after conditional inactivation of Galphag/Galpha11 in cardiomyo-
cytes. Nat. Med 7, 1236-1240 (2001).

Akhter, S. A. et al. Targeting the receptor-Gq interface to inhibit in vivo pressure
overload myocardial hypertrophy. Science 280, 574-577 (1998).

Esposito, G. et al. Genetic alterations that inhibit in vivo pressure-overload
hypertrophy prevent cardiac dysfunction despite increased wall stress. Circula-
tion 105, 85-92 (2002).

Daaka, Y., Luttrell, L. M. & Lefkowitz, R. J. Switching of the coupling of the beta2-
adrenergic receptor to different G proteins by protein kinase A. Nature 390,
88-91 (1997).

Hausdorff, W. P. et al. Phosphorylation sites on two domains of the beta
2-adrenergic receptor are involved in distinct pathways of receptor desensiti-
zation. J. Biol. Chem. 264, 12657-12665 (1989).

Strulovici, B., Cerione, R. A,, Kilpatrick, B. F., Caron, M. G. & Lefkowitz, R. J. Direct
demonstration of impaired functionality of a purified desensitized beta-
adrenergic receptor in a reconstituted system. Science 225, 837-840 (1984).

SPRINGERNATURE

43,

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Gaudin, C. et al. Overexpression of Gs alpha protein in the hearts of transgenic
mice. J. Clin. Invest 95, 1676-1683 (1995).

Engelhardt, S., Hein, L., Keller, U, KIdmbt, K. & Lohse, M. J. Inhibition of Na(+)-H
(+) exchange prevents hypertrophy, fibrosis, and heart failure in beta(1)-adre-
nergic receptor transgenic mice. Circ. Res 90, 814-819 (2002).

Bisognano, J. D. et al. Myocardial-directed overexpression of the human beta(1)-
adrenergic receptor in transgenic mice. J. Mol. Cell Cardiol. 32, 817-830 (2000).
Antos, C. L. et al. Dilated cardiomyopathy and sudden death resulting from
constitutive activation of protein kinase a. Circ. Res 89, 997-1004 (2001).
Zhang, P. & Mende, U. Regulators of G-protein signaling in the heart and their
potential as therapeutic targets. Circ. Res 109, 320-333 (2011).

Takimoto, E. et al. Regulator of G protein signaling 2 mediates cardiac com-
pensation to pressure overload and antihypertrophic effects of PDE5 inhibition
in mice. J. Clin. Invest 119, 408-420 (2009).

Huang, J. et al. Pivotal role of regulator of G-protein signaling 12 in pathological
cardiac hypertrophy. Hypertension 67, 1228-1236 (2016).

Widmann, C,, Gibson, S., Jarpe, M. B. & Johnson, G. L. Mitogen-activated protein
kinase: conservation of a three-kinase module from yeast to human. Physiol. Rev.
79, 143-180 (1999).

Heineke, J. & Molkentin, J. D. Regulation of cardiac hypertrophy by intracellular
signalling pathways. Nat. Rev. Mol. Cell Biol. 7, 589-600 (2006).

Bueno, O. F. et al. The MEK1-ERK1/2 signaling pathway promotes compensated
cardiac hypertrophy in transgenic mice. Embo j. 19, 6341-6350 (2000).

Ferrell, J. E. Jr. & Bhatt, R. R. Mechanistic studies of the dual phosphorylation of
mitogen-activated protein kinase. J. Biol. Chem. 272, 19008-19016 (1997).
Lorenz, K., Schmitt, J. P., Schmitteckert, E. M. & Lohse, M. J. A new type of ERK1/2
autophosphorylation causes cardiac hypertrophy. Nat. Med 15, 75-83 (2009).
Nicol, R. L. et al. Activated MEK5 induces serial assembly of sarcomeres and
eccentric cardiac hypertrophy. Embo j. 20, 2757-2767 (2001).

Han, J, Jiang, Y. Li, Z,, Kravchenko, V. V. & Ulevitch, R. J. Activation of the
transcription factor MEF2C by the MAP kinase p38 in inflammation. Nature 386,
296-299 (1997).

Takeishi, Y. et al. Src and multiple MAP kinase activation in cardiac hypertrophy
and congestive heart failure under chronic pressure-overload: comparison with
acute mechanical stretch. J. Mol. Cell Cardiol. 33, 1637-1648 (2001).

Clerk, A., Michael, A. & Sugden, P. H. Stimulation of the p38 mitogen-activated
protein kinase pathway in neonatal rat ventricular myocytes by the G protein-
coupled receptor agonists, endothelin-1 and phenylephrine: a role in cardiac
myocyte hypertrophy? J. Cell Biol. 142, 523-535 (1998).

Ueyama, T. et al. Endothelin-1 activates p38 mitogen-activated protein kinase via
endothelin-A receptor in rat myocardial cells. Mol. Cell Biochem 199, 119-124 (1999).
Zhang, D. et al. TAK1 is activated in the myocardium after pressure overload and
is sufficient to provoke heart failure in transgenic mice. Nat. Med 6, 556-563
(2000).

Dickinson, R. J. & Keyse, S. M. Diverse physiological functions for dual-specificity
MAP kinase phosphatases. J. Cell Sci. 119, 4607-4615 (2006).

Auger-Messier, M. et al. Unrestrained p38 MAPK activation in Dusp1/4 double-
null mice induces cardiomyopathy. Circ. Res 112, 48-56 (2013).

Wang, Y. et al. Cardiac muscle cell hypertrophy and apoptosis induced by dis-
tinct members of the p38 mitogen-activated protein kinase family. J. Biol. Chem.
273, 2161-2168 (1998).

Liao, P. et al. The in vivo role of p38 MAP kinases in cardiac remodeling and
restrictive cardiomyopathy. Proc. Natl Acad. Sci. USA 98, 12283-12288 (2001).
Braz, J. C. et al. Targeted inhibition of p38 MAPK promotes hypertrophic car-
diomyopathy through upregulation of calcineurin-NFAT signaling. J. Clin. Invest
111, 1475-1486 (2003).

Sabio, G. & Davis, R. J. TNF and MAP kinase signalling pathways. Semin Immunol.
26, 237-245 (2014).

Yokota, T. et al. p38 Mitogen-activated protein kinase regulates chamber-
specific perinatal growth in heart. J. Clin. Invest 130, 5287-5301 (2020).
Gonzalez-Teran, B. et al. p38y and & promote heart hypertrophy by targeting
the mTOR-inhibitory protein DEPTOR for degradation. Nat. Commun. 7, 10477
(2016).

Davis, R. J. Signal transduction by the JNK group of MAP kinases. Cell 103,
239-252 (2000).

Wang, Y. et al. Cardiac hypertrophy induced by mitogen-activated protein
kinase kinase 7, a specific activator for c-Jun NH2-terminal kinase in ventricular
muscle cells. J. Biol. Chem. 273, 5423-5426 (1998).

Petrich, B. G. et al. c-Jun N-terminal kinase activation mediates downregulation
of connexin43 in cardiomyocytes. Circ. Res 91, 640-647 (2002).

Choukroun, G. et al. Regulation of cardiac hypertrophy in vivo by the stress-
activated protein kinases/c-Jun NH(2)-terminal kinases. J. Clin. Invest 104,
391-398 (1999).

Minamino, T. et al. MEKK1 is essential for cardiac hypertrophy and dysfunction
induced by Gq. Proc. Natl Acad. Sci. USA 99, 3866-3871 (2002).

Signal Transduction and Targeted Therapy (2022)7:134



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Sadoshima, J. et al. The MEKK1-JNK pathway plays a protective role in pressure
overload but does not mediate cardiac hypertrophy. J. Clin. Invest 110, 271-279
(2002).

Tachibana, H. et al. JNK1 is required to preserve cardiac function in the early
response to pressure overload. Biochem. Biophys. Res. Commun. 343, 1060-1066
(2006).

Liang, Q. et al. c-Jun N-terminal kinases (JNK) antagonize cardiac growth
through cross-talk with calcineurin-NFAT signaling. EMBO J. 22, 5079-5089
(2003).

Zhu, W. Z. et al. Dual modulation of cell survival and cell death by beta(2)-
adrenergic signaling in adult mouse cardiac myocytes. Proc. Natl Acad. Sci. USA
98, 1607-1612 (2001).

Schluter, K. D., Goldberg, Y., Taimor, G., Schafer, M. & Piper, H. M. Role of
phosphatidylinositol 3-kinase activation in the hypertrophic growth of adult
ventricular cardiomyocytes. Cardiovasc. Res. 40, 174-181 (1998).

Chesley, A. et al. The beta(2)-adrenergic receptor delivers an antiapoptotic
signal to cardiac myocytes through G(i)-dependent coupling to phosphatidyli-
nositol 3’-kinase. Circ. Res. 87, 1172-1179 (2000).

Cantley, L. C. The phosphoinositide 3-kinase pathway. Science 296, 1655-1657
(2002).

Proud, C. G. Ras PI3-kinase and mTOR signaling in cardiac hypertrophy. Cardi-
ovasc. Res. 63, 403-413 (2004).

Boyle, W. J. et al. Activation of protein kinase C decreases phosphorylation of
c-Jun at sites that negatively regulate its DNA-binding activity. Cell 64, 573-584
(1991).

Sears, R. et al. Multiple Ras-dependent phosphorylation pathways regulate Myc
protein stability. Genes Dev. 14, 2501-2514 (2000).

Ginger, R. S. et al. Glycogen synthase kinase-3 enhances nuclear export of a
Dictyostelium STAT protein. EMBO J. 19, 5483-5491 (2000).

Hoeflich, K. P. et al. Requirement for glycogen synthase kinase-3beta in cell
survival and NF-kappaB activation. Nature 406, 86-90 (2000).

Zhou, P., Sun, L. J,, Détsch, V., Wagner, G. & Verdine, G. L. Solution structure of
the core NFATC1/DNA complex. Cell 92, 687-696 (1998).

Condorelli, G. et al. Akt induces enhanced myocardial contractility and cell size
in vivo in transgenic mice. Proc. Natl Acad. Sci. USA 99, 12333-12338 (2002).
Luo, J. et al. Class IA phosphoinositide 3-kinase regulates heart size and phy-
siological cardiac hypertrophy. Mol. Cell Biol. 25, 9491-9502 (2005).

Shioi, T. et al. The conserved phosphoinositide 3-kinase pathway determines
heart size in mice. EMBO J. 19, 2537-2548 (2000).

McMullen, J. R. et al. Protective effects of exercise and phosphoinositide 3-
kinase(p110alpha) signaling in dilated and hypertrophic cardiomyopathy. Proc.
Natl Acad. Sci. USA 104, 612-617 (2007).

Crackower, M. A. et al. Regulation of myocardial contractility and cell size by
distinct PI3K-PTEN signaling pathways. Cell 110, 737-749 (2002).

Patrucco, E. et al. PI3Kgamma modulates the cardiac response to chronic
pressure overload by distinct kinase-dependent and -independent effects. Cell
118, 375-387 (2004).

DeBosch, B. et al. Akt1 is required for physiological cardiac growth. Circulation
113, 2097-2104 (2006).

Wang, B., Zeng, H., Wen, Z., Chen, C. & Wang, D. W. CYP2J2 and its meta-
bolites (epoxyeicosatrienoic acids) attenuate cardiac hypertrophy by acti-
vating AMPKalpha2 and enhancing nuclear translocation of Akt1. Aging Cell
15, 940-952 (2016).

Morisco, C. et al. The Akt-glycogen synthase kinase 3beta pathway regulates
transcription of atrial natriuretic factor induced by beta-adrenergic receptor
stimulation in cardiac myocytes. J. Biol. Chem. 275, 14466-14475 (2000).
Antos, C. L. et al. Activated glycogen synthase-3 beta suppresses cardiac
hypertrophy in vivo. Proc. Natl Acad. Sci. USA 99, 907-912 (2002).

Boluyt, M. O. et al. Rapamycin inhibits alpha 1-adrenergic receptor-stimulated
cardiac myocyte hypertrophy but not activation of hypertrophy-associated
genes. Evidence for involvement of p70 S6 kinase. Circ. Res 81, 176-186 (1997).
Sadoshima, J. & Izumo, S. Rapamycin selectively inhibits angiotensin Il-induced
increase in protein synthesis in cardiac myocytes in vitro. Potential role of 70-kD S6
kinase in angiotensin ll-induced cardiac hypertrophy. Circ. Res 77, 1040-1052 (1995).
Li, H. et al. Identification of cardiac long non-coding RNA profile in human
dilated cardiomyopathy. Cardiovasc. Res. 114, 747-758 (2018).

Li, H. et al. Identification of cardiac-related circulating microRNA profile in
human chronic heart failure. Oncotarget 7, 33-45 (2016).

Care, A. et al. MicroRNA-133 controls cardiac hypertrophy. Nat. Med 13, 613-618
(2007).

Castaldi, A. et al. MicroRNA-133 modulates the B1-adrenergic receptor trans-
duction cascade. Circ. Res 115, 273-283 (2014).

Ganesan, J. et al. MiR-378 controls cardiac hypertrophy by combined repression
of mitogen-activated protein kinase pathway factors. Circulation 127,
2097-2106 (2013).

Signal Transduction and Targeted Therapy (2022)7:134

Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Montgomery, R. L. et al. Therapeutic inhibition of miR-208a improves cardiac
function and survival during heart failure. Circulation 124, 1537-1547 (2011).
Huang, Z. P. et al. MicroRNA-22 regulates cardiac hypertrophy and remodeling
in response to stress. Circ. Res 112, 1234-1243 (2013).

Li, H. et al. MicroRNA-21 lowers blood pressure in spontaneous hypertensive rats
by upregulating mitochondrial translation. Circulation 134, 734-751 (2016).
Wahlquist, C. et al. Inhibition of miR-25 improves cardiac contractility in the
failing heart. Nature 508, 531-535 (2014).

Bernardo, B. C. et al. Therapeutic inhibition of the miR-34 family attenuates
pathological cardiac remodeling and improves heart function. Proc. Natl Acad.
Sci. USA 109, 17615-17620 (2012).

Li, Z. et al. miR-199a impairs autophagy and induces cardiac hypertrophy
through mTOR activation. Cell Death Differ. 24, 1205-1213 (2017).

Ucar, A. et al. The miRNA-212/132 family regulates both cardiac hypertrophy
and cardiomyocyte autophagy. Nat. Commun. 3, 1078 (2012).

Lin, Z. et al. miR-23a functions downstream of NFATc3 to regulate cardiac
hypertrophy. Proc. Nat! Acad. Sci. USA 106, 12103-12108 (2009).

Zhang, X. et al. The double face of miR-320: cardiomyocytes-derived miR-320
deteriorated while fibroblasts-derived miR-320 protected against heart failure
induced by transverse aortic constriction. Signal Transduct. Target Ther. 6, 69 (2021).
Kopechek, J. A. et al. Ultrasound and microbubble-targeted delivery of a
microRNA inhibitor to the heart suppresses cardiac hypertrophy and preserves
cardiac function. Theranostics 9, 7088-7098 (2019).

Han, P. et al. A long noncoding RNA protects the heart from pathological
hypertrophy. Nature 514, 102-106 (2014).

Wang, Z. et al. The long noncoding RNA Chaer defines an epigenetic checkpoint
in cardiac hypertrophy. Nat. Med 22, 1131-1139 (2016).

Viereck, J. et al. Targeting muscle-enriched long non-coding RNA H19 reverses
pathological cardiac hypertrophy. Eur. Heart J. 41, 3462-3474 (2020).

Omura, J. et al. Identification of long noncoding RNA H19 as a new biomarker
and therapeutic target in right ventricular failure in pulmonary arterial hyper-
tension. Circulation 142, 1464-1484 (2020).

Zhang, Y. et al. LncRNA ZFAS1 as a SERCA2a inhibitor to cause intracellular Ca(2
+) Overload and contractile dysfunction in a Mouse Model of Myocardial
Infarction. Circ. Res 122, 1354-1368 (2018).

Gao, R. et al. Long noncoding RNA cardiac physiological hypertrophy-associated
regulator induces cardiac physiological hypertrophy and promotes functional
recovery after myocardial Ischemia-reperfusion injury. Circulation 144, 303-317
(2021).

Lin, H. et al. Antihypertrophic memory after regression of exercise-induced
physiological myocardial hypertrophy is mediated by the long noncoding RNA
Mhrt779. Circulation 143, 2277-2292 (2021).

Wang, K. et al. A circular RNA protects the heart from pathological hypertrophy
and heart failure by targeting miR-223. Eur. Heart J. 37, 2602-2611 (2016).
Hansen, T. B. et al. Natural RNA circles function as efficient microRNA sponges.
Nature 495, 384-388 (2013).

Foinquinos, A. et al. Preclinical development of a miR-132 inhibitor for heart
failure treatment. Nat. Commun. 11, 633 (2020).

Lavenniah, A. et al. Engineered circular RNA sponges act as miRNA inhibitors to
attenuate pressure overload-induced cardiac hypertrophy. Mol. Ther. 28,
1506-1517 (2020).

Yan, Y. et al. The cardiac translational landscape reveals that micropeptides are new
players involved in cardiomyocyte hypertrophy. Mol. Ther. 29, 2253-2267 (2021).
Makarewich, C. A. et al. The DWORF micropeptide enhances contractility and
prevents heart failure in a mouse model of dilated cardiomyopathy. Elife 7,
e38319 (2018).

Roundtree, I. A, Evans, M. E., Pan, T. & He, C. Dynamic RNA modifications in gene
expression regulation. Cell 169, 1187-1200 (2017).

Berulava, T. et al. Changes in m6A RNA methylation contribute to heart failure
progression by modulating translation. Eur. J. Heart Fail 22, 54-66 (2020).
Mathiyalagan, P. et al. FTO-dependent N(6)-methyladenosine regulates cardiac
function during remodeling and repair. Circulation 139, 518-532 (2019).

Dorn, L. E. et al. The N(6)-methyladenosine mRNA methylase METTL3 controls
cardiac homeostasis and hypertrophy. Circulation 139, 533-545 (2019).

Gao, X. Q. et al. The piRNA CHAPIR regulates cardiac hypertrophy by controlling
METTL3-dependent N(6)-methyladenosine methylation of Parp10 mRNA. Nat.
Cell Biol. 22, 1319-1331 (2020).

Seok, H. et al. Position-specific oxidation of miR-1 encodes cardiac hypertrophy.
Nature 584, 279-285 (2020).

Conrad, M., Angeli, J. P., Vandenabeele, P. & Stockwell, B. R. Regulated necrosis:
disease relevance and therapeutic opportunities. Nat. Rev. Drug Disco. 15,
348-366 (2016).

Bedoui, S., Herold, M. J. & Strasser, A. Emerging connectivity of programmed cell
death pathways and its physiological implications. Nat. Rev. Mol. Cell Biol. 21,
678-695 (2020).

SPRINGER NATURE

27



Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

28

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Kerr, J. F.,, Wyllie, A. H. & Currie, A. R. Apoptosis: a basic biological phenomenon
with wide-ranging implications in tissue kinetics. Br. J. Cancer 26, 239-257
(1972).

Ucker, D. S. Exploiting death: apoptotic immunity in microbial pathogenesis. Cell
Death Differ. 23, 990-996 (2016).

Birge, R. B. & Ucker, D. S. Innate apoptotic immunity: the calming touch of death.
Cell Death Differ. 15, 1096-1102 (2008).

Jiang, X., Stockwell, B. R. & Conrad, M. Ferroptosis: mechanisms, biology and role
in disease. Nat. Rev. Mol. Cell Biol. 22, 266-282 (2021).

Shi, J. et al. Cleavage of GSDMD by inflammatory caspases determines pyr-
optotic cell death. Nature 526, 660-665 (2015).

Liu, X. et al. Inflammasome-activated gasdermin D causes pyroptosis by forming
membrane pores. Nature 535, 153-158 (2016).

Boya, P. Reggiori, F. & Codogno, P. Emerging regulation and functions of
autophagy. Nat. Cell Biol. 15, 713-720 (2013).

Yatim, N. et al. RIPK1 and NF-kB signaling in dying cells determines cross-
priming of CD8™ T cells. Science 350, 328-334 (2015).

Gong, Y. N., Guy, C, Crawford, J. C. & Green, D. R. Biological events and mole-
cular signaling following MLKL activation during necroptosis. Cell Cycle 16,
1748-1760 (2017).

Guerra, S. et al. Myocyte death in the failing human heart is gender dependent.
Circ. Res 85, 856-866 (1999).

Moe, G. W. & Marin-Garcia, J. Role of cell death in the progression of heart
failure. Heart Fail Rev. 21, 157-167 (2016).

Olivetti, G. et al. Apoptosis in the failing human heart. N. Engl. J. Med 336,
1131-1141 (1997).

Saraste, A. et al. Apoptosis in human acute myocardial infarction. Circulation 95,
320-323 (1997).

Whelan, R. S., Kaplinskiy, V. & Kitsis, R. N. Cell death in the pathogenesis of heart
disease: mechanisms and significance. Annu. Rev. Physiol. 72, 19-44 (2010).
Chinnaiyan, A. M., O'Rourke, K., Tewari, M. & Dixit, V. M. FADD, a novel death
domain-containing protein, interacts with the death domain of Fas and initiates
apoptosis. Cell 81, 505-512 (1995).

Muzio, M. et al. FLICE, a novel FADD-homologous ICE/CED-3-like protease, is
recruited to the CD95 (Fas/APO-1) death—inducing signaling complex. Cell 85,
817-827 (1996).

Kischkel, F. C. et al. Cytotoxicity-dependent APO-1 (Fas/CD95)-associated pro-
teins form a death-inducing signaling complex (DISC) with the receptor. EMBO J.
14, 5579-5588 (1995).

Verbrugge, |, Johnstone, R. W. & Smyth, M. J. SnapShot: extrinsic apoptosis
pathways. Cell 143, 1192.e1191-1192 (2010). 1192.

Patterson, S. D. et al. Mass spectrometric identification of proteins released from
mitochondria undergoing permeability transition. Cell Death Differ. 7, 137-144
(2000).

Zou, H,, Li, Y., Liu, X. & Wang, X. An APAF-1.cytochrome ¢ multimeric complex is
a functional apoptosome that activates procaspase-9. J. Biol. Chem. 274,
11549-11556 (1999).

Gottlieb, R. A, Burleson, K. O., Kloner, R. A., Babior, B. M. & Engler, R. L. Reper-
fusion injury induces apoptosis in rabbit cardiomyocytes. J. Clin. Invest 94,
1621-1628 (1994).

Jeremias, I. et al. Involvement of CD95/Apo1/Fas in cell death after myocardial
ischemia. Circulation 102, 915-920 (2000).

Brocheriou, V. et al. Cardiac functional improvement by a human Bcl-2 trans-
gene in a mouse model of ischemia/reperfusion injury. J. Gene Med. 2, 326-333
(2000).

Chen, Z,, Chua, C. C, Ho, Y. S, Hamdy, R. C. & Chua, B. H. Overexpression of Bcl-2
attenuates apoptosis and protects against myocardial I/R injury in transgenic
mice. Am. J. Physiol. Heart Circ. Physiol. 280, H2313-H2320 (2001).

Deveraux, Q. L. et al. IAPs block apoptotic events induced by caspase-8 and
cytochrome c by direct inhibition of distinct caspases. EMBO J. 17, 2215-2223
(1998).

Chua, C. C. et al. Overexpression of IAP-2 attenuates apoptosis and protects
against myocardial ischemia/reperfusion injury in transgenic mice. Biochim.
Biophys. Acta 1773, 577-583 (2007).

Nam, Y. J. et al. The apoptosis inhibitor ARC undergoes ubiquitin-proteasomal-
mediated degradation in response to death stimuli: identification of a
degradation-resistant mutant. J. Biol. Chem. 282, 5522-5528 (2007).

Pyo, J. O. et al. Protection of cardiomyocytes from ischemic/hypoxic cell death
via Drbp1 and pMe2GlyDH in cardio-specific ARC transgenic mice. J. Biol. Chem.
283, 30707-30714 (2008).

Wang, B. et al. AMPKalpha2 protects against the development of heart failure
by enhancing mitophagy via PINK1 phosphorylation. Circ. Res 122, 712-729
(2018).

Hou, Z. et al. Longterm exercise-derived exosomal miR-342-5p: a novel exerkine
for cardioprotection. Circ. Res 124, 1386-1400 (2019).

SPRINGERNATURE

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Li, H. et al. Nuclear miR-320 mediates diabetes-induced cardiac dysfunction by
activating transcription of fatty acid metabolic genes to cause lipotoxicity in the
heart. Circ. Res 125, 1106-1120 (2019).

Wang, J. X. et al. Oxidative modification of miR-184 enables it to target Bcl-xL
and Bcl-w. Mol. Cell 59, 50-61 (2015).

Vanden Berghe, T, Linkermann, A. Jouan-Lanhouet, S., Walczak, H. & Vande-
nabeele, P. Regulated necrosis: the expanding network of non-apoptotic cell
death pathways. Nat. Rev. Mol. Cell Biol. 15, 135-147 (2014).

Yuan, J., Amin, P. & Ofengeim, D. Necroptosis and RIPK1-mediated neuroin-
flammation in CNS diseases. Nat. Rev. Neurosci. 20, 19-33 (2019).

Smith, C. C. et al. Necrostatin: a potentially novel cardioprotective agent? Car-
diovasc Drugs Ther. 21, 227-233 (2007).

Koudstaal, S. et al. Necrostatin-1 alleviates reperfusion injury following acute
myocardial infarction in pigs. Eur. J. Clin. Invest 45, 150-159 (2015).

Newton, K. et al. RIPK3 deficiency or catalytically inactive RIPK1 provides greater
benefit than MLKL deficiency in mouse models of inflammation and tissue
injury. Cell Death Differ. 23, 1565-1576 (2016).

Zhang, T. et al. CaMKIl is a RIP3 substrate mediating ischemia- and oxidative
stress-induced myocardial necroptosis. Nat. Med 22, 175-182 (2016).

Wang, J. X. et al. MicroRNA-103/107 regulate programmed necrosis and myo-
cardial ischemia/reperfusion injury through targeting FADD. Circ. Res 117,
352-363 (2015).

Wang, K. et al. The long noncoding RNA NRF regulates programmed necrosis
and myocardial injury during ischemia and reperfusion by targeting miR-873.
Cell Death Differ. 23, 1394-1405 (2016).

Rogers, C. et al. Cleavage of DFNA5 by caspase-3 during apoptosis mediates
progression to secondary necrotic/pyroptotic cell death. Nat. Commun. 8, 14128
(2017).

Wang, Y. et al. Chemotherapy drugs induce pyroptosis through caspase-3
cleavage of a gasdermin. Nature 547, 99-103 (2017).

Reisetter, A. C. et al. Induction of inflammasome-dependent pyroptosis by
carbon black nanoparticles. J. Biol. Chem. 286, 21844-21852 (2011).
Kawaguchi, M. et al. Inflammasome activation of cardiac fibroblasts is
essential for myocardial ischemia/reperfusion injury. Circulation 123, 594-604
(2011).

Shi, H. et al. GSDMD-mediated cardiomyocyte pyroptosis promotes myocardial
I/R injury. Circ. Res 129, 383-396 (2021).

Li, X. et al. MicroRNA-30d regulates cardiomyocyte pyroptosis by directly tar-
geting foxo3a in diabetic cardiomyopathy. Cell Death Dis. 5, €1479 (2014).
Zeng, C. et al. NLRP3 inflammasome-mediated pyroptosis contributes to the
pathogenesis of non-ischemic dilated cardiomyopathy. Redox Biol. 34, 101523
(2020).

Galluzzi, L. et al. Molecular definitions of autophagy and related processes.
EMBO J. 36, 1811-1836 (2017).

Tannous, P. et al. Autophagy is an adaptive response in desmin-related cardi-
omyopathy. Proc. Natl Acad. Sci. USA 105, 9745-9750 (2008).

Zhu, H. et al. Cardiac autophagy is a maladaptive response to hemodynamic
stress. J. Clin. Invest 117, 1782-1793 (2007).

Nakai, A. et al. The role of autophagy in cardiomyocytes in the basal state and in
response to hemodynamic stress. Nat. Med 13, 619-624 (2007).

Matsui, Y. et al. Distinct roles of autophagy in the heart during ischemia and
reperfusion: roles of AMP-activated protein kinase and Beclin 1 in mediating
autophagy. Circ. Res 100, 914-922 (2007).

Oberstein, A., Jeffrey, P. D. & Shi, Y. Crystal structure of the Bcl-XL-Beclin 1
peptide complex: Beclin 1 is a novel BH3-only protein. J. Biol. Chem. 282,
13123-13132 (2007).

Maejima, Y. et al. Mst1 inhibits autophagy by promoting the interaction
between Beclin1 and Bcl-2. Nat. Med 19, 1478-1488 (2013).

Xu, X. et al. Diminished autophagy limits cardiac injury in mouse models of type
1 diabetes. J. Biol. Chem. 288, 18077-18092 (2013).

Xie, Z. et al. Improvement of cardiac functions by chronic metformin treatment
is associated with enhanced cardiac autophagy in diabetic OVE26 mice. Dia-
betes 60, 1770-1778 (2011).

Doherty, J. & Baehrecke, E. H. Life, death and autophagy. Nat. Cell Biol. 20,
1110-1117 (2018).

Liu, Y. et al. Autosis is a Na+, K+-ATPase-regulated form of cell death triggered
by autophagy-inducing peptides, starvation, and hypoxia-ischemia. Proc. Nat/
Acad. Sci. USA 110, 20364-20371 (2013).

Chen, Y. et al. Tyrosine kinase receptor EGFR regulates the switch in cancer cells
between cell survival and cell death induced by autophagy in hypoxia. Autop-
hagy 12, 1029-1046 (2016).

Nah, J. et al. Upregulation of Rubicon promotes autosis during myocardial
ischemia/reperfusion injury. J. Clin. Invest 130, 2978-2991 (2020).

Dixon, S. J. et al. Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell 149, 1060-1072 (2012).

Signal Transduction and Targeted Therapy (2022)7:134



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.
213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

Bulluck, H. et al. Residual myocardial iron following intramyocardial hemorrhage
during the convalescent phase of reperfused ST-segment-elevation myocardial
infarction and adverse left ventricular remodeling. Circ. Cardiovasc. Imaging 9,
004940 (2016).

Bagheri, B. et al. Association between serum iron and the severity of coronary
artery disease. Int. Cardiovasc. Res. J. 7, 95-98 (2013).

Gao, M., Monian, P.,, Quadri, N., Ramasamy, R. & Jiang, X. Glutaminolysis and
transferrin regulate ferroptosis. Mol. Cell 59, 298-308 (2015).

Fang, X. et al. Ferroptosis as a target for protection against cardiomyopathy.
Proc. Natl Acad. Sci. USA 116, 2672-2680 (2019).

Baba, Y. et al. Protective effects of the mechanistic target of rapamycin against
excess iron and ferroptosis in cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol.
314, H659-h668 (2018).

Bayeva, M. et al. mTOR regulates cellular iron homeostasis through triste-
traprolin. Cell Metab. 16, 645-657 (2012).

Travers, J. G., Kamal, F. A,, Robbins, J., Yutzey, K. E. & Blaxall, B. C. Cardiac fibrosis:
the fibroblast awakens. Circ. Res 118, 1021-1040 (2016).

Frangogiannis, N. G. The extracellular matrix in ischemic and nonischemic heart
failure. Circ. Res 125, 117-146 (2019).

Bissell, D. M., Roulot, D. & George, J. Transforming growth factor beta and the
liver. Hepatology 34, 859-867 (2001).

Meng, X. M., Nikolic-Paterson, D. J. & Lan, H. Y. TGF-B: the master regulator of
fibrosis. Nat. Rev. Nephrol. 12, 325-338 (2016).

Wei, Y. et al. Fibroblast-specific inhibition of TGF-B1 signaling attenuates lung
and tumor fibrosis. J. Clin. Invest 127, 3675-3688 (2017).

Saika, S. et al. Fibrotic disorders in the eye: targets of gene therapy. Prog. Retin
Eye Res 27, 177-196 (2008).

MacLellan, W. R,, Brand, T. & Schneider, M. D. Transforming growth factor-beta in
cardiac ontogeny and adaptation. Circ. Res 73, 783-791 (1993).

Kim, K. K., Sheppard, D. & Chapman, H. A. TGF-B1 signaling and tissue fibrosis.
Cold Spring Harb. Perspect. Biol 10, a022293 (2018).

Robertson, I. B. & Rifkin, D. B. Regulation of the bioavailability of TGF-a and TGF-
4-related proteins. Cold Spring Harb. Perspect. Biol 8, a022293 (2016).

Annes, J. P, Munger, J. S. & Rifkin, D. B. Making sense of latent TGFbeta acti-
vation. J. Cell Sci. 116, 217-224 (2003).

Shi, M. et al. Latent TGF-f3 structure and activation. Nature 474, 343-349 (2011).
Rahimi, R. A. & Leof, E. B. TGF-beta signaling: a tale of two responses. J. Cell
Biochem. 102, 593-608 (2007).

Heldin, C. H. & Moustakas, A. Signaling receptors for TGF-a family members. Cold
Spring Harb. Perspect. Biol 8, a022053 (2016).

Shi, Y. & Massagué, J. Mechanisms of TGF-beta signaling from cell membrane to
the nucleus. Cell 113, 685-700 (2003).

Feng, X. H. & Derynck, R. Specificity and versatility in tgf-beta signaling through
Smads. Annu Rev. Cell Dev. Biol. 21, 659-693 (2005).

Frangogiannis, N. Transforming growth factor-f in tissue fibrosis. J. Exp. Med
217, €20190103 (2020).

Derynck, R. & Zhang, Y. E. Smad-dependent and Smad-independent pathways in
TGF-beta family signalling. Nature 425, 577-584 (2003).

Morine, K. J. et al. Reduced activin receptor-like kinase 1 activity promotes
cardiac fibrosis in heart failure. Cardiovasc. Pathol. 31, 26-33 (2017).

Wang, B. et al. Decreased Smad 7 expression contributes to cardiac fibrosis in
the infarcted rat heart. Am. J. Physiol. Heart Circ. Physiol. 282, H1685-H1696
(2002).

Wang, B. et al. Regulation of collagen synthesis by inhibitory Smad7 in cardiac
myofibroblasts. Am. J. Physiol. Heart Circ. Physiol. 293, H1282-H1290 (2007).
Bujak, M. et al. Essential role of Smad3 in infarct healing and in the pathogenesis
of cardiac remodeling. Circulation 116, 2127-2138 (2007).

Kong, P. et al. Opposing actions of fibroblast and cardiomyocyte
Smad3 signaling in the infarcted myocardium. Circulation 137, 707-724 (2018).
Divakaran, V. et al. Adaptive and maladptive effects of SMAD3 signaling in the
adult heart after hemodynamic pressure overloading. Circ. Heart Fail 2, 633-642
(2009).

Russo, I. et al. Protective effects of activated myofibroblasts in the pressure-
overloaded myocardium are mediated through Smad-dependent activation of a
matrix-preserving program. Circ. Res 124, 1214-1227 (2019).

Biernacka, A. et al. Smad3 signaling promotes fibrosis while preserving cardiac
and aortic geometry in obese diabetic mice. Circ. Heart Fail 8, 788-798 (2015).
Huang, S. et al. The role of Smad2 and Smad3 in regulating homeostatic
functions of fibroblasts in vitro and in adult mice. Biochim. Biophys. Acta Mol. Cell
Res 1867, 118703 (2020).

Khalil, H. et al. Fibroblast-specific TGF-B-Smad2/3 signaling underlies cardiac
fibrosis. J. Clin. Invest 127, 3770-3783 (2017).

Huang, S. et al. Distinct roles of myofibroblast-specific Smad2 and Smad3 signaling
in repair and remodeling of the infarcted heart. J. Mol. Cell Cardiol. 132, 84-97
(2019).

Signal Transduction and Targeted Therapy (2022)7:134

Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241,

242,

243,

244,

245,

246.

247.

248.

249.

250.

251,

257.

258.

259.

260.

261.

Liu, Z. et al. Vascular peroxidase 1 is a novel regulator of cardiac fibrosis after
myocardial infarction. Redox Biol. 22, 101151 (2019).

Bugyei-Twum, A. et al. Sirtuin 1 activation attenuates cardiac fibrosis in a rodent
pressure overload model by modifying Smad2/3 transactivation. Cardiovasc. Res.
114, 1629-1641 (2018).

Takawale, A. et al. Tissue inhibitor of matrix metalloproteinase-1 promotes
myocardial fibrosis by mediating CD63-integrin 31 interaction. Hypertension 69,
1092-1103 (2017).

Li, L. et al. Angiotensin Il increases periostin expression via Ras/p38 MAPK/CREB and
ERK1/2/TGF-81 pathways in cardiac fibroblasts. Cardiovasc. Res. 91, 80-89 (2011).
Chen, H. et al. WWP2 regulates pathological cardiac fibrosis by modulating
SMAD?2 signaling. Nat. Commun. 10, 3616 (2019).

Villalobos, E. et al. Fibroblast primary cilia are required for cardiac fibrosis. Cir-
culation 139, 2342-2357 (2019).

Kuhn, T. C. et al. Secretome analysis of cardiomyocytes identifies PCSK6 (Pro-
protein Convertase Subtilisin/Kexin Type 6) as a novel player in cardiac remo-
deling after myocardial infarction. Circulation 141, 1628-1644 (2020).

Tan, C. Y. et al. Yin Yang 1 suppresses dilated cardiomyopathy and cardiac
fibrosis through regulation of Bmp7 and Ctgf. Circ. Res 125, 834-846 (2019).
Liu, J. et al. Eosinophils improve cardiac function after myocardial infarction. Nat.
Commun. 11, 6396 (2020).

Wang, H. X. et al. CD1d-dependent natural killer T cells attenuate angiotensin II-
induced cardiac remodelling via IL-10 signalling in mice. Cardiovasc. Res. 115,
83-93 (2019).

Du, Y. et al. miRNA-mediated suppression of a cardioprotective cardiokine as a
novel mechanism exacerbating post-MI remodeling by sleep breathing dis-
orders. Circ. Res 126, 212-228 (2020).

Zhang, Y. et al. miR-29b as a therapeutic agent for angiotensin ll-induced car-
diac fibrosis by targeting TGF-beta/Smad3 signaling. Mol. Ther. 22, 974-985
(2014).

Li, J. et al. Mir-30d regulates cardiac remodeling by intracellular and paracrine
signaling. Circ. Res 128, e1-e23 (2021).

Schafer, S. et al. IL-11 is a crucial determinant of cardiovascular fibrosis. Nature
552, 110-115 (2017).

Molkentin, J. D. et al. Fibroblast-specific genetic manipulation of p38 mitogen-
activated protein kinase in vivo reveals its central regulatory role in fibrosis.
Circulation 136, 549-561 (2017).

Bageghni, S. A. et al. Cardiac fibroblast-specific p38a MAP kinase promotes
cardiac hypertrophy via a putative paracrine interleukin-6 signaling mechanism.
Faseb j. 32, 4941-4954 (2018).

Maruyama, S. et al. Follistatin-like 1 promotes cardiac fibroblast activation and
protects the heart from rupture. EMBO Mol. Med 8, 949-966 (2016).

Blyszczuk, P. et al. Transforming growth factor-B-dependent Wnt secretion
controls myofibroblast formation and myocardial fibrosis progression in
experimental autoimmune myocarditis. Eur. Heart J. 38, 1413-1425 (2017).
Seo, H. H. et al. Multipoint targeting of TGF-B/Wnt transactivation circuit with
microRNA 384-5p for cardiac fibrosis. Cell Death Differ. 26, 1107-1123 (2019).
Nusse, R. & Varmus, H. E. Many tumors induced by the mouse mammary tumor
virus contain a provirus integrated in the same region of the host genome. Cell
31, 99-109 (1982).

Kinzler, K. W. et al. Identification of FAP locus genes from chromosome 5g21.
Science 253, 661-665 (1991).

Nishisho, I. et al. Mutations of chromosome 5g21 genes in FAP and colorectal
cancer patients. Science 253, 665-669 (1991).

. Hu, H. H,, Cao, G., Wu, X. Q. Vaziri, N. D. & Zhao, Y. Y. Wnt signaling pathway in

aging-related tissue fibrosis and therapies. Ageing Res. Rev. 60, 101063 (2020).

. Tao, H, Yang, J. J,, Shi, K. H. & Li, J. Wnt signaling pathway in cardiac fibrosis: new

insights and directions. Metabolism 65, 30-40 (2016).

. MacDonald, B. T,, Tamai, K. & He, X. Wnt/beta-catenin signaling: components,

mechanisms, and diseases. Dev. Cell 17, 9-26 (2009).

. Nusse, R. & Clevers, H. Wnt/B-catenin signaling, disease, and emerging ther-

apeutic modalities. Cell 169, 985-999 (2017).

. Niehrs, C. The complex world of WNT receptor signalling. Nat. Rev. Mol. Cell Biol.

13, 767-779 (2012).

Daulat, A. M. & Borg, J. P. Wnt/Planar cell polarity signaling: new opportunities
for cancer treatment. Trends Cancer 3, 113-125 (2017).

De, A. Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochim. Biophys. Sin.
(Shanghai) 43, 745-756 (2011).

Kihl, M., Sheldahl, L. C, Park, M., Miller, J. R. & Moon, R. T. The Wnt/Ca2+
pathway: a new vertebrate Wnt signaling pathway takes shape. Trends Genet.
16, 279-283 (2000).

Dzialo, E. et al. WNT3a and WNT5a transported by exosomes activate WNT
signaling pathways in human cardiac fibroblasts. Int. J. Mol. Sci 20, 1436 (2019).
Duan, J. et al. Wnt1/Bcatenin injury response activates the epicardium and
cardiac fibroblasts to promote cardiac repair. EMBO J. 31, 429-442 (2012).

SPRINGER NATURE

29



Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

30

262.

263.

264.

266.

267.

268.

272.

273.

274.

275.

276.

277.

278.

279.

280.

284,

285.

286.

287.

288.

289.

290.

292.

Paik, D. T. et al. Wnt10b gain-of-function improves cardiac repair by arteriole
formation and attenuation of fibrosis. Circ. Res 117, 804-816 (2015).

Wang, X. et al. Low-density lipoprotein receptor-related protein 6 regulates
cardiomyocyte-derived paracrine signaling to ameliorate cardiac fibrosis. Ther-
anostics 11, 1249-1268 (2021).

Xiang, F. L, Fang, M. & Yutzey, K. E. Loss of B-catenin in resident cardiac
fibroblasts attenuates fibrosis induced by pressure overload in mice. Nat.
Commun. 8, 712 (2017).

. Lv, X. et al. Overexpression of miR-27b-3p targeting Wnt3a regulates the sig-

naling pathway of Wnt/B-catenin and attenuates atrial fibrosis in rats with atrial
fibrillation. Oxid. Med Cell Longev. 2019, 5703764 (2019).

Calore, M. et al. A novel murine model for arrhythmogenic cardiomyopathy
points to a pathogenic role of Wnt signalling and miRNA dysregulation. Cardi-
ovasc Res 115, 739-751 (2019).

Qin, W. et al. TGF-B/Smad3 signaling promotes renal fibrosis by inhibiting miR-
29. J. Am. Soc. Nephrol. 22, 1462-1474 (2011).

Xiao, J. et al. miR-29 inhibits bleomycin-induced pulmonary fibrosis in mice. Mol.
Ther. 20, 1251-1260 (2012).

. Sassi, Y. et al. Cardiac myocyte miR-29 promotes pathological remodeling of the

heart by activating Wnt signaling. Nat. Commun. 8, 1614 (2017).

. Sklepkiewicz, P. et al. Loss of secreted frizzled-related protein-1 leads to dete-

rioration of cardiac function in mice and plays a role in human cardiomyopathy.
Circ. Heart Fail 8, 362-372 (2015).

. Matsushima, K. et al. Secreted frizzled related protein 4 reduces fibrosis scar size

and ameliorates cardiac function after ischemic injury. Tissue Eng. Part A 16,
3329-3341 (2010).

Lin, H. et al. sFRP2 activates Wnt/B-catenin signaling in cardiac fibroblasts: dif-
ferential roles in cell growth, energy metabolism, and extracellular matrix
remodeling. Am. J. Physiol. Cell Physiol. 311, C710-c719 (2016).

Sheldahl, L. C. et al. Dishevelled activates Ca2+ flux, PKC, and CamKIl in ver-
tebrate embryos. J. Cell Biol. 161, 769-777 (2003).

Malekar, P. et al. Wnt signaling is critical for maladaptive cardiac hypertrophy
and accelerates myocardial remodeling. Hypertension 55, 939-945 (2010).
Zhang, M. et al. Calcium/calmodulin-dependent protein kinase Il couples Wnt
signaling with histone deacetylase 4 and mediates dishevelled-induced cardi-
omyopathy. Hypertension 65, 335-344 (2015).

Litvinukova, M. et al. Cells of the adult human heart. Nature 588, 466-472
(2020).

Swirski, F. K. & Nahrendorf, M. Cardioimmunology: the immune system in car-
diac homeostasis and disease. Nat. Rev. Immunol. 18, 733-744 (2018).

Ridker, P. M. et al. Antiinflammatory therapy with canakinumab for athero-
sclerotic disease. N. Engl. J. Med 377, 1119-1131 (2017).

Everett, B. M. et al. Anti-Inflammatory therapy with canakinumab for the pre-
vention of hospitalization for heart failure. Circulation 139, 1289-1299 (2019).
Sansonetti, M., Waleczek, F. J. G, Jung, M., Thum, T. & Perbellini, F. Resident
cardiac macrophages: crucial modulators of cardiac (patho)physiology. Basic Res
Cardiol. 115, 77 (2020).

. Aurora, A. B. et al. Macrophages are required for neonatal heart regeneration. J.

Clin. Invest 124, 1382-1392 (2014).

. Peet, C, Ivetic, A, Bromage, D. I. & Shah, A. M. Cardiac monocytes and macro-

phages after myocardial infarction. Cardiovasc Res 116, 1101-1112 (2020).

. Sun, K, Li, Y. Y. & Jin, J. A double-edged sword of immuno-microenvironment in

cardiac homeostasis and injury repair. Signal Transduct. Target Ther. 6, 79 (2021).
Silvestre-Roig, C., Braster, Q., Ortega-Gomez, A. & Soehnlein, O. Neutrophils as
regulators of cardiovascular inflammation. Nat. Rev. Cardiol. 17, 327-340 (2020).
Horckmans, M. et al. Neutrophils orchestrate post-myocardial infarction healing
by polarizing macrophages towards a reparative phenotype. Eur. Heart J. 38,
187-197 (2017).

Anzai, A. et al. Regulatory role of dendritic cells in postinfarction healing and left
ventricular remodeling. Circulation 125, 1234-1245 (2012).

Varricchi, G., Marone, G. & Kovanen, P. T. Cardiac mast cells: underappreciated
immune cells in cardiovascular homeostasis and disease. Trends Immunol. 41,
734-746 (2020).

Ngkelo, A. et al. Mast cells regulate myofilament calcium sensitization and heart
function after myocardial infarction. J. Exp. Med 213, 1353-1374 (2016).
Bradshaw, A. D. & DelLeon-Pennell, K. Y. T-cell regulation of fibroblasts and
cardiac fibrosis. Matrix Biol. 91-92, 167-175 (2020).

Hofmann, U. & Frantz, S. Role of lymphocytes in myocardial injury, healing, and
remodeling after myocardial infarction. Circ. Res 116, 354-367 (2015).

. Yang, Z. et al. Myocardial infarct-sparing effect of adenosine A2A receptor

activation is due to its action on CD4+T lymphocytes. Circulation 114,
2056-2064 (2006).

Saxena, A. et al. Regulatory T cells are recruited in the infarcted mouse myo-
cardium and may modulate fibroblast phenotype and function. Am. J. Physiol.
Heart Circ. Physiol. 307, H1233-H1242 (2014).

SPRINGERNATURE

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311,

312

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

Weirather, J. et al. Foxp3+ CD4+T cells improve healing after myocardial
infarction by modulating monocyte/macrophage differentiation. Circ. Res 115,
55-67 (2014).

Adamo, L., Rocha-Resende, C. & Mann, D. L. The emerging role of B lymphocytes
in cardiovascular disease. Annu Rev. Immunol. 38, 99-121 (2020).

Zouggari, Y. et al. B lymphocytes trigger monocyte mobilization and impair
heart function after acute myocardial infarction. Nat. Med 19, 1273-1280 (2013).
Ong, S. et al. Natural killer cells limit cardiac inflammation and fibrosis by halting
eosinophil infiltration. Am. J. Pathol. 185, 847-861 (2015).

Zagorska, A, Través, P. G, Lew, E. D., Dransfield, I. & Lemke, G. Diversification of
TAM receptor tyrosine kinase function. Nat. Immunol. 15, 920-928 (2014).
Wan, E. et al. Enhanced efferocytosis of apoptotic cardiomyocytes through
myeloid-epithelial-reproductive tyrosine kinase links acute inflammation reso-
lution to cardiac repair after infarction. Circ. Res 113, 1004-1012 (2013).
DeBerge, M. et al. MerTK cleavage on resident cardiac macrophages compromises
repair after myocardial ischemia reperfusion injury. Circ. Res 121, 930-940 (2017).
Batlle, M. et al. AXL receptor tyrosine kinase is increased in patients with heart
failure. Int. J. Cardiol. 173, 402-409 (2014).

DeBerge, M. et al. Macrophage AXL receptor tyrosine kinase inflames the heart
after reperfused myocardial infarction. J. Clin. Invest 131, €139576 (2021).
Huang, C. K. et al. Lgr4 governs a pro-inflammatory program in macrophages to
antagonize post-infarction cardiac repair. Circ. Res 127, 953-973 (2020).
Nicolas-Avila, J. A. et al. A network of macrophages supports mitochondrial
homeostasis in the heart. Cell 183, 94-109.e123 (2020).

Fan, Q. et al. Dectin-1 contributes to myocardial ischemia/reperfusion injury by
regulating macrophage polarization and neutrophil infiltration. Circulation 139,
663-678 (2019).

Yamamoto, S. et al. Macrophage polarization by angiotensin ll-type 1 receptor
aggravates renal injury-acceleration of atherosclerosis. Arterioscler. Thromb. Vasc.
Biol. 31, 2856-2864 (2011).

He, Z,, Xu, X, Chen, C, Li, H. & Wang, D. W. Adenosine 2A receptor activation
contributes to Ang ll-induced aortic remodeling by promoting macrophage
retention. Hypertension 75, 119-130 (2020).

Chen, B. et al. Macrophage Smad3 protects the infarcted heart, stimulating
phagocytosis and regulating inflammation. Circ. Res 125, 55-70 (2019).

Liu, S. et al. M1-like macrophage-derived exosomes suppress angiogenesis and
exacerbate cardiac dysfunction in a myocardial infarction microenvironment.
Basic Res Cardiol. 115, 22 (2020).

Wang, C. et al. Macrophage-derived mir-155-containing exosomes suppress
fibroblast proliferation and promote fibroblast inflammation during cardiac
injury. Mol. Ther. 25, 192-204 (2017).

von Haehling, S., Jankowska, E. A., van Veldhuisen, D. J., Ponikowski, P. & Anker,
S. D. Iron deficiency and cardiovascular disease. Nat. Rev. Cardiol. 12, 659-669
(2015).

Gujja, P., Rosing, D. R, Tripodi, D. J. & Shizukuda, Y. Iron overload cardiomyo-
pathy: better understanding of an increasing disorder. J. Am. Coll. Cardiol. 56,
1001-1012 (2010).

Zlatanova, |. et al. Iron regulator hepcidin impairs macrophage-dependent
cardiac repair after injury. Circulation 139, 1530-1547 (2019).

Jia, D. et al. Interleukin-35 promotes macrophage survival and improves wound
healing after myocardial infarction in mice. Circ. Res 124, 1323-1336 (2019).
Li, W. et al. Ferroptotic cell death and TLR4/Trif signaling initiate neutrophil
recruitment after heart transplantation. J. Clin. Invest 129, 2293-2304 (2019).
Rainer, P. P. et al. Cardiomyocyte-specific transforming growth factor  sup-
pression blocks neutrophil infiltration, augments multiple cytoprotective cas-
cades, and reduces early mortality after myocardial infarction. Circ. Res 114,
1246-1257 (2014).

Wang, Y. et al. Wnt5a-mediated neutrophil recruitment has an obligatory role in
pressure overload-induced cardiac dysfunction. Circulation 140, 487-499 (2019).
Pinto, A. R. et al. Revisiting cardiac cellular composition. Circ. Res 118, 400-409
(2016).

Bonetti, P. O., Lerman, L. O. & Lerman, A. Endothelial dysfunction: a marker of
atherosclerotic risk. Arterioscler Thromb. Vasc. Biol. 23, 168-175 (2003).
Rakusan, K., Flanagan, M. F., Geva, T. & Southern, J. & Van Praagh, R. Morpho-
metry of human coronary capillaries during normal growth and the effect of age
in left ventricular pressure-overload hypertrophy. Circulation 86, 38-46 (1992).
Hudlickd, O. Growth of capillaries in skeletal and cardiac muscle. Circ. Res 50,
451-461 (1982).

Lew, R. A. & Baertschi, A. J. Endothelial cells stimulate ANF secretion from atrial
myocytes in co-culture. Biochem. Biophys. Res. Commun. 163, 701-709 (1989).
Ramaciotti, C,, Sharkey, A., McClellan, G. & Winegrad, S. Endothelial cells regulate
cardiac contractility. Proc. Natl Acad. Sci. USA 89, 4033-4036 (1992).

Li, K., Rouleau, J. L., Andries, L. J. & Brutsaert, D. L. Effect of dysfunctional vascular
endothelium on myocardial performance in isolated papillary muscles. Circ. Res
72, 768-777 (1993).

Signal Transduction and Targeted Therapy (2022)7:134



324.

325.

326.

327.

328.

329.

330.

331.

332

333.

335.

336.

337.

338.

339.

340.

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

Nishida, M., Springhorn, J. P, Kelly, R. A. & Smith, T. W. Cell-cell signaling
between adult rat ventricular myocytes and cardiac microvascular endothelial
cells in heterotypic primary culture. J. Clin. Invest 91, 1934-1941 (1993).
Paolocci, N. et al. Oxygen radical-mediated reduction in basal and agonist-
evoked NO release in isolated rat heart. J. Mol. Cell Cardiol. 33, 671-679 (2001).
Segers, V. F. M. & Brutsaert, D. L. & De Keulenaer, G. W. Cardiac remodeling:
endothelial cells have more to say than just no. Front Physiol. 9, 382 (2018).
Yadid, M. et al. Endothelial extracellular vesicles contain protective proteins and
rescue ischemia-reperfusion injury in a human heart-on-chip. Sci. Transl. Med 12,
eaax8005 (2020).

Qiao, S. et al. Extracellular vesicles derived from Krippel-Like Factor
2-overexpressing endothelial cells attenuate myocardial ischemia-reperfusion
injury by preventing Ly6C(high) monocyte recruitment. Theranostics 10,
11562-11579 (2020).

Furchgott, R. F. & Zawadzki, J. V. The obligatory role of endothelial cells in the
relaxation of arterial smooth muscle by acetylcholine. Nature 288, 373-376
(1980).

Ignarro, L. J,, Buga, G. M., Wood, K. S., Byrns, R. E. & Chaudhuri, G. Endothelium-
derived relaxing factor produced and released from artery and vein is nitric
oxide. Proc. Natl Acad. Sci. USA 84, 9265-9269 (1987).

Balligand, J. L. & Cannon, P. J. Nitric oxide synthases and cardiac muscle.
Autocrine and paracrine influences. Arterioscler Thromb. Vasc. Biol. 17,
1846-1858 (1997).

Calderone, A, Thaik, C. M., Takahashi, N., Chang, D. L. & Colucci, W. S. Nitric
oxide, atrial natriuretic peptide, and cyclic GMP inhibit the growth-promoting
effects of norepinephrine in cardiac myocytes and fibroblasts. J. Clin. Invest 101,
812-818 (1998).

Jugdutt, B. I. & Khan, M. I. Effect of prolonged nitrate therapy on left ventricular
remodeling after canine acute myocardial infarction. Circulation 89, 2297-2307
(1994).

. Matsuoka, H. et al. Chronic L-arginine administration attenuates cardiac

hypertrophy in spontaneously hypertensive rats. Hypertension 27, 14-18 (1996).
McDonald, K. M,, Francis, G. S., Matthews, J., Hunter, D. & Cohn, J. N. Long-term
oral nitrate therapy prevents chronic ventricular remodeling in the dog. J. Am.
Coll. Cardiol. 21, 514-522 (1993).

Ishigai, Y., Mori, T., lkeda, T., Fukuzawa, A. & Shibano, T. Role of bradykinin-NO
pathway in prevention of cardiac hypertrophy by ACE inhibitor in rat cardio-
myocytes. Am. J. Physiol. 273, H2659-H2663 (1997).

Ranek, M. J. et al. PKG1-modified TSC2 regulates mTORC1 activity to counter
adverse cardiac stress. Nature 566, 264-269 (2019).

Koitabashi, N. et al. Cyclic GMP/PKG-dependent inhibition of TRPC6 channel
activity and expression negatively regulates cardiomyocyte NFAT activation
Novel mechanism of cardiac stress modulation by PDE5 inhibition. J. Mol. Cell
Cardiol. 48, 713-724 (2010).

Nakamura, T. & Tsuijita, K. Current trends and future perspectives for heart failure
treatment leveraging cGMP modifiers and the practical effector PKG. J. Cardiol.
78, 261-268 (2021).

Forstermann, U. & Miinzel, T. Endothelial nitric oxide synthase in vascular dis-
ease: from marvel to menace. Circulation 113, 1708-1714 (2006).

. Cohn, J. N. et al. Effect of vasodilator therapy on mortality in chronic congestive

heart failure. Results of a Veterans Administration Cooperative Study. N. Engl. J.
Med 314, 1547-1552 (1986).

Taylor, A. L. et al. Combination of isosorbide dinitrate and hydralazine in blacks
with heart failure. N. Engl. J. Med 351, 2049-2057 (2004).

Munzel, T., Daiber, A. & Mulsch, A. Explaining the phenomenon of nitrate tol-
erance. Circ. Res 97, 618-628 (2005).

Gupta, D. et al. Nitrate therapy for heart failure: benefits and strategies to
overcome tolerance. JACC Heart Fail 1, 183-191 (2013).

McDonagh, T. A. et al. 2021 ESC Guidelines for the diagnosis and treatment of
acute and chronic heart failure. Eur. Heart J. 42, 3599-3726 (2021).

Goldstein, I. et al. Oral sildenafil in the treatment of erectile dysfunction. Sil-
denafil Study Group. N. Engl. J. Med 338, 1397-1404 (1998).

Michelakis, E. et al. Oral sildenafil is an effective and specific pulmonary vaso-
dilator in patients with pulmonary arterial hypertension: comparison with
inhaled nitric oxide. Circulation 105, 2398-2403 (2002).

Redfield, M. M. et al. Effect of phosphodiesterase-5 inhibition on exercise
capacity and clinical status in heart failure with preserved ejection fraction: a
randomized clinical trial. JAMA 309, 1268-1277 (2013).

Wang, H. et al. Sildenafil treatment in heart failure with preserved ejection
fraction: targeted metabolomic profiling in the RELAX trial. JAMA Cardiol. 2,
896-901 (2017).

Stasch, J. P. et al. NO-independent regulatory site on soluble guanylate cyclase.
Nature 410, 212-215 (2001).

Armstrong, P. W. et al. Vericiguat in patients with heart failure and reduced
ejection fraction. N. Engl. J. Med 382, 1883-1893 (2020).

Signal Transduction and Targeted Therapy (2022)7:134

Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

352.

354,

355.

356.

357.

358.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

374.

377.

378.

379.

380.

381.

Hickey, K. A, Rubanyi, G., Paul, R. J. & Highsmith, R. F. Characterization of a
coronary vasoconstrictor produced by cultured endothelial cells. Am. J. Physiol.
248, C550-C556 (1985).

. Yanagisawa, M. et al. A novel potent vasoconstrictor peptide produced by

vascular endothelial cells. Nature 332, 411-415 (1988).

Stow, L. R,, Jacobs, M. E., Wingo, C. S. & Cain, B. D. Endothelin-1 gene regulation.
FASEB J. 25, 16-28 (2011).

Arai, H., Hori, S., Aramori, I, Ohkubo, H. & Nakanishi, S. Cloning and expression of
a cDNA encoding an endothelin receptor. Nature 348, 730-732 (1990).
Simonson, M. S. & Dunn, M. J. Cellular signaling by peptides of the endothelin
gene family. FASEB J. 4, 2989-3000 (1990).

Levin, E. R. Endothelins. N. Engl. J. Med 333, 356-363 (1995).

Russell, F. D. & Molenaar, P. The human heart endothelin system: ET-1 synthesis,
storage, release and effect. Trends Pharm. Sci. 21, 353-359 (2000).

. Ito, H. et al. Endothelin-1 induces hypertrophy with enhanced expression of

muscle-specific genes in cultured neonatal rat cardiomyocytes. Circ. Res 69,
209-215 (1991).

Suzuki, T., Hoshi, H. & Mitsui, Y. Endothelin stimulates hypertrophy and con-
tractility of neonatal rat cardiac myocytes in a serum-free medium. FEBS Lett.
268, 149-151 (1990).

Shubeita, H. E. et al. Endothelin induction of inositol phospholipid hydrolysis,
sarcomere assembly, and cardiac gene expression in ventricular myocytes. A
paracrine mechanism for myocardial cell hypertrophy. J. Biol. Chem. 265,
20555-20562 (1990).

Yang, L. L. et al. Conditional cardiac overexpression of endothelin-1 induces
inflammation and dilated cardiomyopathy in mice. Circulation 109, 255-261
(2004).

Sugden, P. H. An overview of endothelin signaling in the cardiac myocyte. J. Mol.
Cell Cardiol. 35, 871-886 (2003).

Simonson, M. S. & Herman, W. H. Protein kinase C and protein tyrosine kinase
activity contribute to mitogenic signaling by endothelin-1. Cross-talk between G
protein-coupled receptors and pp60c-src. J. Biol. Chem. 268, 9347-9357 (1993).
Guarda, E., Katwa, L. C, Myers, P. R, Tyagi, S. C. & Weber, K. T. Effects of
endothelins on collagen turnover in cardiac fibroblasts. Cardiovasc Res 27,
2130-2134 (1993).

Piacentini, L. et al. Endothelin-1 stimulates cardiac fibroblast proliferation
through activation of protein kinase C. J. Mol. Cell Cardiol. 32, 565-576 (2000).
Wang, X. et al. Endothelin-1 upregulation mediates aging-related cardiac
fibrosis. J. Mol. Cell Cardiol. 80, 101-109 (2015).

Widyantoro, B. et al. Endothelial cell-derived endothelin-1 promotes cardiac
fibrosis in diabetic hearts through stimulation of endothelial-to-mesenchymal
transition. Circulation 121, 2407-2418 (2010).

Ihara, M. et al. Biological profiles of highly potent novel endothelin antagonists
selective for the ETA receptor. Life Sci. 50, 247-255 (1992).

Sakai, S. et al. Inhibition of myocardial endothelin pathway improves long-term
survival in heart failure. Nature 384, 353-355 (1996).

Ito, H. et al. Endothelin ETA receptor antagonist blocks cardiac hypertrophy
provoked by hemodynamic overload. Circulation 89, 2198-2203 (1994).

Boss, C., Bolli, M. H. & Gatfield, J. From bosentan (Tracleer®) to macitentan
(Opsumit®): The medicinal chemistry perspective. Bioorg. Med. Chem. Lett. 26,
3381-3394 (2016).

. Cowburn, P. J. et al. Short-term haemodynamic effects of BQ-123, a selective

endothelin ET(A)-receptor antagonist, in chronic heart failure. Lancet 352,
201-202 (1998).

Kalra, P. R, Moon, J. C. & Coats, A. J. Do results of the ENABLE (Endothelin
Antagonist Bosentan for Lowering Cardiac Events in Heart Failure) study spell
the end for non-selective endothelin antagonism in heart failure? Int. J. Cardiol.
85, 195-197 (2002).

. Kelland, N. F. & Webb, D. J. Clinical trials of endothelin antagonists in heart

failure: publication is good for the public health. Heart 93, 2-4 (2007).

. Anand, I. et al. Long-term effects of darusentan on left-ventricular remodelling

and clinical outcomes in the EndothelinA Receptor Antagonist Trial in Heart
Failure (EARTH): randomised, double-blind, placebo-controlled trial. Lancet 364,
347-354 (2004).

Lehmann, L. H. et al. Essential role of sympathetic endothelin A receptors for
adverse cardiac remodeling. Proc. Natl Acad. Sci. USA 111, 13499-13504 (2014).
Petrova, T. V. & Koh, G. Y. Organ-specific lymphatic vasculature: from develop-
ment to pathophysiology. J. Exp. Med 215, 35-49 (2018).

Henri, O. et al. Selective stimulation of cardiac lymphangiogenesis reduces
myocardial edema and fibrosis leading to improved cardiac function following
myocardial infarction. Circulation 133, 1484-1497 (2016). discussion 1497.
Klotz, L. et al. Cardiac lymphatics are heterogeneous in origin and respond to
injury. Nature 522, 62-67 (2015).

Liu, X. et al. Lymphoangiocrine signals promote cardiac growth and repair.
Nature 588, 705-711 (2020).

SPRINGER NATURE

31



Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

32

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394,

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

406.

407.

408.

Lahteenvuo, M. et al. Growth factor therapy and autologous lymph node
transfer in lymphedema. Circulation 123, 613-620 (2011).

Saaristo, A. et al. Lymphangiogenic gene therapy with minimal blood vascular
side effects. J. Exp. Med 196, 719-730 (2002).

Joukov, V. et al. A recombinant mutant vascular endothelial growth factor-C that
has lost vascular endothelial growth factor receptor-2 binding, activation, and
vascular permeability activities. J. Biol. Chem. 273, 6599-6602 (1998).

Veikkola, T. et al. Signalling via vascular endothelial growth factor receptor-3 is
sufficient for lymphangiogenesis in transgenic mice. EMBO J. 20, 1223-1231
(2001).

Rissanen, T. T. et al. VEGF-D is the strongest angiogenic and lymphangiogenic
effector among VEGFs delivered into skeletal muscle via adenoviruses. Circ. Res
92, 1098-1106 (2003).

Houssari, M. et al. Lymphatic and immune cell cross-talk regulates cardiac
recovery after experimental myocardial infarction. Arterioscler Thromb. Vasc. Biol.
40, 1722-1737 (2020).

Vieira, J. M. et al. The cardiac lymphatic system stimulates resolution of inflam-
mation following myocardial infarction. J. Clin. Invest 128, 3402-3412 (2018).
Klaourakis, K., Vieira, J. M. & Riley, P. R. The evolving cardiac lymphatic vascu-
lature in development, repair and regeneration. Nat. Rev. Cardiol. 18, 368-379
(2021).

Brakenhielm, E., Gonzélez, A. & Diez, J. Role of cardiac lymphatics in myocardial
edema and fibrosis: JACC Review Topic of the Week. J. Am. Coll. Cardiol. 76,
735-744 (2020).

Shah, S. J. et al. Research priorities for heart failure with preserved ejection
fraction: national heart, lung, and blood institute working group summary.
Circulation 141, 1001-1026 (2020).

Owan, T. E. et al. Trends in prevalence and outcome of heart failure with pre-
served ejection fraction. N. Engl. J. Med 355, 251-259 (2006).

Gladden, J. D., Chaanine, A. H. & Redfield, M. M. Heart failure with preserved
ejection fraction. Annu Rev. Med 69, 65-79 (2018).

Yusuf, S. et al. Effects of candesartan in patients with chronic heart failure and
preserved left-ventricular ejection fraction: the CHARM-Preserved Trial. Lancet
362, 777-781 (2003).

Massie, B. M. et al. Irbesartan in patients with heart failure and preserved
ejection fraction. N. Engl. J. Med 359, 2456-2467 (2008).

Pitt, B. et al. Spironolactone for heart failure with preserved ejection fraction. N.
Engl. J. Med 370, 1383-1392 (2014).

Yamamoto, K., Origasa, H. & Hori, M. Effects of carvedilol on heart failure with
preserved ejection fraction: the Japanese Diastolic Heart Failure Study (J-DHF).
Eur. J. Heart Fail 15, 110-118 (2013).

Solomon, S. D. et al. Angiotensin-neprilysin inhibition in heart failure with
preserved ejection fraction. N. Engl. J. Med 381, 1609-1620 (2019).

Anker, S. D. et al. Empagliflozin in heart failure with a preserved ejection frac-
tion. N. Engl. J. Med 385, 1451-1461 (2021).

Dodek, A., Kassebaum, D. G. & Bristow, J. D. Pulmonary edema in coronary-artery
disease without cardiomegaly. Paradox of the stiff heart. N. Engl. J. Med 286,
1347-1350 (1972).

Zile, M. R. et al. Prevalence and significance of alterations in cardiac structure
and function in patients with heart failure and a preserved ejection fraction.
Circulation 124, 2491-2501 (2011).

Shah, A. M. et al. Cardiac structure and function in heart failure with preserved
ejection fraction: baseline findings from the echocardiographic study of the
Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone
Antagonist trial. Circ. Heart Fail 7, 104-115 (2014).

Shah, A. M. et al. Contemporary assessment of left ventricular diastolic function
in older adults: the atherosclerosis risk in communities study. Circulation 135,
426-439 (2017).

Kawaguchi, M., Hay, I, Fetics, B. & Kass, D. A. Combined ventricular systolic and
arterial stiffening in patients with heart failure and preserved ejection fraction:
implications for systolic and diastolic reserve limitations. Circulation 107,
714-720 (2003).

. Borlaug, B. A, Lam, C. S,, Roger, V. L, Rodeheffer, R. J. & Redfield, M. M. Con-

tractility and ventricular systolic stiffening in hypertensive heart disease insights
into the pathogenesis of heart failure with preserved ejection fraction. J. Am.
Coll. Cardiol. 54, 410-418 (2009).

Borlaug, B. A. et al. Impaired chronotropic and vasodilator reserves limit exercise
capacity in patients with heart failure and a preserved ejection fraction. Circu-
lation 114, 2138-2147 (2006).

Phan, T. T. et al. Impaired heart rate recovery and chronotropic incompetence in
patients with heart failure with preserved ejection fraction. Circ. Heart Fail 3,
29-34 (2010).

Dominguez, E. et al. Heart rate response and functional capacity in patients with
chronic heart failure with preserved ejection fraction. ESC Heart Fail 5, 579-585
(2018).

SPRINGERNATURE

409.

410.

411.

412.

413.

414,

415.

416.

417.

418.

419.

420.

421.

422,

423.

424,

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

Lam, C. S. et al. Pulmonary hypertension in heart failure with preserved ejection
fraction: a community-based study. J. Am. Coll. Cardiol. 53, 1119-1126 (2009).

Borlaug, B. A, Kane, G. C, Melenovsky, V. & Olson, T. P. Abnormal right
ventricular-pulmonary artery coupling with exercise in heart failure with pre-
served ejection fraction. Eur. Heart J. 37, 3293-3302 (2016).

Paulus, W. J. & Tschope, C. A novel paradigm for heart failure with preserved
ejection fraction: comorbidities drive myocardial dysfunction and remodeling
through coronary microvascular endothelial inflammation. J. Am. Coll. Cardiol.
62, 263-271 (2013).

Hirai, D. M., Musch, T. . & Poole, D. C. Exercise training in chronic heart failure:
improving skeletal muscle O2 transport and utilization. Am. J. Physiol. Heart Circ.
Physiol. 309, H1419-H1439 (2015).

Dhakal, B. P. et al. Mechanisms of exercise intolerance in heart failure with
preserved ejection fraction: the role of abnormal peripheral oxygen extraction.
Circ. Heart Fail 8, 286-294 (2015).

Lewis, G. A. et al. Biological phenotypes of heart failure with preserved ejection
fraction. J. Am. Coll. Cardiol. 70, 2186-2200 (2017).

Shah, S. J. et al. Phenotype-specific treatment of heart failure with preserved
ejection fraction: a multiorgan roadmap. Circulation 134, 73-90 (2016).

Shah, S. J. et al. Phenomapping for novel classification of heart failure with
preserved ejection fraction. Circulation 131, 269-279 (2015).

Cohen, J. B. et al. Clinical phenogroups in heart failure with preserved ejection
fraction: detailed phenotypes, prognosis, and response to spironolactone. JACC
Heart Fail 8, 172-184 (2020).

Uijl, A. et al. Identification of distinct phenotypic clusters in heart failure with
preserved ejection fraction. Eur. J. Heart Fail 23, 973-982 (2021).

Mishra, S. & Kass, D. A. Cellular and molecular pathobiology of heart failure with
preserved ejection fraction. Nat. Rev. Cardiol. 18, 400-423 (2021).

Redfield, M. M. Heart failure with preserved ejection fraction. N. Engl. J. Med 375,
1868-1877 (2016).

Cho, J. H. et al. Reverse electrical remodeling in rats with heart failure and
preserved ejection fraction. JCI Insight 3, €121123 (2018).

Marzak, H. et al. Old spontaneously hypertensive rats gather together typical
features of human chronic left-ventricular dysfunction with preserved ejection
fraction. J. Hypertens. 32, 1307-1316 (2014).

Regan, J. A. et al. A mouse model of heart failure with preserved ejection
fraction due to chronic infusion of a low subpressor dose of angiotensin Il. Am. J.
Physiol. Heart Circ. Physiol. 309, H771-H778 (2015).

Lupdn, J. et al. Heart failure with preserved ejection fraction infrequently
evolves toward a reduced phenotype in long-term survivors. Circ. Heart Fail
12, e005652 (2019).

Franssen, C. et al. Myocardial microvascular inflammatory endothelial activation
in heart failure with preserved ejection fraction. JACC Heart Fail 4, 312-324
(2016).

Salah, E. M., Bastacky, S. I, Jackson, E. K. & Tofovic, S. P. Captopril attenuates
cardiovascular and renal disease in a rat model of heart failure with preserved
ejection fraction. J. Cardiovasc Pharm. 71, 205-214 (2018).

Schiattarella, G. G. et al. Nitrosative stress drives heart failure with preserved
ejection fraction. Nature 568, 351-356 (2019).

Wang, Z. V. et al. Spliced X-box binding protein 1 couples the unfolded
protein response to hexosamine biosynthetic pathway. Cell 156, 1179-1192
(2014).

Hahn, V. S. et al. Myocardial gene expression signatures in human heart failure
with preserved ejection fraction. Circulation 143, 120-134 (2021).

Segar, M. W. et al. Phenomapping of patients with heart failure with preserved
ejection fraction using machine learning-based unsupervised cluster analysis.
Eur. J. Heart Fail 22, 148-158 (2020).

Tong, D. et al. Female sex is protective in a preclinical model of heart failure with
preserved ejection fraction. Circulation 140, 1769-1771 (2019).

Dunlay, S. M., Roger, V. L. & Redfield, M. M. Epidemiology of heart failure with
preserved ejection fraction. Nat. Rev. Cardiol. 14, 591-602 (2017).

Eaton, C. B. et al. Risk factors for incident hospitalized heart failure with pre-
served versus reduced ejection fraction in a multiracial cohort of post-
menopausal women. Circ. Heart Fail 9, €002883 (2016).

Nirenberg, M. & Leder, P. RNA codewords and protein synthesis. The effect of
trinucleotides upon the binding of SRNA to ribosomes. Science 145, 1399-1407
(1964).

Morgan, A. R, Wells, R. D. & Khorana, H. G. Studies on polynucleotides, lix.
Further codon assignments from amino Acid incorporations directed by ribo-
polynucleotides containing repeating trinucleotide sequences. Proc. Natl Acad.
Sci. USA 56, 1899-1906 (1966).

Atchison, R. W., Casto, B. C. & Hammon, W. M. Adenovirus-associated defective
virus particles. Science 149, 754-756 (1965).

Temin, H. M. & Mizutani, S. RNA-dependent DNA polymerase in virions of Rous
sarcoma virus. Nature 226, 1211-1213 (1970).

Signal Transduction and Targeted Therapy (2022)7:134



438.

439.

440.

441.

442,

443,

444,

445,

446.

447.

448.

449,

450.

452.

453.

454,

455.

456.

457.

458.

459.

460.

462.

463.

Baltimore, D. RNA-dependent DNA polymerase in virions of RNA tumour viruses.
Nature 226, 1209-1211 (1970).

Anderson, W. F., Blaese, R. M. & Culver, K. The ADA human gene therapy clinical
protocol: points to consider response with clinical protocol, July 6, 1990. Hum.
Gene Ther. 1, 331-362 (1990).

Cannata, A, Ali, H,, Sinagra, G. & Giacca, M. Gene therapy for the heart lessons
learned and future perspectives. Circ. Res 126, 1394-1414 (2020).

Ishikawa, K., Weber, T. & Hajjar, R. J. Human cardiac gene therapy. Circ. Res 123,
601-613 (2018).

Laitinen, M. et al. Gene transfer into the carotid artery using an adventitial collar:
comparison of the effectiveness of the plasmid-liposome complexes, retro-
viruses, pseudotyped retroviruses, and adenoviruses. Hum. Gene Ther. 8,
1645-1650 (1997).

Tsurumi, Y. et al. Direct intramuscular gene transfer of naked DNA encoding
vascular endothelial growth factor augments collateral development and tissue
perfusion. Circulation 94, 3281-3290 (1996).

Isner, J. M. et al. Clinical evidence of angiogenesis after arterial gene transfer of
PhVEGF165 in patient with ischaemic limb. Lancet 348, 370-374 (1996).
Williams, P. D. & Kingston, P. A. Plasmid-mediated gene therapy for cardiovas-
cular disease. Cardiovasc Res 91, 565-576 (2011).

Losordo, D. W. et al. Gene therapy for myocardial angiogenesis: initial clinical
results with direct myocardial injection of phVEGF165 as sole therapy for
myocardial ischemia. Circulation 98, 2800-2804 (1998).

Sarkar, N. et al. Effects of intramyocardial injection of phVEGF-A165 as sole
therapy in patients with refractory coronary artery disease—12-month follow-
up: angiogenic gene therapy. J. Intern Med 250, 373-381 (2001).

Kastrup, J. et al. Direct intramyocardial plasmid vascular endothelial growth
factor-A165 gene therapy in patients with stable severe angina pectoris A
randomized double-blind placebo-controlled study: the Euroinject One trial. J.
Am. Coll. Cardiol. 45, 982-988 (2005).

Stewart, D. J. et al. VEGF gene therapy fails to improve perfusion of ischemic
myocardium in patients with advanced coronary disease: results of the
NORTHERN trial. Mol. Ther. 17, 1109-1115 (2009).

Hedman, M. et al. Safety and feasibility of catheter-based local intracoronary
vascular endothelial growth factor gene transfer in the prevention of post-
angioplasty and in-stent restenosis and in the treatment of chronic myocardial
ischemia: phase Il results of the Kuopio Angiogenesis Trial (KAT). Circulation 107,
2677-2683 (2003).

. Askari, A. T. et al. Effect of stromal-cell-derived factor 1 on stem-cell homing

and tissue regeneration in ischaemic cardiomyopathy. Lancet 362, 697-703
(2003).

Yamaguchi, J. et al. Stromal cell-derived factor-1 effects on ex vivo expanded
endothelial progenitor cell recruitment for ischemic neovascularization. Circu-
lation 107, 1322-1328 (2003).

Chung, E. S. et al. Changes in ventricular remodelling and clinical status during
the year following a single administration of stromal cell-derived factor-1 non-
viral gene therapy in chronic ischaemic heart failure patients: the STOP-HF
randomized Phase Il trial. Eur. Heart J. 36, 2228-2238 (2015).

Kay, M. A. State-of-the-art gene-based therapies: the road ahead. Nat. Rev. Genet
12, 316-328 (2011).

Wasala, N. B., Shin, J. H. & Duan, D. The evolution of heart gene delivery vectors.
J. Gene Med 13, 557-565 (2011).

Hajjar, R. J. Potential of gene therapy as a treatment for heart failure. J. Clin.
Invest 123, 53-61 (2013).

Rosengart, T. K. et al. Angiogenesis gene therapy: phase | assessment of direct
intramyocardial administration of an adenovirus vector expressing VEGF121
cDNA to individuals with clinically significant severe coronary artery disease.
Circulation 100, 468-474 (1999).

Stewart, D. J. et al. Angiogenic gene therapy in patients with nonrevasculariz-
able ischemic heart disease: a phase 2 randomized, controlled trial of AdVEGF
(121) (AdVEGF121) versus maximum medical treatment. Gene Ther. 13,
1503-1511 (2006).

Kastrup, J. et al. A randomised, double-blind, placebo-controlled, multicentre
study of the safety and efficacy of BIOBYPASS (AdGVVEGF121.10NH) gene
therapy in patients with refractory advanced coronary artery disease: the NOVA
trial. Eurointervention 6, 813-818 (2011).

Krause, A. et al. Epitopes expressed in different adenovirus capsid proteins
induce different levels of epitope-specific immunity. J. Virol. 80, 5523-5530
(2006).

. Chuah, M. K,, Collen, D. & VandenDriessche, T. Biosafety of adenoviral vectors.

Curr. Gene Ther. 3, 527-543 (2003).

Yla-Herttuala, S. & Alitalo, K. Gene transfer as a tool to induce therapeutic
vascular growth. Nat. Med 9, 694-701 (2003).

Grines, C. L. The AGENT clinical trials programme. Eur. Heart J. Suppl. 6, E18-E23
(2004).

Signal Transduction and Targeted Therapy (2022)7:134

Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484,

485.

486.

487.

488.

4809.

490.

Henry, T. D. et al. Effects of Ad5FGF-4 in patients with angina: an analysis of
pooled data from the AGENT-3 and AGENT-4 trials. J. Am. Coll. Cardiol. 50,
1038-1046 (2007).

Roth, D. M. et al. Cardiac-directed adenylyl cyclase expression improves heart
function in murine cardiomyopathy. Circulation 99, 3099-3102 (1999).

Roth, D. M. et al. Adenylyl cyclase increases survival in cardiomyopathy. Circu-
lation 105, 1989-1994 (2002).

Tang, T, Gao, M. H,, Roth, D. M., Guo, T. & Hammond, H. K. Adenylyl cyclase type
VI corrects cardiac sarcoplasmic reticulum calcium uptake defects in cardio-
myopathy. Am. J. Physiol. Heart Circ. Physiol. 287, H1906-H1912 (2004).

Gao, M. H. et al. Adenylyl cyclase type VI gene transfer reduces phospholamban
expression in cardiac myocytes via activating transcription factor 3. J. Biol. Chem.
279, 38797-38802 (2004).

Hammond, H. K. et al. Intracoronary gene transfer of adenylyl cyclase 6 in
patients with heart failure: a randomized clinical Trial. JAMA Cardiol. 1, 163-171
(2016).

Penny, W. F., Henry, T. D., Watkins, M. W., Patel, A. N. & Hammond, H. K. Design
of a phase 3 trial of intracoronary administration of human adenovirus 5
encoding human adenylyl cyclase type 6 (RT-100) gene transfer in patients with
heart failure with reduced left ventricular ejection fraction: The FLOURISH
Clinical Trial. Am. Heart J. 201, 111-116 (2018).

Mingozzi, F. & High, K. A. Therapeutic in vivo gene transfer for genetic disease
using AAV: progress and challenges. Nat. Rev. Genet 12, 341-355 (2011).
Pacak, C. A. et al. Recombinant adeno-associated virus serotype 9 leads to
preferential cardiac transduction in vivo. Circ. Res 99, e3-e9 (2006).

Kranias, E. G. & Hajjar, R. J. Modulation of cardiac contractility by the phos-
pholamban/SERCA2a regulatome. Circ. Res 110, 1646-1660 (2012).

del Monte, F. et al. Improvement in survival and cardiac metabolism after gene
transfer of sarcoplasmic reticulum Ca(2+)-ATPase in a rat model of heart failure.
Circulation 104, 1424-1429 (2001).

Mariani, J. A. et al. Augmentation of left ventricular mechanics by recirculation-
mediated AAV2/1-SERCA2a gene delivery in experimental heart failure. Eur. J.
Heart Fail 13, 247-253 (2011).

Kawase, Y. et al. Reversal of cardiac dysfunction after long-term expression of
SERCA2a by gene transfer in a pre-clinical model of heart failure. J. Am. Coll.
Cardiol. 51, 1112-1119 (2008).

Zsebo, K. et al. Long-term effects of AAV1/SERCA2a gene transfer in patients
with severe heart failure: analysis of recurrent cardiovascular events and mor-
tality. Circ. Res 114, 101-108 (2014).

Jessup, M. et al. Calcium upregulation by rercutaneous administration of gene
therapy in cardiac disease (CUPID): a phase 2 trial of intracoronary gene therapy
of sarcoplasmic reticulum Ca2+-ATPase in patients with advanced heart failure.
Circulation 124, 304-313 (2011).

Greenberg, B. et al. Calcium upregulation by percutaneous administration of
gene therapy in patients with cardiac disease (CUPID 2): a randomised, multi-
national, double-blind, placebo-controlled, phase 2b trial. Lancet 387,
1178-1186 (2016).

Hulot, J. S. et al. Effect of intracoronary administration of AAV1/SERCA2a on
ventricular remodelling in patients with advanced systolic heart failure: results
from the AGENT-HF randomized phase 2 trial. Eur. J. Heart Fail 19, 1534-1541
(2017).

Lyon, A. R. et al. Investigation of the safety and feasibility of AAV1/SERCA2a
gene transfer in patients with chronic heart failure supported with a left
ventricular assist device - the SERCA-LVAD TRIAL. Gene Ther. 27, 579-590
(2020).

Greenberg, B. et al. Prevalence of AAV1 neutralizing antibodies and con-
sequences for a clinical trial of gene transfer for advanced heart failure. Gene
Ther. 23, 313-319 (2016).

Grund, A. et al. A gene therapeutic approach to inhibit calcium and integrin
binding protein 1 ameliorates maladaptive remodelling in pressure overload.
Cardiovasc. Res. 115, 71-82 (2019).

Crooke, S. T., Witztum, J. L, Bennett, C. F. & Baker, B. F. RNA-targeted ther-
apeutics. Cell Metab. 27, 714-739 (2018).

Roberts, T. C., Langer, R. & Wood, M. J. A. Advances in oligonucleotide drug
delivery. Nat. Rev. Drug Disco. 19, 673-694 (2020).

Sabatine, M. S. et al. Efficacy and safety of evolocumab in reducing lipids and
cardiovascular events. N. Engl. J. Med 372, 1500-1509 (2015).

Robinson, J. G. et al. Efficacy and safety of alirocumab in reducing lipids and
cardiovascular events. N. Engl. J. Med 372, 1489-1499 (2015).

Fitzgerald, K. et al. A highly durable RNAi therapeutic inhibitor of PCSK9. N. Engl.
J. Med 376, 41-51 (2017).

Ray, K. K. et al. Inclisiran in patients at high cardiovascular risk with elevated LDL
cholesterol. N. Engl. J. Med 376, 1430-1440 (2017).

Ray, K. K. et al. Two phase 3 trials of inclisiran in patients with elevated LDL
cholesterol. N. Engl. J. Med 382, 1507-1519 (2020).

SPRINGER NATURE

33



Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

34

491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

511.

512

513.

514,

516.

517.

518.

519.

520.

521.

522.

523.

524,

525.

Grote Beverborg, N. et al. Phospholamban antisense oligonucleotides improve
cardiac function in murine cardiomyopathy. Nat. Commun. 12, 5180 (2021).
Micheletti, R. et al. The long noncoding RNA Wisper controls cardiac fibrosis and
remodeling. Sci. Transl. Med 9, eaai9118 (2017).

Lam, J. K, Chow, M. Y., Zhang, Y. & Leung, S. W. siRNA versus miRNA as ther-
apeutics for gene silencing. Mol. Ther. Nucleic Acids 4, €252 (2015).

Gao, F. et al. Therapeutic role of miR-19a/19b in cardiac regeneration and
protection from myocardial infarction. Nat. Commun. 10, 1802 (2019).
Watkins, H., Ashrafian, H. & Redwood, C. Inherited cardiomyopathies. N. Engl. J.
Med 364, 1643-1656 (2011).

McKenna, W. J., Maron, B. J. & Thiene, G. Classification, epidemiology, and global
burden of cardiomyopathies. Circ. Res 121, 722-730 (2017).

Elizarova, I. P. [Care of newborn infants in maternity homes]. Med Sestra 35,
34-40 (1976).

Kim, Y. G., Cha, J. & Chandrasegaran, S. Hybrid restriction enzymes: zinc finger
fusions to Fok | cleavage domain. Proc. Natl Acad. Sci. USA 93, 1156-1160 (1996).
Christian, M. et al. Targeting DNA double-strand breaks with TAL effector
nucleases. Genetics 186, 757-761 (2010).

Doudna, J. A. & Charpentier, E. Genome editing. The new frontier of genome
engineering with CRISPR-Cas9. Science 346, 1258096 (2014).

Vermersch, E., Jouve, C. & Hulot, J. S. CRISPR/Cas9 gene-editing strategies in
cardiovascular cells. Cardiovasc Res 116, 894-907 (2020).

Long, C. et al. Prevention of muscular dystrophy in mice by CRISPR/Cas9-
mediated editing of germline DNA. Science 345, 1184-1188 (2014).
Fairclough, R. J,, Wood, M. J. & Davies, K. E. Therapy for Duchenne muscular
dystrophy: renewed optimism from genetic approaches. Nat. Rev. Genet 14,
373-378 (2013).

Ma, H. et al. Correction of a pathogenic gene mutation in human embryos.
Nature 548, 413-419 (2017).

Schlossarek, S., Mearini, G. & Carrier, L. Cardiac myosin-binding protein C in
hypertrophic cardiomyopathy: mechanisms and therapeutic opportunities. J.
Mol. Cell Cardiol. 50, 613-620 (2011).

Yokota, T., Duddy, W. & Partridge, T. Optimizing exon skipping therapies for
DMD. Acta Myol. 26, 179-184 (2007).

Amoasii, L. et al. Single-cut genome editing restores dystrophin expression in a
new mouse model of muscular dystrophy. Sci. Transl. Med 9, eaan8081 (2017).
Amoasii, L. et al. Gene editing restores dystrophin expression in a canine model
of Duchenne muscular dystrophy. Science 362, 86-91 (2018).

Long, C. et al. Postnatal genome editing partially restores dystrophin expression
in a mouse model of muscular dystrophy. Science 351, 400-403 (2016).

. Tabebordbar, M. et al. In vivo gene editing in dystrophic mouse muscle and

muscle stem cells. Science 351, 407-411 (2016).

Nelson, C. E. et al. In vivo genome editing improves muscle function in a mouse
model of Duchenne muscular dystrophy. Science 351, 403-407 (2016).

El Refaey, M. et al. In vivo genome editing restores dystrophin expression and
cardiac function in dystrophic mice. Circ. Res 121, 923-929 (2017).

Bengtsson, N. E. et al. Muscle-specific CRISPR/Cas9 dystrophin gene editing
ameliorates pathophysiology in a mouse model for Duchenne muscular dys-
trophy. Nat. Commun. 8, 14454 (2017).

Nelson, C. E. et al. Long-term evaluation of AAV-CRISPR genome editing for
Duchenne muscular dystrophy. Nat. Med 25, 427-432 (2019).

. Pan, X. et al. In vivo Ryr2 editing corrects catecholaminergic polymorphic

ventricular tachycardia. Circ. Res 123, 953-963 (2018).

Xie, C. et al. Genome editing with CRISPR/Cas9 in postnatal mice corrects
PRKAG2 cardiac syndrome. Cell Res 26, 1099-1111 (2016).

Gillmore, J. D. et al. CRISPR-Cas9 in vivo gene editing for transthyretin amyloi-
dosis. N. Engl. J. Med 385, 493-502 (2021).

Schmidt, H. H. et al. Estimating the global prevalence of transthyretin familial
amyloid polyneuropathy. Muscle Nerve 57, 829-837 (2018).

Hawkins, P. N. et al. Evolving landscape in the management of transthyretin
amyloidosis. Ann. Med 47, 625-638 (2015).

Dohrn, M. F. et al. Targeting transthyretin - mechanism-based treatment
approaches and future perspectives in hereditary amyloidosis. J. Neurochem
156, 802-818 (2021).

Gertz, M. A. et al. Diagnosis, prognosis, and therapy of transthyretin amyloidosis.
J. Am. Coll. Cardiol. 66, 2451-2466 (2015).

Aking, A. et al. The Onpattro story and the clinical translation of nanomedicines
containing nucleic acid-based drugs. Nat. Nanotechnol. 14, 1084-1087 (2019).
Hanlon, K. S. et al. High levels of AAV vector integration into CRISPR-induced
DNA breaks. Nat. Commun. 10, 4439 (2019).

Komor, A. C, Kim, Y. B., Packer, M. S., Zuris, J. A. & Liu, D. R. Programmable
editing of a target base in genomic DNA without double-stranded DNA clea-
vage. Nature 533, 420-424 (2016).

Gaudelli, N. M. et al. Programmable base editing of A:T to G-C in genomic DNA
without DNA cleavage. Nature 551, 464-471 (2017).

SPRINGERNATURE

526.

527.

528.

529.

530.

531.

532.

533.

534.

535.

536.

538.

539.

540.

541.

542.

543.

544,

545.

546.

547.

548.

549.

550.

551.

552.

Zeng, Y. et al. Correction of the marfan syndrome pathogenic FBN1 mutation by
base editing in human cells and heterozygous embryos. Mol. Ther. 26,
2631-2637 (2018).

He, K. L. et al. Autologous skeletal myoblast transplantation improved hemo-
dynamics and left ventricular function in chronic heart failure dogs. J. Heart
Lung Transpl. 24, 1940-1949 (2005).

Taylor, D. A. et al. Regenerating functional myocardium: improved performance
after skeletal myoblast transplantation. Nat. Med 4, 929-933 (1998).

Ye, L. et al. Improved angiogenic response in pig heart following ischaemic
injury using human skeletal myoblast simultaneously expressing VEGF165 and
angiopoietin-1. Eur. J. Heart Fail 9, 15-22 (2007).

Menasche, P. et al. Autologous skeletal myoblast transplantation for severe post-
infarction left ventricular dysfunction. J. Am. Coll. Cardiol. 41, 1078-1083 (2003).
Menasché, P. et al. The myoblast autologous grafting in ischemic cardiomyo-
pathy (MAGIC) trial: first randomized placebo-controlled study of myoblast
transplantation. Circulation 117, 1189-1200 (2008).

Durrani, S., Konoplyannikov, M., Ashraf, M. & Haider, K. H. Skeletal myoblasts for
cardiac repair. Regen. Med 5, 919-932 (2010).

Antonitsis, P., loannidou-Papagiannaki, E., Kaidoglou, A. & Papakonstantinou, C.
In vitro cardiomyogenic differentiation of adult human bone marrow
mesenchymal stem cells. The role of 5-azacytidine. Interact. Cardiovasc. Thorac.
Surg. 6, 593-597 (2007).

Li, X. et al. Bone marrow mesenchymal stem cells differentiate into functional
cardiac phenotypes by cardiac microenvironment. J. Mol. Cell Cardiol. 42,
295-303 (2007).

Orlic, D. et al. Bone marrow cells regenerate infarcted myocardium. Nature 410,
701-705 (2001).

Jackson, K. A. et al. Regeneration of ischemic cardiac muscle and vascular
endothelium by adult stem cells. J. Clin. Invest 107, 1395-1402 (2001).

. Schéchinger, V. et al. Intracoronary bone marrow-derived progenitor cells in

acute myocardial infarction. N. Engl. J. Med 355, 1210-1221 (2006).

Meyer, G. P. et al. Intracoronary bone marrow cell transfer after myocardial
infarction: eighteen months’ follow-up data from the randomized, controlled
BOOST (BOne marrOw transfer to enhance ST-elevation infarct regeneration)
trial. Circulation 113, 1287-1294 (2006).

Bartunek, J. et al. Cardiopoietic stem cell therapy in heart failure: the C-CURE
(Cardiopoietic stem Cell therapy in heart failURE) multicenter randomized trial
with lineage-specified biologics. J. Am. Coll. Cardiol. 61, 2329-2338 (2013).
Mathiasen, A. B. et al. Bone marrow-derived mesenchymal stromal cell treat-
ment in patients with severe ischaemic heart failure: a randomized placebo-
controlled trial (MSC-HF trial). Eur. Heart J. 36, 1744-1753 (2015).

Hare, J. M. et al. Comparison of allogeneic vs autologous bone marrow-derived
mesenchymal stem cells delivered by transendocardial injection in patients with
ischemic cardiomyopathy: the POSEIDON randomized trial. Jama 308,
2369-2379 (2012).

Traverse, J. H. et al. Effect of the use and timing of bone marrow mononuclear
cell delivery on left ventricular function after acute myocardial infarction: the
TIME randomized trial. Jama 308, 2380-2389 (2012).

Perin, E. C. et al. Effect of transendocardial delivery of autologous bone marrow
mononuclear cells on functional capacity, left ventricular function, and perfu-
sion in chronic heart failure: the FOCUS-CCTRN trial. Jama 307, 1717-1726
(2012).

Jeevanantham, V. et al. Adult bone marrow cell therapy improves survival and
induces long-term improvement in cardiac parameters: a systematic review and
meta-analysis. Circulation 126, 551-568 (2012).

Balsam, L. B. et al. Haematopoietic stem cells adopt mature haematopoietic
fates in ischaemic myocardium. Nature 428, 668-673 (2004).

Murry, C. E. et al. Haematopoietic stem cells do not transdifferentiate into car-
diac myocytes in myocardial infarcts. Nature 428, 664-668 (2004).

Nygren, J. M. et al. Bone marrow-derived hematopoietic cells generate cardio-
myocytes at a low frequency through cell fusion, but not transdifferentiation.
Nat. Med 10, 494-501 (2004).

Zhang, J. et al. Basic and translational research in cardiac repair and regen-
eration: JACC state-of-the-art review. J. Am. Coll. Cardiol. 78, 2092-2105 (2021).
Nagaya, N. et al. Transplantation of mesenchymal stem cells improves cardiac
function in a rat model of dilated cardiomyopathy. Circulation 112, 1128-1135
(2005).

Kinnaird, T. et al. Local delivery of marrow-derived stromal cells augments
collateral perfusion through paracrine mechanisms. Circulation 109, 1543-1549
(2004).

Beigi, F. et al. C30rf58, a novel paracrine protein, stimulates cardiomyocyte cell-
cycle progression through the PI3K-AKT-CDK7 pathway. Circ. Res 113, 372-380
(2013).

Huang, J. et al. HASF is a stem cell paracrine factor that activates PKC epsilon
mediated cytoprotection. J. Mol. Cell Cardiol. 66, 157-164 (2014).

Signal Transduction and Targeted Therapy (2022)7:134



553.

554,

555.

556.

557.

558.

559.

560.

562.

563.

564.

565.

566.

567.

568.

569.

570.

572.

573.

574.

575.

576.

577.

578.

579.

580.

581.

Bareja, A., Hodgkinson, C. P., Payne, A. J,, Pratt, R. E. & Dzau, V. J. HASF (C30rf58)
is a novel ligand of the insulin-like growth factor 1 receptor. Biochem J. 474,
771-780 (2017).

Bareja, A., Patel, S., Hodgkinson, C. P., Payne, A. & Dzau, V. J. Understanding the
mechanism of bias signaling of the insulin-like growth factor 1 receptor: Effects
of LL37 and HASF. Cell Signal 46, 113-119 (2018).

Mirotsou, M. et al. Secreted frizzled related protein 2 (Sfrp2) is the key Akt-
mesenchymal stem cell-released paracrine factor mediating myocardial survival
and repair. Proc. Natl Acad. Sci. USA 104, 1643-1648 (2007).

Gnecchi, M. et al. Early beneficial effects of bone marrow-derived mesenchymal
stem cells overexpressing Akt on cardiac metabolism after myocardial infarc-
tion. Stem Cells 27, 971-979 (2009).

Feygin, J.,, Mansoor, A, Eckman, P., Swingen, C. & Zhang, J. Functional and
bioenergetic modulations in the infarct border zone following autologous
mesenchymal stem cell transplantation. Am. J. Physiol. Heart Circ. Physiol. 293,
H1772-H1780 (2007).

Burchfield, J. S. et al. Interleukin-10 from transplanted bone marrow mono-
nuclear cells contributes to cardiac protection after myocardial infarction. Circ.
Res 103, 203-211 (2008).

Sun, H. Pratt, R. E, Hodgkinson, C. P. & Dzau, V. J. Sequential paracrine
mechanisms are necessary for the therapeutic benefits of stem cell therapy. Am.
J. Physiol. Cell Physiol. 319, C1141-c1150 (2020).

Lee, J. H,, Protze, S. |, Laksman, Z., Backx, P. H. & Keller, G. M. Human pluripotent
stem cell-derived atrial and ventricular cardiomyocytes develop from distinct
mesoderm populations. Cell Stem Cell 21, 179-194.e174 (2017).

. Caspi, O. et al. Transplantation of human embryonic stem cell-derived cardio-

myocytes improves myocardial performance in infarcted rat hearts. J. Am. Coll.
Cardiol. 50, 1884-1893 (2007).

Laflamme, M. A. et al. Cardiomyocytes derived from human embryonic stem
cells in pro-survival factors enhance function of infarcted rat hearts. Nat. Bio-
technol. 25, 1015-1024 (2007).

Chong, J. J. et al. Human embryonic-stem-cell-derived cardiomyocytes regen-
erate non-human primate hearts. Nature 510, 273-277 (2014).

Liu, Y. W. et al. Human embryonic stem cell-derived cardiomyocytes restore
function in infarcted hearts of non-human primates. Nat. Biotechnol. 36,
597-605 (2018).

Shiba, Y. et al. Human ES-cell-derived cardiomyocytes electrically couple and
suppress arrhythmias in injured hearts. Nature 489, 322-325 (2012).
Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126, 663-676
(2006).

Takahashi, K. et al. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131, 861-872 (2007).

Acimovic, I et al. Human pluripotent stem cell-derived cardiomyocytes as
research and therapeutic tools. Biomed. Res. Int. 2014, 512831 (2014).

Shiba, Y. et al. Allogeneic transplantation of iPS cell-derived cardiomyocytes
regenerates primate hearts. Nature 538, 388-391 (2016).

Zhao, T., Zhang, Z. N., Rong, Z. & Xu, Y. Immunogenicity of induced pluripotent
stem cells. Nature 474, 212-215 (2011).

. Deuse, T. et al. De novo mutations in mitochondrial DNA of iPSCs produce

immunogenic neoepitopes in mice and humans. Nat. Biotechnol. 37, 1137-1144
(2019).

Souders, C. A, Bowers, S. L. & Baudino, T. A. Cardiac fibroblast: the renaissance
cell. Circ. Res 105, 1164-1176 (2009).

Cartledge, J. E. et al. Functional crosstalk between cardiac fibroblasts and adult
cardiomyocytes by soluble mediators. Cardiovasc. Res. 105, 260-270 (2015).
leda, M. et al. Direct reprogramming of fibroblasts into functional cardiomyo-
cytes by defined factors. Cell 142, 375-386 (2010).

Song, K. et al. Heart repair by reprogramming non-myocytes with cardiac
transcription factors. Nature 485, 599-604 (2012).

Qian, L. et al. In vivo reprogramming of murine cardiac fibroblasts into induced
cardiomyocytes. Nature 485, 593-598 (2012).

Inagawa, K. et al. Induction of cardiomyocyte-like cells in infarct hearts by gene
transfer of Gata4, Mef2c, and Tbx5. Circ. Res. 111, 1147-1156 (2012).
Jayawardena, T. M. et al. MicroRNA-mediated in vitro and in vivo direct repro-
gramming of cardiac fibroblasts to cardiomyocytes. Circ. Res. 110, 1465-1473
(2012).

Jayawardena, T. M. et al. MicroRNA induced cardiac reprogramming in vivo:
evidence for mature cardiac myocytes and improved cardiac function. Circ. Res.
116, 418-424 (2015).

Cao, N. et al. Conversion of human fibroblasts into functional cardiomyocytes by
small molecules. Science 352, 1216-1220 (2016).

Huang, C, Tu, W, Fu, Y., Wang, J. & Xie, X. Chemical-induced cardiac repro-
gramming in vivo. Cell Res. 28, 686-689 (2018).

Signal Transduction and Targeted Therapy (2022)7:134

Signaling cascades in the failing heart and emerging therapeutic strategies

He et al.

582.

583.

584,

585.

586.

587.

588.

589.

590.

591.

592.

593.

594,

595.

596.

597.

598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.

Nam, Y. J,, Song, K. & Olson, E. N. Heart repair by cardiac reprogramming. Nat.
Med 19, 413-415 (2013).

Bergmann, O. et al. Evidence for cardiomyocyte renewal in humans. Science 324,
98-102 (2009).

Porrello, E. R. et al. Transient regenerative potential of the neonatal mouse heart.
Science 331, 1078-1080 (2011).

Zhu, W. et al. Regenerative potential of neonatal porcine hearts. Circulation 138,
2809-2816 (2018).

Ye, L. et al. Early regenerative capacity in the porcine heart. Circulation 138,
2798-2808 (2018).

Mahmoud, A. I. et al. Meis1 regulates postnatal cardiomyocyte cell cycle arrest.
Nature 497, 249-253 (2013).

Mohamed, T. M. A. et al. Regulation of cell cycle to stimulate adult cardio-
myocyte proliferation and cardiac regeneration. Cell 173, 104-116.e112
(2018).

Leach, J. P. et al. Hippo pathway deficiency reverses systolic heart failure after
infarction. Nature 550, 260-264 (2017).

Chen, Y. et al. Reversible reprogramming of cardiomyocytes to a fetal state
drives heart regeneration in mice. Science 373, 1537-1540 (2021).

Aghajanian, H. et al. Targeting cardiac fibrosis with engineered T cells. Nature
573, 430-433 (2019).

Rurik, J. G. et al. CAR T cells produced in vivo to treat cardiac injury. Science 375,
91-96 (2022).

Hong, M., Clubb, J. D. & Chen, Y. Y. Engineering CAR-T cells for next-generation
cancer therapy. Cancer Cell 38, 473-488 (2020).

Colvin, M. et al. OPTN/SRTR 2018 annual data report: heart. Am. J. Transpl. 20
(Suppl s1), 340-426 (2020).

Pierson, R. N. 3rd et al. Progress toward cardiac xenotransplantation. Circulation
142, 1389-1398 (2020).

Langin, M. et al. Consistent success in life-supporting porcine cardiac xeno-
transplantation. Nature 564, 430-433 (2018).

Cooper, D. K. et al. Report of the Xenotransplantation Advisory Committee of
the International Society for Heart and Lung Transplantation: the present
status of xenotransplantation and its potential role in the treatment of end-
stage cardiac and pulmonary diseases. J. Heart Lung Transpl. 19, 1125-1165
(2000).

Cooper, D. K. et al. Effects of cyclosporine and antibody adsorption
on pig cardiac xenograft survival in the baboon. J. Heart Transpl. 7, 238-246
(1988).

Cooper, D. K. et al. Identification of alpha-galactosyl and other carbohydrate
epitopes that are bound by human anti-pig antibodies: relevance to discordant
xenografting in man. Transpl. Inmunol. 1, 198-205 (1993).

Phelps, C. J. et al. Production of alpha 1,3-galactosyltransferase-deficient pigs.
Science 299, 411-414 (2003).

Kolber-Simonds, D. et al. Production of alpha-1,3-galactosyltransferase null pigs
by means of nuclear transfer with fibroblasts bearing loss of heterozygosity
mutations. Proc. Natl Acad. Sci. USA 101, 7335-7340 (2004).

Basnet, N. B, Ide, K, Tahara, H., Tanaka, Y. & Ohdan, H. Deficiency of
N-glycolylneuraminic acid and Gala1-3GalB1-4GIcNAc epitopes in xenogeneic
cells attenuates cytotoxicity of human natural antibodies. Xenotransplantation
17, 440-448 (2010).

Byrne, G. W,, Du, Z,, Stalboerger, P., Kogelberg, H. & McGregor, C. G. Cloning and
expression of porcine B1,4 N-acetylgalactosaminyl transferase encoding a new
xenoreactive antigen. Xenotransplantation 21, 543-554 (2014).

Lutz, A. J. et al. Double knockout pigs deficient in N-glycolylneuraminic acid and
galactose a-1,3-galactose reduce the humoral barrier to xenotransplantation.
Xenotransplantation 20, 27-35 (2013).

Estrada, J. L. et al. Evaluation of human and non-human primate antibody
binding to pig cells lacking GGTA1/CMAH/B4GaINT2 genes. Xenotransplantation
22, 194-202 (2015).

Wang, R. G. et al. Antigenicity of tissues and organs from GGTA1/CMAH/
34GalINT2 triple gene knockout pigs. J. Biomed. Res 33, 235-243 (2018).
Fischer, K. et al. Viable pigs after simultaneous inactivation of porcine MHC class
| and three xenoreactive antigen genes GGTA1, CMAH and B4GALNT2. Xeno-
transplantation 27, 12560 (2020).

Adams, D. H., Kadner, A, Chen, R. H. & Farivar, R. S. Human membrane cofactor
protein (MCP, CD 46) protects transgenic pig hearts from hyperacute rejection
in primates. Xenotransplantation 8, 36-40 (2001).

Loveland, B. E. et al. Characterization of a CD46 transgenic pig and protection of
transgenic kidneys against hyperacute rejection in non-immunosuppressed
baboons. Xenotransplantation 11, 171-183 (2004).

Schmoeckel, M. et al. Prevention of hyperacute rejection by human decay
accelerating factor in xenogeneic perfused working hearts. Transplantation 62,
729-734 (1996).

SPRINGER NATURE

35



Signaling cascades in the failing heart and emerging therapeutic strategies
He et al.

36

611. Bubhler, L. et al. Miniature swine and hDAF pig kidney transplantation in baboons
treated with a nonmyeloablative regimen and CD154 blockade. Transpl. Proc.
33, 716 (2001).

612. Kroshus, T. J. et al. Expression of human CD59 in transgenic pig organs
enhances organ survival in an ex vivo xenogeneic perfusion model. Trans-
plantation 61, 1513-1521 (1996).

613. Cooper, D. K. et al. Progress in pig-to-non-human primate transplantation
models (1998-2013): a comprehensive review of the literature. Xeno-
transplantation 21, 397-419 (2014).

614. Mohiuddin, M. M. et al. B-cell depletion extends the survival of GTKO.hCD46Tg pig
heart xenografts in baboons for up to 8 months. Am. J. Transpl. 12, 763-771 (2012).

615. Cooper, D. K. et al. The pathobiology of pig-to-primate xenotransplantation: a
historical review. Xenotransplantation 23, 83-105 (2016).

616. Esmon, C. T. The discovery of the endothelial cell protein C receptor. J. Thromb.
Haemost. 8, 2-5 (2010).

617. Roussel, J. C. et al. Pig thrombomodulin binds human thrombin but is a poor
cofactor for activation of human protein C and TAFI. Am. J. Transpl. 8, 1101-1112
(2008).

618. Mohiuddin, M. M. et al. One-year heterotopic cardiac xenograft survival in a pig
to baboon model. Am. J. Transpl. 14, 488-489 (2014).

619. Mohiuddin, M. M. et al. Chimeric 2C10R4 anti-CD40 antibody therapy is critical
for long-term survival of GTKO.hCD46.hTBM pig-to-primate cardiac xenograft.
Nat. Commun. 7, 11138 (2016).

620. Mohiuddin, M. M., Reichart, B., Byrne, G. W. & McGregor, C. G. A. Current status of
pig heart xenotransplantation. Int J. Surg. 23, 234-239 (2015).

621. Steen, S., Paskevicius, A., Liao, Q. & Sjéberg, T. Safe orthotopic transplantation of
hearts harvested 24 h after brain death and preserved for 24 h. Scand. Cardio-
vasc J. 50, 193-200 (2016).

SPRINGERNATURE

622. Qin, G, Su, Y, Sjoberg, T. & Steen, S. Oxygen consumption of the aerobically-
perfused cardioplegic donor heart at different temperatures. Ann. Transpl. 23,
268-273 (2018).

623. Tanabe, T. et al. Role of intrinsic (Graft) versus extrinsic (Host) factors in the
growth of transplanted organs following allogeneic and xenogeneic trans-
plantation. Am. J. Transpl. 17, 1778-1790 (2017).

624. University of Maryland School of Medicine Faculty Scientists and Clinicians
Perform Historic First Successful Transplant of Porcine Heart into Adult
Human with End-Stage Heart Disease, https://www.umms.org/ummc/news/
2022/first-successful-transplant-of-porcine-heart-into-adult-human-heart?__
cf_chl_jschl_tk__=sJr6lhwegtrQHit1L_NpEAvJG4aYI9UpsOQqgxhVNslo-
1641890962-0-gaNycGzNB70 (2022).

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Signal Transduction and Targeted Therapy (2022)7:134


https://www.umms.org/ummc/news/2022/first-successful-transplant-of-porcine-heart-into-adult-human-heart?__cf_chl_jschl_tk__=sJr6IhwegtrQHit1L_NpEAvJG4aYl9UpsOQqxhVNsIo-1641890962-0-gaNycGzNB70
https://www.umms.org/ummc/news/2022/first-successful-transplant-of-porcine-heart-into-adult-human-heart?__cf_chl_jschl_tk__=sJr6IhwegtrQHit1L_NpEAvJG4aYl9UpsOQqxhVNsIo-1641890962-0-gaNycGzNB70
https://www.umms.org/ummc/news/2022/first-successful-transplant-of-porcine-heart-into-adult-human-heart?__cf_chl_jschl_tk__=sJr6IhwegtrQHit1L_NpEAvJG4aYl9UpsOQqxhVNsIo-1641890962-0-gaNycGzNB70
https://www.umms.org/ummc/news/2022/first-successful-transplant-of-porcine-heart-into-adult-human-heart?__cf_chl_jschl_tk__=sJr6IhwegtrQHit1L_NpEAvJG4aYl9UpsOQqxhVNsIo-1641890962-0-gaNycGzNB70
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Signaling cascades in the failing heart and emerging therapeutic strategies
	Introduction
	Signaling cascades in failing heart
	Cardiomyocytes
	Pathological cardiomyocyte hypertrophy
	Canonical signaling pathways
	Noncoding RNAs
	RNA modifications
	Cardiomyocyte death
	Apoptosis
	Necroptosis
	Pyroptosis
	Autosis
	Ferroptosis

	Fibroblasts
	Transforming growth factor &#x003B2; (TGF-&#x003B2;) signaling
	Regulators of cardiac fibroblasts
	Regulators of cardiomyocytes
	Regulators of immune cells
	Noncoding RNA regulators
	Crosstalk between TGF-b signaling and MAPK pathway
	Crosstalk between TGF-b signaling and Wnt pathway
	Wnt signaling
	Wnt/&#x003B2;nobreak-nobreakcatenin signaling
	Wnt/calcium signaling pathway

	Immune cells
	Macrophages
	Membrane receptors on macrophages
	Intracellular signaling in macrophages
	Interaction between macrophages and other cardiac cells
	Neutrophils
	MCs

	Vascular endothelial cells
	NO
	ET

	Lymphatic endothelial cells (LECs)
	HFpEF

	Emerging therapeutic strategies for failing heart
	Therapeutic strategies based on gene therapy
	Plasmid-based gene therapy
	Virus-based gene therapy
	Adenoviral vectors
	AAV vectors
	Oligonucleotide-based gene therapy

	Therapeutic strategies based on gene editing
	Therapeutic strategies based on cell therapy
	Therapeutic strategies based on stem cell therapy
	Therapeutic strategies based on in�vivo cardiac reprogramming
	Therapeutic strategies based on chimeric antigen receptor (CAR) T cell therapy

	Xenotransplantation
	Genetic modifications
	Immunosuppressive and anti-inflammatory therapy
	Nonischemic continuous organ perfusion
	Inhibition of heart overgrowth


	Conclusions and future perspectives
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




