
ll
OPEN ACCESS
iScience

Article
m6A demethylase ALKBH5 attenuates
doxorubicin-induced cardiotoxicity via
posttranscriptional stabilization of Rasal3
Ri-Feng Gao, Kun

Yang, Ya-Nan Qu,

..., Xiao-Lei Sun,

Ying-Jia Xu, Yi-

Qing Yang

yangyiqing@fudan.edu.cn

Highlights
Alkbh5-null mice had

increased mortality due to

doxorubicin-induced

cardiotoxicity

ALKBH5 overexpression

alleviated doxorubicin-

induced cardiotoxicity

ALKBH5 regulated the

expression of Rasal3 in an

m6A-dependent manner

ALKBH5 reduced Rasal3

mRNA stability

Gao et al., iScience 26, 106215
March 17, 2023 ª 2023 The
Authors.

https://doi.org/10.1016/

j.isci.2023.106215

mailto:yangyiqing@fudan.edu.cn
https://doi.org/10.1016/j.isci.2023.106215
https://doi.org/10.1016/j.isci.2023.106215
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106215&domain=pdf


ll
OPEN ACCESS
iScience
Article
m6A demethylase ALKBH5 attenuates
doxorubicin-induced cardiotoxicity via
posttranscriptional stabilization of Rasal3

Ri-Feng Gao,1,7 Kun Yang,2,7 Ya-Nan Qu,2,7 Xiang Wei,1,7 Jia-Ran Shi,3 Chun-Yu Lv,4 Yong-Chao Zhao,2

Xiao-Lei Sun,2 Ying-Jia Xu,1 and Yi-Qing Yang1,5,6,8,*
1Department of Cardiology,
Shanghai Fifth People’s
Hospital, Fudan University,
Shanghai 200240, China

2Department of Cardiology,
Shanghai Institute of
Cardiovascular Diseases,
Zhongshan Hospital, Fudan
University, Shanghai 200232,
China

3Department of Cardiology,
the First Affiliated Hospital,
Zhejiang University,
Hangzhou 310003, China

4Shenzhen Key Laboratory for
Neuronal Structural Biology,
Biomedical Research
Institute, Shenzhen Peking
University-The Hong Kong
University of Science and
Technology Medical Center,
Shenzhen 200240, China

5Department of
Cardiovascular Research
Laboratory, Shanghai Fifth
People’s Hospital, Fudan
University, Shanghai 518036,
China

6Department of Central
Laboratory, Shanghai Fifth
People’s Hospital, Fudan
University, Shanghai 200240,
China
SUMMARY

The clinical application of anthracyclines such as doxorubicin (DOX) is limited due
to their cardiotoxicity. N6-methyladenosine (m6A) plays an essential role in
numerous biological processes. However, the roles of m6A andm6A demethylase
ALKBH5 in DOX-induced cardiotoxicity (DIC) remain unclear. In this research, DIC
models were constructed using Alkbh5-knockout (KO), Alkbh5-knockin (KI), and
Alkbh5-myocardial-specific knockout (ALKBH5flox/flox, aMyHC�Cre) mice. Cardiac
function and DOX-mediated signal transduction were investigated. As a result,
both Alkbh5 whole-body KO and myocardial-specific KO mice had increased
mortality, decreased cardiac function, and aggravated DIC injury with severe
myocardial mitochondrial damage. Conversely, ALKBH5 overexpression allevi-
ated DOX-mediated mitochondrial injury, increased survival, and improved
myocardial function.Mechanistically, ALKBH5 regulated the expression of Rasal3
in an m6A-dependent manner through posttranscriptional mRNA regulation and
reduced Rasal3 mRNA stability, thus activating RAS3, inhibiting apoptosis
through the RAS/RAF/ERK signaling pathway, and alleviating DIC injury. These
findings indicate the potential therapeutic effect of ALKBH5 on DIC.

INTRODUCTION

Anthracyclines, such as doxorubicin (DOX), are cytotoxic antibiotics that are widely used as anticancer

drugs.1–4 They inhibit the proliferation of cancer cells but also cause pathological changes in the

myocardium; promote apoptosis, necrosis, and pyroptosis of myocardial cells; and damage myocardial

mitochondria.5–11 The major adverse effects of DOX that limit its clinical utility are cardiovascular toxicities:

hypotension, tachycardia, arrhythmias, and ultimately congestive heart failure.5,12–15 The treatment of DOX-

induced cardiotoxicity (DIC) has always been a focus of clinical research and remains challenging. Therefore,

there is a great need to identify underlying mechanisms, and new treatment strategies for DIC.

N6-methyladenosine (m6A) refers to methylation modification of the N atom at position 6 of adenosine,

which is the most common form of posttranscriptional modification in mammals.16–18 The methylation of

m6A is reversible and is regulated by enzymes including methyltransferases (‘‘writers’’), demethylases

(‘‘erasers’’), and methylation-reading proteins (‘‘readers’’).17,19,20 Recent studies have shown that the

m6A demethylase ALKB homolog 5 (ALKBH5) is involved in the repair of damages induced by cardiovas-

cular diseases.21,22 However, the role of ALKBH5 in DIC has not been reported.

Herein, we generated murine DIC models to show that ALKBH5 plays an important role in protecting

myocardial mitochondria and cardiomyocyte (CM) survival in DIC through m6A demethylation. Further-

more, ALKBH5 disrupts Rasal3 mRNA stability in CMs and alters the Ras/Raf/Erk signaling.
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RESULTS

DOX-induced cardiotoxic injury and downregulation of ALKBH5 expression in myocardial

tissue

We constructed a murine DIC model (Figure S1A) to assess myocardial function and regulation of m6A-

related enzymes. We found that m6A methylation increased (Figures 1A and 1B), while ALKBH5 expression
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Figure 1. ALKBH5-KO aggravates DIC, and ALKBH5-KI attenuates DIC injury

(A and B) Representative dot blot images showing m6A abundance after injection under normal saline (control) and DOX (n > 6).

(C) RT-qPCR analysis of the mRNA expression levels of METTL3, METTL14, ALKBH5, and FTO in DIC mice (n = 6).

(D) Kaplan-Meier survival curves showing the survival of DOX-stressed mice after ALKBH5-knockout (KO) under normal saline (control) and DOX (n = 20).

Detection of cardiotoxicity indexes CK-MB (E; n = 5) and CTnT (F; n = 6) by ELISA.

(G) Ejection fraction (n > 6).

(H) WGA (Bar = 100 mm) and ROS (Bar = 200 mm) staining of ALKBH5-KO and WT mice in DIC model.

(I) Apoptosis measured by TUNEL staining in ALKBH5-KO control and ALKBH5-KO heart sections (Bar = 150 mm).

(J) Western blot analysis of the protein expression levels of ALKBH5, cleaved caspase-3, and BAX levels in DIC.

(K) Kaplan-Meier survival curves showing the survival of DOX-stressed mice after ALKBH5-knockin (KI) under normal saline and DOX. Detection of

cardiotoxicity indexes CK-MB (L) and CTnT (M) by ELISA.

(N) Ejection fraction of ALKBH5-KI and WT mice.

(O) WGA (Bar = 100 mm) and ROS (Bar = 200 mm) staining of ALKBH5-KI and WT mice in DIC model.

(P) Apoptosis measured by TUNEL staining in WT and ALKBH5-KI heart sections (Bar = 150 mm).

(Q) Western blot analysis of the apoptosis protein expression levels of ALKBH5, cleaved caspase-3, and BAX levels in ALKBH5-KI-DOX and WT-DOX. Data

are depicted as the mean G SEM. Statistical significance was determined by one-way ANOVA with a post-hoc Holm-Sidak test. Here, ns, not significant;

*p < 0.05; **p < 0.05; ***p < 0.001; ****p < 0.0001.
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was decreased (Figure 1C) in mice with DIC. Survival was significantly decreased by DOX treatment (100%

vs 40%; log rank test; p < 0.0001; Figure S2A). Both body (Figure S2B) and heart (Figure S2C) weights

decreased, while the expression of the markers of myocardial toxic injury, CK-MB (Figure S2D) and cTnT

(Figure S2E), significantly increased. Echocardiography showed that both myocardial left ventricular ejec-

tion fraction (LVEF) and left ventricular fractional shortening (LVFS) were decreased in mice with DIC

(Figures S2F and S2G). Single-cell contractility assays showed no differences in CM resting lengths in

DIC mice (Figure S2H). Regarding CM systolic function, peak shortening (Figure S2K), the maximal velocity

of shortening (�dL/dt; Figure S2J), and time to peak strain (Figure S2L) were significantly lower in DIC than

in control mice. Regarding CM diastolic function, the maximal velocity of re-lengthening (+dL/dt; Fig-

ure S2I) was significantly decreased in DIC mice, but there was no significant difference in the time to

90% re-lengthening (Figure S2M) between DIC DOX-treated and control mice. This indicates that CM

contractility decreases in DICmice. Wheat germ agglutinin (WGA) and reactive oxygen species (ROS) stain-

ing showed that CMs were made smaller by DOX treatment (Figures S2N and S2O) relative to controls,

while oxidative stress injury was aggravated (Figure S2O). Western blotting (Figure S2Q) and terminal de-

oxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining (Figure S2P) showed that the myocar-

dial apoptosis was increased by DOX treatment.

Next, we assessed the effect of DOX on myocardial mitochondrial function. As shown in Figure S3A, in

contrast to controls treated with saline, mice treated with DOX exhibited cardiac ultrastructural defects

and mitochondria with disrupted cristae. We found that myocardial mitochondrial JC-1 was decreased

by 18.92% by DOX treatment (Figures S3B and S3C). CM respiration wasmarkedly decreased by DOX treat-

ment (Figures S3D and S3E). These data demonstrate that DOX treatment affects myocardial mitochondrial

function to decrease CMATP generation (Figures S3D and S3F), inducingmyocardial injury, whichmay play

a role in regulating m6A levels through ALKBH5.
ALKBH5 knockout (KO) aggravates while ALKBH5 knockin (KI) attenuates DIC injury

Following DOX treatment, Alkbh5-KO survival was significantly decreased compared with that of controls

(log rank test; p = 0. 0.0335; Figure 1D). Both body (Figure S4A) and heart (Figure S4B) weights decreased,

while expression of the cardiotoxicity markers, CK-MB (Figure 1E) and cTnT (Figure 1F), were significantly

increased by DOX treatment. Echocardiography showed that both LVEF (Figure 1G) and LVFS

(Figures S4C–S4E) were decreased by DOX treatment. Single-cell contractility assays showed that DOX

decreased systolic function, while there were no significant differences in diastolic function between

groups (Figures S4F–S4K). WGA and ROS staining showed that DOX treatment decreased CM size and

that ROS injury was aggravated (Figures 1H, S4M and S4N), respectively. TUNEL staining (Figures 1I and

S4Q) and apoptotic protein expression (Figures 1J, S4O and S4P) showed that apoptosis was significantly

elevated by DOX treatment. Taken together, these findings suggest that DOX treatment aggravates

myocardial injury and increases mortality in ALKBH5-deficient mice.

We next constructed Alkbh5-KI mice as a DIC model. Their survival was significantly increased over that of

wild-type (WT) mice (70 vs. 40%, respectively; log rank test; p = 0.0443; Figure 1K). Both body (Figure S5A)
iScience 26, 106215, March 17, 2023 3



Figure 2. ALKBH5-myocardial-specific knockout aggravates DIC injury

(A) Kaplan-Meier survival curves showing the survival of DOX-stressed mice after ALKBH5-myocardial-specific knockout (ALKBH5flox/flox, a�MyHC-Cre; n = 20).

(B) Body weight change during the DIC experiment in ALKBH5flox/flox, a�MyHC-Cre and control mice (n > 6).

(C) Ratio of heart weight to tibial length after DIC (n > 6). Detection of cardiotoxicity indexes CK-MB (D; n = 6) and CTnT (E; n = 6) by ELISA.
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Figure 2. Continued

(F) Representative images of echocardiography tracing in DIC mice.

(G) Ejection fraction (n = 6).

(H) Fractional shortening (n = 6). WGA (I and L; Bar = 200 mm; n > 6) and ROS (J and L; Bar = 100 mm; n > 6) staining of ALKBH5flox/flox and

ALKBH5flox/flox, a�MyHC-Cre mice in DIC model.

(K and M) Apoptosis measured by TUNEL staining in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre heart sections (Bar = 50 mm; n > 6).

(N) Western blot analysis of the protein expression levels of ALKBH5, cleaved caspase-3, and BAX levels in DIC. Data are depicted as the mean G SEM.

Statistical significance was determined by one-way ANOVA with a post-hoc Holm-Sidak test. Here, ns, not significant; *p < 0.05; **p < 0.01; ****p < 0.0001.
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and heart (Figure S5B) weights were increased, while CK-MB (Figure 1L) and cTnT (Figure 1M) levels were

significantly decreased in Alkbh5-KI mice. Systolic function in KI mice treated with DOX was significantly

improved over that of controls (Figures 1N and S5C–S5K). WGA and ROS staining (Figures 1O, S5M and

S5N) showed that KI CMs were larger and that ROS injury was decreased relative to controls. Apoptotic

protein expression was upregulated, and the number of apoptotic cells increased in DOX-treated KI

mice (Figures 1P, 1Q, and S5O–S5Q).

We found that DOX treatment decreased myocardial ALKBH5 expression (Figures 1J, 1Q, S4N, and S4O),

which in turn resulted in decreased myocardial m6A levels, whereas it was difficult to alter m6A levels in

ALKBH5-deficient mice (Figure S6A). Interestingly, the basal modified level of m6A in the myocardium of

the Alkbh5-KI mice was reduced, while DOX increased myocardial m6A in KI mice (Figure S6B).
Myocardial-specific ALKBH5 KO aggravates DIC and chronic DIC (CDIC) injury

Considering the pivotal role of ALKBH5 in DIC suggested by the whole-mouse KO and KI models, we con-

structed a cardiomyocyte-specific KO of Alkbh5 (Alkbh5flox/flox, a�MyHC-Cre). These mice exhibited

decreased survival (55 vs. 20%; log rank test; p = 0.0323; Figure 2A) and decreased body (Figure 2B) and

heart (Figure 2C) weights. They also had a diminished cardiac function. In particular, the expression of

the injury markers CK-MB (Figure 2D) and cTnT (Figure 2E) were significantly elevated, whereas LVEF

(Figures 2F–2H), LVFS (Figure S7A), and contractility of adult myocardial single cells (Figures 2B–2G)

were decreased. WGA (Figures 2I and 2L) staining showed that CMs were smaller and ROS (Figures 2J

and 2L) staining decreased in DOX-treated Alkbh5flox/flox, a�MyHC-Cre mice, whereas ROS injury was aggra-

vated. CM apoptosis (Figures 2M, 2N, 2K, S7I and S7J) andm6A levels (Figure S7K) in DOX-treated KOmice

were significantly increased. Taken together, these results show that the function of ALKBH5 in DIC is

intrinsic to CMs.

We next constructed a CDIC model in Alkbh5flox/flox, a�MyHC-Cre mice, intraperitoneally injecting 5 mg/kg

DOX once weekly for 4 weeks. Echocardiography showed that in CDIC mice, compared with Alkbh5flox/flox

controls lacking Cre, there were no significant changes in early cardiac function, but after 12 weeks, both

LVEF and LVFS significantly decreased (Figures S8A–S8D). Compared with controls, DOX-treated

Alkbh5flox/flox, a�MyHC-Cre mice showed no significant differences in body weights (Figure S8E), although

their heart weights decreased (Figure S8F) and myocardial apoptosis increased (Figures S8G–S8J).

Notably, m6A levels were elevated in Alkbh5flox/flox,a�MyHC-Cre mice (Figure S8K). In conclusion, both DIC

and CDIC models show significant aggravation of cardiotoxic injury and decreased myocardial function,

suggesting that ALKBH5 acts through CMs.
ALKBH5 KO aggravates while ALKBH5 overexpression alleviates DOX-induced

cardiomyocyte dysfunction

We next created a model by culturing adult CMs from ALKBH5 KO, KI, andWT control mice and subjecting

them to DOX treatment. WT CMs were treated with 1 mMDOX; then, myocardial apoptosis, as well as m6A

levels and expression of methylation-regulating enzymes, was measured over time. Apoptosis significantly

increased after 6 h of DOX treatment (Figures S9A–S9E). Expression of ALKBH5 fluctuated, first increasing

and then decreasing (Figures S9A and S9B). However, m6A levels were significantly elevated (Figure S9F),

whereas the expression of ALKBH5 demethylase was altered, suggesting that ALKBH5 is a critical regulator

of m6A levels in DOX-induced CM dysfunction.

Next, we assessed myocardial cytotoxicity over a period of 24 h. Following DOX treatment, apoptosis

increased in the KO CMs (Figures 3A–3C) and decreased in the KI CMs (Figures S10A–S10C). Calcein/pro-

pidium iodide staining showed that, compared with controls, KO CMs had decreased survival (Figures 3D
iScience 26, 106215, March 17, 2023 5



Figure 3. ALKBH5 knockdown aggravates DOX-induced cardiomyocyte dysfunction

Western blot analysis of the apoptosis protein expression levels of cleaved caspase-3 (A and B) and BAX (A and C) levels in ALKBH5-KO-CM- and WT-CM

after DOX treatment (n > 6).

(D and E) Calcein/PI-Live/Dead staining in ALKBH5-KO-CM- and WT-CM after DOX treatment (Bar = 160 mm; n = 4). Data are depicted as the meanG SEM.

Statistical significance was determined by Student’s t test, one-way or two-way ANOVA with a post-hoc Holm-Sidak test. Here, ns, not significant; *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001; compared with the control group.
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and 3E), while survival of KI CMs increased (Figures S10D and S10E). In summary, our findings demonstrate

that ALKBH5 plays an important role in DOX-induced myocardial injury.
ALKBH5 regulates DOX-induced mitochondrial dysfunction

We next evaluated ALKBH5 function in mitochondria. Electron microscopy showed that DOX caused disor-

dered mitochondrial arrangement and larger mitochondria in Alkbh5flox/flox, a�MyHC-Cre mice compared

with control mice (Figure 4A), whereas Alkbh5-KI mice showed more intact mitochondrial cristae (Fig-

ure 4B). As the loss of mitochondrial membrane potential induces mitochondrial dysfunction leading to

apoptosis, we extracted myocardial mitochondria and assessed JC-1 levels by flow cytometry.

Alkbh5flox/flox, a�MyHC-Cre mice showed lower mitochondrial membrane potential after DOX treatment

(Figures S11A and S11C), whereas it was significantly increased by ALKBH5 overexpression (Figures

S11B and S11D). Consistently, cellular experiments also showed that ALKBH5 significantly increased
6 iScience 26, 106215, March 17, 2023
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Figure 4. ALKBH5 regulates DOX-induced mitochondrial dysfunction

(A) Representative images of mitochondrial morphology in myocardial tissue with or without DOX in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice

(Bar = 1 mm).

(B) Representative images of mitochondrial morphology in myocardial tissue with or without DOX in WT-DOX and KI-DOX mice (Bar = 1 mm).

(C) Representative images and analysis of mitochondrial ROS level changes (MitoSOX red fluorescence) resulting from DOX treatment with or without DOX

treatment in in ALKBH5-KO-CM and WT-CM (Bar = 100 mm, n > 6).

(D) Representative images and analysis of mitochondrial ROS level changes (MitoSOX red fluorescence) resulting from DOX treatment with or without DOX

treatment in ALKBH5-KI-CM and WT-CM (Bar = 100 mm, n > 6).

(E) ATP production of myocardial tissue with or without DOX treatment in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice (n > 6).

(F) OCRs changes of cardiomyocytes with or without DOX treatment in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice.

(G) Statistical analysis of basal respiration with or without DOX treatment in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice (n > 6).

(H) ATP production of myocardial tissue with or without DOX treatment in WT and KI mice (n > 6).

(I) OCRs changes of cardiomyocytes with or without DOX treatment in WT and KI mice.

(J) Statistical analysis of basal respiration with or without DOX treatment in WT and KI mice (n > 6). Data are depicted as the mean G SEM. Statistical

significance was determined by Student’s t test, one-way or two-way ANOVA with a post-hoc Holm-Sidak test. Here, ns, not significant; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001; compared with the control group.
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mitochondrial membrane potential (Figures S11E–S11H). Next, we assessed mitochondrial ROS using mi-

toSOX. Consequently, ALKBH5-deficient CMs showed significantly increased levels (Figure 4C), whereas

ALKBH5-overexpressing CMs showed decreased mitochondrial ROS (Figure 4D).

Because mitochondrial dysfunction affects CM energetic homeostasis, we next measured myocardial ATP

production in mice. It was inhibited in ALKBH5-deficient myocardium (Figure 4E) whereas ALKBH5 overex-

pression significantly promoted it (Figure 4H). Next, we assessed cellular basal respiration by oxygen con-

sumption rates (OCRs). Interestingly, ALKBH5 deficiency decreased (Figures 4F and 4G), whereas ALKBH5

overexpression significantly increased myocardial basal respiration compared with controls (Figures 4I

and 4J).

Because the mechanical regulation of CM contractility relies on a constant energy supply from mito-

chondria, we measured the effect of ALKBH5 on the contractility of individual CMs. Mitochondrial res-

piration-dependent contractility was significantly decreased in Alkbh5-KO (Figures S4F–S4K) and

Alkbh5flox/flox, a�MyHC-Cre mice (Figures S7B–S7G), while in Alkbh5-KI mice it was significantly enhanced af-

ter DOX treatment (Figures S5F–S5K). Taken together, our data indicate that ALKBH5 increases myocardial

mitochondrial membrane potential, MitoSOX, ATP production, and basal respiration and maintains CM

energetic homeostasis, protecting the myocardium from DOX-induced mitochondrial dysfunction.
Identification of potential ALKBH5 target genes

To address the mechanism by which ALKBH5 ameliorates DIC injury, we combined methylated RNA immu-

noprecipitation sequencing (MeRIP-seq) and RNA sequencing (RNA-seq) to Alkbh5flox/flox, a�MyHC-Cre mice

and Alkbh5flox/flox control myocardia. MeRIP-seq identified 995 hypomethylated and 450 hypermethylated

peaks (Figure 5A); the distribution of differentially methylated mRNA peaks is shown in Figure 5B. Analysis

of representative motifs from DOX-treated myocardia was performed (Figure 5C). RNA-seq revealed 188

upregulated and 129 downregulated genes in Alkbh5flox/flox, a�MyHC-Cre mice compared with controls

(Figure 5D). Furthermore, m6A levels in the corresponding genes indicated that ALKBH5 affected the

expression of multiple genes via m6A demethylation on day 7 of DOX treatment (Figure 5E). Combined

analysis of the RNA-seq-identified differentially expressed genes (Figure 5F) and m6A-seq-based differ-

ential peak numbers showed that eight genes (Rasal3, Slc40a1, Crispld2, Arhgap8, Fv1, Megf6, Itgal,

and Uhmkl1) were upregulated and five (Cxcr2, Slfn8, Phf11a, F10, and Mnda) were downregulated in

Alkbh5flox/flox, a�MyHC-Cre mice compared with Alkbh5flox/flox controls (Figure 5G). Pathway analysis of

MeRIP-seq peak-related genes using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database

revealed enrichment of the mitogen-activated protein kinase signaling pathway with the repair of DIC-

caused damage (Figures 5H and 5I).

Based on the comparison of these transcripts with a subset of transcripts identified and on pathway analysis

by MeRIP-seq, we hypothesized that Rasal3 is involved in DIC repair following ALKBH5 deficiency. To test

this hypothesis, we extracted CMs fromAlkbh5-KO andWT control mice and subjected them to DOX treat-

ment. We found that Rasal3mRNA expression was significantly higher in KO CMs (Figure 5J). However, the

other 12 genes (Slc40a1, Crispld2, Arhgap8, Fv1, Megf6, Itgal, Uhmkl1, Cxcr2, Slfn8, Phf11a, F10, andMnda)
8 iScience 26, 106215, March 17, 2023
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Figure 5. MeRIP-seq combined with RNA-seq revealed potential target genes of ALKBH5

(A) MeRIP-seq statistics showed the numbers of differentially methylated peaks between the ALKBH5flox/flox-DOX and ALKBH5flox/flox, a�MyHC-Cre-DOX

groups.

(B) Distribution of m6A peaks throughout mRNA lengths.

(C) Representative motif analysis of ALKBH5flox/flox-DOX and ALKBH5flox/flox, a�MyHC-Cre-DOX.

(D) RNA-seq showed the differentially expressed genes between the ALKBH5flox/flox-DOX and ALKBH5flox/flox, a�MyHC-Cre-DOX groups.

(E) Scatterplot showing the distribution of the expression and m6A modification levels of genes (the first quadrant of the four quadrants represents

differential genes with upregulated methylation and upregulated expression; the second quadrant represents differential genes with upregulated

methylation and downregulated expression; the third quadrant represents the differential genes whosemethylation is downregulated while their expression

is downregulated; the fourth quadrant represents differential genes whose methylation was downregulated and their expression was upregulated).

(F) Combined differential gene analysis of m6A-seq and RNA-seq revealed relevant regulatory genes (Bar chart showing the number of differential genes).

(G) Heatmap showing differentially expressed abundance.

(H) MeRIP-seq statistics of ALKBH5flox/flox-DOX group peak-related genes KEGG Enrichment.

(I) MeRIP-seq statistics of ALKBH5flox/flox, a�MyHC-Cre-DOX group peak-related genes KEGG Enrichment.

(J) RT-qPCR validation of Rasal3, Slc40a1, Crispld2, Arhgap8, Fv1, Megf6, Itgal, Uhmkl1, Cxcr2, Slfn8, Phf11a, F10, and Mnda expression after WT-CM-DOX

and KO-CM-DOX transfection (n > 6).

(K) Proteins were immunoprecipitated with either an FLAG or control IgG antibody.

(L) RIP analysis of adult mouse cardiomyocyte products by RT-qPCR.

(M) RT-qPCR showing the half-life of Rasal3-mRNA by monitoring the transcript abundance after transcriptional inhibition with actinomycin D at different

time points in WT-CM or ALKBH5-OE-CM transfection (non-linear regression).

(N) Dual-luciferase reporter assay after co-transfection with the reporter vector and ALKBH5-OE-Control or ALKBH5-OE in 293T cells for 48 h.

(O) Rasal3-UTR sequence analysis displaying two m6A target sequences (50-AGACU-30 and 50-AAACU-30). Data are depicted as the mean G SEM. Statistical

significance was determined by Student’s t test or one-way ANOVA or two-way ANOVA with a post-hoc Holm-Sidak test. Here, ns, not significant; *p < 0.05;

**p < 0.05; ***p < 0.001; ****p < 0.0001.
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did not show significant mRNA expression differences (Figure 5J). Because we were unable to obtain immu-

noprecipitation (IP)-grade ALKBH5 antibodies, we constructed an adenovirus-tagged ALKBH5 expression

vector (Ad-ALKBH5-FLAG) and performed RNA-IP in transfected adult mouse CMs using anti-FLAG or

immunoglobulin G (IgG) control antibodies to test for a direct interaction between ALKBH5 and Rasal3

mRNA (Figures 5K and 5L). The anti-FLAGantibody increasedprecipitatedRasal3mRNAover that observed

with the IgG control antibody (Figures 5K and 5L). Given that demethylation of m6A by ALKBH5 has been

shown to affect mRNA stability,23 we extracted cardiomyocytes from adult ALKBH5-KI and control mice

and measured Rasal3 mRNA levels 0, 2, 4, and 6 h after inhibiting RNA polymerase with actinomycin D.

RT-qPCR revealed that ALKBH5 overexpression resulted in reduced half-life of Rasal3 mRNA compared

with WT-CM group, suggesting that increased ALKBH5 destabilized Rasal3 mRNA (Figure 5M).

Next, we constructed Rasal3mRNA 50-untranslated region (Rasal3-50-UTR), coding sequence (Rasal3-CDS),

Rasal3-30-UTR, and control (Rasal3-empty) luciferase reporter plasmids to verify whether Rasal3mRNA is a

direct target of ALKBH5. We found that ALKBH5 overexpression reduced luciferase activity from the

Rasal3-30-UTR plasmid but not that of the other plasmids (Figure 5N). We identified two m6A recognition

sequences (50-AGACU-30 and 50-AAACU-30) within the 30-UTR (Figure 4N). Next, the two m6A recognition

sequences and three mutation sites were modified (50-AGACU-3–50-AGUCU-30, Rasal3-MUT-1;

50-AAACU-3–50-AAUCU-30, Rasal3-MUT-2; 50-AGACU-3–50-AGUCU-30 and 50-AAACU-3–50-AAUCU-30,
Rasal3-MUT-3) and subsequently doubled (Figures 5N and 5O). The luciferase assay showed that

ALKBH5 overexpression reduced the activity of the Rasal3-30-UTR, -30-UTR-1, and -30-UTR-2 plasmids but

had no effect on the other plasmids (Figures 5N and 5O).

To confirm whether ALKBH5 promotes CM apoptosis through m6A modification of Rasal3 mRNA, AC16

cells were transfected with dCas13b-ALKBH5 and guide RNAs (gRNAs 1–3) targeting Rasal3

(Figures S12A and S12B). RT-qPCR showed that the dCas13b-ALKBH5 combined with the gRNAs signifi-

cantly decreased Rasal3 mRNA expression compared with that with control non-targeting gRNA (NT-

gRNA) (Figure S12C). dCas13b-ALKBH5 combined with gRNAs significantly decreased Rasal3 protein

expression, cleaved caspase-3, and BAX compared with that with NT-gRNA (Figures S12D–S12G). In brief,

these findings confirm that ALKBH5 regulates Rasal3 mRNA expression.
ALKBH5 exerts cardioprotective effects by promoting RAS/RAF/ERK signaling via m6A

demethylation of Rasal3 mRNA

To assess RAS/RAF/ERK signaling, we cultured CMs from adultAlkbh5-KO,Alkbh5-KI, andWT control mice

and then measured the expression of proteins of the pathway. In KO CMs, Rasal3 expression was increased
10 iScience 26, 106215, March 17, 2023
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Figure 6. ALKBH5 exerts cardioprotective effects by promoting the Ras/Raf/Erk signaling pathway via m6A demethylation of Rasal3 mRNA

(A) Representative western blots of Rasal3, Ras-GTP (active Ras), phosphorylated cRaf (phos-cRaf), and phosphorylated Erk (phos-Erk1/2) in ALKBH5-KO-

CM-DOX and WT-CM-DOX after shRNA-Rasal3 knockdown.

(B) Western blot analysis of Rasal3 and Ras-GTP in ALKBH5-KO-CM-DOX and WT-CM-DOX after shRNA-Rasal3 knockdown (n = 3).

(C) Representative western blots of Rasal3, Ras-GTP (active Ras), phosphorylated cRaf (phos-cRaf), and phosphorylated Erk (phos-Erk1/2) in ALKBH5-KO-

CM-DOX and WT-CM-DOX after OE-Rasal3 overexpression.

(D) Western blot analysis of Rasal3 and Ras-GTP in ALKBH5-KO-CM-DOX and WT-CM-DOX after shRNA-Rasal3 knockdown (n = 3).

(E) Representative western blots of Rasal3, Ras-GTP (active Ras), phosphorylated cRaf (phos-cRaf), and phosphorylated Erk (phos-Erk1/2) in ALKBH5-KI-CM-

DOX and WT-CM-DOX after shRNA-Rasal3 knockdown.

(F) Western blot analysis of Rasal3 and Ras-GTP in ALKBH5-KI-CM-DOX and WT-CM-DOX after shRNA-Rasal3 knockdown (n = 3).

(G) Representative western blots of Rasal3, Ras-GTP (active Ras), phosphorylated cRaf (phos-cRaf), and phosphorylated Erk (phos-Erk1/2) in ALKBH5-KI-CM-

DOX and WT-CM-DOX after OE-Rasal3 overexpression.

(H) Western blot analysis of Rasal3 and Ras-GTP in ALKBH5-KI-CM-DOX and WT-CM-DOX after shRNA-Rasal3 knockdown (n = 3).

(I) A proposed model showing how ALKBH5 mediates mitochondrial dysfunction to induce CM death and mitigate DIC injury. Data are depicted as the

mean G SEM. Statistical significance was determined by Student’s t test or one-way ANOVA or two-way ANOVA with a post-hoc Holm-Sidak test. Here, ns,

not significant; *p < 0.05; **p < 0.05; ***p < 0.001; ****p < 0.0001.
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and accompanied by substantial decreases in Ras-GTP (active Ras), phosphorylated cRAF, and phosphor-

ylated ERK levels (Figures 6A–6D and S13A–S13D). Interestingly, ALKBH5 overexpression inhibited Rasal3

and further increased Ras-GTP (activated Ras), phosphorylated cRAF, and phosphorylated ERK levels

(Figures 6E–6H and S13E–S13H).

We next knocked down and overexpressed Rasal3. We found that RAS/RAF/ERK signaling was significantly

activated by Rasal3 knockdown in both KO and KI CMs but was significantly inhibited by Rasal3 overexpres-

sion (Figures 6A–6H and S13A–S13H). Even more surprisingly, after Rasal3 knockdown and overexpression,

the effect of ALKBH5 on the activation of RAS/RAF/ERK signaling in the DIC model was significantly atten-

uated (Figures 6A–6H, and S13A–S13H). Taken together, these data strongly support the protective effect

of ALKBH5 on the activation of RAS/RAF/ERK signaling by mediating Rasal3 m6A methylation (Figure 6I).
Knockdown of Rasal3 can antagonize the effect of ALKBH5 and alleviate DIC injury

We next used adeno-associated virus pAAV-cTNT-miR30 short hairpin RNA to knock down Rasal3 expres-

sion in Alkbh5flox/flox, a�MyHC-Cre and Alkbh5-KI mice. Rasal3 knockdown increased the survival of both con-

trol Alkbh5flox/flox (80% vs 50%; log rank test; p = 0.0426; Figure 7A) and Alkbh5flox/flox, a�MyHC-Cre (70%

versus 20%; log rank test; p = 0.0009; Figure 7A) mice over that of controls. An apoptotic protein assay

and TUNEL staining showed that Rasal3 knockdown significantly attenuated myocardial apoptosis in

both ALKBH5flox/flox and Alkbh5flox/flox, a�MyHC-Cre mice (Figures 7B, 7C, and S14A–S14D). The correspond-

ing CM experiments confirmed that, after Rasal3 knockdown, CM apoptosis was significantly reduced

(Figure 7D).

Similar findings were obtained in Alkbh5-KI and control mice. Compared with that of DOX-treated Alkbh5-

KI mice, the survival of Alkbh5-KI mice was significantly improved by Rasal3 knockdown (65% vs 90%; log

rank test; p = 0.0489; Figure S15A). Rasal3 knockdown reduced myocardial apoptosis in both KI and WT

mice (Figures S15B–S15G). The CM experiment further confirmed the above findings (Figure S15H).

To our surprise, the increasedmortality of DICmice caused by ALKBH5 deficiency was not only significantly

reversed by Rasal3 knockdown but also the survival was not significantly different from that of Alkbh5flox/flox

controls (70% vs 80%, respectively; log rank test; p = 0.5735; Figure 7A). This phenomenon was also

observed in KI mice. Moreover, the protective effect of ALKBH5 overexpression on the survival rate of

DIC mice after Rasal3 knockdown was not significantly different from that in WT mice (90% vs 85%, respec-

tively; log rank test; p = 0.6104; Figure S15A). The effects of ALKBH5 deficiency and overexpression on CM

apoptosis in DIC mice after Rasal3 knockdown were both attenuated (Figures 7B–7D and S15B–S15H).

Therefore, we conclude that the knockdown of Rasal3 antagonizes the effect of ALKBH5 to alleviate DIC

injury.

Next, we found that Rasal3 knockdown significantly enhanced mitochondrial membrane potential

(Figures 7E and 7G). Consistently, cellular experiments also showed similar results (Figures 7F and 7H).

Interestingly, we found that Rasal3 knockdown not only enhanced CM mitochondrial membrane potential

but also showed no significant difference between Alkbh5-KO and WT control mice (Figures 7E–7H).
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Figure 7. Adenovirus knockdown of Rasal3 can antagonize the effect of ALKBH5 and alleviate myocardial DIC injury

(A) Kaplan-Meier survival curves showing the survival of DOX-stressed mice in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre after pAAV-shRNA-Rasal3

knockdown (n = 20).

(B) Representative western blots of Rasal3, cleaved caspase-3, and BAX in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre after pAAV-shRNA-Rasal3

knockdown (n = 3).

(C) Apoptosis measured by TUNEL staining in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre heart sections (Bar = 80 mm).

(D) Western blot analysis of cleaved caspase-3 and BAX in ALKBH5-KO-CM-DOX and WT-CM-DOX after shRNA-Rasal3 knockdown (n = 3).

(E and G) Flow cytometric detection of mitochondrial membrane potential JC-1 in myocardial tissue of with or without adenovirus knockdown of Rasal3 in

ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice (n = 4).

(F and H) JC-1 changes resulting from shRNA-Rasal3 knockdown in ALKBH5-KO-CM and WT-CM (n = 6).

(I) ATP production of myocardial tissue with or without DOX treatment in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice (n > 6).

(J) OCRs changes of cardiomyocytes with or without adenovirus knockdown of Rasal3 in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice.

(K) Statistical analysis of basal respiration with or without adenovirus knockdown of Rasal3 in ALKBH5flox/flox and ALKBH5flox/flox, a�MyHC-Cre mice (n > 6). Data

are depicted as the mean G SEM. Statistical significance was determined by Student’s t test or one-way ANOVA or two-way ANOVA with a post-hoc Holm-

Sidak test. Here, ns, not significant; *p < 0.05; **p < 0.05; ***p < 0.001; ****p < 0.0001.
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Furthermore, we found that Rasal3 knockdown promoted ATP production and improved basal respiration

in both Alkbh5flox/flox, a�MyHC-Cre and Alkbh5flox/flox mice (Figures 7J and 7K). Similar to the trend of mito-

chondrial membrane potential, ATP production and basal respiration were not significantly different be-

tween Alkbh5flox/flox, a�MyHC-Cre and Alkbh5flox/flox mice after Rasal3 knockdown (Figures 7I–7K).
Rasal3 overexpression aggravates DIC injury

We next used the H20133 pAAV-cTNT-MCS-33FLAG-tWPA vector to construct the Rasal3-overexpressing

adenovirus pAAV-cTNT-OE-Rasal3 for Alkbh5flox/flox, a�MyHC-Cre and Alkbh5-KI mice to overexpress myo-

cardial Rasal3. We found that overexpression of Rasal3 reduced ALKBH5flox/flox (55% vs 20%; log rank

test; p = 0.0289; Figure S16A) and increased cardiomyocyte apoptosis compared with ALKBH5flox/flox-OE

controls (Figures S16B–S16H). However, compared with the Alkbh5flox/flox, a�MyHC-Cre-OE controls, after

overexpression of Rasal3 in the Alkbh5flox/flox, a�MyHC-Cre myocardium, there was no significant difference

in survival of DIC mice (30% vs 15%; log rank test; p = 0.6447; Figure S16A), but overexpression of Rasal3

led to a significant increase inmyocardial apoptosis inDICmice (Figures S16B–S16H). In addition, compared

with the Alkbh5-KI-OE controls, the overexpression of Rasal3 significantly reduced the survival of DIC

Alkbh5-KI mice (50% versus 10%; log rank test; p = 0.0397; Figure S17A) and significantly increased CM

apoptosis (Figures S17B–S17H).

Consistent with the results shown in Figure 6, there was no significant difference in survival between

Alkbh5flox/flox control and Alkbh5flox/flox, a�MyHC-Cre mice (20% versus 15%, respectively; log rank test;

p = 0.7271; Figure S17A) or in myocardial apoptosis after Rasal3 overexpression (Figures S16B–S16H). In

addition, we found that both survival (10% versus 30%; log rank test; p = 0.2951; Figure S17A) and myocar-

dial apoptosis (Figures S17B–S17H) in Alkbh5-KI mice after Rasal3 overexpression were not significantly

different from those in WT mice. In short, our results demonstrate that Rasal3 overexpression attenuates

the protective effects of Alkbh5 deletion and overexpression in DIC mice.
DISCUSSION

The findings of our study demonstrate that mitochondrial dysfunction and CM apoptosis due to DIC can be

reversed by ALKBH5-mediated m6A demethylation. The acute DIC and CDIC model data from mice with

three genotypes, as well as data from mice after adenovirus intervention, support the conclusion that

ALKBH5-targeted interventions have therapeutic potential for DIC. Our data further indicate that

ALKBH5 deficiency promotes mitochondrial damage and CM apoptosis. In addition, ALKBH5 affects

Rasal3 mRNA stability through m6A demethylation and activates RAS, thus inhibiting CM apoptosis

through the RAS/RAF/ERK signaling pathway and ultimately attenuating acute DIC injury.

The m6A base modification is common in mRNA, and such modifications often maintain mRNA sta-

bility.24–26 The methylation of m6A is reversible, and its regulatory factors include methyltransferases,

demethylases, and methylation-reading proteins, which play important roles in the occurrence and pro-

gression of cardiovascular disease.26,27 However, the role of the m6A demethylase ALKBH5 in DIC has

not been previously reported. Our results fill this gap and reveal that ALKBH5-mediated m6A demethyla-

tion is a key driver in the regulation of the repair of DIC-caused damage.
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We found that the levels of myocardial m6A were significantly increased while the expression of ALKBH5

was significantly downregulated in mice with DIC, suggesting a role for ALKBH5. Therefore, we constructed

Alkbh5-KO and Alkbh5-KI mice and found that the Alkbh5-KO mice exhibited higher mortality and aggra-

vated DIC injury. Cardiotoxicity was alleviated in the Alkbh5-KI mice, and their survival increased, suggest-

ing that ALKBH5 overexpression protects the myocardium from DIC injury.

Cardiac tissue is mainly composed of CMs, endothelial cells, fibroblasts, and immune cells, such as macro-

phages and lymphocytes, with CMs playing an important role in DIC.1,28,29 To determine whether ALKBH5

plays a role in regulating m6A methylation in CMs, we constructed a murine DIC model with CM-specific

deletion of Alkbh5 and observed mitochondrial damage, including dissipation of the mitochondrial mem-

brane potential, uncoupling of ATP depletion, ROS production, and increased myocardial apoptosis and

thus significant deterioration of myocardial function. In vitro and in vivo experimental results in adult mouse

CMs were consistent, providing evidence that the Alkbh5 deletion in CMs further aggravates DIC.

To explore the mechanism by which ALKBH5 improves mitochondrial function and regulates myocardial

injury repair in DIC, we combined differentially expressed transcripts from RNA-seq data and differentially

methylated transcripts from MeRIP-seq data to screen for 12 differential genes. In addition, we combined

the KEGG pathway analysis of MeRIP-seq peak-related genes and molecular experiments to confirm that

Rasal3 was a target gene regulated by ALKBH5 for DIC damage repair. Therefore, we speculate that m6A

demethylation by ALKBH5 may mediate Rasal3 mRNA stability to regulate DIC damage repair. RAS, a

member of the GTPase family, is a small monomeric GTP-binding protein composed of 190 amino acid res-

idues.30–33 It has GTPase activity and is located on the cytoplasmic side of the plasma membrane.34–36 The

RAS protein binds to the N-terminal domain of RAF and activates the RAS/RAF/ERK pathway.37,38 ERK1/2,

which are important signaling molecules in the RAS pathway, are located downstream of RAS.39–41 As an

RAS inhibitor, RASAL3 can inhibit RAS activity, thereby regulating the RAS signaling pathway.42–44 Our

study showed that Rasal3 expression was significantly upregulated following ALKBH5 deletion. We further

found that ALKBH5 overexpression reduced the stability of Rasal3 mRNA following actinomycin D treat-

ment. Dual-luciferase reporter and RIP assays demonstrated that ALKBH5 could bind to and demethylate

Rasal3 mRNA at two 30-UTR m6A residues, thus destroying the stability of the transcripts. These findings

support the hypothesis that ALKBH5-mediated m6A demethylation can lead to the downregulation of

Rasal3 expression.

We demonstrated in both in vivo and in vitro rescue experiments that knockdown of Rasal3 in CMs reduced

CM apoptosis and mortality in DIC mice through the RAS/RAF/ERK pathway. Furthermore, it was even

more surprising that Rasal3 knockdown in CMs reversed DIC injury in mice that was caused by Alkbh5 dele-

tion, while overexpression of Rasal3 antagonized the cardioprotective effects of ALKBH5 overexpression.

In conclusion, this study reveals a novel link between DIC and the m6A demethylase ALKBH5. Demethyla-

tion of m6A by ALKBH5 in CMs affects the stability of Rasal3 mRNA, leading to the activation of Ras, acti-

vation of the RAS/RAF/ERK pathway, reduction of myocardial apoptosis and ROS damage, and ultimate

alleviation of DIC.

Mitochondria are important organelles of CM, providing approximately 90% of ATP production in cardio-

myocytes.45,46 Especially under pathological conditions, the function of mitochondria is crucial.2,8,30,46,47

We found that after ALKBH5 deficiency, DOX induced mitochondrial dysfunction, inhibited ATP produc-

tion and basal metabolic respiration, and aggravated myocardial injury. This is closely related to the inhi-

bition of RAS/RAF/ERK activation by ALKBH5 deficiency. Numerous previous studies have indicated that

activation of ERK1/2 improves mitochondrial function and inhibition of the RAS/RAF/ERK pathway leads

to cell death.48 In response to toxic stress, inhibition of ERK1/2 and PD98059 promotes the release of cy-

tochrome c from mitochondria into the cytoplasm, which in turn induces neuronal cell death.48,49 In

contrast, blockade of CB2 receptors was protective in myocardial ischemia/reperfusion and increased

ERK1/2 phosphorylation associated with decreased cytochrome c release and low PTP opening.48,50

Furthermore, in alveolar macrophages, RAS/RAF/ERK pathway has been shown to regulate mitochondrial

integrity and ATP production, whereas ERK inhibition results in cell death.48,51 Our results further demon-

strate that ALKBH5 protects mitochondrial function through RAS/RAF/ERK pathway to alleviate DIC injury.

In conclusion, our study clearly demonstrates the protective role of ALKBH5 in myocardial mitochon-

drial function and CM survival during DIC injury. ALKBH5-mediated Rasal3 m6A demethylation activates
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RAS/RAF/ERK signaling to alleviate DIC injury. These novel findings facilitate the search for potential inter-

vention targets to reduce the myocardial toxicity of anthracyclines in patients with cancer.
Limitations of the study

Given the lack of previous studies on the roles of ALKBH5 and Rasal3 in DIC, this ‘‘proof-of-principle’’ study

has certain limitations. We monitored the effect of ALKBH5 deficiency on the repair of cardiotoxic injury in

both DIC and CDIC animal models, explored rescue strategies, and proposed new clinical treatment stra-

tegies. However, we only relied on animal models without further clinical patient data validation. Although

the protective effects of overexpression of ALKBH5 and inhibition of Rasal3 on myocardial mitochondrial

function and cardiomyocytes in DOX-treated mice are encouraging, further studies are needed to achieve

early clinical translation.
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Fernández-Jiménez, R., Martı́n-Garcı́a, A.,
Oliver, E., et al. (2019). Serial magnetic
resonance imaging to identify early stages of
anthracycline-induced cardiotoxicity. J. Am.
Coll. Cardiol. 73, 779–791. https://doi.org/10.
1016/j.jacc.2018.11.046.

4. Mamoshina, P., Rodriguez, B., and Bueno-
Orovio, A. (2021). Toward a broader view of
mechanisms of drug cardiotoxicity. Cell Rep.
Med. 2, 100216. https://doi.org/10.1016/j.
xcrm.2021.100216.

5. Galluzzi, L., Vitale, I., Aaronson, S.A., Abrams,
J.M., Adam, D., Agostinis, P., Alnemri, E.S.,
Altucci, L., Amelio, I., Andrews, D.W., et al.
(2018). Molecular mechanisms of cell death:
recommendations of the nomenclature
committee on cell death 2018. Cell Death
Differ. 25, 486–541. https://doi.org/10.1038/
s41418-017-0012-4.

6. Christidi, E., and Brunham, L.R. (2021).
Regulated cell death pathways in
doxorubicin-induced cardiotoxicity. Cell
Death Dis. 12, 339. https://doi.org/10.1038/
s41419-021-03614-x.

7. He, H., Wang, L., Qiao, Y., Yang, B., Yin, D.,
and He, M. (2021). Epigallocatechin-3-gallate
pretreatment alleviates doxorubicin-induced
ferroptosis and cardiotoxicity by
upregulating AMPKa2 and activating
adaptive autophagy. Redox Biol. 48, 102185.
https://doi.org/10.1016/j.redox.2021.102185.
8. Wang, D.D., Cheng, R.K., and Tian, R. (2021).
Combat doxorubicin cardiotoxicity with the
power of mitochondria transfer. JACC
CardioOncol. 3, 441–443. https://doi.org/10.
1016/j.jaccao.2021.08.001.

9. Wang, Y., Lu, X., Wang, X., Qiu, Q., Zhu, P.,
Ma, L., Ma, X., Herrmann, J., Lin, X.,Wang,W.,
and Xu, X. (2021). atg7-Based autophagy
activation reverses doxorubicin-induced
cardiotoxicity. Circ. Res. 129, e166–e182.
https://doi.org/10.1161/circresaha.121.
319104.

10. Ma, Z.G., Kong, C.Y., Wu, H.M., Song, P.,
Zhang, X., Yuan, Y.P., Deng, W., and Tang,
Q.Z. (2020). Toll-like receptor 5 deficiency
diminishes doxorubicin-induced acute
cardiotoxicity in mice. Theranostics 10,
11013–11025. https://doi.org/10.7150/thno.
47516.

11. Wan, Z., Zhao, L., Lu, F., Gao, X., Dong, Y.,
Zhao, Y., Wei, M., Yang, G., Xing, C., and Liu,
L. (2020). Mononuclear phagocyte system
blockade improves therapeutic exosome
delivery to the myocardium. Theranostics 10,
218–230. https://doi.org/10.7150/thno.38198.

12. Boutagy, N.E., Feher, A., Pfau, D., Liu, Z.,
Guerrera, N.M., Freeburg, L.A., Womack, S.J.,
Hoenes, A.C., Zeiss, C., Young, L.H., et al.
(2020). Dual angiotensin receptor-neprilysin
inhibition with sacubitril/valsartan attenuates
systolic dysfunction in experimental
doxorubicin-induced cardiotoxicity. JACC
CardioOncol. 2, 774–787. https://doi.org/10.
1016/j.jaccao.2020.09.007.

13. Feher, A., Boutagy, N.E., Stendahl, J.C.,
Hawley, C., Guerrera, N., Booth, C.J., Romito,
E., Wilson, S., Liu, C., and Sinusas, A.J. (2020).
Computed tomographic angiography
assessment of epicardial coronary
vasoreactivity for early detection of
doxorubicin-induced cardiotoxicity. JACC
CardioOncol. 2, 207–219. https://doi.org/10.
1016/j.jaccao.2020.05.007.

14. Gertz, Z.M., Cain, C., Kraskauskas, D.,
Devarakonda, T., Mauro, A.G., Thompson, J.,
Samidurai, A., Chen, Q., Gordon, S.W.,
Lesnefsky, E.J., et al. (2019). Remote ischemic
pre-conditioning attenuates adverse cardiac
remodeling and mortality following
doxorubicin administration in mice. JACC
CardioOncol. 1, 221–234. https://doi.org/10.
1016/j.jaccao.2019.11.004.

15. Ma, X., Zhu, P., Ding, Y., Zhang, H., Qiu, Q.,
Dvornikov, A.V., Wang, Z., Kim, M., Wang, Y.,
Lowerison, M., et al. (2020). Retinoid X
receptor alpha is a spatiotemporally
predominant therapeutic target for
anthracycline-induced cardiotoxicity. Sci.
Adv. 6, eaay2939. https://doi.org/10.1126/
sciadv.aay2939.

16. Yoon, K.J., Ringeling, F.R., Vissers, C., Jacob,
F., Pokrass,M., Jimenez-Cyrus, D., Su, Y., Kim,
N.S., Zhu, Y., Zheng, L., et al. (2017). Temporal
control of mammalian cortical neurogenesis
by m(6)A methylation. Cell 171, 877–889.e17.
https://doi.org/10.1016/j.cell.2017.09.003.

17. Petrosino, J.M., Hinger, S.A., Golubeva, V.A.,
Barajas, J.M., Dorn, L.E., Iyer, C.C., Sun, H.L.,
Arnold, W.D., He, C., and Accornero, F.
(2022). The m(6)A methyltransferase METTL3
regulates muscle maintenance and growth in
mice. Nat. Commun. 13, 168. https://doi.org/
10.1038/s41467-021-27848-7.

18. Shi, H., Zhang, X., Weng, Y.L., Lu, Z., Liu, Y.,
Lu, Z., Li, J., Hao, P., Zhang, Y., Zhang, F., et al.
(2018). m(6)A facilitates hippocampus-
dependent learning and memory through
YTHDF1. Nature 563, 249–253. https://doi.
org/10.1038/s41586-018-0666-1.

19. Zaccara, S., Ries, R.J., and Jaffrey, S.R. (2019).
Reading, writing and erasing mRNA
methylation. Nat. Rev. Mol. Cell Biol. 20,
608–624. https://doi.org/10.1038/s41580-
019-0168-5.

20. Weng, Y.L., Wang, X., An, R., Cassin, J.,
Vissers, C., Liu, Y., Liu, Y., Xu, T., Wang, X.,
Wong, S.Z.H., et al. (2018). Epitranscriptomic
m(6)A regulation of axon regeneration in the
adult mammalian nervous system. Neuron 97,
313–325.e6. https://doi.org/10.1016/j.
neuron.2017.12.036.

21. Zhao, Y., Hu, J., Sun, X., Yang, K., Yang, L.,
Kong, L., Zhang, B., Li, F., Li, C., Shi, B., et al.
(2021). Loss of m6A demethylase ALKBH5
promotes post-ischemic angiogenesis via
post-transcriptional stabilization of WNT5A.
Clin. Transl. Med. 11, e402. https://doi.org/
10.1002/ctm2.402.
iScience 26, 106215, March 17, 2023 17

https://doi.org/10.1161/circresaha.119.314681
https://doi.org/10.1161/circresaha.119.314681
https://doi.org/10.1016/j.jaccao.2021.05.006
https://doi.org/10.1016/j.jaccao.2021.05.006
https://doi.org/10.1016/j.jacc.2018.11.046
https://doi.org/10.1016/j.jacc.2018.11.046
https://doi.org/10.1016/j.xcrm.2021.100216
https://doi.org/10.1016/j.xcrm.2021.100216
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41419-021-03614-x
https://doi.org/10.1038/s41419-021-03614-x
https://doi.org/10.1016/j.redox.2021.102185
https://doi.org/10.1016/j.jaccao.2021.08.001
https://doi.org/10.1016/j.jaccao.2021.08.001
https://doi.org/10.1161/circresaha.121.319104
https://doi.org/10.1161/circresaha.121.319104
https://doi.org/10.7150/thno.47516
https://doi.org/10.7150/thno.47516
https://doi.org/10.7150/thno.38198
https://doi.org/10.1016/j.jaccao.2020.09.007
https://doi.org/10.1016/j.jaccao.2020.09.007
https://doi.org/10.1016/j.jaccao.2020.05.007
https://doi.org/10.1016/j.jaccao.2020.05.007
https://doi.org/10.1016/j.jaccao.2019.11.004
https://doi.org/10.1016/j.jaccao.2019.11.004
https://doi.org/10.1126/sciadv.aay2939
https://doi.org/10.1126/sciadv.aay2939
https://doi.org/10.1016/j.cell.2017.09.003
https://doi.org/10.1038/s41467-021-27848-7
https://doi.org/10.1038/s41467-021-27848-7
https://doi.org/10.1038/s41586-018-0666-1
https://doi.org/10.1038/s41586-018-0666-1
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1016/j.neuron.2017.12.036
https://doi.org/10.1016/j.neuron.2017.12.036
https://doi.org/10.1002/ctm2.402
https://doi.org/10.1002/ctm2.402


ll
OPEN ACCESS

iScience
Article
22. Song, H., Feng, X., Zhang, H., Luo, Y., Huang,
J., Lin, M., Jin, J., Ding, X., Wu, S., Huang, H.,
et al. (2019). METTL3 and ALKBH5 oppositely
regulate m(6)A modification of TFEB mRNA,
which dictates the fate of hypoxia/
reoxygenation-treated cardiomyocytes.
Autophagy 15, 1419–1437. https://doi.org/
10.1080/15548627.2019.1586246.

23. Tang, C., Klukovich, R., Peng, H., Wang, Z.,
Yu, T., Zhang, Y., Zheng, H., Klungland, A.,
and Yan, W. (2018). ALKBH5-dependent m6A
demethylation controls splicing and stability
of long 3’-UTR mRNAs in male germ cells.
Proc. Natl. Acad. Sci. USA 115, E325–E333.
https://doi.org/10.1073/pnas.1717794115.

24. Boo, S.H., and Kim, Y.K. (2020). The emerging
role of RNAmodifications in the regulation of
mRNA stability. Exp. Mol. Med. 52, 400–408.
https://doi.org/10.1038/s12276-020-0407-z.

25. Chen, Y., Lin, Y., Shu, Y., He, J., and Gao, W.
(2020). Interaction between N(6)-
methyladenosine (m(6)A) modification and
noncoding RNAs in cancer. Mol. Cancer 19,
94. https://doi.org/10.1186/s12943-020-
01207-4.

26. Zhao, B.S., Roundtree, I.A., and He, C. (2017).
Post-transcriptional gene regulation by
mRNAmodifications. Nat. Rev. Mol. Cell Biol.
18, 31–42. https://doi.org/10.1038/nrm.
2016.132.

27. Frye, M., Harada, B.T., Behm, M., and He, C.
(2018). RNA modifications modulate gene
expression during development. Science 361,
1346–1349. https://doi.org/10.1126/science.
aau1646.

28. Bergmann, O., Zdunek, S., Felker, A.,
Salehpour, M., Alkass, K., Bernard, S.,
Sjostrom, S.L., Szewczykowska, M.,
Jackowska, T., Dos Remedios, C., et al. (2015).
Dynamics of cell generation and turnover in
the human heart. Cell 161, 1566–1575.
https://doi.org/10.1016/j.cell.2015.05.026.

29. Pinto, A.R., Ilinykh, A., Ivey, M.J., Kuwabara,
J.T., D’Antoni, M.L., Debuque, R., Chandran,
A., Wang, L., Arora, K., Rosenthal, N.A., and
Tallquist, M.D. (2016). Revisiting cardiac
cellular composition. Circ. Res. 118, 400–409.
https://doi.org/10.1161/circresaha.115.
307778.

30. Wu, W., Ziemann, M., Huynh, K., She, G.,
Pang, Z.D., Zhang, Y., Duong, T., Kiriazis, H.,
Pu, T.T., Bai, R.Y., et al. (2021). Activation of
Hippo signaling pathway mediates
mitochondria dysfunction and dilated
cardiomyopathy in mice. Theranostics 11,
8993–9008. https://doi.org/10.7150/thno.
62302.

31. Dietze, R., Hammoud, M.K., Gómez-Serrano,
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Antibodies

Mouse monoclonal to Cardiac Troponin T Abcam Cat#ab8295

N6-Methyladenosine (m6A) Rabbit mAb CST Cat#56593

Rabbit monoclonal to ALKBH5 Abcam Cat#ab195377

Rabbit monoclonal to METTL3 Abcam Cat#ab195352

Rabbit polyclonal to METTL14 Abcam Cat#ab252562

Rabbit monoclonal to FTO Abcam Cat#ab280081

Mouse monoclonal to Bax Abcam Cat#ab3191

Rabbit polyclonal to Bcl-2 Abcam Cat#ab196495

Rabbit monoclonal to Cleaved Caspase-3 Abcam Cat#ab214430

Raf1 Rabbit pAb Abclone Cat#A0223

Phospho-Raf1-S259 Rabbit mAb Abclone Cat#AP1012

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)

(D13.14.4E) XP� Rabbit mAb

CST Cat#4370S

b-actin (13E5) Rabbit mAb CST Cat#4970S

Rabbit Polyclonal to RASAL3 Novusbio Cat#NBP2-83439

Goat anti-Mouse IgG (H + L) Alexa Fluor� Plus 488 Thermo Cat#A32723

Bacterial and virus strains

pAAV-cTNT-Rasal3-3xFLAG-tWPA Obio N/A

pAAV-cTNT-P2A-3xFLAG-miR30-shRNA

(Rasal3)-WPRE

Obio N/A

ALKBH5 adenoviral vectors and the

corresponding negative controls

Obio N/A

Rasal3 adenoviral vectors and the

corresponding negative control

Obio N/A

Chemicals, peptides, and recombinant proteins

Doxorubicin Sigma-Aldrich Cat#25316-40-9

WGA dyes Sigma-Aldrich Cat#L4895

OCT embedding medium Sakura Cat#4583

PBS Hyclone Cat#BSS-PBS-1X6

DAPI Solarbio Cat#C0065

ROS staining solution Beyotime Cat#S0033

TRIzol reagent Invitrogen Cat#15,596,026

Hybond-N+ membrane GE Healthcare Cat#RPN203B

Actinomycin D Sigma-Aldrich Cat#50-76-0

Lipofectamine Reagent 3000 Invitrogen Cat#L3000-015

NaCl 1st Base Cat#BIO-1111

KCl Sigma-Aldrich Cat#P9541

NaH2PO4 Sigma-Aldrich Cat#S8282

HEPES 1st Base Cat#BIO-1825

Glucose Sigma-Aldrich Cat#G8270

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BDM Sigma-Aldrich Cat#B0753

Taurine Sigma-Aldrich Cat#T8691

EDTA Sigma-Aldrich Cat#EDS

MgCl2 Sigma-Aldrich Cat#M8266

Collagenase II Worthington Cat#LS004176

Collagenase IV Worthington Cat#LS004188

Protease XIV Sigma-Aldrich Cat#P5147

FBS Thermo Scientific Cat#10270106

Laminin Thermo Scientific Cat#23017-15

M199 Medium Sigma-Aldrich Cat#M4530

DMEM/F12 Medium Thermo Scientific Cat#11320-033

BSA Sigma-Aldrich Cat#A1470

ITS supplement Sigma-Aldrich Cat#I3146

Chemically defined lipid concentrate Thermo Scientific Cat#11905-031

Penicillin-Streptomycin Thermo Scientific Cat#15070-063

Critical commercial assays

TUNEL staining kit Roche Cat#11684817910

CK-MB Enzyme-Linked Immunosorbent Assay kits Sigma Cat#MAK116

cTnT Enzyme-Linked Immunosorbent Assay kits Novus Biologicals Cat#MAB18742-100

Tissue mitochondrial isolation kit Beyotime Biotechnology Cat#C3606

Enhanced mitochondrial membrane

potential assay kit with JC-1

Beyotime Biotechnology Cat#C2003S

Enhanced ATP assay kit Beyotime Biotechnology Cat#S0027

The Prime-Script RT kit TaKaRa Cat#RR036A

Calcein AM/PI detection working solution Beyotime Cat#C2015L

Ras Activation Assay Kit Bioyears Cat#81101

Deposited data

Raw and analysis data This paper GEO: GSE224215

Experimental models: Cell lines

293T cell Abiowell Cat#AW-CNH086

AC16 cell Abiowell Cat#AW-CNH103

Experimental models: Organisms/strains

C57/B6 mice Shanghai Laboratory

Animal Research Center

N/A

ALKBH5 (flox/flox) and ALKBH5(flox/flox, aMyHC-Cre) Cyagen N/A

ALKBH5-knockout (ALKBH5-KO) mice Cyagen N/A

ALKBH5-knockin (ALKBH5-KI) mice Cyagen N/A

Software and algorithms

GraphPad Prism 8.0 Graphpad Software https://www.graphpad.com/demos/

ImageJ National Institutes of Health https://imagej.en.softonic.com/

Oligonucleotides

Primers for Figure 1, see Table S1 This paper N/A

Primers for Figure 5, see Table S2 This paper N/A

gRNA for Figure 5, see Table S3 This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Yi-Qing Yang (yangyiqing@fudan.edu.cn).

Materials availability

Available through lead contact.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

6–8-week-old male C57/B6 mice were maintained on a 12 h light/dark cycle. Mice were purchased from the

Shanghai Laboratory Animal Research Center (Shanghai, China). All protocols were approved by the Animal

Care Ethics Committee of Fudan University (No. 2021-034) and performed in accordance with the National In-

stitutes of Health Guide for the Care and Use of Laboratory Animals. ALKBH5-knockout (ALKBH5-KO) and

ALKBH5-knockin (ALKBH5-KI) mice were purchased from Gem Pharmatech (Nanjing, China). The specific

designand identification results canbe found inExpandedmaterial 1 andExpandedmaterial 2.ALKBH5 (flox/flox)

andALKBH5-myocardial specific knockout (ALKBH5flox/flox, aMyHC�Cre) mice were purchased fromCyagen (Suz-

hou, China). The protocol for establishing the doxorubicin-induced cardiotoxicity (DIC) model was based on a

previous study.52–54 Intraperitoneal injections (IP) of DOX (20mg/kg; Sigma, 25,316-40-9) were administered to

the 6–8-week-old mice to construct mouse acute DIC model. Details can be found in Figure S1A. Mice were

intraperitoneally injected with doxorubicin (5 mg/kg) or normal saline (NS) once a week for four weeks to

constructmousechronicDICmodel.Details canbe found inFigureS1B.All animalexperimentswereperformed

under specific sterile barrier conditions in accordance with institutional guidelines, and the experimental pro-

tocols were approved by the Ethics Committee of Animal Experimentation of Fudan University. For analgesia,

carprofen (5mg/kg)was administered subcutaneously at the timeof intraperitoneal injectionsofDOXandevery

24h thereafter for 2days.Anadditional doseof theanalgesicwasadministered if theanimals appeared toexpe-

rience pain (based on criteria such as immobility and failure to eat). At the indicated time points, themice were

sacrificed by cervical dislocation under CO2 anesthesia, and tissues were harvested for analyses.

METHOD DETAILS

Echocardiography analysis

Mice were anesthetized with isoflurane and cardiac function was evaluated. MI/RI and M-mode images

were acquired using a Vevo 2100 high-frequency ultrasound system (VisualSonics, Toronto, ON, Canada).

Data were averaged based on measurements of at least six cardiac cycles, including heart rate (BPM), left

ventricular ejection fraction (LVEF), and left ventricular fractional shortening (LVFS) scores. The procedures

were performed as previously described.55,56

Adenovirus-associated virus-transfected mice

Use pAAV-cTNT-MCS-3xFLAG-tWPA vector to construct Rasal3 overexpressing adeno-associated virus

(pAAV-cTNT-Rasal3-3xFLAG-tWPA) purchased from Obio (Shanghai, China). Use pAAV-cTNT-P2A-

3xFLAG-WPRE vector to construct Rasal3 knockdown adeno-associated virus (pAAV-cTNT-P2A-3xFLAG-

miR30-shRNA (Rasal3)-WPRE) purchased from Obio (Shanghai, China). Adenovirus-associated virus

infection was performed according to the recommended protocol. Briefly, 100 mL of 10E12v.g adeno-asso-

ciated and control viruses were injected into the tail vein, and the mice were intervened after 4 weeks.

Adenoviral transduction cells

ALKBH5 adenoviral vectors (Ad-ALKBH5, Ad-Sh-ALKBH5) and the corresponding negative controls (Ad-

Control, Ad-Sh-Control), Rasal3 adenoviral vectors (Ad-cTNT-Rasal3, Ad-Sh-Rasal3) and the corresponding
22 iScience 26, 106215, March 17, 2023
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negative control (Ad-cTNT-Control, Ad-Sh-Rasal3-Control) were purchased from Obio (Shanghai, China).

Adenoviral infection was performed according to the recommended protocol. Briefly, 13 108 pfu/mL of con-

trol and overexpression adenovirus were quantified and diluted in serum-free DMEM. Subsequently, the

adenovirus mixtures were added to the cultured plates containing cardiomyocytes. The supernatants were

discarded after 12 h and replaced with cardiomyocyte culture medium.

Systolic and diastolic cardiomyocyte function

Cardiomyocytes were isolated from the mice using a previously published method.57 The systolic and dia-

stolic functions of primary cardiomyocytes were detected using the IonOptix� system. The detection

buffer, cardiomyocyte calcium buffer, which comprises 130 mM NaCl, 5.4 mM KCl, 10 mM HEPES,

1.8 mM CaCl2, 0.5 mM MgCl2, and 10 mM glucose, pH 7.4. Two drops of the buffer were added to each

slide. The systolic and diastolic cardiomyocyte functions were assessed by measuring the following indica-

tors: resting cell length, peak shortening (PS), time-to-PS (TPS), the maximal velocity of shortening (-dL/dt),

the maximal velocity of re-lengthening (+dL/dt), and time-to-90% re-lengthening (TR90).

Histological analysis

Myocardial tissue from the DIC mouse model was fixed using 4% paraformaldehyde and then embedded

and fixed in paraffin. Paraffin sections were dewaxed as follows. The paraffin section was placed in xylene-I

for 20 min, followed by xylene-II for 20 min, absolute ethanol-I for 5 min, absolute ethanol-II for 5 min, 75%

alcohol for 5 min, and then washed with water. The sections were then stained following antigen repair.

WGA (L4895, Sigma) dyes were used for staining. Detailed methods have been described previously.58,59

TUNEL assay

Myocardial tissue was wrapped with OCT embedding medium (4583, Sakura) and 2–3 mm tissue sections

cut using a microtome. Each section was dried slightly, a circle was drawn around the tissue with a histo-

chemical pen (to prevent the liquid from flowing away), protease K (Biofroxx) working solution was dropped

in the circle to cover the tissue, and the tissue was incubated in a 37 �C incubator for 25 min. The slide was

placed in PBS (pH7.4, Hyclone), shaken, and washed three times on the decolorization shaking table, each

time for 5 min. After the tissue sections were broken, they were washed three times with PBS. The samples

were incubated with TUNEL staining solution (TUNEL staining kit, 11684817910, Roche) for 2 h at 37 �C. Af-
ter blocking with PBS, samples were incubated overnight at 4 �C with the primary antibody (anti-cardiac

troponin T; ab8295, Abcam) and then with the secondary antibody for 2 h at 37 �C (Alexa Fluor Plus 488;

A32723, Thermo). DAPI (C0065, Solarbio) was used to counterstain the nuclei, which were then

photographed.

Measurement of reactive oxygen species (ROS)

Myocardial tissue was fixed and sectioned as previously mentioned. ROS staining solution (S0033; Beyo-

time) was used for staining. The nuclei were counterstained with DAPI and photographed.

Mitochondrial ROS analysis

The detection of Mitochondrial ROS was as described previously.55 In short, MitoSOX Red Superoxide In-

dicator (Invitrogen, Carlsbad, CA, USA) was used to detect ROS levels. Cardiomyocytes were incubated

with a working solution (diluting the MitoSOX Red Superoxide Indicator with cell culture medium to

1:2000) in a humidified culture incubator under 5% CO2 at 37
�C for 10 min. Images with red fluorescence

(lex = 510/lem = 580 nm) were captured by a fluorescence microscope (Olympus, Japan).

Enzyme-linked immunosorbent assay (ELISA)

Mouse serum samples were collected and stored at �80�C. The concentration of CK-MB (MAK116, Sigma,

St. Louis) and cTnT (MAB18742-100, Novus Biologicals) in the serum of mice was measured via enzyme-

linked immunosorbent assay kits in accordance with the manufacturer’s instructions. Briefly, samples

were seeded in 96-well plates provided by the ELISA kits. Following testing was performed as per the pro-

tocols contained in the ELISA kit.

Electron microscopy

The ultrastructure of cardiomyocytes was observed using a transmission electron microscope. Briefly,

the hearts of mice from each experimental group were perfused and fixed with tube-buffered
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formaldehyde-glutaraldehyde. The left ventricular myocardium was extracted from the middle of the

ventricle and cut into 1 mm3 piece. The blocks were fixed in a 10:1 liquid/tissue ratio and incubated over-

night at 4 �C. To further process the myocardial mass, the tissues were incubated in 2% sucrose (pH 7.4), 1%

OsO4, and 1.5% K3[Fe(CN)6]$3H2O buffer overnight at 22–24 �C. After this, the tissues were dehydrated

using graded ethanol and propylene oxide, and finally encapsulated in Epon/Araldite. An RMC-MTXL ul-

tramicrotome and a diatom diamond knife were used to obtain sections. Images were acquired using a

CM-120 transmission electron microscope (Philips, The Netherlands). At least 10 fields were observed in

each mouse heart sample.

Mitochondrial isolation

Mitochondria were isolated frommice heart by using a tissuemitochondrial isolation kit (Beyotime Biotech-

nology, China, #C3606) according to the manufacturer’s instructions.

Mitochondrial respiratory capacity

Mitochondrial respiratory capacity of cardiomyocytes was measured by the oxygen consumption rates

(OCRs). Briefly, the DIC mouse adult primary cardiomyocytes were seeded in the Seahorse plate. Cells

were analyzed under the XFe96 extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA) by add-

ing oligomycin A (1 mM), 1 mM FCCP, antimycin A (1 mM), and rotenone (1 mM).

Mitochondrial membrane potential analysis

The mitochondrial membrane potential of myocardial tissue and cardiomyocytes was analyzed by an

enhanced mitochondrial membrane potential assay kit with JC-1 (Beyotime Biotechnology, China) accord-

ing to the manufacturer’s protocol. The myocardial tissue mitochondria were extracted from differently

treated mice and analyzed by flow cytometry to detect the mitochondrial membrane potential of myocar-

dial tissue. Flow cytometric analysis was performed on the LSRFORTESSA and FACSAria instruments (BD

Biosciences, San Jose, CA, USA) and analyzed using FlowJo software (Tree Star). The mitochondrial mem-

brane potential of cardiomyocytes with red fluorescence was captured by a fluorescence microscope

(Olympus, Japan).

ATP detection

The ATP production of myocardial tissue was analyzed by an enhanced ATP assay kit (Beyotime Biotech-

nology, China) according to the manufacturer’s protocol. The results were measured by a microplate

reader (BioTek).

RNA extraction and real-time qPCR

Total RNA was extracted from tissues and cells using the TRIzol reagent (#15,596,026, Invitrogen) and 2 mg

of this RNA were then reverse-transcribed into cDNA using the Prime-Script RT kit (#RR036A, TaKaRa). PCR

amplification was performed using the CFX96 real-time PCR (PCR) system (Bio-Rad Laboratories, Inc., CA,

USA). The total reaction volume was 10 mL and included 5 mL SYBRGreen, 1 mL cDNA, 0.5 mL forward primer,

0.5 mL reverse primer, and 3 mL ddH2O. The following two-step PCR amplification protocol was used: 39

cycles of 95 �C for 30 s, 95 �C for 5 s, and 60 �C for 30 s. Relative gene expression was normalized to

that of b-actin or 18s RNA using the standard 2�DDCt quantification method. Primer sequences are detailed

in Tables S1 and S2.

m6A dot blot

Total RNAs from all experimental groups were quantitatively diluted to the same concentration and heated

at 95 �C for 3 min. Next, 2 mL of diluted total RNA were evenly distributed onto a Hybond-N+ membrane

(#RPN203B, GE Healthcare) and cross-linked with a Stratalinker 2400 UV Crosslinker (1,200 mJ, 5 min). The

membrane was blocked with 5% BSA and incubated overnight at 4 �C with anti-m6A antibody (#56593,

CST). The membrane was then incubated for 2 h with a secondary antibody, developed, and imaged.

MeRIP-seq and MeRIP-seq-qPCR

MeRIP-seq and MeRIP-seq-qPCR services were provided by OE Biotech Inc. (Shanghai, China). Total

RNAs from ALKBH5flox/flox (n = 3, ALKBH5flox/flox-DOX group) and ALKBH5flox/flox, aMyHC�Cre (n = 3,

ALKBH5flox/flox, aMyHC�Cre-DOX group) myocardial mouse tissues were extracted using the TRIzol re-

agent. Each m6A-seq biological replicate used 400 mg of total RNA and yielded approximately 10 mg
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of double poly(A)-selected RNA. The fragmented RNAs were bound to m6A-Dynabeads. RNA (100 ng of

input and 100 ng of post m6A-IP positive fraction) was used for library construction using Illumina TruSeq

Stranded mRNA protocol. Raw data (raw reads) in fastq format were processed using the Trimmomatic

software. Clean data (clean reads) were obtained by removing adapters, poly N, and low-quality reads

from the raw data. Next, 250,000 paired reads were randomly extracted from the clean data and aligned

against the National Center for Biotechnology Information’s nucleotide database using the BLAST soft-

ware (ftp://ftp.ncbi.nih.gov/blast/db). The best results (e value < 1e-10 and coverage >80%) were

selected. The Sort-MeRNA software was used to remove reads mapping to rRNA and the remaining

clean reads were mapped to the reference genome using HISAT2 with default parameters. Unique reads

with high mapping quality were retained. The m6A-enriched peaks in each m6A immunoprecipitation

sample were identified using MeTDiff peak calling software, with the corresponding input sample serving

as a control. The differential m6A-Seq analysis identified differences in RNA methylome in a case-control

study. GO and KEGG pathway enrichment analyses of peaks were performed in R based on the hyper-

geometric distribution. MEME and DREME were used to detect sequence motifs and the Tomtom soft-

ware was used to annotate the motifs. MeRIP-qPCR and subsequent RNA immunoprecipitation qPCR

(RIP-qPCR) were performed using the RIP kit (Millipore, MA, USA) and m6A (MeRIP-qPCR) or ALKBH5

(RIP-qPCR) antibodies, according to the manufacturer’s instructions. Briefly, myocardial tissue was lysed

with RIP buffer and immunoprecipitated with specific or control IgG antibodies overnight at 4 �C, fol-
lowed by RNA purification. The immunoprecipitated RNA was analyzed using RT-qPCR. Primer se-

quences are shown in Table S2.

Measurement of Rasal3 mRNA stability

ALKBH5-KI adult and control mouse cardiomyocytes were extracted using the method described above

and treated with actinomycin D (5 mg/mL, Sigma-Aldrich) for 0, 2, 4, or 6 h. RNA was then extracted and

diluted to give a final concentration of 100 ng/mL. Rasal3 mRNA levels were quantified by RT-qPCR. Rasal3

mRNA levels at 0 h were used as controls. Relative mRNA decay rates and half-lives were determined using

non-linear regression (single-phase decay) in GraphPad Prism 8.0 (San Diego, CA, USA).

Dual-luciferase reporter assay

Wild-type Rasal3 50-UTR, coding region (CDS), 30-UTR, and Rasal3 mutant (MUT, 30-UTR mutant) sequences

were amplified by PCR and inserted into the pGL3 vectors (Beyotime): Rasal3-5-UTR, Rasal3-CDS, Rasal3-

30-UTR, and Rasal3-MUT, respectively. 293T cells were seeded into 24-well plates and cultured overnight.

The Lipofectamine 3000 Reagent (Invitrogen) was used to co-transfect 293T cells with empty vector, Rasal3-

5-UTR, Rasal3-CDS, Rasal3-30-UTR, and Rasal3-MUT with Ad-OE-Control or Ad-OE-ALKBH5, and Renilla

luciferase plasmids. Cells were harvested and lysed after 48 h. Firefly luciferase activity was detected using

the Dual-Luciferase Reporter Assay System (Promega) and normalized to the Renilla luciferase control

levels.

dCas13b-ALKBH5 and guide RNAs (gRNAs)

The dCas13b-ALKBH5 plasmid, gRNA plasmid and non-targeting gRNA (NT-gRNA) plasmid were kindly

supplied by professor Hongsheng Wang.60 The gRNAs (gRNA 1–3) targeting the sequence about 100–

200 nt away from m6A sites of Rasal3 mRNA were designed and listed in in Table S3. The plasmid trans-

fection was performed with Lipofectamine 3000 (Invitrogen) following the manufacturer’s protocol. For

six-well assays, AC16 cells were transfected with 1.5 mg dCas13b-ALKBH5 and 1.5 mg gRNAs and cultured

for 48 h.

Calcein/PI live/dead viability test

Adult mouse cardiomyocytes were added to Calcein AM/PI detection working solution (Calcein/PI Cell

Viability/Cytotoxicity Assay Kit, Beyotime) and incubated in the dark at 37 �C for 30 min. The staining effect

was observed under a fluorescence microscope immediately after incubation (Calcein AM generates green

fluorescence, Ex/Em = 494–517 nm; PI generates red fluorescence, Ex/Em = 535–617 nm).

Western blot assay

Cardiac muscle tissue was harvested and placed in RIPA lysis buffer containing 1 mM phenylmethanesul-

fonyl fluoride. Protein samples were separated using 10% and 15% SDS-PAGE and transferred to polyviny-

lidene difluoridemembranes (BiotechWell). Themembranes were blocked with 5% BSA in TBST for 2 h and
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incubated overnight at 4 �C with the following primary antibodies: anti-ALKBH5 (ab195377, Abcam), anti-

Mettl3 (ab195352, Abcam), anti-Mettl14 (ab252562, Abcam), anti-FTO (ab280081, Abcam), anti-BAX

(ab3191, Abcam), anti-BCL-2 (ab196495, Abcam), anti-cleaved caspase3 (ab214430, Abcam), anti-Raf1

(A0223, Abclone), anti-phospho-Raf1-S259 (AP1012, Abclone), anti-p44/42 ERK1/2 (4370S, CST), anti-

FLAG (Abcam, ab1162), anti-Rasal3 (NBP2-83439, Novusbio), and anti-b-actin (4970S, CST). The samples

were then incubated at room temperature (24 �C) for 1.5 h with horseradish peroxidase-conjugated sec-

ondary antibody. Proteins were detected using Immobilon Western Chemiluminescent HRP Substrate

(Millipore, Billerica, MA, USA) and gel images were captured using ImageQuant LAS 4000 Mini Biomole-

cular Imager (GE Healthcare, Barrington, IL, USA).
Active Ras pull-down test

Ras activity was detected using the Ras Activation Assay Kit (Bioyears) following the manufacturer’s instruc-

tions, using 500 mg of protein per condition. The quantity of RAS-GTP pulled down by Raf1 RBD (RAS-bind-

ing domain) relative to total Ras expression as determined using western blotting reflects Ras activity.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean G SEM. Statistical analyses were conducted using the GraphPad Prism 8.0

software (GraphPad Software, San Diego, CA). The normality of data distribution was tested using the

Kolmogorov-Smirnov test. Mann-Whitney U test was used when the group data were not normally distrib-

uted or if group variances were unequal. The homogeneity of variance was analyzed using Levene’s test.

Continuous data with normal distribution were assessed using either Student’s t test, one-way ANOVA

with a post hoc test or two-way ANOVA followed by a post hoc test (Tukey-Kramer). The results were

considered significant when p < 0.05. The meaning of asterisks number were *p < 0.05, **p < 0.05,

***p < 0.001, ****p < 0.0001.
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