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Aims G protein-coupled receptor kinase 4 (GRK4) has been reported to play an important role in hypertension, but lit-
tle is known about its role in cardiomyocytes and myocardial infarction (MI). The goal of present study is to ex-
plore the role of GRK4 in the pathogenesis and progression of MI.

...................................................................................................................................................................................................
Methods
and results

We studied the expression and distribution pattern of GRK4 in mouse heart after MI. GRK4 A486V transgenic
mice, inducible cardiomyocyte-specific GRK4 knockout mice, were generated and subjected to MI with their con-
trol mice. Cardiac infarction, cardiac function, cardiomyocyte apoptosis, autophagic activity, and HDAC4 phosphor-
ylation were assessed. The mRNA and protein levels of GRK4 in the heart were increased after MI. Transgenic
mice with the overexpression of human GRK4 wild type (WT) or human GRK4 A486V variant had increased car-
diac infarction, exaggerated cardiac dysfunction and remodelling. In contrast, the MI-induced cardiac dysfunction
and remodelling were ameliorated in cardiomyocyte-specific GRK4 knockout mice. GRK4 overexpression in cardi-
omyocytes aggravated apoptosis, repressed autophagy, and decreased beclin-1 expression, which were partially res-
cued by the autophagy agonist rapamycin. MI also induced the nuclear translocation of GRK4, which inhibited
autophagy by increasing HDAC4 phosphorylation and decreasing its binding to the beclin-1 promoter. HDAC4
S632A mutation partially restored the GRK4-induced inhibition of autophagy. MI caused greater impairment of car-
diac function in patients carrying the GRK4 A486V variant than in WT carriers.

...................................................................................................................................................................................................
Conclusion GRK4 increases cardiomyocyte injury during MI by inhibiting autophagy and promoting cardiomyocyte apoptosis.

These effects are mediated by the phosphorylation of HDAC4 and a decrease in beclin-1 expression.
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Introduction

Myocardial infarction (MI) and heart failure are the leading causes of
human death worldwide. Despite current treatment, mortality
and heart failure due to MI are still substantial.1 MI causes marked
loss of functional cardiomyocytes, which is the fundamental

pathological process that triggers heart failure. Experimental studies
over the last few decades have identified complex signal transduction
processes regulating cardiomyocyte death, but novel therapies are
still lacking.

G protein-coupled receptor kinases (GRKs) are involved in cardiac
injury and failure and are, therefore, promising therapeutic targets for

Translational Perspective
Myocardial infarction (MI) causes marked loss of functional cardiomyocytes, which is the fundamental reason for leading to cardiac
remodelling and heart failure. The apoptosis and autophagy of cardiomyocytes are critical mechanisms involved in cardiomyocyte loss.
The present study identified the role of G protein-coupled receptor kinase 4 (GRK4) in cardiomyocyte apoptosis and autophagy. It
showed that GRK4 is up-regulated in the heart and aggravated cardiac remodelling post-MI, while GRK4 deficiency exerted a protective
effect. MI patient carrying GRK4 gain-of-function variant A486V exhibited deteriorated cardiac function than wild-type control. These
findings suggested that GRK4 polymorphism is associated with the prognosis of cardiac injury and that GRK4 might be an important
therapeutic target for treating MI and heart failure.

Graphical Abstract
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these diseases. Increased GRK2 expression is central to the patho-
genesis of heart failure, via desensitization of b-adrenergic receptors,
which leads to the loss of contractile reserve.2 GRK2-mediated phos-
phorylation of adiponectin receptor 1 in failing cardiomyocytes con-
tributes to post-MI remodelling and progression of heart failure.3

GRK5, functioning as a kinase for histone deacetylase (HDAC), exag-
gerates pathological cardiac hypertrophy by enhancing the activation
of myocyte enhancer factor-24 and nuclear factor of activated
T cells.5

GRK4, another member of the GRK family, plays an important
role in the development of essential hypertension.6 Among the three
GRK4 gene variants, R65L, A486V, and A142V, constitutively active
A486V and A142V were demonstrated to increase the activity of
GRK4, independent of protein abundance.6 Transgenic mice overex-
pressing human GRK4 A486V have high GRK4 activity and develop
hypertension when sodium intake is increased.7 These GRK4 gene
variants are associated with human essential hypertension.8 GRK4
has also been reported to be expressed in the heart of rodents8 and
humans9, but whether GRK4 plays a role in pathological processes
after MI is unknown. The expression of GRK4 in normal heart is
low9,10 and its role in the heart has not been well studied. The cur-
rent experiments were performed to determine if and how GRK4
influences myocardial injury.

Methods

Detailed methods are described in the Supplementary material online.

Results

Myocardial infarction increases G
protein-coupled receptor kinase 4
expression and nuclear translocation
in cardiomyocytes of the infarcted
heart
C57BL/6 mice were subjected to MI injury at the age of 2 months.
Under normal condition, GRK4 was modestly expressed in the
heart; MI significantly increased the mRNA and protein levels of
GRK4 (Figure 1A and B). Cardiac GRK4 protein expression after
MI increased in a time-dependent manner; it was significantly ele-
vated at 6 h after MI, peaked at 24-48 h, and lasted for 7 days
(Supplementary material online, Figure S1A). The GRK4 protein
was mainly found in the infarct border zone (Figure 1C and
Supplementary material online, Figure S1B and C1) and principally
located in cardiomyocytes, although weak GRK4 expression was
also found in non-cardiomyocytes, including smooth muscle cells,
endothelial cells, and fibroblasts but with much lower levels
(Supplementary material online, Figure S1C2–C5). MI induced the
translocation of GRK4 from the cytosol to nucleus of cardiomyo-
cytes (Figure 1D). In cultured cardiomyocytes [neonatal rat ven-
tricular myocytes (NRVMs)], hypoxia significantly increased GRK4
mRNA and protein levels (Figure 1E and F). Immunostaining con-
firmed the increased expression and nuclear translocation of
GRK4 protein in hypoxic NRVMs (Figure 1G).

Overexpressing human G protein-
coupled receptor kinase 4 A486V caused
a greater injury and cardiac dysfunction
than overexpressing wild-type human G
protein-coupled receptor kinase 4 in
transgenic mice
We generated transgenic mice with the overexpression of wild-type
(WT) GRK4 or GRK4 A486V variant. Higher GRK4 activity in GRK4
A486V mice was identified by assessing the phosphorylation of a
downstream protein target, dopamine D1 receptor (DRD1)6

(Supplementary material online, Figure S2A and B). The high GRK4 ac-
tivity did not cause pathological changes in major organs, including
the heart, kidney, lung, liver, and aorta. The heart rate, cardiac func-
tion, blood pressure, and cardiac, kidney, and lung histology of GRK4
WT and GRK4 A486V transgenic mice were comparable to control
mice (Supplementary material online, Figure S3A–L).

The infarct size and cardiac function were evaluated 4 weeks post-
MI. Compared with control mice, GRK4 WT and GRK4 A486V
transgenic mice had increased infarct size (Figure 2A), ventricular dila-
tion, and cardiac dysfunction (Figure 2B1–B3) post-MI. The survival
rates of GRK4 WT and GRK4 A486V transgenic mice were lower
than control mice subjected to MI (Figure 2C). Moreover, the infarc-
tion size, cardiac function and left ventricular dilation, and survival
rate were worse in GRK4 A486V mice than in GRK4 WT transgenic
mice (Figure 2A–C). We also generated inducible cardiomyocyte-
specific GRK4 knockout mice (GRK4flox/flox/myh6-MerCreMer mice
induced by 4-OH tamoxifen). Myh6-MerCreMer mice with 4-OH
tamoxifen injection were used as control (Supplementary material
online, Figure S4). Impaired GRK4 activity in heart tissue of conditional
cardiomyocyte specific GRK4 knockout mice was revealed by detect-
ing DRD1 phosphorylation (Supplementary material online, Figure
S2C). The GRK4 protein levels in the hearts of conditional
cardiomyocyte-specific GRK4 knockout mice were significantly
lower than that in control mice (Figure 2D). The hearts of conditional
cardiomyocyte specific GRK4 knockout mice had smaller infarct size
(Figure 2E), better cardiac function, and lesser left ventricular dilation
post-MI than control mice (Figure 2F1–F3).

These data suggest that GRK4 enhanced MI-induced cardiac injury,
which was further aggravated by the GRK4 A486V variant with high
GRK4 activity. GRK4 deficiency ameliorates MI-induced cardiac
injury.

G protein-coupled receptor kinase 4
increased cardiomyocyte apoptosis and
decreased cardiomyocyte autophagy
post-myocardial infarction
Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
(TUNEL) assay was performed on heart tissue sections containing
border zones collected at 2 days post-MI. Compared with control
mice, GRK4 transgenic mice had increased TUNELþ cardiomyocytes
that were greater in GRK4 A486V mice than in GRK4 WT transgenic
mice (Figure 3A), although the GRK4 protein levels in GRK4 WT and
GRK4 A486V groups were comparable (Supplementary material on-
line, Figure S5A). In in vitro experiments, NRVMs with the indicated
GRK4 adenovirus transfection were subjected to hypoxia. WT
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Figure 1 The expression and distribution of G protein-coupled receptor kinase 4 in heart subjected to MI. (A) G protein-coupled receptor kinase
4 mRNA in the hearts of C57BL/6 mice before and 2 days after myocardial infarction, n = 5 per group. (B) Representative G protein-coupled recep-
tor kinase 4 protein bands and their quantification in the heart before and 2 days after myocardial infarction, n = 5 per group. (C) G protein-coupled
receptor kinase 4 expression in the heart, before and 2 days after myocardial infarction, detected by immunohistochemistry. (D) G protein-coupled
receptor kinase 4 expression and distribution in infarct border zone, yellow boxes indicate the magnified areas. (E) G protein-coupled receptor
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..GRK4 overexpression increased cardiomyocyte apoptosis, which
was augmented by GRK4 A486V overexpression (Figure 3B), while
GRK4 levels and transfection efficiency in GRK4 WT- and GRK4
A486V-transfected NRVMs were also comparable (Supplementary
material online, Figure S5B1 and B2). These results indicate that the
GRK4-augmented cardiac injury is associated with increased cardio-
myocyte apoptosis.

Autophagy coordinates and affects apoptosis that determines car-
diomyocyte fate during ischaemic cardiac injury.11 The expression of
microtubule-associated protein-1 light chain 3-II (LC3-II), a marker of
autophagy,11,12 was increased by MI, which was dampened in GRK4
transgenic mice and to a greater extent in GRK4 A486V mice than in
GRK4 WT transgenic mice (Figure 4A). Immunostaining showed
increased the LC3-II in infarct border zone of the post-MI hearts,
which was blunted in GRK4 transgenic mice (to a greater extent in
GRK4 A486V mice than in GRK4 WT mice) (Figure 4B). We also
quantified the protein expressions of other autophagy markers
ATG5, ATG7, and p62 in the mouse heart. ATG5 and ATG7 were
up-regulated after MI in control mice; the increases in ATG5 and
ATG7 proteins after MI were blunted in GRK4 WT and GRK4
A486V mice. By contrast, p62, an autophagy adaptor protein, which
accumulates when autophagy is inhibited,12 was decreased after MI in
control mice and to a lesser extent in GRK4 WT mice but increased
in GRK4 A486V mice (Supplementary material online, Figure S6).
Electron microscopy showed that MI induced the formation of
autophagy vacuoles in cardiomyocytes in control (or sham mice).
The quantity of autophagy vacuoles was decreased in GRK4 WT and
GRK4 A486V mice after MI (Supplementary material online, Figure
S7). These data show that GRK4 (to a greater extent in GRK4
A486V mice than in GRK4 WT mice) represses autophagy in the
heart after MI.

We also found that hypoxia induced GFP-LC3-II dot formation
and protein expression, which was blunted in cardiomyocytes over-
expressing GRK4 WT or GRK4 A486V (Figure 4C and

Supplementary material online, Figure S8). In conditional
cardiomyocyte-specific GRK4 knockout mice, the LC3-II formation
was significantly increased after MI compared with control
(Supplementary material online, Figure S9). Bafilomycin A1, a lyso-
somal inhibitor that can block the degradation of LC3-II in autophagy
flux, did not affect the LC3-II levels repressed by GRK4 in vitro and
in vivo (Supplementary material online, Figures S8 and S10), suggesting
that the decreased LC3-II formation was not due to the accelerated
degradation in autophagy flux. In addition, the autophagy agonist
rapamycin12 reversed the GRK4 WT- and GRK4 A486V-induced re-
pression of LC3-II (Supplementary material online, Figure S11) and
normalized the apoptosis (TUNEL positive) in cardiomyocytes
expressing GRK4 WT and GRK4 A486V (Figure 4D1 and D2).
Treatment with the autophagy inducer TAT-beclin-1 rescued the

impaired cardiac function and decreased the enlarged scar size
caused by GRK4 A486V variant (Figure 4E and F). These data support
autophagy as the mechanism by which GRK4 aggravates MI injury, ra-
ther than just serving as an injury marker.

G protein-coupled receptor kinase 4
regulated beclin-1 expression and
autophagy in cardiomyocytes via an
HDAC4-dependent mechanism
Beclin-1 is essential for initiating autophagosome nucleation; inhib-
ition of beclin-1 decreases LC3-II protein levels and impairs autoph-
agy.12 Compared with post-MI control mice, cardiac beclin-1 protein
expression was deceased in GRK4 transgenic mice (to a greater ex-
tent in GRK4 A486V mice than in GRK4 WT mice) (Figure 5A). How
GRK4 impairs beclin-1 expression is unknown. Previous reports
showed that GRKs may regulate HDAC function, thereby influencing
gene expression.4,13 Moreover, HDAC4 participates in autophagy
regulation by up-regulating beclin-1 in rodent vascular endothelial
and smooth muscle cells.14 Our data showed that hypoxia induced
HDAC4 nuclear translocation in NRVMs, which was blunted by
GRK4 WT or to a greater extent by GRK4 A486V overexpression
(Figure 5B). In addition, the LC3-II formation in cardiomyocyte-
specific GRK4 knockout mice post-MI was impaired by HDAC4
knockdown with HDAC4 siRNA (Supplementary material online,
Figure S9), indicating that HDAC4 was involved in GRK4-mediated in-
hibition of autophagy.

A previous study showed that the nuclear-cytosol shuffling of
HDAC4 is regulated by the phosphorylation of 246/467/632 serine.15

HDAC4 S3A, the 246, 467, and 632 serine to alanine mutant, which
is resistant to phosphorylation, caused a constitutive nuclear localiza-
tion of HDAC4 and partially rescued the decrease in LC3-II expres-
sion and aggravation of apoptosis induced by GRK4 in NRVMs under
hypoxia. The GFP-LC3 dots repressed by GRK4 in NRMVs subjected
to hypoxia were increased in adenovirus-mediated HDAC4 S3A
overexpressing cardiomyocytes (Figure 5C–E), while comparable ex-
ogenous amount and transfection efficiency of HDAC4 were verified
(Supplementary material online, Figure S5C1–C4). In NRVMs overex-
pressing GRK4/HDAC4 and in post-MI heart infarct border zone, the
phosphorylation of HDAC4 S632, along with the interaction be-
tween 14-3-3 and HDAC4 (which correlates with HDAC4 phos-
phorylation and is a surrogate marker of HDAC4 phosphorylation),
was significantly increased by GRK4 WT and further increased by
GRK4 A486V (Supplementary material online, Figure S12A–C). In
NRVMs, the increased HDAC4 phosphorylation and the decreased
LC3-II protein expression, with GRK4 A486V overexpression in
HDAC4 WT, were blocked by adenovirus overexpressing HDAC4-
S632A (resistant to serine 632 phosphorylation) (Supplementary

Figure 1 Continued
kinase 4 mRNA in NRVMs with or without hypoxia, n = 5 per group. (F) Representative G protein-coupled receptor kinase 4 protein bands
and their quantification in neonatal rat ventricular myocytes with or without hypoxia, n = 5 per group. (G) G protein-coupled receptor kinase
4 expression and distribution in cultured neonatal rat ventricular myocytes; scale bar = 50lm. Data are expressed as mean ± standard devi-
ation; number above the overbraces in the figures shows P-values. GRK4, G protein-coupled receptor kinase 4; MI, myocardial infarction;
NRVMs, neonatal rat ventricular myocytes.
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Figure 2 The effect of G protein-coupled receptor kinase 4 gain and loss of function on myocardial infarction. (A) Infarct size in the hearts of the
indicated group was detected by Masson’s trichrome staining 4 weeks post-myocardial infarction, n = 4–5 per group. (B) left ventricular ejection frac-
tion (LVEF) and left ventricular internal diameter end diastole (LVIDd) were measured by echocardiography, n = 4–12 per group. (C) The Kaplan–
Meier survival rate of the mice subjected to myocardial infarction. The methodology used for statistical analysis is log-rank (Mantel–Cox) test, n = 8–
15 per group. (D) G protein-coupled receptor kinase 4 protein and mRNA levels from control (myh6-MerCreMer) and inducible cardiomyocyte-
specific G protein-coupled receptor kinase 4 knockout mice post-myocardial infarction. (E) The infarct size in the hearts from control and inducible
cardiomyocyte-specific knockout mice 4 weeks post-myocardial infarction, n = 5 per group. (F) LVEF and LVIDd of control and inducible cardiomyo-
cyte-specific G protein-coupled receptor kinase 4 knockout mice 4 weeks post-myocardial infarction, n = 4–5 per group. Data are expressed as
mean ± standard deviation; number above the overbraces in the figures shows P-values. GRK4, G protein-coupled receptor kinase 4; MI, myocardial
infarction; WT, wild type.
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material online, Figure S12D). These data indicate that HDAC4 phos-
phorylation at S632 is necessary for the GRK4-mediated regulation
of cardiomyocyte autophagy. By contrast, HDAC phosphorylation at
S246 is not affected by GRK4 WT or GRK4 486V (Supplementary
material online, Figure S12C1 and C2).

G protein-coupled receptor kinase 4
interacts with HDAC4 and reduces its
binding to beclin-1 promoter
We further investigated how GRK4 regulates HDAC4 in cardiomyo-
cytes. In NRVMs, GRK4 was distributed in both the cytoplasm and
the nucleus under normal conditions. However, GRK4 aggregated
into the nucleus after hypoxia (Figure 6A), and significantly more in

NRVMs transfected with Myc-GRK4 A486V (Figure 6B). Moreover,
the GRK4 expression in the nuclei was increased several hours post-
MI that peaked at 24–48 h (Supplementary material online, Figure
S13A), jibing with the nuclear HDAC4 localization time course
(Supplementary material online, Figure S13B). Confocal microscopy
revealed that GRK4 co-localized with HDAC4 in the nuclei in
NRVMs, which was increased by hypoxia (Figure 6C). In the hearts
from the in vivo studies, GRK4 co-immunoprecipitated with HDAC4
(Figure 6D). Proximity ligation assay on heart sections showed that
the fluorescence signal was observed in the nuclei of post-MI heart,
confirming the nuclear co-localization of GRK4 and HDAC4
(Supplementary material online, Figure S14). These results support
the assumption that GRK4 translocated into the nucleus, interacted
with HDAC4, and affected its function in MI/hypoxia. Furthermore,

Figure 3 G protein-coupled receptor kinase 4 increases cardiomyocyte apoptosis in post-myocardial infarction heart. (A) Representative images
and quantification of the cardiomyocytes apoptosis (TUNEL staining) in border zone of heart tissue 2 days post-myocardial infarction, n = 7 per
group. (B) Hypoxia-induced apoptosis in neonatal rat ventricular myocytes with G protein-coupled receptor kinase 4 WT or G protein-coupled re-
ceptor kinase 4 A486V overexpression assessed by terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) assay, n = 7 per
group. Scale bar = 50lm. Data are expressed as mean ± standard deviation; number above the overbraces in figures shows P-values. GRK4, G pro-
tein-coupled receptor kinase 4; MI, myocardial infarction; WT, wild type.
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Figure 4 G protein-coupled receptor kinase 4 decreases cardiomyocyte autophagy in post-myocardial infarction heart. (A) LC3-BII protein levels
in heart tissue 1 week post-myocardial infarction, n = 7 per group. (B) LC3-BII dots analysed by immunostaining in heart tissue 1 week post-myocar-
dial infarction, n = 7 per group. Scale bar = 20lm. (C) Neonatal rat ventricular myocytes transfected with Ad-GFP-LC3 and indicated adenovirus
with or without hypoxia treatment. The representative images and quantification of GFP dots are shown, n = 7 per group. (D) The effect of rapamycin
on hypoxia-induced apoptosis in neonatal rat ventricular myocytes with G protein-coupled receptor kinase 4 WT or A486V overexpression, n = 4
per group. Scale bar = 50lm. (E) The representative images and quantification of echocardiographic data of mice 4 weeks after myocardial infarction
treated with control (TAT-scramble) or TAT-beclin-1, n = 4–5 per group. (F) The scar size of the infarcts in the hearts of the indicated groups, meas-
ured by Masson staining, n = 4–5 per group. Data are expressed as mean ± standard deviation; numbers above the overbraces show P-values. GRK4,
G protein-coupled receptor kinase 4; MI, myocardial infarction; WT, wild type.
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..ChIP assay showed that the HDAC4 bound to the beclin-1 promoter
(-1218 to 1211 bp of the beclin-1 promoter, containing FOXO3
binding site ‘GGAAAACA’). The binding was significantly reduced in

GRK4 WT and GRK4 A486V mouse heart, to a greater extent in the
latter than in the former, demonstrated by polymerase chain reaction
(PCR) and quantified by real-time PCR (Supplementary material

Figure 4 Continued.
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Figure 5 G protein-coupled receptor kinase 4 decreases beclin-1 and inhibits autophagy by impairing HDAC4 nuclear localization. (A) Beclin-1
protein levels in heart tissue at 1 week post-myocardial infarction, n = 7 per group. (B) The nuclear localization of HDAC4 observed by immunostain-
ing, n = 7 per group. (C) The representative images and quantification of GFP-light chain 3-II dots in neonatal rat ventricular myocytes transfected
with Ad-GFP-LC3, indicated adenovirus, and cultured under hypoxia, n = 7 per group. (D) Light chain 3-II protein in neonatal rat ventricular myocytes
transfected with indicated adenovirus and cultured under hypoxia, n = 7 per group. (E) The hypoxia-induced apoptosis in neonatal rat ventricular
myocytes transfected with indicated adenovirus, n = 7 per group. Scale bar = 50 lm. Data are expressed as mean ± standard deviation; numbers
above the overbraces show P-values. GRK4, G protein-coupled receptor kinase 4; LC3-I, light chain 3-I; LC3-II, light chain 3-II; MI, myocardial infarc-
tion; WT, wild type.
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.online, Figure S15A). There was no ChIP in negative control (30-un-
translated region) (Supplementary material online, Figure S15B).
These results indicate that GRK4 can translocate into the nucleus
and phosphorylate HDAC4 and, thus, decrease its binding to beclin-1
promoter.

Patients with G protein-coupled receptor
kinase 4 A486V mutant have augmented
myocardial infarction-induced injury
Constitutively active GRK4 A486V has increased activity that is inde-
pendent of its protein abundance.8–10 A total of 550 patients were
enrolled to investigate the effect of GRK4 on the cardiac function in
patients with MI, and multivariate linear regression analyses were per-
formed. The ejection fraction (EF) % (mean ± SD) of GRK4 486 A:A
(WT), GRK4 486 A:V (heterozygous variant), and GRK4 486 V:V
(homozygous variant) were 63.49 ± 9.3 (n = 111), 60.83 ± 10.81
(n = 295), and 57.9± 11.17 (n = 144), respectively. Potential covari-
ates considered in the regression model included age, sex, history of
hypertension and diabetes, history of heart failure and MI, smoking,
serum lipids, serum creatinine, serum glycated haemoglobin, ST-seg-
ment elevation myocardial infarction (STEMI)/non-STEMI, culprit ves-
sel and stent number, diseased vessel number, thrombolysis In

Myocardial Infarction (TIMI) flow grade, and time of symptom onset
to percutaneous coronary intervention (Table 1). The data showed
that GRK4 A486V (486 A:V and V:V) genotypes were independent
factors, that predicted a lower EF% than GRK4 WT (486 A:A)
(Table 2).

Discussion

In the present study, we found that GRK4 expression and nuclear lo-
calization are increased by MI in cardiomyocytes. GRK4 overexpres-
sion exaggerated MI injury while inducible cardiomyocyte-specific
GRK4 knockout ameliorated MI-induced cardiac dysfunction and
remodelling. In cardiomyocytes, GRK4 inhibited autophagy and pro-
moted apoptosis, through a mechanism that involved the phosphor-
ylation of HDAC4 and a decrease in beclin-1 expression. The GRK4
A486V variant with constitutive activity further exaggerated those
detrimental effects. These data suggest that GRK4 may be a thera-
peutic target in the treatment of MI.

GRK4 plays a critical role in essential hypertension because its
increased expression or variants impair the ability to excrete a salt
load by desensitizing dopamine receptors and increasing AT1 recep-
tor expression in the kidney.8–10 In humans, GRK4 activity is

Figure 5 Continued.
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Figure 6 The interaction between G protein-coupled receptor kinase 4 and HDAC4 in hypoxic cardiomyocytes. (A) The distribution of G
protein-coupled receptor kinase 4 in neonatal rat ventricular myocytes in normoxia/hypoxia, scale bar = 50lm. (B) The G protein-coupled receptor
kinase 4 distribution in neonatal rat ventricular myocytes transfected with indicated adenovirus in normoxia/hypoxia, scale bar = 25lm. (C) The co-
localization of G protein-coupled receptor kinase 4 and HDAC4 in neonatal rat ventricular myocytes analysed by confocal microscopy. (D) The
interaction between HDAC4 and G protein-coupled receptor kinase 4 in mouse heart determined by co-immunoprecipitation. Left panel: the pro-
tein sample enriched by anti-G protein-coupled receptor kinase 4 antibody and probed with the indicated antibodies. Right panel: the protein sample
enriched by anti-HDAC4 antibody and probed with the indicated antibodies. The experiment was repeated for three times. GRK4, G protein-
coupled receptor kinase 4; WT, wild type.
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constitutively increased by GRK4 R65L, GRK4 A142V, and GRK4
A486V,6 among which GRK4 A486V is most frequent in the Asian
population.6 However, little is known about the role of GRK4 and its
polymorphisms in cardiac ischaemic injury. Indeed, GRK4 expression
has not been consistently shown in normal heart,8–10,16 and minimally
expressed in healthy left ventricles in humans.9 Based on clinical data,
a total of 550 patients was enrolled to investigate the effect of GRK4
on cardiac function in patients with MI. Potential covariates were
considered in the regression model and multivariate linear regression
analyses were performed. The data showed that GRK4 A486V geno-
types were independent risk factors of EF% post-MI and indicated
that patients carrying GRK4 A486V may suffer more severe myocar-
dial injury after MI.

The two members of the GRK family, GRK2 and GRK5, are abun-
dantly expressed in the heart and elevated under ischemia2 and ven-
tricular overload.4 However, the characteristics of GRK4 expression
in ischaemic heart have not been reported. The present study is the
first to describe the expression and distribution of GRK4 in heart tis-
sue before and after MI. GRK4 was modestly expressed in the normal
mouse heart, but its expression was increased by MI, mainly in the in-
farct border zone, in a time-dependent manner. Hypoxia could
stimulate GRK4 expression in cultured cardiomyocytes. GRK4 was
located in both cytoplasm and nucleus of cardiomyocytes, while MI
or hypoxia induced its nuclear translocation. We further demon-
strated the effect of GRK4 on cardiac function in human GRK4 WT
or GRK4 A486V transgenic mice and inducible cardiomyocyte-

specific GRK4 knockout mice. Our data showed that human GRK4
positively regulates cardiomyocyte apoptosis in the ischaemic myo-
cardium. Either high expression or high activity of GRK4 was harmful
to the heart subjected to MI. Transgenic mice expressing human
GRK4 WT or human GRK4 A486V did not develop hypertension
and cardiomyopathy; thus, the augmented ischaemic injury in human
GRK4 WT or human GRK4 A486V mice was not a secondary effect
of elevated blood pressure.

Autophagy, which is required to maintain normal heart function, is
up-regulated after MI. Activation of autophagy can reduce MI-
induced cardiomyocyte apoptosis and cardiac dysfunction.12 Our
data showed that GRK4 overexpression significantly attenuated
autophagy after MI. Moreover, the autophagy agonist rapamycin res-
cued the aggregated apoptosis in GRK4-overexpressing cardiomyo-
cytes. This result is in agreement with a previous study showing that
rapamycin protects cardiomyocytes from apoptosis induced by is-
chemia/reperfusion injury.17

How GRK4 influences cardiomyocyte autophagy is unknown.
Previous studies showed that GRK can target HDACs, thereby regu-
lating gene expressions.13 Among the HDAC family members,
HDAC4 can both positively regulate autophagy and ameliorate is-
chaemic injury. HDAC4 has been reported to induce the expression
of beclin-1 and other autophagy-related genes by the deacetylation
of transcription factors, such as FOXO3a.14,18 In our experiments,
GRK4 attenuated the HDAC4 nuclear translocation in cardiomyo-
cytes. The HDAC4 phosphorylation-resistant mutant S3A (serine

Take home figure GRK4 aggravates cardiac ischemic injury via inhibiting autophagy in a HDAC4-dependent way. Autophagy activity is protect-
ive for cardiomyocyte apoptosis in post-myocardial infarction heart. Nuclear accumulated HDAC4 regulates the binding of FoxO3a with beclin1 pro-
moter, thereby increasing the expression of beclin1 and autophagy. Ischaemic injury stimulates GRK4 expression in cardiomyocyte. Elevated GRK4
translocate into nuclei, phosphorylates HDAC4 and promotes its nuclear export. This inhibits the effect of HDAC4 on autophagy, thereby aggravat-
ing cardiomyocyte apoptosis and cardiac remodeling.
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246/467/632 to alanine mutation), which leads to constitutive nuclear
localization of HDAC4, restored the GRK4-induced autophagy inhib-
ition and apoptosis induction in cardiomyocytes, indicating that the
GRK4’s effect on cardiac injury is dependent on HDAC4 phosphoryl-
ation. Our result also suggested that, among the serine 246, 467, and
632 phosphorylation sites, serine 632 was phosphorylated by GRK4.

Moreover, hypoxia stimulated the co-localization of GRK4 and
HDAC4 in cardiomyocytes; co-immunoprecipitation and proximal li-
gation assay suggested the interaction between the two proteins.
ChIP assay showed HDAC4 binding with beclin-1 promoter, which
was blocked by GRK4 variants. These results indicate that GRK4 can
translocate into the nucleus and phosphorylate HDAC4, thus

.........................................................................................................

....................................................................................................................................................................................................................

Table 1 Basic characteristics of myocardial infarction patients carrying G protein-coupled receptor kinase 4 wild type
or G protein-coupled receptor kinase 4 A486V

N GRK4 A486V polymorphism P-value

A:A A:V V:V

111 295 144

Age 62.91 ± 11.12 63.63 ± 12.11 63.5 ± 11.21 0.851

Male sex, n (%) 92 (83%) 248 (84%) 125 (86%) 0.427

BMI 24.47 ± 3.33 24.24 ± 3.33 24.03 ± 2.79 0.782

Systolic blood pressure (mmHg) 125.6 ± 16.3 129.4 ± 22.10 127.1 ± 21 0.669

Diastolic blood pressure (mmHg) 77.4 ± 17.5 77.32 ± 15.02 77.84 ± 14.53 0.937

History of hypertension, n (%) 51 (46%) 157 (53.2%) 74 (51.3%) 0.393

History of diabetes, n (%) 22 (20%) 62 (21%) 27 (19%) 0.231

History of smoking, n (%) 44 (40%) 130 (44%) 60 (42%) 0.335

History of MI, n (%) 6 (5.4%) 11 (1.6%) 5 (4%) 0.413

History of heart failure, n (%) 6 (5.4%) 10 (3%) 4 (3%) 0.214

Cholesterol (mmol/L) 4.9 ± 1.4 4.8 ± 1.2 4.8 ± 1.5 0.468

Triglyceride (mmol/L) 1.54 ± 0.79 1.53 ± 0.8 1.55 ± 0.75 0.310

HDL (mmol/L) 1.15 ± 0.32 1.17 ± 0.30 1.16 ± 0.29 0.282

LDL (mmol/L) 2.68 ± 1.18 2.57 ± 1.18 2.43 ± 1.18 0.274

BUN (mmol/L) 5.58 ± 2.13 5.51 ± 2.13 5.64 ± 1.95 0.391

Creatinine (mmol/L) 87.40 ± 33.34 89.40 ± 31.14 88.30 ± 32.24 0.246

HbA1c (%) 6.47 ± 1.2 6.37 ± 1.1 6.41 ± 1.3 0.439

Culprit vessel 0.468

LAD 61 (55%) 160 (54%) 81 (56%)

LCX 27 (24%) 77 (26%) 33 (22%)

RCA 23 (21%) 58 (20%) 31 (22%)

Stent number implanted 1.17 ± 0.91 1.22 ± 0.92 1.3 ± 0.85 0.292

Number of diseased vessels

1 vessel 53 (48%) 138 (47%) 66 (46%) 0.410

2 vessels 51 (46%) 141 (48%) 70 (48%) 0.377

3 vessels 7 (6%) 16 (5%) 8 (6%) 0.323

TIMI flow grade before PCI 0.522

TIMI 0, n (%) 34 (30.6%) 71 (24%) 40 (27%)

TIMI 1, n (%) 2 (1.8%) 9 (3%) 4 (2.7%)

TIMI 2, n (%) 3 (2.7%) 11 (3.7%) 7 (4.8%)

TIMI 3, n (%) 72 (64.8%) 202 (68.4%) 93 (64.5%)

TIMI flow grade after PCI 0.517

TIMI 0, n (%) 2 (12%) 5 (1.6%) 3 (2%)

TIMI 1, n (%) 0 (0%) 1 (0.003%) 0 (0%)

TIMI 2, n (%) 0 (0%) 2 (0.006%) 3 (2%)

TIMI 3, n (%) 109 (98%) 287 (97%) 138 (96%)

STEMI, n (%) 45 (40.07%) 116 (39.32) 64 (44.0%) 0.609

Time of symptom onset to PCI (h) 95 ± 138 86 ± 123 90 ± 117 0.441

The patients diagnosed with MI were divided into GRK4 486 A:A (GRK4 WT), GRK4 486 A:V (GRK4 486, heterozygotes), and GRK4 486 V:V (GRK4 486V homozygotes)
groups, according to genotyping results. These data of patients are presented as mean ± standard deviation and analysed by Pearson v2, Kruskal–Wallis tests, or analysis of vari-
ance (ANOVA) according to the type of variables. HbA1c, hemoglobin A1c; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery.
GRK4, G protein-coupled receptor kinase 4, MI, myocardial infarction; PCI, percutaneous coronary intervention; RCA, right coronary artery.
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.
decrease its binding with beclin-1 promoter, thereby influencing
autophagy.

In conclusion, high expression or activity of GRK4 increased cardi-
omyocyte death and cardiac dysfunction after MI, while inhibiting
GRK4 exerts a therapeutic effect against MI. GRK4 inhibits autophagy
by blunting HDAC4 function and subsequently decreasing beclin-1
expression (Take home figure). GRK4 may be a potential therapeutic
target for ischaemic heart injury.

Supplementary material

Supplementary material is available at European Heart Journal online.
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*Adjusted for basic characteristics described in Table 1, GRK 486 A:V and GRK4 486 V:V were compared with GRK4 486 A:A.
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