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Background Pathological cardiac hypertrophy occurs in response to numerous stimuli and precedes heart failure
(HF). Therapies that ameliorate pathological cardiac hypertrophy are highly needed.

Methods The expression level of miR-30d was analyzed in hypertrophy models and serum of patients with chronic
heart failure by qRT-PCR. Gain and loss-of-function experiments of miR-30d were performed in vitro. miR-30d gain
of function were performed in vivo. Bioinformatics, western blot, luciferase assay, qRT-PCR, and immunofluores-
cence were performed to examine the molecular mechanisms of miR-30d.

Findings miR-30d was decreased in both murine and neonatal rat cardiomyocytes (NRCMs) models of hypertro-
phy. miR-30d overexpression ameliorated phenylephrine (PE) and angiotensin II (Ang II) induced hypertrophy in
NRCMs, whereas the opposite phenotype was observed when miR-30d was downregulated. Consistently, the miR-
30d transgenic rat was found to protect against isoproterenol (ISO)-induced pathological hypertrophy. Mechanisti-
cally, methyltransferase EZH2 could promote H3K27me3 methylation in the promotor region of miR-30d and
suppress its expression during the pathological cardiac hypertrophy. miR-30d prevented pathological cardiac
hypertrophy via negatively regulating its target genes MAP4K4 and GRP78 and inhibiting pro-hypertrophic
nuclear factor of activated T cells (NFAT). Adeno-associated virus (AAV) serotype 9 mediated-miR-30d overexpres-
sion exhibited beneficial effects in murine hypertrophic model. Notably, miR-30d was reduced in serum of
patients with chronic heart failure and miR-30d overexpression could significantly ameliorate pathological hyper-
trophy in human embryonic stem cell-derived cardiomyocytes.

Interpretation Overexpression of miR-30d may be a potential approach to treat pathological cardiac hypertrophy.

Funding This work was supported by the grants from National Key Research and Development Project
(2018YFE0113500 to J Xiao), National Natural Science Foundation of China (82020108002 to J Xiao, 81900359 to J
Li), the grant from Science and Technology Commission of Shanghai Municipality (20DZ2255400 and
21XD1421300 to J Xiao, 22010500200 to J Li), Shanghai Sailing Program (19YF1416400 to J Li), the “Dawn” Pro-
gram of Shanghai Education Commission (19SG34 to J Xiao), the “Chen Guang” project supported by the Shanghai
Municipal Education Commission and Shanghai Education Development Foundation (19CG45 to J Li).
*Corresponding author at: Cardiac Regeneration and Ageing lab, Institute of Cardiovascular Sciences, Shanghai Engineering

Research Center of Organ Repair, School of Life Science, Shanghai University, 333 Nan Chen Road, Shanghai 200444, China.

**Corresponding author at: Department of Pathophysiology, Harbin Medical University-Daqing, Daqing, 163319, China.

E-mail addresses: limingyanghmu@163.com (L. Yang), junjiexiao@shu.edu.cn (J. Xiao).
1 These authors contributed equally to this work.

www.thelancet.com Vol 81 Month , 2022 1

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.104108&domain=pdf
mailto:limingyanghmu@163.com
mailto:junjiexiao@shu.edu.cn
https://doi.org/10.1016/j.ebiom.2022.104108
https://doi.org/10.1016/j.ebiom.2022.104108


Articles

2

Copyright � 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Pathological cardiac hypertrophy; miR-30d; Translational research
Research in context

Evidence before the study

MicroRNA (miRNA, miR) has been shown to have a vital
role in cardiovascular diseases including pathological
cardiac hypertrophy and heart failure. The authors pre-
viously reported that miR-30d regulated adverse cardiac
remodeling by intracellular and paracrine signaling.
However, if miR-30d could be a therapeutic target for
pathological cardiac hypertrophy is undetermined.

Added value of the study

1. miR-30d is significantly decreased in both murine and
neonatal rat cardiomyocytes (NRCMs) models of
hypertrophy.
2. AAV9-mediated elevation of miR-30d reversed estab-
lished pathological cardiac hypertrophy in vivo.
3. Mechanistically, the EZH2-miR-30d-MAP4K4/GRP78-
NFAT signaling pathway appears to be involved in car-
diac hypertrophy.
4. miR-30d is reduced in the serum of patients with
chronic heart failure and miR-30d overexpression could
significantly ameliorate pathological hypertrophy in
human embryonic stem cell-derived cardiomyocytes.

Implications of all the available evidence

Our findings indicate that overexpression of miR-30d
represents a potential therapeutic intervention for path-
ological cardiac hypertrophy.
Introduction
Pathological cardiac hypertrophy is a process caused by
compensatory response to long-standing biomechanical
pressure or volume overload, which is commonly
observed in patients with hypertension, myocardial
infarction and valvular diseases.1 Pathological cardiac
hypertrophy often precedes overt heart failure and is an
independent prognosticator of cardiovascular mortality.
Current pharmacological agents including b-blockers,
calcium antagonists, or angiotensin-converting enzyme
(ACE) inhibitors are at largely used after clinical mani-
festation of HF symptoms. Thus, new therapies that
can reverse pathological cardiac hypertrophy are highly
needed.

MicroRNA (miRNA, miR), a classic type of non-cod-
ing RNA, has been shown to have a causal role in car-
diovascular diseases including pathological cardiac
hypertrophy and heart failure.2-4 As miRNAs can be
easily manipulated, they are promising therapeutic tar-
gets for intervention, with several on-going clinical tri-
als. miR-92a-3p is a therapeutic target for
cardiovascular disease and wound healing. MRG-110
(anti-miR-92a), a locked nucleic acid-based antisense
oligonucleotide has been tested in humans for efficiency
and target derepression.5 Besides, CDR132L, a synthetic
lead-optimized oligonucleotide inhibitor of miR-132 has
been tested for maladaptive remodeling (phase I
study).6 For miRNA overexpression clinical trial, an
example of miRNA delivery via nanoparticles is in the
ongoing phase I clinical trial (NCT04675996) which
employs a modified miR-193a-3p mimic for therapeutic
intervention in oncology. miR-124 overexpression is
used to treat crohn disease in the ongoing phase II clini-
cal trial (NCT03905109). miR-30d is a miRNA whose
circulating levels have been associated with response to
cardiac resynchronization therapy in heart failure.7

Recently, we also reported that miR-30d regulated
adverse cardiac remodeling by intracellular and para-
crine signaling.8 However, if miR-30d could be a thera-
peutic target of pathological cardiac hypertrophy is
undetermined.

In this study, we demonstrate that miR-30d suppres-
sion is a major contributor to pathological hypertrophy.
Importantly, AAV9-mediated elevation of miR-30d
reversed established pathological cardiac hypertrophy in
vivo. Mechanistically, we found methyltransferase EZH2
inhibited transcription of miR-30d by promoting the meth-
ylation level of H3K27me3 in the miR-30d promotor and
further identified MAP4K4 and GRP78 as target genes of
miR-30d. Finally, the potential clinical relevance of miR-
30d in human is underscored by the decreased serum
circulating miR-30d level in chronic heart failure
patients with mid-range ventricular function and the
protective effects of miR-30d in human embryonic
stem cell-derived cardiomyocytes hypertrophy model
stimulated by PE and ISO. Therefore, our study pro-
vides the basis for pre-clinical and clinical develop-
ment of miR-30d overexpression for the treatment of
pathological cardiac hypertrophy and heart failure.

Methods

Ethics statement
Male C57BL/6J mice at 8-10 weeks old were purchased
from Charles River (Beijing, China). The miR-30d trans-
genic rat were used, as we previously reported.8 All mice
and rat were maintained in a specific pathogen-free
(SPF) laboratory animal facility of Shanghai University
(Shanghai, China). All procedures with animals
www.thelancet.com Vol 81 Month , 2022
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followed guidelines on the use and care of laboratory
animals for biomedical research published by National
Institutes of Health (No. 85-23, revised 1996). The pres-
ent study was approved by the research ethics commit-
tee of Shanghai University (the approval number: No.
ECSHU2019-013).
Cardiac hypertrophy model
The mice cardiac hypertrophy model induced by trans-
verse aortic constriction (TAC) surgery, angiotensin II
(Ang II)- and isoproterenol (ISO) infusion were performed
as described previously.9 Mice were randomly divided into
different groups. Five mice were fed in each cage.

After the mice were anaesthetized with intraperito-
neal sodium pentobarbital (50 mg/kg), TAC surgery was
performed by tying 7-0 silk structure to the transverse
aorta with a 27-gauge needle placed parallel to that, and
the transverse aorta was tied between the innominate
artery and left common carotid artery after the needle
was removed. Sham surgery was performed with the
same surgery without tying the transverse aorta. Mice
were maintained the anesthesia by mechanical ventila-
tion using a respirator (The respiration rate should be
approximately 110 per minute, with an inspiratory pres-
sure of 17 to 18 cm H2O.) during surgery. Body tempera-
ture was maintained at 37§ 0.5°C during surgery.

Ang II (Sigma, USA) was infused daily by using
Alzet osmotic mini-pumps (Model 2004, Alzet, USA)
with a dose of 1.3 mg/kg/day for 4 weeks. The control
mice were infused with saline. Mice were anaesthetized
through the intraperitoneal application of sodium pen-
tobarbital (50 mg/kg) and followed by implantation of
the Ang II mini-osmotic pump.

ISO (Sigma, USA) was infused daily by using Alzet
osmotic mini-pumps (Model 2002, Alzet, USA) with a
dose of 30 mg/kg/day for 2 weeks. The control mice
were infused with saline. Mice were anaesthetized
through the intraperitoneal application of sodium pen-
tobarbital (50 mg/kg) and followed by implantation of
the ISO mini-osmotic pump.

The rat cardiac hypertrophy model was established
by ISO injection. 8 weeks old male miR-30d transgenic
(TG) Sprague-Dawley (SD) rat and wild type (WT) litter-
mates were used. ISO (Sigma, USA) was intraperitone-
ally injected of 1.5 mg/kg/day for 14 consecutive days.
The control rat were injected with saline. Rat were ran-
domly divided into different groups.

At the end of the experiments, mice or rat were sacri-
ficed via intraperitoneal sodium pentobarbital (60 mg/
kg) and cardiac tissues were analyzed.
Adeno-associated virus (AAV) serotype 9 packaging
and AAV9 treatment
HEK293T cells were cultured in a 10 cm cell culture
dish and cultured with DMEM (10% fetal bovine serum
www.thelancet.com Vol 81 Month , 2022
and 1% penic; 3illin/streptomycin). Then cells were
transfected with 10 mg of miR-30d overexpression plas-
mid (or control plasmid), 10 mg pAAV 2/9 (Addgene
#112865) and 10 mg pAd Delta F6 (Addgene #112867)
by using 100 ml Polyethylenimine (PEI) (1 mg/ml, King-
morn, #KE1098). The supernatant and cells were col-
lected after 48 h. AAV9 virus from the supernatant was
obtained by PEG8000 precipitation. Virus from cells
were obtained by the repetitive freeze thaw method.
After incubated with 1 M MgCl2 and Benzonase
�nuclease (EMD Millipore Core, USA), AAV9 virus
were purified by density gradient centrifugation with
iodixanol (sigma, USA). Then the purified AAV9 virus
was concentrated with concentration tube (Ami-
con�Ultra-15, Millipore, Ireland). To detect the titer of
virus, viral genomic DNA was extracted by TIANamp
Genomic DNA Kit (TIANGEN, China). qRT-PCR was
performed to analyze the titer of virus with a standard
curve. A single tail vein injection of AAV9 virus was per-
formed at the dose of 1012 GC per mice. According to
the mature sequence of miR-30d (UGUAAA-
CAUCCCCGACUGGAAG), the following sequences
were designed to overexpress miR-30d and pENN.AAV.
cTNT. plasmid (Addgene viral prep # 105543-AAV9)
was used.

F: 5’-GATCTGTAAACATCCCCGACTGGAAG
CTCGAGCTTCCAGTCGGGGAT

GTTTACATTTTTG-3’,

R: 5’-AATTCAAAAATGTAAACATCCCCGACTGGAAG
CTCGAGCTTCCAGTC

GGGGATGTTTACA-3’.
Neonatal rat cardiomyocytes (NRCMs) isolation,
culture and treatment
Primary neonatal rat cardiomyocytes (NRCMs) were iso-
lated from 1 to 3-day old SD rats and purified by Percoll
(Sigma, USA) gradient centrifugation, as previously
described.10 In brief, hearts were isolated and cut into
small pieces in ADS saline solution. The tissue was
digested with trypsin (Thermofisher, USA) and type II
collagenase (Gibco, USA). After neutralization and cen-
trifugation, separated cells were resuspended in DMEM
supplemented with 10% FBS and 1% penicillin-strepto-
mycin. Cardiac fibroblasts were discarded by using differ-
ential time adherent method. And cardiomyocytes were
purified by density gradient centrifugation in Percoll
solution (GE Healthcare, USA). Purified cardiomyocytes
were incubated in gelatin-coated tissue culture dishes
with DMEM medium mixed with 10% FBS, 5% HS,
maintained in 5% CO2 at 37 °C.

To establish cardiac hypertrophy, NRCMs were
treated with Ang II (1 mM, sigma, USA) or phenyleph-
rine (PE) (100 mM, Tocris Bioscience, UK) for 48 h after
starvation with serum-free DMEM (Gibco, USA) for
3
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6�8 h. NRCM transfection was performed with Lipo-
fectamine 2000 Reagent (Invitrogen, USA). The trans-
fection dosages of mimic negative control (RiboBio,
China) and miR-30d mimic (RiboBio, China) were
50 nM, while inhibitor negative control (RiboBio, China)
and miR-30d inhibitor (RiboBio, China) were 100 nM.
The transfection dosage of siRNAs for MAP4K4, GRP78
and EZH2 were 100 nM and the sequences were listed
in Table S1. After transfection, the cardiac hypertrophy
model was induced by PE or Ang II.
Plasmid and cell transfection
AC16 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) containing 10% fetal bovine serum at
37 °C with 5% CO2. EZH2 overexpression plasmid was
purchased from vigenebio (CH882009, China). The sh-
EZH2 plasmid was constructed in PLKO.TRC, and the
sequences were listed in Table S2. Plasmid transfection
was performed with Lipofectamine 2000 Reagent (Invi-
trogen, USA).
Immunofluorescence
To evaluate the size of cardiomyocytes, a-actinin stain-
ing was performed. After fixed by 4% paraformalde-
hyde, permeabilized with 0.5% Triton X-100, blocked
with 5% BSA in PBST, cardiomyocytes were incubated
with a-actinin primary antibody (sigma#A7811, 1:100)
overnight at 4 °C. Then secondary antibody Cy3-Affi-
niPure Rabbit Anti-Mouse IgG (H+L) (1:500, Jackson
ImmunoResearch Inc) was used to visualization of pri-
mary antibody. Nuclear staining was performed with
DAPI. Images were captured by fluorescence micro-
scope (Leica, German) and the size of cardiomyocytes
was measured by Image J.
Wheat germ agglutinin (WGA) staining
O.C.T Compound (optimal cutting temperature com-
pound, Sakura) embedded frozen sections of the heart
samples were used for WGA staining. The 10-mm heart
cross-sections were reheated at room temperature for
20 min. Then heart cross-sections were gently washed
with PBS 3 times for 5 min each, fixed with 4% parafor-
maldehyde for 15 min. The tissue sections were incu-
bated with WGA working solution (Invitrogen
#W11261, 1:100) for 2 h at room temperature and were
stained with DAPI mounting media for 20 min in dark.
Then the tissue sections were washed with PBS 3 times
and sealed with 50% glycerin. Images were captured by
fluorescent microscope (Leica, German), the area of car-
diomyocytes was measured by Image J (NIH, USA),
and a minimum of 400 cardiomyocytes per mouse was
analyzed.
Hematoxylin-eosin (HE) staining
To assess the morphological changes and size of the
heart, the heart samples were fixed overnight in 4%
paraformaldehyde (PFA). All samples were paraffin-
embedded and sectioned. HE staining was completed
using a Hematoxylin and Eosin Staining Kit (Keygen,
China). The image was taken under an optical micro-
scope (Leica, Germany) at 400 £ magnification for
analysis. At least 50 views and more than 400 cardio-
myocytes per mouse were quantified for analysis by
using Image J software (NIH, USA).
Masson’s trichrome staining
To evaluate the fibrosis level of the heart, heart sections
were fixed in 4% paraformaldehyde (PFA) and cut into
5 mm sections. All sections were stained with Masson’s
trichrome Kit (Keygen, China) to visualize fibrotic tis-
sue. Images were taken by Leica optical microscope
(Leica, German) at 200 £ magnification for analysis.
The result was obtained by using Image J software
(NIH, USA) to calculate the ratio of blue (fibrotic) to the
total myocardial area (health). And at least 50 views
were used for analysis per mouse.
Quantitative real-time polymerase chain reaction (qRT-
PCR)
Total RNA was extracted from heart tissue and cardio-
myocytes by using RNAiso Plus reagent (Takara, Japan)
according to the manufacturer's instructions. For
miRNA analysis, the expression of miRNA was deter-
mined by using stem-loop RT method with Bulge-
LoopTM miRNA qPCR Primer Set (RiboBio, China)
and PCR with TB green premix Ex Taq (Takara,
#RR420A) in Roche480 Detection System. 5S rRNA
was used as an internal control. For mRNA analysis,
cDNA was synthesized using RevertAid First Strand
cDNA Synthesis Kit (Thermofisher, USA) and was sub-
jected to qPCR with Takara SYBR Premix Ex Taq. 18S
rRNA was used as an internal control. The primer
sequences used in this study were listed in Table S3.
The relative expression level of gene or miRNA was cal-
culated using the 2�DDCt method.
Western blotting
The total protein was isolated from the respective cells
or tissues using protein lysis buffer with protease and
phosphatase inhibitor (Keygen, #KGP250). Then the
protein concentration was quantified with BCA Protein
Assay Kit (Takara, #3733). Equal amounts of protein
samples were separated by SDS�polyacrylamide gel
electrophoresis, and then transferred to 0.2 mm polyvi-
nylidene fluoride (PVDF) membranes. The membranes
were blocked with 5% skimmed milk for 2 h at room
temperature and then incubated with primary antibod-
ies diluted in 5% BSA (overnight at 4 °C). Primary
www.thelancet.com Vol 81 Month , 2022



Figure 1. miR-30d is downregulated in pathological cardiac hypertrophy induced by multiple stimuli. (a) qRT-PCR analysis of miR-
30d expression in left ventricle from mice subjected to transverse aortic constriction (TAC) surgery (n = 6 per group), angiotensin II
(Ang II) infusion (n = 6 per group) and isoproterenol (ISO) infusion (n = 6 per group) induced cardiac hypertrophy. (b) qRT-PCR analy-
sis of miR-30d expression in neonatal rat cardiomyocytes (NRCMs) treated with phenylephrine (PE, n = 6 per group) and angiotensin
II (Ang II, n = 6 per group). (c) qRT-PCR analysis of miR-30d expression in left ventricle from rat subjected to ISO injection induced
cardiac hypertrophy (n = 6 per group). Data are shown as means § SD. Statistical significance was determined by Student t test.
*, P < 0.05; **, P < 0.01 and ***, P < 0.001.
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antibodies that we used include: anti-GADPH (bio-
world, #AP0063), anti-MAP4K4 (proteintech, #55247-1-
AP), anti-GRP78 (abclonal, #A0241), anti-EZH2 (abca-
m#ab191250), anti-NFATc3 (Cell Signaling Technology,
#4998S). Then the membranes were incubated with
the appropriate HRP-conjugated secondary antibody
(1:1,0000, Jackson ImmunoResearch Inc) for 2 h at
room temperature. All proteins were visualized by
TanonTM High-sig ECL Western Blotting Substrate Kit
(Tanon, #180-5001) and chemical luminescence of
membranes was detected by Tanon imaging system
(Tanon, #5200s). The density of immunoblots was mea-
sured by Image J.
www.thelancet.com Vol 81 Month , 2022
Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed as described previously.11

ChIP was carried out by the ChIP Assay Kit (Millipore,
USA). In brief, 107 AC16 cells were cross-linked with
37% formaldehyde and 1.5 M glycine. Nuclei were
obtained after lysis and centrifugation. The nuclear
components were extracted with nuclei lysis buffer and
then obtained the DNA fragment by ultrasonic breaker
(Scientz, China). The supernatant was collected, and
the total volume was recorded. Then the supernatant
was incubated with IgG antibody (Sigma,
#SAB3700848), H3K27me3 antibody (Cell Signaling
Technology, # 9733) or EZH2 antibody (abcam, #
5



Figure 2. miR-30d protects against cardiomyocyte hypertrophy in vitro. (a) qRT-PCR analysis of miR-30d expression in neonatal rat
cardiomyocytes (NRCM) transfected with miR-30d mimic and the corresponding negative control (NC) mimic (n = 6 per group). (b)
qRT-PCR analysis of miR-30d expression in NRCM transfected with miR-30d inhibitor and the corresponding NC inhibitor (n = 6 per
group). (c) Left, Representative immunofluorescence image of a-actinin (red)- and DAPI (blue)-stained NRCM transfected with miR-
30d mimic and the NC mimic before treated with or without phenylephrine (PE) for 48 h. Scale bar, 100 mm. Right, Quantification
of the average cell surface areas of NRCM transfected with miR-30d mimic and the NC mimic treated with or without PE. (n = 4 per
group, number of CM� 50 cells per sample). (d) qRT-PCR analysis of hypertrophic marker gene Anp and Bnp expression in NRCM

Articles

6 www.thelancet.com Vol 81 Month , 2022



Articles
ab3748) at 4°C overnight separately. 1% supernatant
was taken as input and stored at 4 °C. Then pre-clean-
ing G-sepharose were added into the mixture and incu-
bated at 4 °C for 90 min. After centrifugation, the
supernatant was removed and beads were washed
repeatedly. IP elution buffer was added to the beads and
the process of de-crosslinking was performed by heating
at 65 °C overnight. Finally, DNA were extracted for qRT-
PCR analysis. The primer sequences were as follows:
Forward primer, 5ʼ- AGCAGGCATCCATGAAATGT-3ʼ,
Reverse primer, 5ʼ- AAGTGGTTCACCAAGTGCAA -3ʼ.
Luciferase reporter assays
For analysis the regulation between EZH2 and miR-
30d, the promotor sequence of miR-30d was cloned in
to PGL3-basic vector. Luciferase reporter assays in AC16
cell were performed as described previously.12 For analy-
sis the target genes of miR-30d, the sequences and
mutated sequences of 3’UTR of MAP4K4 and GRP78
were cloned into PGL3-basic vector. Luciferase reporter
assays in HEK239 cell and H9C2 cell were performed
as described previously.12 The sequences used in this
study were listed in Table S4.
Chronic heart failure patients
All human investigations conformed to the principles
outlined in the Declaration of Helsinki and were
approved by the institutional review committees of
Shanghai Tongji Hospital (the approval number: 2014-
002). 30 chronic heart failure patients (Age: 62.4§6.4;
Male:15(50%)) and 31 age- and gender-matched healthy
controls (Age:62.3§4.4; Male:15(48.4%)) were enrolled.
The diagnosis of chronic heart failure was diagnosis by
two cardiologists according to the Heart Failure Guide-
line of the Chinese Society of Cardiology. All patients
and healthy people were recruited with a written
informed consent at Tongji Hospital (Shanghai, China)
transfected with miR-30d mimic and NC mimic before treated with
immunofluorescence image of a-actinin (red)- and DAPI (blue)-stain
tor before treated with or without phenylephrine (PE) for 48 h. Scal
areas of NRCM transfected with miR-30d inhibitor and the NC inh
CM� 50 cells per sample). (f) qRT-PCR analysis of hypertrophic mark
30d inhibitor and NC inhibitor before treated with or without PE for
cence image of a-actinin (red)- and DAPI (blue)-stained NRCM tran
with or without angiotensin II (Ang II) for 48 h. Scale bar, 100 mm.
transfected with miR-30d mimic and the NC mimic treated with or
sample). (h) qRT-PCR analysis of hypertrophic marker gene Anp and
NC mimic before treated with or without Ang II for 48 h (n = 6 per g
actinin (red)- and DAPI (blue)-stained NRCM transfected with miR-3
Ang II for 48 h. Scale bar, 100 mm. Right, Quantification of the avera
and the NC inhibitor treated with or without Ang II. (n = 4 per grou
hypertrophic marker gene Anp and Bnp expression in NRCM trans
with or without Ang II for 48 h (n = 6 per group). Data are shown as
t test(a-b) and two-way ANOVA test with post hoc tukey (c-j). *, P <
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from November 2015 to December 2016. Venous blood
was collected at enrollment and was stored at -80 °C
until further use.
Measurement of circulating miRNAs
Measurement of circulating miRNAs was performed as
described previously.13 In brief, total RNA in serum was
isolated by using the mirVana PARIS isolation kit
(Ambion, USA). Caenorhabditis elegans miR-39 (cel-
miR-39) was added as the spike-in control. The expres-
sion of miRNA was determined by using stem-loop RT
method with Bulge-LoopTM miRNA qPCR Primer Set
(RiboBio, China) and PCR with TB green premix Ex
Taq (Takara, #RR420A) in Roche480 Detection System.
The relative expression level was calculated using the
2�DDCt method.
Human embryonic stem cells (hESCs) derived
cardiomyocytes and treatment
hESCs cell line H9 were cultured in feeder-free culture
conditions on Matrigel (Corning, #354230) coated plates
and mTeSR medium (Stemcell, #85850). Cardiomyo-
cytes differentiation was induced as we reported previ-
ously.14 Briefly, hESCs were seeded on matrigel-coated
plates in mTeSR supplemented with 10 mM Y-27632.
Differentiation was induced using CHIR99021(Selleck,
#S1263) at 6 mM for 48 h. On day 2, the medium was
refreshed with the addition of Wnt-pathway inhibitor
IWP2 (Selleck, #S7085) at 5 mM for 48 h. The basal
medium is RPMI 1640 medium (Life Technologies,
#72400047) supplemented with albumin (0.5 mg/ml)
and ascorbic acid (0.2 mg/ml) from day 0 to day 8.
Spontaneous beating cells start to appear at day 8, and
the beating cells were cultured in RPMI 1640 supple-
mented with B27 for further maturation. The culture
medium was changed every 2 days. After followed by a
metabolic selection process to obtain a purified
or without PE for 48 h (n = 6 per group). (e) Left, Representative
ed NRCM transfected with miR-30d inhibitor and the NC inhibi-
e bar, 100 mm. Right, Quantification of the average cell surface
ibitor treated with or without PE. (n = 4 per group, number of
er gene Anp and Bnp expression in NRCM transfected with miR-
48 h (n = 6 per group). (g) Left, Representative immunofluores-
sfected with miR-30d mimic and the NC mimic before treated
Right, Quantification of the average cell surface areas of NRCM
without Ang II. (n = 4 per group, number of CM� 50 cells per
Bnp expression in NRCM transfected with miR-30d mimic and
roup). (i) Left, Representative immunofluorescence image of a-
0d inhibitor and the NC inhibitor before treated with or without
ge cell surface areas of NRCM transfected with miR-30d inhibitor
p, number of CM� 50 cells per sample). (j) qRT-PCR analysis of
fected with miR-30d inhibitor and NC inhibitor before treated
means § SD. Statistical significance was determined by Student
0.05; **, P < 0.01 and ***, P < 0.001.
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Figure 3. miR-30d prevents ISO-induced pathological cardiac hypertrophy. (a) Heart weight/tibia length (HW/TL) of miR-30d trans-
genic (TG) and wildtype (WT) rat injection with isoproterenol (ISO) or PBS (n = 7,5,5,5 per group). (b) Cardiac morphology of miR-
30d TG and WT rat injection with ISO or PBS, Scale bar, 5 mm. (c) Representative echocardiographic images, echocardiographic anal-
ysis of cardiac dimensions and function of miR-30d TG and WT rat injection with ISO or PBS (n = 5 per group). (d) Wheat germ agglu-
tinin (WGA) staining showed cardiomyocyte size of miR-30d TG and WT rat injection with ISO or PBS (n = 5 per group). Scale bar,
20 mm. (e) Representative HE staining images and quantitative statistics of cardiomyocytes size of miR-30d TG and WT rat injection
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population of hESC-CMs, cardiomyocytes were used
after differentiation for 30 days.15,16

Cardiomyocytes were transfected with 50 nM miR-
30d mimic, 100 nM miR-30d inhibitor, 100 nM siRNA
of MAP4K4 and GRP78, and corresponding negative
control with lipofectamine 2000 Regent (Invitrogen,
USA). After 24 h, the transfected cells were further
treated with phenylephrine (PE, Tocris Bioscience, UK)
and Isoproterenol (ISO, Sigma, USA). The PE and ISO
were added in culture medium at 100 mM for 48 h, and
the plates were covered with aluminium foil during the
treatment.
Statistical analysis
All data were analyzed by SPSS 20.0 and presented as
mean§SD. using GraphPad Prism 8.0. An unpaired,
two-tailed Student’s t-test was used for comparisons
with ISO or PBS (n = 5 per group). Scale bar, 40 mm. (f) Representat
fibrosis area (%) showed a significant decrease of fibrosis areas in m
ISO or PBS (n = 5 per group). Scale bar, 25 mm. (g) qRT-PCR analysis
and Rcan1.4) and the fibrotic markers (Col1a1, Col3a1, and Ctgf) i
group). Data are presented as mean§SD. Statistical significance wa
**, P < 0.01 and ***, P < 0.001.

Reagent or resource Source

Antibodies

EZH2 Abcam

H3K27me3 Cell Signaling Technology

GAPDH Bioworld

MAP4K4 Proteintech

GRP78 Abclonal

NFATc3 Cell Signaling Technology

Cell lines

AC16 Millipore

H9 Millipore

Chemicals, peptides, and recombinant proteins

angiotensin II (Ang II) Sigma

phenylephrine (PE) Tocris Bioscience

isoproterenol (ISO) Sigma

WGA (wheat germ agglutinin) Sigma

Critical commercial assays

Western Blot lysis buffer KeyGEN

Masson's trichrome staining Kit KeyGEN

H&E staining Kit KeyGEN

ChIP Assay Kit Millipore

Software and algorithms

ImageJ Software NIH

SPSS20.0

GraphPad Prism 8.0 GraphPad

MedCalc MedCalc
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between two groups. Two-way ANOVA with post hoc
tukey was performed to compare multiple groups. Dif-
ferences were considered significant with P < 0.05. The
area under the curve (AUC) to assessing the diagnostic
value of circulating miR-30d level by using a receiver
operator characteristic (ROC) curve and statistical analy-
sis was performed using MedCalc (MedCalc Software,
Belgium). Differences were considered significant with
p < 0.05.
RRID tags

The cell lines have STR authentication and myco-
plasma testing. The cell identification report and anti-
body product datasheets have been provided in the
Supplemental Data.
ive images of Masson’s trichrome stained, and quantification of
iR-30d TG injection with ISO compared to WT rat injection with
for the mRNA levels of hypertrophic markers (Anp, Bnp, b-Mhc,
n miR-30d TG and WT rat injection with ISO or PBS (n = 5 per
s determined two-way ANOVA with post hoc tukey. *, P < 0.05;

Identifier RRID

ab3748 AB_304045

9733 AB_2616029

AP0063 AB_2651132

55247-1-AP AB_10836939

A0241 AB_2757054

4998S AB_2152771

SCC109 CVCL_4U18

SCC109 CVCL_9773

A9525

61-76-7

51-30-9

L4895

Western Blot lysis buffer

KGMST-8003

KGA224

17-295

N/A

N/A

N/A

N/A
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Figure 4. EZH2 regulates H3K27me3 enrichment on the miR-30d promotor. (a) Genomic views of the H3K27me3 modification of
miR-30d related to transverse aortic constriction (TAC) induced cardiac hypertrophy (GSE93752). (b) qRT-PCR analysis of the expres-
sion of H3K27 methyltransferase (EZH1 and EZH2) and demethylase (KDM6A and KDM6B) mRNA in neonatal rat cardiomyocytes
(NRCMs) treated with phenylephrine (PE, n=6 per group) and angiotensin II (Ang II, n = 6 per group). (c) Western blot analysis of the
expression of EZH2 protein level in NRCMs treated with PE (n = 6 per group) and Ang II (n = 6 per group). (d) Dual-luciferase reporter
assay showed the regulation between EZH2 and miR-30d in AC16 (n = 6 per group). (e) ChIP assay was performed to detect EZH2
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Role of funding source
The Funders do not play any roles in study design, data
collection, data analyses, interpretation, or writing of
report.
Results

miR-30d is downregulated in pathological cardiac
hypertrophy induced by multiple stimuli
To investigate the role of miR-30d in pathological car-
diac hypertrophy, we determined the expression of
miR-30d in different murine models of pathological car-
diac hypertrophy. miR-30d was found to be consistently
decreased in mouse hypertrophic hearts induced by
TAC surgery, Ang II perfusion and ISO perfusion
(Figure 1a). In parallel, miR-30d was significantly
reduced in NRCMs treated with PE or Ang II
(Figure 1b). Finally, miR-30d expression was decreased
in ISO induced rat hypertrophic heart (Figure 1c). Col-
lectively, these data suggest that miR-30d knockdown
might be a major mediator of pathological cardiac
hypertrophy.
miR-30d overexpression is anti-hypertrophy both in
vitro and in vivo
To investigate if miR-30d is functionally involved in the
development of cardiac hypertrophy, cellular models of
cardiomyocyte hypertrophy induced by PE or Ang II in
NRCMs were treated with miR-30d mimic and miR-30d
inhibitor (Figure 2a and b). In PE-induced cardiac
hypertrophy model, overexpression of miR-30d could
attenuate PE-induced increase in cardiomyocytes size
and inhibit the elevation of Anp and Bnp (Figure 2c and
d). On the other hand, inhibition of miR-30d had a fur-
ther deleterious effect on PE-induced cardiac hypertro-
phy based on the analysis of cardiomyocytes size and
the expression levels of Anp and Bnp (Figure 2e and f).
Consistently, Ang II-induced cardiomyocyte hypertro-
phy was significantly suppressed by miR-30d overex-
pression but markedly exacerbated by miR-30d
inhibition as determined by cardiomyocytes size and
the expression levels of Anp and Bnp (Figure 2g-j).
Moreover, miR-30d TG rat was found to be protective
for ISO-induced hypertrophy as evidenced by decreased
heart weight to tibial length ratio, improved cardiac
binding and H3K27me3 enrichment on the miR-30d promotor reg
detect H3K27me3 level enrichment on the miR-30d promotor regi
(OE) or negative control Fugw plasmid for 48 h (n = 3 per group). (
ment on the miR-30d promotor region when AC16 was treated with
sentative immunofluorescence image of a-actinin (red)- and DAPI (b
siRNA before treated with or without PE for 48 h. Scale bar, 100 mm
transfected with miR-30d inhibitor and EZH2 siRNA before treated w
sample). Data are presented as mean§SD. Statistical significance wa
with post hoc tukey (d, f-h). *, P < 0.05; **, P < 0.01 and ***, P < 0.00
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function parameters (left ventricular volume and ejec-
tion fraction), decreased cardiomyocyte size and cardiac
fibrosis level (Figure 3, Table S5). Collectively, these
data suggest a functional role of miR-30d in cardiomyo-
cyte hypertrophy.
Low expression of miR-30d in pathological cardiac
hypertrophy is mediated by EZH2-dependent
H3K27me3 modification in miR-30d promotor
To investigate the potential mechanism responsible for
the downregulation of miR-30d in cardiac hypertrophy,
we analyzed the promotor of miR-30d in TAC induced
cardiac hypertrophy. Interestingly, the H3K27me3
intensity was significantly increased in miR-30d promo-
tor in TAC induced cardiac hypertrophy (Figure 4a).
Then we further analyzed the expression of H3K27
methyltransferase (EZH1 and EZH2) and demethylase
(KDM6A and KDM6B) in hypertrophic cardiomyocytes.
Using qRT-PCR, we found that EZH2 was increased in
hypertrophic cardiomyocytes induced by PE and Ang II
(Figure 4b). Moreover, by western blotting, we also
found that EZH2 was increased in hypertrophic models
both in vitro and in vivo (Figure 4c and Figure S1a).
We further confirmed that EZH2 negatively regulated
miR-30d levels in cardiomyocytes (Figure 4d and Figure
S1b-e).

To gain further insights on miR-30d downregula-
tion via H3K27 modifiers by EZH2, chromatin
immunoprecipitation (ChIP) assay was performed in
AC16 cells using antibodies against EZH2 and
H3K27me3. It was found that EZH2 could bind to
miR-30d promotor region (Figure 4e). EZH2 overex-
pression promoted H3K27me3 enrichment in the
miR-30d promotor region (Figure 4f), while EZH2
knockdown suppressed H3K27me3 levels
(Figure 4g). Collectively, these results indicate that
EZH2 directly regulates miR-30d expression in cardi-
omyocytes by modulating the status of H3K27me3 at
the miR-30d promotor.

To further investigate if EZH2 regulated cardiac
hypertrophy mediated by miR-30d, we silenced both
EZH2 and miR-30d in cardiomyocytes under PE and
Ang II stimulated. Knockdown EZH2 could reduce the
cardiomyocyte size, while inhibition of miR-30d could
reverse that (Figure 4h and Figure S1f). These data
ion in AC16 (n = 3 per group). (f) ChIP assay was performed to
on when AC16 was treated with EZH2 overexpression plasmid
g) ChIP assay was performed to detect H3K27me3 level enrich-
EZH2 siRNA or control siRNA (n = 3 per group). (h) Left, Repre-
lue)-stained NRCM transfected with miR-30d inhibitor and EZH2
. Right, Quantification of the average cell surface areas of NRCM
ith or without PE. (n = 4 per group, number of CM� 50 cells per
s determined by Student t test (b-c, e) and two-way ANOVA test
1.
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Figure 5. miR-30d directly targets MAP4K4 and GRP78. (a) Luciferase reporter assay showed that miR-30d could target to the 3’UTR
region of MAP4K4 in H9C2 and 293T cells (n = 6 per group). (b) Left, Representative immunofluorescence image of a-actinin (red)-
and DAPI (blue)-stained neonatal rat cardiomyocytes (NRCM) transfected with miR-30d inhibitor and MAP4K4 siRNA before treated
with or without phenylephrine (PE) for 48 h. Scale bar, 100 mm. Right, Quantification of the average cell surface areas of NRCM trans-
fected with miR-30d inhibitor and MAP4K4 siRNA before treated with or without PE. (n = 4 per group, number of CM� 50 cells per
sample). (c) qRT-PCR analysis of hypertrophic marker gene Anp and Bnp expression in PE�treated NRCM transfected with miR-30d
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suggest that the regulation of EZH2 in cardiac hypertro-
phy is mediated by miR-30d.
miR-30d directly targets MAP4K4 and GRP78
MAP4K4 is a target gene of miR-30d that we have previ-
ously reported in mediating cardiomyocyte apoptosis.7

However, if MAP4K4 is also a functional target of miR-
30d in its effects on regulating pathological cardiac
hypertrophy remains unclear. We first showed that
miR-30d negatively regulated the expression of
MAP4K4 by binding to the 3’UTR in cardiomyocytes
(Figure 5a and Figure S2a-d). The protein levels of
MAP4K4 were upregulated in vivo (Ang II, TAC and
ISO induced cardiac hypertrophy) and in vitro (Ang II
and PE induced cardiomyocyte hypertrophy) hypertro-
phic models (Figure S2e), which is consistent with the
fact that miR-30d was repressed in hypertrophic models
in vivo and in vitro. Moreover, MAP4K4 was downregu-
lated in the heart of miR-30d TG rat (Figure S2f). In
addition, MAP4K4 inhibition could attenuate the pro-
hypertrophic effects of miR-30d inhibitor in PE and
Ang II induced hypertrophic model as determined by
cardiomyocytes size and the expression levels of Anp
and Bnp (Figure 5b and c, Figure S3). Collectively, these
data suggest that MAP4K4 at least partly mediates the
effects of miR-30d in regulating cardiomyocyte hyper-
trophy.

GRP78 (Glucose-Regulated Protein of 78 kDa) is a
reported target of miR-30d in cancer17 and has been
reported to promote cardiac hypertrophy.18 Therefore,
we attempted to explore whether GRP78 is a functional
target gene of miR-30d in mediating cardiac hypertro-
phy. By luciferase reporter assays, we showed that miR-
30d reduced the luciferase activity in H9C2 cells and
293T cells, but have no effect in mutated forms of the
30UTR of miR-30d (Figure 5d), suggesting GRP78 is a
direct target gene of miR-30d. Moreover, miR-30d could
negatively regulate the expression of GRP78 (Figure
S4a-d). We also found that GRP78 was increased in cel-
lular and animal models of hypertrophy, and decreased
in miR-30d TG rat (Figure S4e and f). Finally, GRP78
inhibition could attenuate the pro-hypertrophic effects
of miR-30d inhibitor in PE and Ang II induced hyper-
trophic model (Figure 5e and f, Figure S5). These data
suggest that GRP78 is another target gene of miR-30d,
at least partly mediating cardiomyocytes hypertrophy.
inhibitor and MAP4K4 siRNA. (n = 6 per group). (d) Luciferase repor
of GRP78 in 293T and H9C2 cells (n = 6 per group). (e) Left, Represe
(blue)-stained NRCM transfected with miR-30d inhibitor and GRP7
100 mm. Right, Quantification of the average cell surface areas of NR
treated with or without PE. (n = 4 per group, number of CM� 50 cel
Anp and Bnp expression in PE�treated NRCM transfected with miR
sented as mean§SD. Statistical significance was determined two-w
P < 0.001.

www.thelancet.com Vol 81 Month , 2022
MAP4K4 and GRP78 control NFAT signaling
To further explore how MAP4K4 and GRP78 regulate
cardiac hypertrophy, we investigated whether MAP4K4
and GRP78 could regulate each other. qRT-PCR and
western blot analysis showed that MAP4K4 and GRP78
could not regulate each other in cardiomyocytes
(Figure 6a�d), suggesting that MAP4K4 and GRP78
regulate cardiac hypertrophy independently.

As calcineurin-NFAT signaling serves a regulatory
role in maladaptive hypertrophy and heart failure,19-21

we investigated if MAP4K4 and GRP78 regulated car-
diac hypertrophy via calcineurin-NFAT signaling in car-
diomyocytes. Knockdown of MAP4K4 or GRP78 could
repress NFATc3 at the protein level in cardiomyocytes
(Figure 6e and f), in parallel with miR-30d overexpres-
sion in vitro and in vivo (Figure 6g and h). Finally,
NFATc3 was increased by miR-30d inhibition
(Figure 6i). These data demonstrate that MAP4K4 and
GRP78 promote calcineurin-NFAT signaling in cardio-
myocytes.
Therapeutic overexpression of miR-30d reverses
established pathological cardiac hypertrophy
As we have demonstrated the functional role of miR-30d
in pathological cardiac hypertrophy, we investigated the
therapeutic effects of miR-30d in an established patho-
logical cardiac hypertrophy model. Two weeks after the
induction of cardiac hypertrophy by TAC surgery, mice
were injected with AAV9-miR-30d via tail vein injection
(Figure 7a and b). Therapeutic overexpression of miR-
30d by AAV9-miR-30d could reverse established patho-
logical cardiac hypertrophy as demonstrated by the
decreased heart size, improved cardiac function parame-
ters (left ventricular volume and ejection fraction),
decreased cardiomyocytes size, attenuated fibrosis level,
and reduced expression levels of hypertrophic and
fibrotic genes (Figure 7c-i, Table S6). In additional, ther-
apeutic overexpression of miR-30d by AAV9-miR-30d
could repress the expression of MAP4K4, GRP78 and
NFATc3 (Figure S6). Taken together, our study sug-
gests that overexpression of miR-30d reverses pathologi-
cal cardiac hypertrophy and heart failure.
miR-30d is of clinical relevance in human
To confirm the clinical relevance of our findings of miR-
30d in human, we firstly determined the serum level of
ter assay showed that miR-30d could target to the 3’UTR region
ntative immunofluorescence image of a-actinin (red)- and DAPI
8 siRNA before treated with or without PE for 48 h. Scale bar,
CM transfected with miR-30d inhibitor and GRP78 siRNA before
ls per sample). (f) qRT-PCR analysis of hypertrophic marker gene
-30d inhibitor and GRP78 siRNA. (n = 6 per group). Data are pre-
ay ANOVA with post hoc tukey. *, P < 0.05; **, P < 0.01 and ***,
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Figure 6. MAP4K4 and GRP78 control NFAT signaling. (a) qRT-PCR analysis of the expression of GRP78 mRNA level in neonatal rat
cardiomyocytes (NRCM) treated with MAP4K4 siRNA or negative control (NC) siRNA for 48 h (n = 6 per group). (b) Western blot anal-
ysis and quantification of the expression of GRP78 protein level in NRCM treated with MAP4K4 siRNA or NC siRNA for 48 h (n = 6 per
group). (c) qRT-PCR analysis the expression of MAP4K4 mRNA level in NRCM treated with GRP78 siRNA or NC siRNA for 48 h (n = 6
per group). (d) Western blot analysis and quantification of the expression of MAP4K4 protein level in NRCM treated with GRP78
siRNA or NC siRNA for 48 h (n = 6 per group). (e) Western blot analysis and quantification of the expression of NFATc3 protein level
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miR-30d in patients with chronic heart failure and mid-
range ejection fraction. A total of 30 chronic heart fail-
ure patients and 31 age- and gender-matched healthy
controls were enrolled. The clinical characteristics of
these chronic heart failure patients were presented in
Table S7. Circulating miR-30d level was significantly
decreased in chronic heart failure (Figure 8a). The
receiver-operator characteristic (ROC) curve suggested
that circulating miR-30d might be a biomarker for
chronic heart failure with an area under the curve
(AUC) of 0.906 (P < 0.001). Serum miR-30d predicted
chronic heart failure with a specificity of 80.65% and a
sensitivity of 86.67% (Figure 8b). Thus, serum miR-
30d could be potentially used as a biomarker for chronic
heart failure.

Besides, we established a cardiac hypertrophy model
in human embryonic stem cells-derived cardiomyocytes
after treatment with PE and ISO. We found that miR-
30d was suppressed in hypertrophic human embryonic
stem cells-derived cardiomyocytes (Figure 9a). Then, we
found that miR-30d could repress hypertrophy in
human embryonic stem cells-derived cardiomyocytes
treated with PE and ISO, while miR-30d inhibition exac-
erbate that (Figure 9b). In human embryonic stem cells-
derived cardiomyocytes, we also found miR-30d could
negatively regulate the protein expression of MAP4K4
and GRP78 (Figure 9c and d). Moreover, either
MAP4K4 or GRP78 inhibition could attenuate the pro-
hypertrophic effects of miR-30d inhibitor in PE and ISO
induced hypertrophic model in human embryonic stem
cells-derived cardiomyocytes (Figure 9e). These results
highlight the potential translational of miR-30d
in human pathological cardiac hypertrophy and heart
failure.
Discussion
Pathological cardiac hypertrophy is a major risk factor
for many cardiovascular diseases. Notably, pathological
cardiac hypertrophy precedes the development of overt
heart failure (HF). Thus, reversing maladaptive hyper-
trophy is considered to be a therapeutic approach to pre-
vent the development of heart failure. Here, we report
that miR-30d plays a critical role in pathological cardiac
hypertrophy. We show that miR-30d is down-regulated
in pathological cardiac hypertrophy and overexpression
in NRCM treated with MAP4K4 siRNA or NC siRNA for 48 h (n = 6
expression of NFATc3 protein level in NRCM treated with GRP78 siRN
ysis and quantification of the expression of NFATc3 protein level in
per group). (h) Western blot analysis and quantification of the exp
wildtype (WT) rat injection with isoproterenol (ISO) (n = 5 per group
of NFATc3 protein level in NRCM treated with miR-30d inhibitor or
mean§SD. Statistical significance was determined by Student t test
and ***, P < 0.001.
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of miR-30d can ameliorate pathological cardiac hyper-
trophy. Our study provides the basis for pre-clinical and
clinical development of miR-30d overexpression for the
treatment of pathological cardiac hypertrophy and heart
failure.

As miRNAs are emerging as promising therapeutic
targets for drug development,22-28 we reported downre-
gulation of miR-30d in different cardiac hypertrophy
models both in vivo and vitro, which implied that miR-
30d may be a crucial molecular orchestrator and a
promising therapeutic target for pathological cardiac
hypertrophy. To investigate the therapeutic potential of
miR-30d in the clinical situations, AAV9 expressing
miR-30d was designed to treat established pathological
cardiac hypertrophy. We found that miR-30d therapy
could improve heart function, relieve cardiac hypertro-
phy and fibrosis, suggesting that miR-30d is a promis-
ing therapeutic target for pathological cardiac
hypertrophy. The restoration of miR-30d could be a
potential therapeutic strategy for the treatment of car-
diac hypertrophy and heart failure. Besides, miR-30d is
a conserved miRNA known to have oncosuppressive
properties by regulating autophagy, apoptosis, prolifera-
tion, migration and invasion.29-31 Considering its high
evolutionary conservation, miR-30d has potential for
clinical application in humans. Accordingly, we further
found the protective effect of miR-30d also existed in
the human embryonic stem cells-derived cardiomyo-
cytes hypertrophy model. More importantly, the results
from our small sample size cohort confirms the clinical
relevance of miR-30d in humans. Consistent with our
clinical finding, in our previous work, we also found
that lower levels of miR-30d was associated with lower
left ventricular ejection fraction (LVEF).8 It will be inter-
esting to determine if circulating miR-30d could be a
biomarker for patients with cardiac hypertrophy before
developing HF.

Of note, miR-30d showed a different expression pro-
file in cardiac hypertrophy in published literature. Few
papers reported that miR-30d was increased, such as
Morishima et al found miR-30d was increased in the
atrium and serum of Ang II‑induced cardiovascular
complications in rats.32 Instead, most of the studies
showed that miR-30d was down-regulated trigged by
adverse cardiac remodeling, such as in heart samples of
chronic kidney disease (CKD)-induced left ventricular
per group). (f) Western blot analysis and quantification of the
A or NC siRNA for 48 h (n = 6 per group). (g) Western blot anal-
NRCM treated with miR-30d mimic or NC mimic for 48 h (n = 6
ression of NFATc3 protein level in miR-30d transgenic (TG) and
). (i) Western blot analysis and quantification of the expression
NC inhibitor for 48 h (n = 6 per group). Data are presented as
(a-g, i) and two-way ANOVA with post hoc tukey (h). **, P < 0.01
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Figure 7.miR-30d therapy is effective in hypertrophic hearts. (a) Schedule time scale and experimental strategy for transverse aortic
constriction (TAC) surgery, and AAV injection. (b) qRT-PCR analysis of miR-30d expression in mice injected with AAV9-miR-30d or
AAV9-scramble at 2 wk after the sham or TAC surgery (n = 8 per group). (c) Cardiac morphology and heart weight/tibia length (HW/TL)
ratio in mice injected with AAV9-miR-30d or AAV9-scramble at 2 wk after the Sham or TAC surgery (n = 8 per group, Scale bar, 5 mm). (d)

Articles

16 www.thelancet.com Vol 81 Month , 2022



Figure 8. miR-30d is of clinical relevance in human. (a) qRT-PCR analysis of the expression of miR-30d level in human serum from
chronic heart failure and healthy controls (n = 31 in healthy controls, 30 in chronic heart failure). (b) The receiver-operator character-
istic (ROC) curves for distinguishing the diagnostic value of circulating miR-30d level in chronic heart failure patients. Data are pre-
sented as mean§SD. Statistical significance was determined by Student t test (a). ***, P < 0.001.
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hypertrophy (LVH) mice model and in serum samples
of dogs with eccentric or concentric cardiac hypertrophy
induced by myxomatous mitral valve degeneration
(MMVD) or pulmonic stenosis (PS).33,34 Moreover, the
in vivo role of miR-30d in cardiac remodeling was
explored in some studies. We and Bao et al. both
showed that miR-30d was down-regulated in cardiac
hypertrophy and pointed out that miR-30d could ame-
liorate hypertrophy in vivo.33 The degree of cardiac
hypertrophy may be the key determinant of miR-30d in
Representative echocardiographic images, cardiac function parameters
the sham or TAC surgery (n = 8 per group). (e) Wheat germ agglutinin
AAV9-miR-30d or AAV9-scramble at 2 wk after the sham or TAC surgery
images and quantitative statistics of cardiomyocytes size of mice inject
TAC surgery (n = 8 per group). Scale bar, 40 mm. (g) qRT-PCR analysis f
Rcan1.4) in mice injected with AAV9-miR-30d or AAV9-scramble at 2 wk
images of Masson’s trichrome stained, and quantification of fibrosis area
after the sham or TAC surgery (n = 8 per group), Scale bar, 25 mm. (i)
Col3a1, and Ctgf) in mice injected with AAV9-miR-30d or AAV9-scrambl
presented as mean§SD. Statistical significance was determined by two
P< 0.001.
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different models, as proposed in our previous study.
Which is, miR-30d was increased in adaptive response,
while was decreased in maladaptive response.7 In addi-
tion, another study showed marked activation of miR-
30d in diabetic heart, which was associated with
increased caspase-1 and pyroptosis.35 The different
changes and functions of miR-30d in diabetic heart may
be due to the reasons as follows. First, the stimulation
of adverse cardiac remodeling induced by ISO, ang II
and TAC used in our study was totally different from
of mice injected with AAV9-miR-30d or AAV9-scramble at 2 wk after
(WGA) staining showed cardiomyocyte size of mice injected with
(n = 8 per group). Scale bar, 20 mm. (f) Representative HE staining

ed with AAV9-miR-30d or AAV9-scramble at 2 wk after the sham or
or the mRNA levels of hypertrophic markers (Anp, Bnp, b-Mhc, and
after the sham or TAC surgery (n = 8 per group). (h) Representative
(%) in mice injected with AAV9-miR-30d or AAV9-scramble at 2 wk
qRT-PCR analysis for the mRNA levels of fibrotic markers (Col1a1,
e at 2 wk after the sham or TAC surgery (n = 8 per group). Data are
-way ANOVA with post hoc tukey. *, P < 0.05; **, P < 0.01 and ***,
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Figure 9. miR-30d protects against cardiomyocyte hypertrophy in human embryonic stem cells-derived cardiomyocytes. (a) qRT-
PCR analysis of the expression of miR-30d level in human embryonic stem cells - derived cardiomyocytes hypertrophic model
treated with phenylephrine (PE) and isoproterenol (ISO) (n = 6 per group). (b) Upper, Representative immunofluorescence image of
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diabetic cardiomyopathy. The response of miR-30d is
also different. The expression of miR-30d has been
shown to be increased in diabetes. miR-30d was found
to be increased in endothelial cells of the left ventricle of
db/db mice, but not other organs;36 increased in lactat-
ing mothers with type 1 diabetes;37 increased in the
serum of patients with type 2 diabetes.38 Second, miR-
30d was reported to be a glucose-regulated miRNA and
could induce insulin transcription in pancreatic
b-cells.39,40 Also, miR-30d was associated with insulin
resistance and glucose metabolism in muscle cell.41

Thus, the elevated miR-30d in diabetic cardiomyopathy
may be caused by high glucose. Third, metabolic flexi-
bility is impaired in diabetic cardiomyopathy. The utili-
zation of fatty acids in failing diabetic hearts was
decreased.42 In addition, miR-30d was reported to pro-
mote fatty acid beta-oxidation in cardiac endothelium in
type 2 diabetes mice.36 Thus, the excessive generation
of reactive lipid intermediates in cardiomyocytes may
induce lipotoxicity. Without the diabetes injury, the pro-
fatty acid beta-oxidation of miR-30d may benefit cardio-
myocytes. Moreover, miR-30d also participated in exer-
cise cardioprotection from the small extracellular
vesicles (sEVs) secreted by brown adipose tissue
(BAT).43 In this study, by using many models that used
in vivo (Ang II, TAC and ISO induced mice model; ISO
induced rat model) and in vitro (Ang II and PE induced
NRCM model; PE and ISO induced hES-CM model),
which represent different intrinsic pathways that
cause cardiac hypertrophy, we show that miR-30d is
a common therapeutic target for cardiac hypertrophy
and heart failure. These clinical and preclinical find-
ings highlight the potential translational of miR-30d
in human pathological cardiac hypertrophy and heart
failure.

Histone lysine methylation has emerged as a critical
player in the regulation of gene expression. Enhancer of
zest homologue 2 (EZH2) is a crucial epigenetic regula-
tor of gene expression. Working as methyltransferase,
EZH2 adds methyl groups to histone H3 at lysine 27
and promotes the formation of heterochromatin,
a-actinin (red)- and DAPI (blue)-stained human embryonic stem ce
negative control (NC) mimic, miR-30d inhibitor and NC inhibitor be
Below, Quantification of the average cell surface areas of PE+ISO�
transfected with miR-30d mimic, NC mimic miR-30d inhibitor and N
ple). (c) Western blot analysis and quantification of the expression
cells � derived cardiomyocytes treated with miR-30d mimic or NC
quantification of the expression of MAP4K4 and GRP78 protein le
treated with miR-30d inhibitor or NC inhibitor for 48 h (n = 3 per g
a-actinin (red)- and DAPI (blue)-stained human embryonic stem cel
and MAP4K4 siRNA or GRP78 siRNA before treated with or without
average cell surface areas of embryonic stem cells � derived cardiom
or GRP78 siRNA before treated with or without PE+ISO. (n = 6 per g
as mean§SD. Statistical significance was determined by Student t
P < 0.05; **, P < 0.01 and ***, P < 0.001.
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resulting in repression of gene expression. In the cur-
rent study, we found that EZH2 was upregulated in
pathological cardiac hypertrophy models and served as
an epigenetic inhibitor of miR-30d. It should be noted
that EZH2 has been found to be up�regulated in multi-
ple types of cardiovascular diseases, such as dilated car-
diomyopathy, pathological cardiac hypertrophy,
myocardial ischemia-reperfusion, coronary heart dis-
ease, atrial fibrosis, ischemic heart disease.44-49

H3K27me3 enrichment within the miR-30d promotor
region has been reported in breast cancer cell, malig-
nant peripheral nerve sheath tumors and brain tis-
sues.50-52 In our work, miR-30d was identified as a
downstream target involved in the cardiac protective
effect of EZH2. Here, we further demonstrated that
EZH2 directly inhibits miR-30d in hypertrophic cardio-
myocytes.

MAP4K4 has been identified as a target gene of miR-
30d in cardiomyocyte apoptosis.8,53-55 However, the
potential role of MAP4K4 in pathological cardiac hyper-
trophy is still unknown. Here, we found MAP4K4 plays
a regulatory role in cardiac hypertrophy, which sug-
gested that MAP4K4 is a tractable therapeutic target in
cardiac muscle cell injury. In addition, we also identified
another target gene of miR-30d in the regulation of car-
diac hypertrophy. GRP78 is a target gene of miR-30d in
cancer.17 Interestingly, GRP78 has been reported to
enhance cardiomyocyte growth.18 Collectively, MAP4K4
and GRP78 were two target genes of miR-30d in the
protection of cardiac hypertrophy. However, how
MAP4K4 and GRP78 regulate cardiac hypertrophy still
needs further exploration. In our study, we found
MAP4K4 and GRP78 regulated cardiac hypertrophy
independently rather than through interaction with
each other. In addition, calcineurin-NFAT signaling
plays a regulatory role in maladaptive hypertrophy and
heart failure.19-21 Meanwhile, MAP4K4 and GRP78
could positively regulate the expression of NFATc3.
Thus, the EZH2-miR-30d-MAP4K4/GRP78-NFAT sig-
naling pathway appears to be involved in cardiac hyper-
trophy.
lls � derived cardiomyocytes transfected with miR-30d mimic,
fore treated with or without PE+ISO for 48 h. Scale bar, 200 mm;
treated human embryonic stem cells � derived cardiomyocytes
C inhibitor. (n = 6 per group, number of CM� 50 cells per sam-
of MAP4K4 and GRP78 protein level in human embryonic stem
mimic for 48 h (n = 3 per group). (d) Western blot analysis and
vel in human embryonic stem cells � derived cardiomyocytes
roup). (e) Upper, Representative immunofluorescence image of
ls � derived cardiomyocytes transfected with miR-30d inhibitor
PE+ISO for 48 h. Scale bar, 200 mm. Below, Quantification of the
yocytes transfected with miR-30d inhibitor and MAP4K4 siRNA
roup, number of CM� 50 cells per sample). Data are presented
test (a, c, d) and two-way ANOVA with post hoc tukey (b, e). *,
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In conclusion, our data demonstrate that miR-30d
can protect against pathological cardiac hypertrophy.
Our study here provides a new therapeutic target to
combat pathological cardiac hypertrophy.
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