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DNA methyltransferase 1 (DNMT1) suppresses mitophagy and
aggravates heart failure via the microRNA-152-3p/ETS1/RhoH
axis
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DNA methyltransferase 1 (DNMT1) shows close link with heart disease. This study aimed to define the role DNMT1 plays in heart
failure and determine the underlying mechanism. Expression of microRNA (miR)-152-3p, DNMT1, E26 transformation specific-1
(ETS1) and ras homolog gene family member H (RhoH) was determined by RT-qPCR and/or western blot analysis. The interaction
between miR-152-3p and ETS1 was predicted and verified. Methylation of the miR-152-3p promoter region was assessed using
methylation-specific PCR. H9c2 cells were chosen for in vitro assays to examine the regulatory role of DNMT1 in autophagy and
mitophagy with respect to miR-152-3p/ETS1/RhoH. Doxorubicin (DOX)-induced rat models of heart failure were employed for
in vivo validation. DNMT1 expression was upregulated in the heart tissues of DOX-induced rats, where it showed an inverse
correlation with miR-152-3p expression. Moreover, DNMT1 was shown to enhance methylation of the miR-152-3p promoter region
and suppress its expression, leading to inhibition of mitophagy in H9c2 cells. In addition, DNMT1 enhanced expression of ETS1,
which further elevated RhoH expression. Moreover, ETS1-elevated RhoH reduced cell viability and promoted autophagy and
mitophagy in H9c2 cells upon treatment with DOX. Next, in vivo results demonstrated that depletion of DNMT1 protected rats from
heart failure in a miR-152-3p/ETS1/RhoH-dependent manner. Overall, these findings indicate that DNMT1 may inhibit expression of
miR-152-3p by promoting the methylation of miR-152-3p and enhancing the expression of ETS1, thereby inducing RHOH
transcriptional activation and inhibiting mitochondrial autophagy, ultimately promoting the development of heart failure.
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INTRODUCTION
Heart failure has become a rapidly increasing global health issue
that affects more than 37.7 million individuals worldwide1. With
the increase in the population over the age of 65 years old, the
prevalence of heart failure is increasing during this decade2.
Therefore, a better understanding of this complicated pathophy-
siological syndrome will improve therapeutic outcomes and
reduce the socioeconomic burden.
DNA methyltransferase 1 (DNMT1), whose primary function is to

restore methylation to newly synthesized daughter DNA strands3,
plays critical roles in the development of smooth muscle cells4.
DNA methylation is an epigenetic modification that is essential for
normal mammalian development, and abnormal DNA methylation
is associated with a variety of diseases, including heart failure5,6.
Expression of DNMT1 is rapidly upregulated in heart tissues of
pressure overload- and adriamycin-induced heart failure mice,
consistent with the increased expression of DNMT1 observed in
familial hypertrophic cardiomyopathy patients7. Meanwhile,
expression of DNMT1 has also been found to be increased in
hyperhomocysteinemia-induced heart failure8. Interestingly, a
recent study has demonstrated that depletion of DNMT1 protects
the myocardium from heart failure, yet the underlying mechanism
has not been elucidated7. An increasing body of evidence has

shown that DNMT1 suppresses the expression of microRNA (miR)-
152-3p in a methyltransferase activity-dependent manner9,10. As
previously reported, upregulation of miR-152-3p exerts a protec-
tive role in cardiomyocytes11. On the other hand, E26 transforma-
tion specific-1 (ETS1), a transcription factor, exerts essential
functions in embryogenesis, angiogenesis and inflammation and
is involved in angiotensin-II-induced cardiac fibrosis, which
contributes to the pathogenesis of heart failure12. The STRING
database predicted the presence of an interaction between ETS1
and ras homolog gene family member H (RhoH). RhoH is an
atypical guanosine triphosphatase (GTPase) that lacks GTPase
activity and remains in the active conformation, which has been
implicated in human diseases13. Of note, inhibition of the RhoA/
Rho kinase signaling pathway ameliorates adriamycin-induced
cardiac damage and DNA damage, restores heart function, and
suppresses apoptosis and cellular senescence14. Moreover, phar-
macological inhibition of Rho-associated kinases prevents cardiac
fibrosis, which is a hallmark of heart failure, by suppressing cardiac
myofibroblast function15. Rho kinase inhibition has been reported
to improve mitochondrial function during liver injury16. Mitophagy
represents a mitochondrial quality control mechanism through
which damaged or excess mitochondria are eliminated to
maintain cardiac function in response to varied stress and cardiac
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disease conditions17. Dysregulated mitophagy has been linked to
the progression of heart failure and aging18. These findings
suggest that ETS1/RhoH may suppress mitophagy, exaggerate
heart failure and favor worse clinical outcomes. Therefore,
targeting the ETS1/RhoH axis could be a potential therapeutic
approach. However, whether ETS1 and RhoH are involved in the
progression of DNMT1/miR-152-3p-mediated heart failure initia-
tion/progression is unclear. In this study, we aimed to elucidate
the role of DNMT1 in the pathogenesis of heart failure and define
the underlying molecular mechanism. We investigated whether
DNMT1-regulated miR-152-3p and ETS1/RhoH were associated
with the pathological process of heart failure.

MATERIALS AND METHODS
Ethics statement
The current study was approved by the Animal Ethics Committee of the
Third Hospital of Hebei Medical University. We attempted to reduce the
suffering of the animal used during the experiments.

Microarray-based gene expression profiling
The heart failure-related gene expression dataset GSE84796 (Homo
sapiens) was retrieved from the Gene Expression Omnibus (GEO) database,
which contained seven normal samples and ten heart failure samples.
Differential analysis was conducted using the R language “limma” package
with |logFC | >0.8 and false discovery rate (FDR) < 0.05 as the threshold (the
FDR method was used to correct the difference in p value) to obtain
differentially expressed genes related to heart failure. The STRING database
was applied to predict potential genes interacting with RhoH. Correlation
analysis between RhoH and the predicted interacting gene ETS1 was
performed using the ChIPBase database. The methylation site of the miR-
152-3p promoter was predicted using the MethPrimer database. Mean-
while, the GeneMANIA database was used for correlation analysis between
targets and disease function.

Establishing rat models of heart failure
Rat heart failure models were established as previously reported19,20.
Briefly, healthy Sprague–Dawley rats (n= 50; 6–8 weeks old, weighing
220–260 g, Beijing Vital River Laboratory Animal Technology Co., Ltd.,
Beijing, China) were used. Doxorubicin (DOX) was prepared in a 2.0 mg/mL
solution with normal saline. Ten rats were intraperitoneally injected with
DOX solution at a dose of 2 mL/kg body weight once a week for 6
consecutive weeks, for a total of 24 mg/kg. In parallel, ten rats in the
control group received the same amount of normal saline. The amount of
DOX was determined based on the rats’ body weight before each injection.
A total of 50 Sprague–Dawley rats were randomly divided into control

(n= 10) and DOX (DOX-induced heart failure models) groups. Rats in the
DOX groups were further randomly divided into 3 groups: sh-NC+ LV-NC+
DOX (n= 10), sh-DNMT1+ LV-NC+DOX (n= 10) and sh-DNMT1+ LV-
RHOH+DOX (n= 10). pLV-EGFP-N (gene overexpression vector) and
pSIH1-H1-copGFP (gene silencing vector) lentiviral vectors were used for
overexpression and silencing of genes. LV-NC, LV-RHOH, sh-NC, and sh-
DNMT1 recombinant lentiviral particles and virus packaging kits were
purchased from Shanghai Genechem Co., Ltd. (Shanghai, China). After 48 h
of co-transfection of HEK293T cells with lentiviral transfection reagents, the
viral titer was measured using a p24 ELISA kit (Cell Biolabs, Inc., San Diego,
USA), and the virus was titrated to 109 TU/mL. The constructed and
packaged lentivirus was then injected into rats in different groups via the tail
vein. Each rat was injected with 100 μL virus solution (108 TU). After 72 h,
relevant detection and observation were performed.

Echocardiography
After the rats were anesthetized, they were fixed in a supine position. The
probe was placed at the left edge of the sternum. The maximum diameter
of the long axis of the left ventricle was selected, and M-mode ultrasound
was used to mark the end systolic and end diastolic endocardium of the
ventricular septum and left ventricular wall. The left ventricular ejection
fraction (LVEF), left ventricular shortening fraction, left ventricular systolic
diameter (LVSD), and left ventricular diastolic diameter (LVDD) were
automatically calculated using random software, with five cardiac cycles
selected and averaged.

Pathological observation
After euthanasia, heart tissues were collected, washed with PBS and
weighed. The ventricle tissues were fixed in 4% paraformaldehyde,
embedded in paraffin and cut into 5 μm-thick sections. The sections were
then submitted to hematoxylin eosin (H&E) staining. Next, two patholo-
gists blinded to this study performed the pathological evaluation.

Mitochondrial isolation
Isolation of mitochondria was performed based on a previously published
method21. Isolated mitochondria were incubated on wet ice for 15min
followed by measurement of protein concentration using the Bradford
method with bovine serum albumin as a standard. All steps were
performed on wet ice.

In-gel ATPase activity assay
Blue native PAGE (BN-PAGE) was employed to resolve natural and
complete mitochondrial protein complexes. Upon completion of BN-PAGE,
the gels were incubated in assay buffer (35mM Tris/Cl, 270mM glycine,
14mM MgSO4, 0.2% (w/v) Pb(NO3)2, 8 mM ATP, pH 8.3) for the indicated
periods, fixed in 50% methanol (incubation time) and rinsed twice in
deionized distilled water (10min each) followed by gel scanning. The
precipitated lead from each sample was quantified utilizing densitometry.

Mitochondria membrane potential assay
Determination of mitochondrial membrane potential was performed
utilizing a JC-1 Kit (GeneCopoeia, Rockville, MD, USA). Generally,
mitochondria were isolated from heart tissues and treated with 5 μM JC-
1 reagent for 10min. The relative fluorescence was measured in a Turner
microplate reader (Infinite 200, Tecan) under 485/535 nm excitation and
535/595 nm emission.

Cell culture and transfection
The H9c2 rat myoblast cell line (Procell, China) and HEK293T cells
(CBP60439, COBIOER BIOSCIENCES CO., LTD., Nanjing, Jiangsu, China) were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
(w/v) fetal bovine serum, 100 U/L penicillin and 100mg/mL streptomycin.
Cells were maintained in a 37 °C and 5% CO2 environment. Cell passage
was performed every 2–3 days. Cell transfection was performed using
Lipofectamine 2000 transfection reagent (Invitrogen, USA) with DNMT1
overexpression (oe-DNMT1), DNMT1 knockdown (sh-DNMT1), miR-152-3p
mimic, miR-152-3p inhibitor, oe-ETS1, or sh-RhoH as well as the related
controls (oe-NC, sh-NC, mimic-NC, inhibitor NC) or treated with DNA
methylase inhibitor 5-azacytidine (5-Aza). All related plasmids were
purchased from GeneChem (Shanghai, China).
For construction of Parkin-KO and ATG7-KO cell lines, Parkin and ATG7

gRNA were designed using tools.genome-engineering.org to generate a
LentiCRISPR lentivirus CRISPR/Cas9 vector. In short, lentivirus (cloned
sgRNA) was cotransfected with packaging plasmids pVSVg (AddGene
8454) and psPAX2 (AddGene 12260) into HEK293T cells. The packaged
lentivirus was used to transduce the target cells, and positive clones were
screened using puromycin. Parkin-KO (H9c2 cells with parkin knockout)
and ATG7-KO cell lines (H9c2 cells with ATG7 knockout) were verified by
western blot analysis and used for subsequent experiments.

Assessment of cell viability
Cell viability was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay and lactate dehydrogenase (LDH)
release assay as previously reported22. The spectrophotometric absorbance
of the samples at 570 nm was measured using a microplate reader
(Thermo Fisher 1510). LDH release was measured using a commercially
available kit (Jiancheng Bioengineering Institute, Nanjing, China). The
absorbance at 340 nm was measured using a microplate reader, and
relative LDH release is presented as the percentage of LDH in the medium
vs. the total LDH activity in cells.

Autophagy analysis by monodansylcadaverine (MDC) staining
Cells were fixed in 4% paraformaldehyde for 10min at room temperature
and stained with MDC (50 μmol/L) in PBS for 30min at 37 °C. After
completion of staining, the cells were monitored under an inverted
fluorescence microscope. The cells were then suspended in PBS and
analyzed in a flow cytometer. The relative content of autophagic vacuoles
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in the cells was reflected by the intensity of fluorescence. Data were
analyzed using Win MDI2.9 software.

Dual-luciferase reporter assay
The wild-type (WT) and mutated 3′untranslated region (3′UTR) of ETS1
containing the predicted miR-152-3p targeting sequence were separately
cloned into the psiCheck2 plasmid, and the generated plasmids were
called EST-WT and EST-mutant type (MUT), respectively. Cells were
cotransfected with EST-WT or EST-MUT and miR-152-3p mimic or miR-
152-3p inhibitor. Luciferase activity was measured utilizing the Dual-
Luciferase Reporter Assay System (Promega Corporation, Madison, WI).

Methylation-specific polymerase chain reaction (MSP)
The methylation status of genomic DNA was evaluated using MSP as
previously reported23. In brief, genomic DNA was extracted using a
DNAMaxi Kit (Qiagen), and DNA was modified with sodium bisulfite using a
Methyl Code Bisulfite Conversion Kit (Invitrogen). The primers used for
detection have been reported in a previous study23.

Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)
Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Germany).
Complementary DNA (cDNA) was synthesized using a PrimeScript RT
reagent Kit (RR047A, Takara, Tokyo, Japan) or miRNA First Strand cDNA
Synthesis (tailing Reaction) kit (B532451-0200, Sangon Biotech, Shanghai,
China) to evaluate mRNA or miRNA expression levels, respectively. Relative
expression of DNMT1, ETS1, RhoH and miR-152-3p was determined using a
SYBR Premix Ex TaqTM II (Perfect Real Time) Kit (DDR081, Takara) on an
ABI 7500 instrument (Applied Biosystems, Foster City, CA, USA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 were used
as internal controls for mRNA and miRNA quantification, respectively.
Primer sequences are listed in Supplemental Table 1.

Western blot analysis
Total protein extraction from heart tissues or cells was performed using
radioimmunoprecipitation assay lysis buffer (R0010, Solarbio, Beijing,
China) supplemented with phenylmethylsulfonyl fluoride, and the
concentration was determined using a bicinchoninic acid assay kit
(23225, Pierce, Paris, France). Protein samples (50 μg/sample) were
separated by 10% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (P0012A, Beyotime, Shanghai, China) and transferred onto
polyvinylidene fluoride membranes. The membranes were blocked in 5%
skimmed milk and then incubated with the following primary antibodies
(all from Abcam, Cambridge, UK) overnight at 4 °C: DNMT1 (ab188453,
1:1,000), ETS1 (ab220361, 1:1,000), RhoH (ab118507, 1:1,000), Beclin-1
(ab207612, 1:1,000), LC3B (ab192890, 1:1,000), P62 (ab240635, 1:1,000),
ATPIF1 (ab110277, 1:1,000), ATG7 (ab133528, 1:1,000), parkin (ab77924,
1:1,000), and β-actin (ab179467, 1:1,000). The next day, the membranes
were incubated with horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G (IgG) (Zhongshan Biotech, Guangzhou, China; 1:5,000).
The immunocomplexes on the membrane were visualized using enhanced
chemiluminescence reagent. Relative protein levels were quantified using
Quantity One v4.6.2 software with β-actin as a loading control.

Statistical analysis
All data were analyzed using SPSS 21.0 software (IBM Corp., Armonk, NY,
USA). Measurement data are presented as the mean ± standard deviation.
Data between two groups were compared using unpaired t-test, and
differences among multiple groups were analyzed by one-way analysis of
variance followed by Tukey’s multiple comparisons test. Pearson’s
correlation analysis was used to analyze the correlation between miR-
152-3p and DNMT1 or ETS1 or between RhoH and ETS1. A value of p < 0.05
was considered statistically significant. All experiments were repeated
three times.

RESULTS
DNMT1 is highly expressed while miR-152-3p is poorly
expressed in the rat model of heart failure
DNMT1 is highly expressed in homocysteine-induced heart
failure8. A previous study reported that DNMT1 could bind to
the miR-152-3p promoter to induce DNA methylation and inhibit

the expression of miR-152-3p23. Moreover, upregulation of miR-
152-3p alleviates heart failure24, but whether this is related to the
regulation of DNMT1 remains unclear. To elucidate whether
DNMT1 mediates miR-152-3p in the regulation of heart failure, we
first established a rat heart failure model induced by DOX. The
echocardiography results showed that DOX-treated rats displayed
decreased LVEF and LVFS and elevated LVDD and LVSD
(Supplemental Table 2). Moreover, H&E staining results of rat
heart tissues revealed that in the control group, the architectural
arrangement of the myoblasts remained parallel, and the nuclei
were clear. Similarly, cellular edema and inflammatory cell
infiltration were not observed. However, in the DOX group, tissue
damage was observed, as reflected by cellular edema, hydropic
degeneration, increased cellular distance between myocytes and
infiltration of immune cells, including neutrophils, monocytes, and
lymphocytes (Fig. 1A). These observations indicated successful
establishment of the rat heart failure model.
In addition, we observed higher DNMT1 but reduced miR-152-

3p levels in heart tissues of DOX-treated rats (Fig. 1B–D,
Supplemental Fig. 1A). Furthermore, Pearson’s correlation analysis
indicated that the expression of DNMT1 was inversely correlated
with that of miR-152-3p in the heart tissues of DOX-treated rats
(Fig. 1E).

DNMT1 inhibits the expression of miR-152-3p by increasing
DNA methylation of the miR-152-3p promoter region
We next determined how DNMT1 affects miR-152-3p during heart
failure. The MethPrimer database predicted the presence of CpG
islands in the promoter region of miR-152-3p (Fig. 2A). Therefore,
we speculated that DNMT1 affected the occurrence of heart failure
by regulating the methylation of miR-152-3p. MSP results showed
that the methylation rate of CpG islands in the miR-152-3p
promoter region was significantly higher in heart tissues of DOX-
treated rats than in control rats (Fig. 2B, C). In addition,
transfection with oe-DNMT1 increased the expression of DNMT1
in H9c2 cells, while there was no significant alteration in the
expression of DNMT1 in H9c2 cells in response to treatment with
oe-DNMT1+ 5-Aza (Fig. 2D, E, Supplemental Fig. 1B). RT-qPCR
results showed that expression of miR-152-3p was decreased in
H9c2 cells overexpressing DNMT1; however, when we treated
DNMT1-overexpressing H9c2 cells with 5-Aza, a DNA methyl-
transferase inhibitor25, the inhibitory effect of DNMT1 over-
expression on miR-152-3p expression was diminished (Fig. 2F).
Furthermore, MSP assay results demonstrated that DNMT1 over-
expression increased the methylation levels of miR-152-3p, while
further 5-Aza treatment reversed this increase (Fig. 2G). These
findings suggested that DNMT1 might inhibit the expression of
miR-152-3p by enhancing DNA methylation at its promoter region.

DNMT1 suppresses mitophagy of H9c2 cells by inhibiting miR-
152-3p expression
The role of DNMT1 and miR-152-3p in mitophagy in H9c2 cells was
our next focus. RT-qPCR data showed that oe-DNMT1 elevated the
expression of DNMT1 while decreasing that of miR-152-3p in H9c2
cells. However, the miR-152-3p mimic did not alter the expression
of DNMT1 but upregulated that of miR-152-3p. In addition,
combined treatment with oe-DNMT1 and miR-152-3p mimic led to
much higher miR-152-3p expression relative to oe-DNMT1 alone
(Fig. 3A).
Moreover, we found that DOX inhibited H9c2 cell viability and

enhanced the LDH release rate in the cell culture solution,
indicating increased H9c2 cell injury. DNMT1 overexpression
aggravated H9c2 cell injury, which was decreased following miR-
152-3p overexpression. Conversely, combined treatment with oe-
DNMT1 and miR-152-3p mimic reversed the promoting effect of
oe-DNMT1 on H9c2 cell injury (Fig. 3B, C). MDC staining results
revealed that the fluorescence intensity and MDC-positive cells
were both decreased in cells treated with DOX, suggesting the
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accumulation of autophagic vacuoles in DOX-treated cells and
inhibition of autophagy. In contrast, autophagy was decreased in
cells overexpressing DNMT1 but was enhanced upon miR-152-3p
overexpression. In addition, combined treatment with oe-DNMT1
and miR-152-3p mimic led to much higher levels of autophagy
than DNMT1 overexpression alone (Fig. 3D). Western blot analysis
results revealed a decrease in Beclin-1 protein expression and the
LC3-II/LC3-I ratio but increases in DNMT1 and P62 protein
expression in DOX-exposed H9c2 cells. DNMT1 overexpression
decreased Beclin-1 protein expression and the LC3-II/LC3-I ratio
while elevating DNMT1 and P62 protein expression. miR-152-3p
overexpression caused the opposite trend. Simultaneous over-
expression of DNMT1 and miR-152-3p increased Beclin-1 protein
expression and the LC3-II/LC3-I ratio and reduced DNMT1 and P62
protein expression (Fig. 3E). These data supported that DNMT1
could attenuate mitophagy in H9c2 cells by limiting miR-152-3p.

DNMT1 upregulates the expression of ETS1 by inhibiting
miR-152-3p
Intersection analysis of the first 100 target genes of miR-152-3p
predicted by the miRDB and starBase databases using the
bioinformatics database revealed five genes in the intersection:
ETS1, AKAP1, FXR1, WDR47 and SOS2 (Fig. 4A). Published literature
highlights the involvement of ETS1 in the progression of
myocardial fibrosis-related disease, and inhibition of ETS-1 may
represent a potential therapeutic strategy for the treatment of
heart failure secondary to chronic hypertension12. Therefore, we
chose to focus on ETS1 in subsequent experiments.

The TargetScan website predicted the presence of binding sites
between EST1 and miR-152-3p (Fig. 4B). More importantly,
expression of ETS1 was upregulated in heart tissues from DOX-
treated rats (Fig. 4C). Pearson’s correlation analysis revealed a
negative correlation between ETS1 and miR-152-3p (Fig. 4D) and a
positive correlation between ETS1 and DNMT1 in heart tissues
from DOX-treated rats (Fig. 4E). A dual-luciferase reporter assay
further confirmed that transfection with the miR-152-3p mimic
significantly reduced luciferase activity of the ETS1-3′UTR-WT but
did not affect that of the ETS1-3′UTR-MUT (Fig. 4F). Moreover,
protein levels of ETS1 were promoted in response to miR-152-3p
mimic transfection but were suppressed following transfection
with miR-152-3p inhibitor (Fig. 4G). RT-qPCR and western blot data
validated the transfection efficiency of oe-DNMT1 and sh-DNMT1
in myoblasts, and the sh-DNMT12 sequence, which had superior
efficiency, was selected for subsequent analysis (Fig. 4H). The
western blot results showed that DNMT1 overexpression
increased ETS1 protein expression, while DNMT1 silencing
decreased ETS1 protein expression in H9c2 cells (Fig. 4I). To
further determine whether DNMT1 upregulation of ETS1 expres-
sion is miR-152-3p-dependent, we overexpressed or knocked
down the expression of DNMT1 and/or miR-152-3p in myoblasts.
The western blot results suggested that oe-DNMT1 promoted
DNMT1 and ETS1 expression, while an additional miR-152-3p
mimic abolished this promotion of ETS1 expression without
altering DNMT1 expression (Fig. 4J). Therefore, DNMT1 could
promote the expression of ETS1 by suppressing expression of miR-
152-3p.
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Fig. 1 DNMT1 is upregulated and miR-152-3p is downregulated in the rat heart failure model, exhibiting an inverse correlation.
A Representative H&E images displaying the histological characteristics of heart tissues from control rats and DOX-treated rats. Scale bar= 50
μm. Arrowhead indicates neutrophils. B Relative expression of DNMT1 in heart tissues from control rats and DOX-treated rats determined by
RT-qPCR. C DNMT1 protein expression in heart tissues from control rats and DOX-treated rats determined by western blot analysis.
D Expression of miR-152-3p in heart tissues from control rats and DOX-treated rats determined by RT-qPCR. E Pearson’s correlation analysis
evaluating the relationship between DNMT1 expression and miR-152-3p expression in heart tissues from DOX-treated rats. *p < 0.05,
compared to control rats. n= 10 rats in each group.
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ETS1 suppresses mitophagy in H9c2 cells by promoting the
expression of RhoH
After differential analysis of the GSE84796 dataset retrieved from
the GEO database, we selected the top 20 genes for subsequent
analysis (Fig. 5A). At the same time, a previous study highlighted

the key role of the Rho kinase pathway in the pathogenesis of
heart failure26, but its specific mechanism needs further explora-
tion. Therefore, we used RhoH as a target for further study. The
STRING database predicted an interaction between RhoH and
ETS1 (Fig. 5B). Meanwhile, the ChIPbase database showed a
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H9c2 cells treated with oe-DNMT1 alone or in combination with 5-Aza was confirmed by RT-qPCR. E DNMT1 protein expression in H9c2 cells
treated with oe-DNMT1 or combined with 5-Aza determined by western blot analysis. F Expression of miR-152-3p in H9c2 cells treated with
oe-DNMT1 or combined with 5-Aza determined by RT-qPCR. G The methylation status of the miR-152-3p promoter region in H9c2 cells
treated with oe-DNMT1 or combined with 5-Aza was evaluated by MSP assay. *p < 0.05, compared to control rats or H9c2 cells transfected with
oe-NC. #p < 0.05, compared to H9c2 cells transfected with oe-DNMT1. n= 10 rats in each group. The cell experiments were independently
conducted three times.
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significant positive correlation between RhoH and ETS1 in
myocardial tissues (Fig. 5C), suggesting that ETS1 may act as a
transcription factor to promote RhoH transcription by binding to
the promoter region of RhoH.
Elevation of RhoH was observed in heart tissues of DOX-treated

rats (Fig. 5D); moreover, it was positively correlated with ETS1
expression (Fig. 5E). Western blot analysis further demonstrated
that ETS1 overexpression promoted the expression of RhoH
(Fig. 5F). H9c2 cells were transfected with sh-RhoH, the efficiency
of which was confirmed by RT-qPCR and western blot analysis. sh-
RHOH2 showed superior efficiency and was selected for further
experiments (Fig. 5G, Supplemental Fig. 1C). ETS1 overexpression
led to a decrease in cell viability and an increase in the LDH release
rate, aggravating cell injury, while depletion of RhoH resulted in
the opposite results. Combined transfection with oe-ETS1 and sh-
RhoH repressed cell injury (Fig. 5H, I). Moreover, ETS1 upregulation

suppressed autophagy, as reflected by decreased green fluores-
cence intensity and MDC-positive cells, while RhoH silencing
promoted DOX-induced autophagy, as reflected by elevated green
fluorescence intensity and MDC-positive cells. However, dual
transfection with oe-ETS1 and sh-RhoH enhanced autophagy
compared to oe-ETS1 alone (Fig. 5J). Furthermore, oe-ETS1
treatment suppressed mitophagy, while further RhoH depletion
abrogated this trend. Additionally, increased mitophagy was
observed in the presence of oe-ETS1+ sh-RhoH compared to oe-
ETS1 alone (Fig. 5K). These data suggested that ETS1 suppressed
mitophagy in myoblasts by promoting the expression of RhoH.

DNMT1 reduces the mitophagy in H9c2 cells through the
miR-152-3p/ETS1/RhoH axis
The aforementioned results encouraged us to speculate that
DNMT1 may repress mitophagy in myoblasts via the miR-152-

Fig. 3 DNMT1 suppresses mitophagy in myoblasts by inhibiting miR-152-3p expression. H9c2 myoblasts were treated with oe-DNMT1,
miR-152-3p mimic or both. A DNMT1 and miR-152-3p in myoblasts determined by RT-qPCR. B, C Results of the MTT assay and LDH release
assay evaluating viability and cell injury in myoblasts. D MDC-positive myoblasts, scale bar= 25 μm. E Protein expression of DNMT1, Beclin-1,
P62, LC3-II, and LC3-I in cells determined by western blot analysis. *p < 0.05, compared to control cells or cells treated with oe-NC+mimic-NC;
#p < 0.05, compared to cells treated with oe-NC+mimic NC+DOX; &p < 0.05, compared to cells treated with oe-DNMT1+mimic-NC+DOX.
The cell experiments were independently conducted three times.
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3p/ETS1/RhoH axis. To test this hypothesis, we conducted
relevant assays in H9c2 cells. RT-qPCR results revealed increased
DNMT1 and decreased miR-152-3p expression in cells with oe-
DNMT1, while DNMT1 and miR-152-3p expression exhibited no
changes in the presence of oe-DNMT1+ sh-RhoH (Fig. 6A). In
addition, western blot analysis showed that oe-DNMT1 elevated
the expression of RhoH, DNMT1 and ETS1, but RhoH expression

was reduced following further sh-RhoH treatment (Fig. 6B,
Supplemental Fig. 1D). The results of MTT and LDH assays
showed that DNMT1 overexpression reduced cell viability and
increased the LDH release rate, inducing cell injury, while RhoH
silencing or combination with DNMT1 overexpression attenu-
ated cell injury (Fig. 6C, D). DNMT1-overexpressing cells
displayed suppressed autophagy, and in contrast, RhoH

Fig. 4 DNMT1 promotes ETS1 expression by suppressing miR-152-3p expression in H9c2 cells. A Venn diagram analysis of the first 100
target genes of miR-152-3p predicted using the miRDB and starBase databases. B miR-152-3p binding sites in the 3′UTR of ETS1 mRNA were
predicted using the TargetScan website. C Expression of ETS1 in heart tissues from control rats and DOX-treated rats determined by RT-qPCR.
D Pearson’s correlation analysis of the relationship between ETS1 and miR-152-3p. E Pearson’s correlation analysis of the relationship between
ETS1 and DNMT1. F Binding of miR-152-3p to ETS1 was verified by dual-luciferase reporter assay. G RT-qPCR of miR-152-3p expression and
western blot analysis of ETS1 protein in H9c2 cells transfected with miR-152-3p mimic or miR-152-3p inhibitor. H DNMT1 overexpression and
knockdown efficiency in H9c2 cells validated by western blot analysis and RT-qPCR. I Western blot analysis of ETS1 and DNMT1 proteins in
H9c2 cells transfected with oe-DNMT1 or sh-DNMT1. J Western blot analysis of ETS1 and DNMT1 proteins in H9c2 cells transfected with oe-
DNMT1, oe-DNMT1+miR-152-3p mimic, sh-DNMT1 or sh-DNMT1+miR-152-3p inhibitor. *p < 0.05, compared to control rats, cells transfected
with mimic-NC, oe-NC, oe-NC+mimic NC or sh-NC+ inhibitor NC; #p < 0.05, compared to cells transfected with inhibitor-NC, sh-NC, or oe-
DNMT1+mimic NC; &p < 0.05, compared to cells transfected with sh-DNMT1+ inhibitor NC. n= 10 rats in each group. The cell experiments
were independently conducted three times.
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silencing or combination with DNMT1 overexpression negated
this trend (Fig. 6E, F). In addition, DNMT1 overexpression
repressed mitophagy, which was neutralized by RhoH knock-
down or combination with DNMT1 overexpression (Fig. 6G).
Furthermore, H9c2 cells with parkin-KO or ATG7-KO exhibited
higher DNMT1, ETS1 and RhoH expression and lower miR-152-3p

expression along with reduced autophagy compared to control
cells (Fig. 6H, I), indicating that DNMT1 promotes myoblast
injury by regulating the miR-152-3p/ETS1/RhoH axis through the
suppression of mitophagy. Overall, these results indicated that
DNMT1 inhibited mitophagy in myoblasts through the miR-152-
3p/ETS1/RhoH axis.
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Depletion of DNMT1 protects rats from DOX-induced heart
failure through the miR-152-3p/ETS1/RhoH axis
Our data demonstrated that DNMT1 overexpression suppressed
mitophagy in myoblasts by regulating the miR-152-3p/ETS1/
RhoH axis in vitro. To further confirm our findings in vivo, we
established DOX-induced rat heart failure models. DOX-exposed
rats displayed reduced LVEF and LVFS, as well as elevated LVDD
and LVDS. Importantly, the echocardiography parameters of
DOX-exposed rats were recovered by DNMT1 silencing to a
comparable level to that of control rats. Moreover, this protective
effect achieved by DNMT1 silencing was diminished by further
depletion of RhoH, as reflected by reduced LVEF and LVFS, as
well as increased LVDD and LVSD (Supplemental Table 3). H&E
staining revealed that tissues from DOX-treated rats were
severely damaged; however, in the sh-DNMT1+ LV-NC group,
tissue damage was alleviated, as indicated by the normal
arrangement of the muscle fibers and reduced inflammatory
cell infiltration. Moreover, upon cotreatment with sh-DNMT1 and
LV-RhoH, cardiomyopathy-like changes were observed in myo-
cardial tissues relative to sh-DNMT1 treatment alone (Fig. 7A). In-
gel ATPase activity and JC-1 assays demonstrated that DOX
treatment reduced ATPase activity and mitochondrial membrane
potential, while depletion of DNMT1 recovered the activity of
mitochondrial ATPase and mitochondrial membrane potential. In
addition, combined treatment with sh-DNMT1 and LV-RhoH led
to reduced ATPase activity and mitochondrial membrane
potential compared to treatment with sh-DNMT1 alone (Fig. 7B,
C). Furthermore, RT-qPCR and western blot were performed to
assess miR-152-3p DNMT1, ETS1, RHOH, and the autophagy-
related factors Beclin-1, LC3-II, LC3-I and P62 in the myocardial
tissue of each group of rats. In addition, expression of DNMT1,
ETS1, RhoH and P62 was upregulated, while that of miR-152-3p
and Beclin-1 along with the LC3-II/LC3-I ratio was reduced in the
heart tissues of DOX-treated rats, and treatment with sh-DNMT1
resulted in the opposite findings. Combined treatment with sh-
DNMT1 and LV-RhoH induced higher RhoH and P62 expression
but lower Beclin-1 expression and LC3-II/LC3-I ratio compared to
sh-DNMT1 alone (Fig. 7D, E). These data suggested that the
protective effect of DNMT1 depletion on heart failure was
correlated with the miR-152-3p/ETS1/RhoH axis.

DISCUSSION
Heart failure, a major public health burden, affects ~2% of the
adult population worldwide. According to a recent study, heart
failure-related mortality has not meaningfully improved since
2009. Moreover, the estimated mean cost for hospitalization with
primary heart failure will be 11 billion27. Therefore, there is an
urgent need for a better understanding of the pathophysiology
and pathogenesis of heart failure. DNA methylation has been
reported to show great potential for regulating multiple types of
biological processes essential for cardiac function28. In the current
study, we focused on the role of one of the DNA methyltransferase
family members, DNMT1, in the pathogenesis of heart failure. We
concluded that DNMT1 could inhibit mitophagy in H9c2 cells and

facilitates the ensuing occurrence of heart failure through
regulation of the miR-152-3p/ETS1/RhoH axis.
DNMT1 is the most abundant and major maintenance

methyltransferase among DNMT family members and primarily
methylates hemimethylated DNA29. DNMT1 has been studied in
multiple types of diseases, including cancer30,31, neurological
disorders32,33, and genetic diseases34. Recently, a study showed
that cardiomyocytes with specific depletion of DNMT1 protected
rats from DOX-induced heart failure7. In addition, DNMT1 is highly
expressed in heart failure rats and hypertrophy cell models, and
this high expression suppresses SHP-1 expression, leading to the
development of cardiomyocyte hypertrophy-induced heart fail-
ure35. In this study, we determined the role of DNMT1 in the
initiation and progression of heart failure and defined the
underlying mechanism. We induced heart failure using DOX
in vivo and in vitro, and we observed that protein levels of DNMT1
were upregulated in DOX-treated rats and H9c2 cells.
We also observed that DOX treatment resulted in the down-

regulation of miR-152-3p and that expression of DNMT1 and miR-
152-3p was negatively correlated in DOX-treated rats. In alignment
with previous literature, we showed that DNMT1 inhibited the
expression of miR-152-3p by methylating its promoter region9.
miR-152-3p has demonstrated cardioprotective roles in heart
failure due to its inhibitory effect on the apoptosis of H9C2 cells24.
We also found that DNMT1 overexpression reduced the expres-
sion of miR-152-3p, while reconstitution of miR-152-3p in DOX-
treated H9c2 cells restored cell viability. Because dysregulated
mitophagy can reduce the viability of myocardial cells18, we
speculated that miR-152-3p protected H9c2 cells by enhancing
mitophagy. Therefore, we investigated the effect of miR-152-3p in
DOX-treated myocardial cells. We observed that miR-152-3p
reconstitution significantly enhanced autophagy and mitophagy
in H9c2 cells.
We also concluded that miR-152-3p targeted ETS1 and down-

regulated the expression of ETS1 and that ETS1-regulated RhoH in
myoblasts. The significance of miRNAs in heart failure through
modulation of mRNA has been documented36. Partly in line with
our findings, a recent study highlighted that mice with miR-152
overexpression exhibited reduced DOX-related cardiac injury
through modulation of Nrf237. ETS1 is a key regulator of vascular
homoeostasis and is critical for cardiac neural crest and heart
development38,39. Deletion of ETS1 has been reported to attenuate
angiotensin-II-induced cardiac fibrosis by repressing endothelial-
to-mesenchymal transition, which represents a potential therapeu-
tic strategy for the treatment of heart failure secondary to chronic
hypertension12. Overexpression of ETS1 has been shown to
upregulate the promoter activity and mRNA and protein expres-
sion of RhoC, a member of the Rho subfamily of the Ras
superfamily of homologous genes40. Interestingly, Rho-kinase
inhibition is cardioprotective against diclofenac toxicity, as it can
prevent diclofenac-induced increases in myocardial oxidative
damage markers41. In addition, downregulation of Rho/ROCK
confers protection to cardiomyocytes against heart failure, of
which Rho A expression is significantly increased in the myocardial
tissues of rats with heart failure42. Rho-kinase pathway inhibition

Fig. 5 ETS1 inhibits mitophagy in myoblasts by promoting expression of ETS1. A A heatmap of differentially expressed genes related to
heart failure obtained from the GSE84796 dataset. The x-axis represents the sample number, and the y-axis represents the gene name.
B Interaction between RhoH and ETS1 analyzed using the STRING database. C Correlation between RhoH and ETS1 in myocardial tissues
analyzed using the ChIPbase database. D Expression of RhoH in heart tissues from normal rats and DOX-treated rats determined by RT-qPCR.
E Pearson’s correlation analysis of the relationship between ETS1 expression and RhoH expression. F western blot analysis of EST1 and RhoH
proteins in H9c2 cells with ETS1 overexpression. G RhoH knockdown efficiency in H9c2 cells was confirmed by RT-qPCR and western blot
analysis. H Viability of H9c2 cells treated with oe-ETS1, sh-RhoH or both measured by MTT assay. I LDH release in H9c2 cell culture solution in
the presence of oe-ETS1, sh-RhoH or both. J MDC-positive H9c2 cells treated with oe-ETS1, sh-RhoH or both, scale bar= 25 μm. K Protein
expression of ETS1, RhoH, P62, Beclin-1, LC3-II, and LC3-I in H9c2 cells treated with oe-ETS1, sh-RhoH or both determined by western blot
analysis. *p < 0.05, compared to control rats, cells treated with oe-NC, sh-NC, or oe-NC+ sh-NC+DOX; #p < 0.05, compared to cells treated
with oe-ETS1+ sh-NC+DOX. n= 10 rats in each group. The cell experiments were independently conducted three times.
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ameliorates diastolic heart failure, as evidenced by decreased
myocardial stiffness, cardiomyocyte hypertrophy, cardiac fibrosis
and superoxide production, represents a promising therapeutic
target for this disorder26. Therefore, it is reasonable to conclude
that miR-152-3p may target ETS1 and downregulate the expression
of ETS1 as well as ETS1-mediated RhoH in H9c2 cells. It is also
possible that in DOX-treated H9c2 cells, downregulated miR-152-
3p resulted in a reduction in cell mitophagy and viability by de-
suppressing ETS1/RhoH. To test this hypothesis, we modulated the
expression of miR-152-3p, ETS1 and RhoH in H9c2 cells. We then
evaluated H9c2 cell viability, autophagy and mitophagy in cells
treated with or without DOX. Our data also demonstrated that
DNMT1 overexpression-mediated miR-152-3p reduction resulted in
upregulated ETS1 and RhoH in H9c2 cells. Moreover, we showed
that in DOX-treated H9c2 cells, depletion of RhoH was enhanced,
while ETS1 overexpression suppressed mitophagy and cell viability.
These findings were also validated in a rat model of heart failure in

which DNMT1 depletion significantly improved cardiac function, as
reflected by improved LVEF and LVFS, as well as alleviated LVSD and

LVDD, consistent with previous studies7. Moreover, DNMT1 silencing
improved autophagy in vivo, which has been demonstrated by
others43. These effects were compromised by further RhoH over-
expression. These findings indicate that miR-152-3p/ETS1/RhoH may
function as an axis that regulates autophagy and mitophagy and
ultimately regulates H9c2 cell viability during heart failure. Moreover,
as our data showed, during heart failure, DNMT1 was upregulated,
which, in turn, suppressed the expression of miR-152-3p.
Our study bridges the gap between DNMT1-regulated miR-152-3p

and ETS1-regulated RhoH in the pathogenesis of heart failure. Our
data demonstrate that, mechanistically, during heart failure, upregu-
lated DNMT1 inhibits the expression of miR-152-3p, which further
results in upregulation of ETS1 and RhoH. Functionally, we showed
that heart failure-mediated upregulation of DNMT1 suppressed
mitophagy in H9c2 cells and consequently reduced the viability of
those cells (Fig. 8). Our study identified the role of DNMT1 in the
pathogenesis of heart failure and the underlying molecular mechan-
isms. This study sheds light on the development of therapeutic
strategies targeting DNMT1 in heart failure. However, additional

Fig. 6 DNMT1 inhibits mitophagy in myoblasts through the miR-152-3p/ETS1/RhoH axis. A Expression of DNMT1 and miR-152-3p in H9c2
cells treated with oe-DNMT1 or combined with sh-RhoH determined by RT-qPCR. B Western blot analysis of DNMT1, ETS1 and RhoH proteins
in H9c2 cells treated with oe-DNMT1 or combined with sh-RhoH. C Viability of H9c2 cells treated with oe-DNMT1 or combined with sh-RhoH
measured by MTT assay. D LDH release in H9c2 cell culture solution in the presence of oe-DNMT1 alone or in combination with sh-RhoH.
EMDC-positive H9c2 cells treated with oe-DNMT1 alone or in combination with sh-RhoH. Scale bar= 25 μm. F Colocation ratio. GWestern blot
analysis of Beclin-1, P62, and LC3-II/LC3-I in H9c2 cells treated with oe-DNMT1 or combined with sh-RhoH. H Western blot analysis of DNMT1,
ETS1, RhoH, ATG7, parkin, P62 and LC3-II/LC3-I in H9c2 cells treated with oe-DNMT1 alone or in combination with sh-RhoH. I Expression of
miR-152-3p in H9c2 cells treated with oe-DNMT1 or combined with sh-RhoH determined by RT-qPCR. *p < 0.05, compared to control cells or
cells treated with oe-NC+ sh-NC; #p < 0.05, compared to cells treated with oe-DNMT1+ sh-NC. The cell experiments were independently
conducted three times.
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studies are required to validate the findings in our study due to the
lack of supporting literature regarding the correlation between ETS1
and RhoH with respect to the role of RhoH in heart failure.
Furthermore, the mechanism by which DNMT1 regulates mitophagy
through the miR-152-3p/ETS1/RHOH signaling axis and affects the
development of heart failure may be related to chemotherapy-
induced CM, but the role of this mechanism in other myocardial
diseases remains to be explored.
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