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� ALKBH5 plays an important
protective role during the post-MI
repair phase.

� The loss of ALKBH5 in fibroblasts
leads to cardiac rupture and
deteriorated cardiac function.

� This study identities the ALKBH5 as
hypoxia-related role in cardiac
fibroblasts.

� ALKBH5 regulates fibroblast
activation via ErbB4 mRNA
demethylation.

� ALKBH5/ErbB4 are possible
therapeutic targets to reduce the
occurrence of cardiac rupture.
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Introduction: N6-methyladenosine (m6A) methylation produces a marked effect on cardiovascular dis-
eases. The m6A demethylase AlkB homolog 5 (ALKBH5), as an m6A ‘‘eraser”, is responsible for decreased
m6A modification. However, its role in cardiac fibroblasts during the post-myocardial infarction (MI)
healing process remains elusive.
Objectives: To investigate the effect of ALKBH5 in cardiac fibroblasts during infarct repair.
Methods: MI was mimicked by permanent left anterior descending artery ligation in global ALKBH5-
knockout, ALKBH5-knockin, and fibroblast-specific ALKBH5-knockout mice to study the function of
ALKBH5 during post-MI collagen repair. Methylated RNA immunoprecipitation sequencing was per-
formed to explore potential ALKBH5 targets.
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Cardiac rupture
Hypoxia
ErbB4
Results: Dramatic alterations in ALKBH5 expression were observed during the early stages post-MI and in
hypoxic fibroblasts. Global ALKBH5 knockin reduced infarct size and ameliorated cardiac function after
MI. The global and fibroblast-specific ALKBH5-knockout mice both exhibited low survival rates along
with poor collagen repair, impaired cardiac function, and cardiac rupture. Both in vivo and in vitro
ALKBH5 loss resulted in impaired fibroblast activation and decreased collagen deposition. Additionally,
hypoxia, but not TGF-b1 or Ang II, upregulated ALKBH5 expression in myofibroblasts by HIF-1a-
dependent transcriptional regulation. Mechanistically, ALKBH5 promoted the stability of ErbB4 mRNA
and the degradation of ST14 mRNA via m6A demethylation. Fibroblast-specific ErbB4 overexpression
ameliorated the impaired fibroblast-to-myofibroblast transformation and poor post-MI repair due to
ALKBH5 knockout.
Conclusion: Fibroblast ALKBH5 positively regulates post-MI healing by stabilization of ErbB4 mRNA in an
m6A-dependent manner. ALKBH5/ErbB4 might be potential therapeutic targets for post-MI cardiac
rupture.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Revascularization and widespread drug application during the
early phase after acute myocardial infarction (MI) have greatly
improved patient survival. However, after MI, patients have a sub-
stantial risk of a fatal complication known as cardiac rupture. Pre-
vious clinical research has reported that cardiac rupture often
results in sudden death in the early stages of MI1. The transforma-
tion, proliferation, and migration of fibroblasts are key factors dur-
ing post-MI healing for optimal scar formation to prevent cardiac
rupture and adverse cardiac remodeling [1–3].

N6-methyladenosine (m6A) is the most abundant internal
mRNA modification, which is dynamic and reversible [4]. It is cat-
alytically installed by m6A methyltransferase complexes (the
‘‘writers”), such as methyltransferase-like 3 (METTL3) and
methyltransferase-like 14 (METTL14), and their subunit proteins,
Wilms tumor 1-associating protein (WTAP) and vir-like m6A
methyltransferase-associated protein (VIRMA/ KIAA1429), and it
is removed by m6A demethylases (the ‘‘erasers”), such as AlkB
homolog 5 (ALKBH5) and the fat mass and obesity-associated gene
(FTO). The m6A sites are recognized by specific RNA-binding pro-
teins (the ‘‘readers”), such as YTH m6A RNA-binding proteins
(YTHDFs) and insulin-like growth factor 2 mRNA-binding proteins
(IGF2BPs). These proteins can affect mRNA splicing, localization,
and stabilization as well as ribosomal accessibility, ultimately
altering protein production [4–7]. In the cardiovascular field, previ-
ous findings have revealed decreased FTO expression along with
subsequent cardiomyocyte contractile dysfunction in failing
hearts. The role of the FTO-dependent m6A methylome has been
defined in cardiomyocytes during heart failure [8], and
cardiomyocyte-specific FTO loss injures cardiac function [9]. Accor-
nero et al. [10] have identified METTL3-mediated mRNAm6Amod-
ification in response to cardiac hypertrophic stimulation. Song et al.
[11] have uncovered an important link between METTL3/ALKBH5
and autophagy, offering valuable insights into m6A methylation
and its regulators in cardiomyocytes after exposure to hypoxia
and reoxygenation. Han et al. [12] have recently showcased the
significant contribution of ALKBH5 in the control of cardiomyocyte
proliferation and heart regeneration and that ALKBH5 overexpres-
sion improves cardiac function after MI. Our previous research has
penetrated the effect of ALKBH5 in angiogenesis [13]. However, the
role of ALKBH5 during post-MI healing remains unclear and war-
rants further investigation. Post-MI fibroblast-mediated collagen
secretion and healing are crucial for preventing adverse cardiac
remodeling and rupture. ALKBH5 might play an critical role in reg-
ulation of fibroblasts remodeling post-MI, therefore, we speculate
that ALKBH5 might be a critical regulator of cardiac fibroblasts in
the setting of ischemic myocardial insult.
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In this study, m6A demethylase ALKBH5 is demonstrated as a
crucial, hypoxia-related, cardioprotective factor that prevents
post-MI cardiac remodeling and rupture by removing the m6A
modification of ErbB4 mRNA. In our experimental mouse model
of MI, fibroblast-specific ALKBH5 knockout results in poor post-
MI healing and increased mortality as well as cardiac dysfunction
and rupture. Moreover, hypoxia, but not TGF-b1 or Ang II, induces
ALKBH5 overexpression and promotes fibroblast-to-myofibroblast
transformation via ErbB4mRNA stabilization in an m6A-dependent
manner. Our novel discovery suggests targeting the ALKBH5/ErbB4
axis as a potential therapeutic strategy to facilitate infarct repair
and prevent cardiac dysfunction and rupture.

Methods

Detailed experimental materials and methods are available in
the Supplemental Methods.

Animals

Male C57BL/6 mice were purchased from Shanghai Laboratory
Animal Research Center (Shanghai, China) and were housed at
the Zhongshan Hospital, Fudan University. The mice were kept
under a 12:12 h light/dark cycle, with consistent temperature
and humidity, and ad libitum access to food and water. ALKBH5-
knockout (KO) and -knockin (KI) mice were purchased from Gem
Pharmatech (Nanjing, China). The heterozygous genotype line for
deletion ALKBH5 was crossed to obtain KO mice and WT littermate
control mice. WT control mice matched with KI were the same
breeder pairs derived from KI heterozygous genotype line. The
ALKBH5 immunofluorescence image and mRNA level in left ven-
tricular myocardium of WT, KO and KI were shown in Supplement
Fig. 9F. Col1a2creER mice were crossed with ALKBH5flox/flox mice
(Cyagen, China) to generate mice heterozygous for both alleles.
Then ALKBH5flox/flox mice and heterozygous mice from the first
cross produced ALKBH5flox/floxCol1a2creER mice, which were used
in experiments. The 6-week-old ALKBH5flox/floxCol1a2creER mice
were administration intraperitoneal injection of the tamoxifen sus-
pension (30 mg/kg, Sigma-Aldrich) for 7 days. The ALKBH5flox/flox

mice and Col1a2creER mice as control were injected in in the same
manner. The ALKBH5 immunofluorescence image in left ventricu-
lar myocardium of ALKBH5flox/flox and ALKBH5flox/floxCol1a2creER

mice were shown in Supplement Fig. 9G.

Statistical analysis

Data were expressed as the mean ± standard deviation (SD) of at
least three biological replicates. The normality of the data was esti-
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mated using the Shapiro-Wilk test. P < 0.05 indicated significance.
All statistical analysis was performed using SPSS 18.0 and Graph-
Pad Prism 6.

Ethics statement

All experimental procedures complied with the ARRIVE guideli-
nes, which were approved by the Animal Care Ethics Committee of
the Zhongshan Hospital, Fudan University and were performed in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
Results

The m6A methylation involved in MI and the hypoxic response

The dot blot assay was performed to quantify the m6A levels of
RNA extracted from the left ventricular remote non-ischemic,
infarct border, and infarct areas at different timepoints after MI.
The m6A levels remained unchanged at the remote non-ischemic
area after MI (Fig. 1A and 1D). A sharp decrease in the m6A levels
was observed as early as 3 days post-MI at the infarct border area
and 1 day post-MI at the infarct area. The levels began to increase
in the infarct area 7 days post-MI and in the infarct border area
14 days post-MI (Fig. 1B-D). To identify mediators of m6A modifi-
cation during the post-MI phase, the expression levels of m6A
methyltransferases, including METTL3 and METTL14, and m6A
demethylases, including FTO and ALKBH5, were measured in the
left ventricular remote non-ischemic, infarct border, and infarct
areas (Fig. 1E and 1H). At the infarct border area, the protein levels
of METTL14, METTL3 and FTO were slightly upregulated from day 1
to day 28 post MI. While the expression of ALKBH5 increased from
day 1, peaked at day 5 post MI, and returned to baseline level at
28 days post MI. The unique ALKBH5 expression pattern in the bor-
der area may partially explain the similar trend observed in the
m6A levels, in which the levels first decreased and then increased
in these areas at different timepoints post-MI (Fig. 1F and 1H). In
the infarct area, the expression of these four enzymes first
decreased and then increased, and the turning point was on day
7 after MI (Fig. 1G and 1H).

We found that the m6A levels and the expression of m6A
methylases markedly changed in response to MI, hinting the signif-
icant effect of m6A methylation on the post-MI process. Further-
more, the most drastic alteration occurred in demethylase
ALKBH5 expression at the acute stage of MI.

ALKBH5 was upregulated in multiple cardiac cells in response to
hypoxia

Cardiomyocytes and fibroblasts from neonatal mice were
exposed to hypoxic conditions (1% O2) at different timepoints,
and we evaluated the m6A levels and the mRNA levels of methyl-
transferases and demethylases. The neonatal cardiomyocytes and
fibroblasts were identified by immunofluorescence assay (Supple-
mental Fig. 1A). In cardiomyocytes, hypoxia initially increased and
then decreased the mRNA expression of m6A methylases, among
which Wtap, Kiaa1429, and Alkbh5 exhibited the most remarkable
changes in expression (Supplemental Fig. 1B). In cardiac fibrob-
lasts, hypoxia stimulated the most significant increase in Alkbh5
expression, whereas the expression of the other enzymes showed
either a slight upregulation or no difference at all (Supplemental
Fig. 1C). Additionally, we found that the m6A levels gradually
decreased with increased exposure time to hypoxia in fibroblasts
(Supplemental Fig. 1D). And the hypoxia 24 h increased ALKBH5
mRNA expression in CMECs and macrophages compared with nor-
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moxia (Supplemental Fig. 1E). Collectively, these data suggested
that the differential expression of ALKBH5may be a vital molecular
hallmark in hypoxic cardiac cells after MI. Therefore, we continued
to explore the effect of ALKBH5 in response to MI.

Global ALKBH5 overexpression ameliorated cardiac function after MI

The ALKBH5- knockin (KI) mice were generated using the
CRISPR/Cas9 technology (Supplemental Fig. 2A), as detailed in Sup-
plement 1. Western blot analysis demonstrated that ALKBH5
expression in the heart, liver, and kidneys was markedly increased
in the ALKBH5-KI mice contrast in the wild-type (WT) mice (Sup-
plemental Fig. 2B). Dot blot assay showed lower m6A levels in RNA
extracted from the hearts of the ALKBH5-KI mice contrast in that
from the hearts of the WT mice (Supplemental Fig. 3A). No signif-
icant differences were observed between the echocardiographic
parameters of the ALKBH5-KI and WT mice (Supplemental
Fig. 3C). Hematoxylin and eosin (H&E) and Masson’s trichrome
staining of heart tissue sections showed no morphological differ-
ences between the ALKBH5-KI and WT mice, and similar results
were obtained from the liver and kidney tissue sections (Supple-
mental Fig. 3D).

Next, we performed left coronary artery ligation or sham sur-
gery in the ALKBH5-KI and WT mice. A 100% survival rate was
observed in both the sham-operated WT (n = 7) and ALKBH5-KI
(n = 7) mice. Furthermore, no difference was observed between
the survival rates (85%, n = 20 vs. 87.5%, n = 16) of the WT and
ALKBH5-KI mice 28 days after MI surgery (Supplemental Fig. 2C).
The occurrence of death caused by cardiac rupture was 6.25%
(1/16) in the ALKBH5-KI mice after MI surgery, whereas it was
10% (2/20) in the WT mice (Supplemental Fig. 2D). Echocardiogra-
phy analysis was performed at day 1 post-MI, ALKBH5-KI and WT
mice with similar ejection fraction were chosen for further studies
(Supplemental Fig. 3E). Masson’s trichrome staining revealed that
the ALKBH5-KI mice exhibited smaller infarct areas, less collagen
deposition, and increased cardiac wall thinning after MI surgery,
indicating enhanced post-MI repair and reduced fibrosis (Supple-
mental Fig. 2E and 2F). As expected, echocardiographic analysis
demonstrated that the ALKBH5-KI mice exhibited less left ventric-
ular dilation and ameliorative cardiac function contrast in the WT
mice after MI surgery (Supplemental Fig. 2G and 2H; Supplemental
Table 1).

ALKBH5 deficiency exacerbated post-MI mortality and cardiac rupture,
remodeling, and dysfunction

The ALKBH5-knockout (KO) mice were constructed using the
CRISPR/Cas9 technology (Fig. 2A), as described in Supplement 2.
Compared with the WT mice, the ALKBH5-KO mice displayed suc-
cessful deletion of the Alkbh5 gene in the heart, liver, and kidneys
(Fig. 2B). Dot blot assay revealed that RNA extracted from the
hearts of the ALKBH5-KO mice had higher m6A levels compared
with that from the hearts of the WT mice (Supplemental Fig. 3B).
Echocardiography showed no differences between the WT and
ALKBH5-KO mice under physiological conditions (Supplemental
Fig. 3C). H&E and Masson’s trichrome staining of heart tissue sec-
tions showed no significant differences in myocardial size and
arrangement or collagen deposition between the WT and
ALKBH5-KO mice. There were also no morphological differences
in the liver and kidney tissues (Supplemental Fig. 3D).

To study the function of ALKBH5 in MI, we performed left coro-
nary artery ligation or sham surgery inWT and ALKBH5-KOmice. A
100% survival rate was observed in both the sham-operated WT
(n = 7) and ALKBH5-KO (n = 7) mice after 28 days. However, com-
pared with the WT mice (86.1%, survival n = 31, total n = 36), the
survival rate of the ALKBH5-KO mice (65.4%, survival n = 17, total



Fig. 1. The levels of m6A modification and m6A-related modification enzyme expression changes after MI Left coronary artery ligation surgery was performed in wild-
type mice. In the sham-operated group, the hearts were exposed but not subjected to LCAL (n = 4 in the sham-operated group and n = 28 in the LCAL-operated group). All
hearts in the LCAL-operated and the sham-operated group were collected at different time after surgery. The levels of m6A modification from the remote non-ischemic area
(A), infarct border area (B) and the infarct area (C). (D) Quantification of m6A modification (n = 3 per group, One-Way ANOVA using Tukey test). The protein expression of
METTL3, METTL14, FTO and ALKBH5 from the remote non-ischemic area (E), infarct border area (F) and the infarct area (G) was detected by Western blot assay. (H)
Quantification of METTL3, METTL14, FTO and ALKBH5 protein levels (n = 4 per group, One-Way ANOVA using Tukey test). The data were presented as the means ± SD of four
independent experiments.
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n = 26) was significantly lower 28 days after MI surgery (P < 0.001)
(Fig. 2C). Additionally, these deaths occurred earlier in the
ALKBH5-KO mice than in the WT mice. Autopsies revealed that
almost all of the deceased mice in both groups showed signs of car-
diac rupture, including blood coagulation in the chest cavities and
small tears in the left ventricular walls (Fig. 2D). The incidence of
post-MI cardiac rupture in ALKBH5-KO mice was significantly
higher than that in WT mice (34.6%, 9/26 vs. 11.1%, 4/36)
(Fig. 2E). Echocardiographic analysis 1 day after MI surgery
showed no significant differences between the ALKBH5-KO and
WT mice (Supplemental Fig. 3F). H&E and Masson’s trichrome
staining revealed that ALKBH5 deficiency resulted in exacerbated
cardiac wall thinning and lower collagen deposition at the infarct
area 28 days after MI surgery, whereas there was no difference
in infarct size (%) between the ALKBH5-KO and WT mice (Fig. 2F
and 2G). Western blot analysis showed that the protein levels of
Col1a1 and a-SMA were significantly reduced in the infarct areas
of the ALKBH5-KO mice 28 days post-MI in contrast to those of
WT mice (Fig. 2H). The m6A levels in the infarct area tissues from
the ALKBH5-KO group 28 days post-MI were higher than those of
the WT mice (Fig. 2I). Cardiac function was analyzed 7, 14, and
28 days after MI surgery. Intriguingly, the echocardiographic anal-
ysis demonstrated exacerbated adverse cardiac remodeling,
including left ventricular wall thinning, increased left ventricular
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internal diameter, and left ventricular systolic dysfunction, in the
ALKBH5-KO mice in contrast to that of the WT mice (Fig. 2J and
2K; Supplemental Table 2).
Global ALKBH5 knockout reduced scar formation after MI

The excessive early inflammatory and weakened scar repair
processes are the causes of cardiac rupture. The myofibroblast acti-
vation was analyzed between the ALKBH5-KO and WT mice 5 days
a post-MI because of the peak time of cardiac rupture. The m6A
levels in the infarct area tissues from the ALKBH5-KO mice were
higher than those of the WT mice (Fig. 3A). The protein levels of
Col1a1 and a-SMA were significantly decreased in the infarct areas
of the ALKBH5-KO mice compared with the WT mice, whereas the
levels of MMP2 and MMP9 were increased (Fig. 3B). Furthermore,
increased mRNA levels of Mmp2, Mmp3, and Mmp9 and decreased
levels of a-SMA, Col1a1, and Col3a1 were detected in the infarct
areas of the ALKBH5-KO mice compared with those of the WT mice
(Fig. 3C). Immunofluorescence staining for Collagen I and Collagen
III revealed significantly reduced collagen in the infarct border and
infarct areas of the ALKBH5-KO mice compared with those of the
WT mice (Fig. 3D). Additionally, less a-SMA and proliferating
myofibroblasts (a-SMA+Ki67+ double-positive cells) were assessed



Fig. 2. ALKBH5 deficiency exacerbated cardiac rupture, remodeling, and dysfunction caused by MI Left coronary artery ligation surgery was performed in WT and KO
mice. In the sham-operated group, the hearts were exposed but not subjected to LCAL (n = 7 in sham-operated WT and KO group. n = 36 in LCAL-operated WT group and
n = 26 in LCAL-operated KO group). (A) The construction strategy of ALKBH5-knockout mice was shown. (B)Western blot assay was performed to demonstrate the successful
deletion of the ALKBH5 gene in the heart, liver and kidney. (C) The survival curve of MI-WT and MI-KO groups from the day of left coronary artery ligation until postoperative
28 days (MI-WT group n = 36 vs MI-KO group n = 26, Log-rank test). (D) Representative images of autopsy and HE staining of cardiac rupture section. Scale bars, 1 mm. (E) The
occurrence of death caused by cardiac rupture in MI-WT and MI-KO groups (chi-square test). (F) Representative images of Masson’s trichrome staining and HE staining of
ventricular sections of MI-WT and MI-KO 28 days after myocardial infarction and (G) the analysis of infarct size, collagen volume fraction and minimum infarct wall thickness
(n = 6 per group, Unpaired two-tailed Student’s t-test).Scale bars, 1 mm. (H) The protein levels of ALKBH5, Col1a1 and a-SMA were measured in the infarct area of hearts of
WT and KO groups 28 days after MI by Western blot analysis. (I) The levels of m6A modification were assessed in the infarct area of hearts of WT and KO groups 28 days after
MI by Dot blot assay. (J and K) Echocardiography was performed to assess EF and FS of the left ventricle in MI-WT and MI-KO groups at sham, days 7, 14 and 28 post-MI (n = 8
per group, Two-Way ANOVA using Šídák’s multiple comparisons test).
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per field in the infarct border and infarct areas of the ALKBH5-KO
mice in contrast to those of the WT mice (Fig. 3E).

Next, inflammatory cell infiltration (CD68+ macrophages and
Ly6G+ neutrophils) was evaluated after MI. The number of Ly6G+

neutrophils increased in the hearts of the ALKBH5-KO andWTmice
1, 3, and 5 days post-MI. The highest number of these cells was
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detected on day 3, particularly in the infarct border areas, com-
pared with the corresponding sham-operated hearts. Moreover,
the number of Ly6G+ neutrophils in the infarct border and infarct
areas of the ALKBH5-KO mice was slightly less than that of the
WT mice, but this statistical difference only existed in the infarct
border area on day 3 (Fig. 3F). In contrast, CD68+ macrophage infil-



Fig. 3. The global deletion of ALKBH5 reduced scar formation after MI (A) The levels of m6A modification were assessed in the infarct area of hearts of WT and KO groups
5 days after MI by Dot blot assay. (B) The protein of ALKBH5, Col1a1, a-SMA, MMP2 and MMP9 were measured in the infarct area of hearts of WT and KO groups 5 days after
MI by Western blot analysis. (C) The mRNA levels of ALKBH5, Col1a1, Col3a1, a-SMA, MMP2, MMP3 and MMP9 were measured in the infarct area of hearts of WT and KO
groups 5 days after MI by RT-qPCR (n = 3 per group, Unpaired two-tailed Student’s t-test). (D) Immunofluorescence staining and quantification of Collagen I and Collagen III in
border areas of the WT and ALKBH5-KO mice 5 days after MI (n = 6 per group, Unpaired two-tailed Student’s t-test). Scale bars, 50 lm. (E) Immunofluorescence staining of a-
SMA and Ki67 in remote, border, and infarction areas of the WT and ALKBH5-KO mice 5 days after MI. Quantification of a-SMA fluorescence intensity and the number of a-
SMA+Ki67+ cells per field (n = 6 per group, Unpaired two-tailed Student’s t-test).Scale bars, 50 lm (F) Representative images of immunofluorescence staining of CD68+

macrophages and Ly6G+ neutrophils in left ventricle of Sham-WT and Sham-KO groups. Immunofluorescence staining of CD68+ macrophages and Ly6G+ neutrophils in the
remote, border, and infarction areas of the WT and ALKBH5-KO mice 1, 3, and 5 days after MI (n = 5 per group, Unpaired two-tailed Student’s t-test). Scale bars, 50 lm.
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tration increased in the infarct border and infarct areas of both the
ALKBH5-KO andWT hearts 1 and 3 days after MI surgery, but there
was a decrease in this observation by day 5. The number of infil-
trated CD68+ macrophages in the infarct border and infarct areas
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of the ALKBH5-KO mice was slightly less than that of the WT mice,
but this statistical difference only existed in the infarct area on day
3 (Fig. 3F). In addition, we evaluated the role of ALKBH5 in angio-
genesis after MI. In vitro, ALKBH5 knockout using si-ALKBH5 pro-
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moted endothelial cell proliferation, migration, and tube formation
(Supplemental Fig. 4A-F). In vivo, CD31 immunofluorescence stain-
ing was used to evaluate angiogenesis in the MI mouse models. The
global ALKBH5-KO mice exhibited improved angiogenesis,
whereas the global ALKBH5-KI mice exhibited impaired angiogen-
esis (Supplemental Fig. 4G and 4H).

These results indicated that ALKBH5 deficiency impaired the
scar repair process mainly by inhibition of cardiac fibroblast acti-
vation after MI.

Loss of ALKBH5 in fibroblasts led to cardiac rupture after MI

To demonstrate that the loss of ALKBH5 in fibroblasts leads to
cardiac rupture, we crossed ALKBH5flox/flox mice with Col1a2creER

mice. Detailed information on the generation and genotyping of
these mice has been provided in Supplement 3. The ALKBH5flox/flox-
Col1a2

creER
mice were injected with tamoxifen (30 mg/kg) for 7 days

prior to MI surgery to induce the cardiac fibroblast-specific disrup-
tion of ALKBH5 expression (Fig. 4A). Then, the Alkbh5 mRNA levels
were detected in cardiomyocytes and cardiac fibroblasts isolated
from the hearts of ALKBH5flox/flox and ALKBH5flox/floxCol1a2creER

mice after tamoxifen treatment. RT-qPCR analysis indicated that
the Alkbh5 mRNA levels were significantly decreased in fibroblasts,
but not in cardiomyocytes, from the ALKBH5flox/floxCol1a2creER

mice (Fig. 4B). There were no differences in cardiac function
between the ALKBH5flox/flox and ALKBH5flox/floxCol1a2creER mice
under physiological conditions by echocardiography 7 days after
tamoxifen treatment (Supplemental Fig. 5A). And H&E and Mas-
son’s trichrome staining of heart tissue sections also showed no
significant differences in myocardial size and arrangement or col-
lagen deposition between the ALKBH5flox/flox and ALKBH5flox/flox-
Col1a2

creER
mice (Supplemental Fig. 5B).

We performed left coronary artery ligation or sham surgery in
ALKBH5flox/flox, Col1a2creER, and ALKBH5flox/floxCol1a2creER mice.
Compared with the ALKBH5flox/flox mice (92.9%, n = 28) and
Col1a2creER mice (89.7%, n = 29), the ALKBH5flox/floxCol1a2creER

mice (66.6%, n = 33) exhibited a significantly lower survival rate
28 days after MI surgery (P < 0.001) (Fig. 4C). Autopsies showed
that almost all of the deceased mice in both groups showed signs
of cardiac rupture, including blood coagulation in the chest cavities
and small tears in the left ventricular walls (Fig. 4D). The incidence
of post-MI cardiac rupture was significantly higher in the
ALKBH5flox/floxCol1a2creER mice than in the ALKBH5flox/flox and
Col1a2creER mice (30.3%, 10/33 vs. 7.1%, 2/28 vs. 10.3%, 3/29)
(Fig. 4E). There were no differences in cardiac function 1 day
post-MI (Supplemental Fig. 5C) between the ALKBH5flox/flox and
ALKBH5flox/floxCol1a2creER mice. Because there were no differences
in post-MI mortality or cardiac rupture rate between the
ALKBH5flox/flox and Col1a2creER mice, the ALKBH5flox/flox mice were
used as the control group. Next, the protein levels of MMP2,
MMP9, Col1a1, and a-SMA and the mRNA levels of Mmp2,
Mmp3, Mmp9, a-Sma, Col1a1, and Col3a1 were evaluated. Com-
pared with the ALKBH5flox/flox controls, the ALKBH5flox/flox-
Col1a2

creER
mice exhibited elevated MMP expression and reduced

collagen repair marker expression after MI surgery (Fig. 4F; Sup-
plemental Fig. 5D). Immunofluorescence staining of the infarct
areas 5 days post-MI showed that the ALKBH5flox/floxCol1a2creER

mice exhibited lower Collagen I, Collagen III, and a-SMA levels as
well as a lower number of proliferating myofibroblasts per field
than the ALKBH5flox/flox mice (Fig. 4G and 4H). Histological analysis
of cardiac tissues from the fibroblast-specific ALKBH5-KO mice
revealed less collagen deposition and an overall smaller minimum
wall thickness in the injury region 28 days post-MI in contrast to
those of the controls. However, there was no difference in infarct
size (%) between the two groups (Fig. 4I; Supplemental Fig. 5E
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and 5F). Echocardiographic analysis demonstrated impaired car-
diac function and left ventricular dilation in the ALKBH5flox/flox-
Col1a2

creER
mice compared with the ALKBH5flox/flox mice 7, 14, and

28 days post-MI (Fig. 4J; Supplemental Fig. 5G; Supplemental
Table 3). These findings strongly indicated the regulation of
ALKBH5 in cardiac fibroblast-mediated scar repair after MI.

Hypoxia, but not TGF-b1 or Ang II, upregulated ALKBH5 expression in
myofibroblasts in a HIF-1a-dependent transcriptional manner

Hypoxia, TGF-b1, and Ang II are essential inducers of the
fibroblast-to-myofibroblast transformation. Therefore, fibroblasts
were either exposed to hypoxia or treated with TGF-b1 or Ang II
for 48 h. As expected, the mRNA levels of major myofibroblast
markers, Col1a1, a-Sma, fibronectin (Fn), and connective tissue
growth factor (Ctgf), were drastically upregulated (Supplemental
Fig. 6A). However, only hypoxic stimulation caused an increase
in the expression levels of Alkbh5 mRNA (Fig. 5A and 5B).

Next, we generated a luciferase reporter pGL3 plasmid con-
trolled by the murine Alkbh5 promoter (-2,000-+200 bp; pGL3-
Promoter). NIH/3T3 cells were co-transfected with either pGL3-
Promoter or control (pGL3-Empty) plasmid along with Renilla luci-
ferase plasmid. Hypoxia activated the luciferase activity of the
pGL3-Promoter plasmid (Fig. 5C), whereas treatment with TGF-
b1 or Ang II had no effect (Fig. 5D). Western blot analysis con-
firmed that the protein expression levels of ALKBH5 gradually
increased under hypoxic conditions from 0 to 48 h, along with
HIF-1a, Col1a1, and a-SMA (Fig. 5E).

Previous researches have reported that hypoxia elevated
ALKBH5 expression in breast cancer cells and Escherichia coli via
HIF-1a-induced transcriptional regulation [14,15]. Therefore, we
postulated that ALKBH5 may be transcriptionally activated by
HIF-1a under hypoxic conditions in fibroblasts. The fibroblasts
were transfected with siRNA against HIF-1a or control siRNA.
The silencing of HIF-1a blocked the hypoxia-induced increase in
HIF-1a, ALKBH5, a-SMA, and Col1a1 expression (Supplemental
Fig. 6C). The JASPAR (jaspar.genereg.net) website indicated that
22 hypoxia response elements (HREs) were predicted to bind to
the promoter region of the murine Alkbh5 gene (Supplemental
Fig. 6C). The Cistrome Data Browser (cistrome.org) revealed peak
signals within the HIF-1a binding site of the Alkbh5 promoter
region using previously generated ChIP-seq datasets [16] (Supple-
mental Fig. 6C). HIF-1awas shown to prefer the conserved binding
site (50-RCGTG-30, R = A or G) on the Alkbh5 promoter (Fig. 5F),
which was consistent with the HIF-1a peak signal provided by
the ChIP-seq database (Supplemental Fig. 6C). To determine
whether HIF-1a directly binds to Alkbh5 during transcription, ChIP
assay was performed using either a HIF-1a or IgG control antibody
in fibroblasts after exposure to normoxic or hypoxic conditions
(Fig. 5G). The Alkbh5 promoter fragment A, but not fragment B,
was preferentially enriched after immunoprecipitation with the
HIF-1a antibody compared with the IgG control antibody under
both normoxic and hypoxic conditions. Moreover, an increased
amount of the Alkbh5 promoter fragment A was immunoprecipi-
tated with the HIF-1a antibody after exposure to hypoxia
(Fig. 5H). NIH/3T3 cells were co-transfected with either pGL3-
Promoter or pGL3-Empty plasmid and the Renilla luciferase plas-
mid. Exposure to hypoxia activated the luciferase activity of the
pGL3-Promoter plasmid, whereas transfection with si-HIF-1a (si-
HIF-1a-1, si-HIF-1–2) significantly inhibited this effect (Fig. 5I).

Collectively, our data showed that hypoxia, but not TGF-b1 or
Ang II, upregulated ALKBH5 expression in cardiac fibroblasts. This
effect required the constitutive binding of HIF-1a to the HREs
within the Alkbh5 promoter, suggesting hypoxia as a transcrip-
tional regulator of Alkbh5.

http://jaspar.genereg.net
http://cistrome.org


Fig. 4. Loss of ALKBH5 in fibroblasts leads to cardiac rupture after MI MI surgery was performed in ALKBH5flox/flox mice and ALKBH5flox/floxCol1a2creER mice. (n = 28 in
LCAL-operated ALKBH5flox/flox group, n = 29 in LCAL-operated Col1a2creER mice and n = 33 in LCAL-operated ALKBH5flox/floxCol1a2creER group). (A) Experimental strategy of
myocardial infarction model in ALKBH5flox/flox mice and ALKBH5flox/floxCol1a2creER mice. (B) The mRNA level of ALKBH5 in cardiomyocytes and fibroblasts isolated from
ALKBH5flox/flox mice and ALKBH5flox/floxCol1a2creER mice by RT-qPCR (n = 4 per group, Unpaired two-tailed Student’s t-test). (C) The survival curve of ALKBH5flox/flox group,
Col1a2creER group and ALKBH5flox/floxCol1a2creER group from the day of left coronary artery ligation until postoperative 28 days (ALKBH5flox/flox group n = 28 vs Col1a2creER

mice n = 29 vs ALKBH5flox/floxCol1a2creER group n = 33, Log-rank test). (D) Representative images HE staining of cardiac rupture section. (E)The occurrence of death caused by
cardiac rupture in ALKBH5flox/flox group, Col1a2creER group and ALKBH5flox/floxCol1a2creER group (fisher’s exact test or chi-square test).Scale bars, 1 mm. (F) The protein levels
of ALKBH5, Col1a1, a-SMA, MMP2 and MMP9 were measured in the infarct area of hearts of ALKBH5flox/flox group and ALKBH5flox/floxCol1a2creER group 5 days after MI by
Western blot analysis. (G) Representative diagram and quantification of fluorescence intensity of collagen I and collagen III (n = 6 per group, Unpaired two-tailed Student’s t-
test). Scale bars, 50 lm (H) Representative diagram and quantification of fluorescence intensity of a-SMA fluorescence intensity and the number of a-SMA+ Ki67+ cells per
field (n = 6 per group, Unpaired two-tailed Student’s t-test). Scale bars, 50 lm. (I)The analysis of collagen volume fraction and minimum wall thickness from Masson’s
trichrome staining of ventricular sections of ALKBH5flox/flox group and ALKBH5flox/floxCol1a2creER group 28 days after myocardial infarction (n = 6 per group, Unpaired two-
tailed Student’s t-test). (J) Echocardiography was performed to assess EF and FS of the left ventricle in ALKBH5flox/flox group and ALKBH5flox/floxCol1a2creER group at days sham
7, 14 and 28 post-MI (n = 8 per group, Two-Way ANOVA using Šídák’s multiple comparisons test).
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Fig. 5. Hypoxia transcriptionally up-regulates ALKBH5 expression by HIF-1a 10 ng/ml TGF-b1 or 100 nM Ang-II was treated with fibroblasts for 48 h compared with
vehicle (1% BSA). (A and B) Fibroblasts were exposed to hypoxia (1% oxygen) or normoxia for a different time (n = 3 per group, Unpaired two-tailed Student’s t-test). RT-qPCR
was performed to detect the mRNA level of ALKBH5 (n = 4 per group, Unpaired two-tailed Student’s t-test). (C and D) Dual-luciferase reporter assay was performed after co-
transfection with a reporter vector in NIH/3T3 (n = 3 per group, Unpaired two-tailed Student’s t-test). (E) The protein levels of ALKBH5, HIF-1a, VEGFA, Col1a1 and a-SMA in
hypoxic and normoxic fibroblasts were measured byWestern blot assay. (F) HIF-1a preferred binding site (50-RCGTG-30 , R = A or G) on ALKBH5 promoter was shown. A region
is a potential binding sequence while a B region is as control. ChIP analysis of fibroblasts pretreated with hypoxia (1% oxygen) or normoxia for 48 h. (G) Western blot analysis
of input proteins and proteins immunoprecipitated with either HIF-1a antibody or IgG. The input proteins were standardized by the ACTB level. (H) Immunoprecipitation
products were measured by RT-qPCR (n = 4 per group, Unpaired two-tailed Student’s t-test). (I) Dual-luciferase reporter assay was performed after co-transfection with a
reporter vector and Si-HIF-1a or Si-Control in NIH/3T3 under hypoxia or normoxia for 48 h (n = 3 per group, Unpaired two-tailed Student’s t-test).
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ALKBH5 promoted fibroblast proliferation, migration, and
transformation into myofibroblasts

Adenoviral vectors were used to overexpress (Ad-ALKBH5) or
knockdown (Ad-sh-ALKBH5-1, Ad-sh-ALKBH5-2, Ad-sh-ALKBH5-
3) ALKBH5 expression in neonatal mouse fibroblasts (Supplemen-
tal Fig. 6D). We used Ad-sh-ALKBH5-3 for subsequent experiments
because it exhibited the highest knockdown efficiency. The m6A
levels were significantly decreased in fibroblasts transduced with
Ad-ALKBH5. However, the m6A levels were significantly elevated
after transduction with Ad-sh-ALKBH5 (Supplemental Fig. 6E).

CCK-8 and EdU assays were performed to estimate the role of
ALKBH5 on the proliferative capacity of fibroblasts, and the migra-
tory capacity of fibroblasts was detected by a transwell assay.
Compared with transduction with Ad-Control, ALKBH5 overex-
pression markedly promoted fibroblast proliferation and migra-
tion, whereas ALKBH5 knockdown inhibited this effect
(Supplemental Fig. 6F; Fig. 6A–D). Similarly, we evaluated the role
of ALKBH5 in fibroblast proliferation and migration under hypoxia.
Overexpression of ALKBH5 enhanced the proliferative and migra-
tory capacities of fibroblasts in response to hypoxia, whereas
ALKBH5 knockdown impaired the effect (Supplemental Fig. 6F;
Fig. 6A–D). To obtain insights into how ALKBH5 stimulated the
fibroblast-to-myofibroblast transformation, the effects of ALKBH5
overexpression and knockdown were examined on the myofibrob-
last phenotype. RT-qPCR showed that ALKBH5 overexpression
201
increased the mRNA expression levels of fibroblast-to-
myofibroblast transformation markers, Col1a1, a-SMA, Fn, and Ctgf,
whereas ALKBH5 knockdown reduced these levels (Supplemental
Fig. 6G). Of note, we found that ALKBH5 overexpression resulted
in significant traces of a-SMA in fibroblasts, indicating that the
cells had differentiated into myofibroblasts (Fig. 6E). In contrast,
fibroblasts transduced with Ad-sh-ALKBH5 exhibited little a-SMA
expression compared with those transduced with Ad-sh-Control
(Fig. 6E). Western blot analysis confirmed that ALKBH5 overex-
pression upregulated Col1a1 and a-SMA protein levels in fibrob-
lasts under both normoxia and hypoxia, whereas ALKBH5
knockdown reduced the expression of these proteins (Fig. 6F).

Altogether, these results indicated that ALKBH5 enhanced the
proliferative and migratory capacities of fibroblasts and acceler-
ated their transformation into myofibroblasts, thus clarifying the
novel molecular mechanism of hypoxia-induced fibroblast-to-
myofibroblast transformation.

ALKBH5 regulated transcripts associated with repair after acute MI via
m6A demethylation

To explore the m6A demethylated targets of ALKBH5 in
response to acute MI, MeRIP-seq and RNA-seq were performed
using RNA isolated from the infarct areas of ALKBH5-KO and WT
mice 5 days after MI surgery (WT, n = 3 vs. KO, n = 3). Analysis
of representative motifs (50-RRACW-30; R = A or G, W = A or U) from



Fig. 6. The role of ALKBH5 in fibroblast proliferation, migration and induction of FMT Fibroblasts were treated by Ad-Control, Ad-ALKBH5, Ad-Sh-Control, or Ad-Sh-
ALKBH5 for 24 h. Then fibroblasts were cultured in normoxia or hypoxia for 48 h. (A)EdU analysis of the proportion of EdU (green) and DAPI (blue) double-positive cell in DAPI
positive cell (n = 4 per group, Two-Way ANOVA using Tukey’s multiple comparisons test). (B) EdU assay. Fibroblasts in the S-phase were stained with EdU in green while the
nuclei were stained with DAPI in blue. Scale bars, 25 lm. (C) The number of migrated fibroblasts (n = 4 per group, Two-Way ANOVA using Tukey’s multiple comparisons test).
(D) Representative images and quantification of migrated fibroblasts. Scale bar, 200 lm. (E) Representative images of immunofluorescence staining with a-SMA in green and
DAPI in blue (n = 3 per group, Unpaired two-tailed Student’s t-test). Scale bars, 25 lm. (F) The protein levels of a-SMA, Col1a1, ALKBH5 and ACTB were measured by Western
blot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the WT and KO groups was performed, which was consistent with
the previously identified m6A recognition sequences (Fig. 7A). Dif-
ferential transcriptome-wide methylation was mainly observed
within the terminator region and the 30-UTR binding sites of Alkbh5
(Fig. 7B and 7C). RNA-seq revealed that 439 genes were upregu-
lated and 1,032 genes were downregulated in the ALKBH5-KOmice
compared with the WT mice, whereas MeRIP-seq analysis identi-
fied 954 hypomethylated and 414 hypermethylated peaks
(Fig. 7D). KEGG enrichment analysis using RNA-seq (Fig. 7E) and
MeRIP-seq (Fig. 7F) data suggested major signaling pathways
related to the EGFR pathway, including the tyrosine kinase, cal-
cium, PI3K/AKT, and ErbB signaling pathways. Furthermore, GO
enrichment analysis using RNA-seq (Fig. 7E) and MeRIP-seq
(Fig. 7F) data revealed a common subset of transcripts that were
largely associated with scar repair, the extracellular matrix, cell
differentiation, cell proliferation, and receptor tyrosine kinase sig-
naling. Further evaluation of the mRNA and m6A modification
levels of the corresponding genes indicated that ALKBH5 affected
the expression of many genes via m6A demethylation during the
early stage of MI, including the extracellular matrix-related genes,
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Col4a4, Col6a6, and St14 (Fig. 7G). A four-quadrant scatter plot was
used for a more in-depth data analysis, and the function of each of
the four distinct subgroups has been shown in Supplemental Fig. 7.
Considering ALKBH5 as a demethylase, we screened for genes with
hypermethylation and differential alteration in the ALKBH5-KO
and WT groups (Fig. 7H). Further analysis revealed genes with dif-
ferential m6A modification between the ALKBH5-KO and WT
groups. Consistent with the significant enrichment of the EGFR sig-
naling pathway identified by the KEGG and GO enrichment analy-
ses, erb-b2 receptor tyrosine kinase 4 (ErbB4), a member of the
receptor tyrosine protein kinase family and epidermal growth fac-
tor receptor sub-family, was also identified as a potential target of
ALKBH5 in this analysis (Fig. 7I). In contrast to the downregulation
of ErbB4 expression in the ALKBH5-KO group, tumorigenicity 14
(St14), a gene encoding an extracellular matrix enzyme, was upreg-
ulated. It was also identified as a possible downstream target of
ALKBH5 (Fig. 7H). These data were further supported using
MeRIP-seq, which showed significant enrichment of ALKBH5-
induced m6A demethylation in the terminal fragments of ErbB4
and St14. In contrast, ALKBH5 knockdown resulted in the upregu-



Fig. 7. Transcripts in AMI are regulated by ALKBH5 mediated m6A modification (A) Analysis of representative motifs from the WT and KO. (B) Guitar plot showing the
distribution of m6A peaks on mRNA transcripts. (C) Pie chart showing the differential distribution of m6A peaks on mRNA transcripts. (D) Bar chart showing the numbers of
differentially gene expression and m6A peaks between the WT and KO groups. KEGG enrichment analysis and Go enrichment analysis by (E) RNA-seq and (F) MeRIP-seq. (G)
The four-quadrant scatter plot showed the distribution of mRNA expression and m6A methylation levels of the gene. (H) Screening strategy of differential transcripts
(P > 0.05, Fold Change > 1.5 or < 0.67). (I) The index of the different peak of log2FoldChange between KO and WT groups represented the different enrichment level of the top
five genes. (J) Integrated genome browser views of the m6A peaks on ErbB4 and ST14.
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lation of m6A-modified fragments, indicating that the downregula-
tion of ErbB4 mRNA levels and upregulation of St14 mRNA levels
were mediated via m6A modification in an ALKBH5-dependent
manner (Fig. 7J).

ALKBH5 regulated ErbB4 and St14 expression via m6A demethylation

Adenoviral modification of ALKBH5 expression in fibroblasts
was used to confirm ErbB4 and St14 as downstream targets of
ALKBH5. ALKBH5 overexpression led to increased Alkbh5, ErbB4,
Col4a4, and Col6a6 mRNA levels and decreased St14 mRNA levels,
whereas ALKBH5 knockdown resulted in the opposite effect on
these mRNA levels (Fig. 8A and 8B). Similar changes were observed
in the hypoxic cell model. Hypoxia upregulated Alkbh5, ErbB4, St14,
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Col4a4, and Col6a6 mRNA levels, and ALKBH5 overexpression fur-
ther upregulated Alkbh5, ErbB4, Col4a4, and Col6a6 mRNA levels.
However, ALKBH5 knockdown inhibited the hypoxia-induced
upregulation of Alkbh5, ErbB4, and Col6a6 mRNA levels (Fig. 8A
and 8B). ALKBH5 overexpression inhibited the hypoxia-induced
upregulation of St14 mRNA levels, whereas ALKBH5 knockdown
further upregulated its mRNA levels (Fig. 8A and 8B). Our data
demonstrated that ALKBH5 regulated ErbB4 and St14 expression
at the transcriptional level.

Next, we screened for m6A sites in ErbB4 and St14 mRNA using
MeRIP-seq and the RMBase database. The potential m6A-modified
sites in ErbB4 and St14 mRNA were enriched near the terminator
region, which was located in the CDS region of ErbB4 and the 30-
UTR of St14 (Supplemental Fig. 8A). This was consistent with our



Fig. 8. ALKBH5 accelerated fibroblast activation via m6A demethylation of ErbB4 mRNA Fibroblasts were treated by Ad-Sh-Control + Normoxia, Ad-Sh-
ALKBH5 + Normixia and Ad-Sh-Control + Hypoxia, Ad-Sh-ALKBH5 + Hypoxia. (A and B) RT-qPCR analysis of ALKBH5, ErbB4, ST14, Col4a4 and Col6a6 mRNA levels (n = 3
per group, Unpaired two-tailed Student’s t-test). MeRIP-qPCR quantitative analysis of the fold enrichment of (C) ErbB4 (ErbB4-CDS) and (D) ST14 (ST14-30UTR) m6A level by
immunoprecipitation with specific m6A antibody in fibroblasts isolated from WT mice and KO mice (n = 3 per group, Unpaired two-tailed Student’s t-test). Fibroblasts were
treated by Ad-Control + Actinomycin D or Ad-ALKBH5 + Actinomycin D. RT-qPCR analysis of (E) ErbB4 and (F) ST14 levels at 0,2,4,6 h and the mRNA level of ErbB4 and ST14 at
0 h as control (n = 3 per group, non-linear regression curve fitting [one phase decay]). (G and H) RIP products were measured by RT-qPCR (n = 3 per group, Unpaired two-
tailed Student’s t-test). (I and J) Dual-luciferase reporter assay after cotransfection with the reporter vector and Ad-ALKBH5 or Ad-Control in NIH/3T3 cells for 48 h (n = 3 per
group, Unpaired two-tailed Student’s t-test). (K and L) Western blot analysis of ALKBH5, ErbB4, ST14 and ACTB protein levels in fibroblasts. Representative Western blot
image of ALKBH5, ErbB4, ErbB4 and ACTB protein level from (M) KO group and (N) cKO group at day 5 post-MI compared with respective control. (O) Representative Western
blot showing ErB4, ACTB, a-SMA, t-Akt, t-PI3K, p-Akt, p-PI3K p55 and Col1a1 protein levels. (P) Representative Western blot showing ErB4, ACTB, a-SMA, p-Akt, p-PI3K p55
and Col1a1 protein levels.
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MeRIP-seq data and previous findings [17,18]. The m6A-modified
sites enriched in the CDS and 30-UTR, especially near the termina-
tor, were closely related to mRNA stability [19].

MeRIP was performed in cardiac fibroblasts isolated from WT
and ALKBH5-KO mice using IgG control antibody or anti-m6A anti-
body. Immunoprecipitation with the anti-m6A antibody resulted
in highly enriched mRNA levels of ErbB4 (ErbB4-CDS) and St14
(St14-30-UTR) compared with those obtained with the IgG control
antibody. However, the mRNA levels of ErbB4-50-UTR, ErbB4-30-
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UTR, St14-50-UTR, and St14-CDS were not affected. Additionally,
the m6A levels were more significantly enriched in ErbB4 (ErbB4-
CDS) and St14 (St14-30-UTR) in the ALKBH5-KO group than the
WT group (Fig. 8C and 8D; Supplemental Fig. 8B). This was consis-
tent with our MeRIP-seq data (Fig. 7J). Our results collectively sug-
gested that m6A modification was involved in the regulation of
ErbB4 and St14 expression via ALKBH5.

ALKBH5 m6A demethylation has been shown to affect mRNA
stability [20], indicating that ALKBH5 may possibly affect the sta-
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bility of ErbB4 and St14 mRNA. Therefore, after ALKBH5 overex-
pression, we examined the ErbB4 and St14 mRNA levels at 0, 2, 4,
and 6 h after inhibiting RNA polymerase via actinomycin D treat-
ment. RT-qPCR assay demonstrated that overexpressed ALKBH5
elevated the half-life of ErbB4 mRNA in contrast to the control
group, whereas it reduced the half-life of St14 mRNA, indicating
that ALKBH5 stabilized ErbB4 mRNA and destabilized St14 mRNA
(Fig. 8E and 8F). Interestingly, because ALKBH5 exhibited opposite
effects on the stabilization of ErbB4 and St14 mRNA, the m6A-
modified sites of ErbB4 and St14 may be recognized by different
m6A readers. To determine any direct interaction between ALKBH5
and ErbB4 or St14 mRNA, RNA-IP assay was performed using an
anti-FLAG or IgG control antibody in cardiac fibroblasts transduced
with an adenoviral FLAG-tagged ALKBH5 vector (Ad-ALKBH5).
Immunoprecipitation with the anti-FLAG antibody resulted in
enriched levels of ErbB4 and St14 mRNA compared with those
obtained with the IgG control antibody (Supplemental Fig. 9A;
Fig. 8G and 8H). To verify the specific m6A sites targeted by
ALKBH5 in ErbB4 and St14 mRNA, we constructed luciferase repor-
ter vectors containing the wild-type (pGL3-ErbB4-WT) or mutated
(pGL3-ErbB4-Mut1,2,3,4) coding sequence of ErbB4 mRNA or con-
taining the wild-type (pGL3-St14-WT) or mutated (pGL3-St14-
Mut1,2,3,4) 30-UTR sequence of St14 mRNA (Supplemental
Fig. 8C). Dual-luciferase reporter assays showed that ALKBH5 over-
expression enhanced the luciferase activity of pGL3-ErbB4-WT and
pGL3-ErbB4-Mut1,2,3 (Fig. 8I). In contrast, ALKBH5 overexpression
decreased the luciferase activity of pGL3-ST14-WT and pGL3-ST14-
Mut1,3,4 and had no effect on pGL3-ST14-Mut2 (Fig. 8J). Further-
more, it was demonstrated that the fourth potential m6A site
(Mut4) in ErbB4 mRNA and the second potential m6A site (Mut2)
in St14 mRNA were ALKBH5-mediated demethylation sites. Next,
we preliminarily explored which m6A readers may or may not
affect the stability of ErbB4 and St14 mRNA. Currently, YTHDF2/3
and IGF2BP1/2/3 are the main m6A readers that can effectively
regulate RNA degradation and stabilization, respectively [21,22].
Therefore, we constructed small interfering RNAs to target
YTHDF2/3 and IGF2BP1/2/3. RT-qPCR showed that IGF2BP2 regu-
lated the stabilization of ErbB4 mRNA via m6A demethylation,
whereas YTHDF2 was involved in the degradation of St14 mRNA
(Supplemental Fig. 9B and 9C). Altogether, we found that ALKBH5
increased the stabilization of ErbB4 mRNA and degradation of St14
mRNA via m6A demethylation.

The regulation of ErbB4 and St14 expression via ALKBH5 at the
protein level was assessed in vivo and in vitro. We transduced car-
diac fibroblasts with modified adenoviruses under normoxic or
hypoxic conditions. ALKBH5 overexpression upregulated ErbB4
protein levels, which were further upregulated under hypoxic con-
ditions. In contrast, ALKBH5 knockdown downregulated ErbB4
protein levels under normoxic conditions and also inhibited the
hypoxia-mediated upregulation of ErbB4 (Fig. 8K and 8L). ALKBH5
overexpression downregulated ST14 protein levels and also inhib-
ited the hypoxia-mediated upregulation of ST14. Conversely,
ALKBH5 knockdown upregulated ST14 protein levels and rein-
forced the hypoxia-mediated upregulation of ST14 (Fig. 8K and
8L). Additionally, reduced ALKBH5 and ErbB4 protein levels and
elevated ST14 protein levels were detected in the infarct areas of
the ALKBH5-KO and fibroblast-specific ALKBH5-KO mice 5 days
after MI surgery in contrast to those of the control mice (Fig. 8M
and 8N).

ALKBH5 accelerated fibroblast-to-myofibroblast transformation via
m6A demethylation of ErbB4 mRNA

Here, we explored whether or not ALKBH5 knockdown inhib-
ited fibroblast-to-myofibroblast transformation as a result of
decreased ErbB4 expression. We generated an ErbB4-
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overexpression adenoviral vector containing the fibroblast-
specific Col1a1 promoter (Ad-Col1a1-ErbB4) to specifically upreg-
ulate ErbB4 in cardiac fibroblasts. The overexpression efficiency of
Ad-Col1a1-ErbB4 was confirmed by RT-qPCR (Supplemental
Fig. 9D). ALKBH5 knockdown markedly decreased the levels of a-
SMA and Col1a1; however, this effect was inhibited after transduc-
tion with Ad-Col1a1-ErbB4 (Fig. 8O). Similar downstream changes
were observed in PI3K/AKT signaling (Fig. 8O). To confirm whether
ALKBH5 promotes the phenotypic transformation of fibroblasts via
m6A demethylation of ErbB4 mRNA, NIH/3T3 cells were trans-
fected with dCas13b-ALKBH5 and gRNAs (gRNA 1–3) targeting
ErbB4 mRNA. The construction strategy and working diagram of
dCas13b-ALKBH5 have been provided as Supplemental Fig. 9E.
RT-qPCR showed that transfection with dCas13b-ALKBH5 and the
gRNAs significantly upregulated ErbB4 mRNA levels compared
with the control (NT-gRNA) (Supplemental Fig. 9E). The protein
levels of ErbB4, p-PI3K, p-AKT, a-SMA, and Col1a1 were also signif-
icantly upregulated after transfection with dCas13b-ALKBH5 and
the gRNAs. Hypoxia stimulation further upregulated the expres-
sion of these proteins (Fig. 8P). These data suggested that ALKBH5
promoted the fibroblast-to-myofibroblast transformation via
upregulated ErbB4 expression. Next, we estimated the protective
role of ALKBH5/ErbB4 axis on cardiomyocytes against hypoxic
injury. Western blot results showed ALKBH5 deletion inhibited
ErbB4 expression in cardiomyocytes, but not in ECs (Supplemental
Fig. 9H). Tunel staining showed ALKBH5 deficiency aggravated car-
diomyocyte apoptosis induced by hypoxia which could be partly
reversed by ErbB4 overexpression (Ad-ErbB4) (Supplemental
Fig. 9I).
Fibroblast-specific ErbB4 overexpression by in situ adenoviral injection
prevented cardiac rupture and improved post-MI repair and cardiac
function in mice

We next investigated the therapeutic potential of fibroblast
ErbB4 on post-MI repair and cardiac function via myocardial injec-
tion of Ad-Col1a1-ErbB4 or Ad-Col1a1-Control in ALKBH5flox/flox-
Col1a2

creER
mice 30 min after MI surgery (Fig. 9A). The fibroblast-

specific ErbB4 overexpression improved the overall survival rate
(59.3%, n = 27 vs. 85.7%, n = 28) and cardiac rupture ratio (9/27
vs. 3/28) of the ALKBH5flox/floxCol1a2creER mice after MI surgery
(Fig. 9B and 9C). Western blot confirmed that Ad-Col1a1-ErbB4
injection increased ErbB4 expression, peaked on day 7 post-MI
and returned to baseline levels on day 21 post-MI (Fig. 9D). To
assess infarct repair, Col1a1 and a-SMA protein levels were exam-
ined by Western blot (Fig. 9E and 9F) and Collagen I, Collagen III
levels were examined by immunofluorescence (Fig. 9G) on day 5
post-MI. The mice injected with Ad-Col1a1-ErbB4 demonstrated
improved post-MI repair compared with the mice injected with
Ad-Col1a1-Control. Specifically, these mice exhibited significantly
more collagen deposition and a higher overall minimum wall
thickness than the control mice (Fig. 9H and 9I). Echocardiography
further indicated that Ad-Col1a1-ErbB4 injection ameliorated left
ventricular dilation and cardiac function post-MI (Fig. 9J). Alto-
gether, the transient overexpression of ErbB4 in fibroblasts signif-
icantly prevented cardiac rupture and improved infarct repair and
cardiac function after MI.
Discussion

MI occurs as a result of coronary artery occlusion, which may
subsequently lead to a series of serious complications, including
fatal arrhythmia and cardiac rupture [1,23]. Here, we have eluci-
dated the effect of ALKBH5-mediated m6A demethylation in car-
diac remodeling following MI. Our research has demonstrated



Fig. 9. ErbB4 overexpression in fibroblasts by adenovirus in situ injection prevents cardiac rupture, improves infarct repair and cardiac function in mice After MI Left
coronary artery ligation surgery was performed in ALKBH5flox/floxCol1a2creER mice, then cardiac in situ virus injection 30 min after operation. (n = 27 in Ad-Col1a1-Control
group and n = 28 in Ad-Col1a1-ErbB4 group). (A) Experimental strategy of myocardial infarction model in Ad-Col1a1-Control group and Ad-Col1a1-ErbB4 group. (B) The
survival curve (Ad-Col1a1-Control group n = 27 vs Ad-Col1a1-ErbB4 group n = 28, Log-rank test) and of and (C) the occurrence of cardiac rupture-induced death in Ad-
Col1a1-Control group and Ad-Col1a1-ErbB4 group from the day of left coronary artery ligation until postoperative 28 days (chi-square test). (D) The Western blot analysis of
adenovirus delivery efficiency. (E and F) The protein levels of Col1a1 and a-SMA were measured in the infarct area of hearts of Ad-Col1a1-Control group and Ad-Col1a1-
ErbB4 group 5 days after MI by Western blot analysis (n = 5 per group, Unpaired two-tailed Student’s t-test). (G) Representative diagram and quantification of fluorescence
intensity of collagen I and collagen III (n = 6 per group, Unpaired two-tailed Student’s t-test). Scale bars, 50 lm. (H) Representative images of Masson’s trichrome staining of
ventricular sections of ALKBH5flox/flox group and ALKBH5flox/floxCol1a2creER group 28 days after myocardial infarction and (I) the analysis of infarct size, collagen volume
fraction and minimumwall thickness (n = 6 per group, Unpaired two-tailed Student’s t-test).Scale bars, 1 mm. (J) Echocardiography was performed to assess EF, FS, LVIDd and
LVIDs of the left ventricle in Ad-Col1a1-Control group and Ad-Col1a1-ErbB4 group at days sham 14 and 28 post-MI (n = 8 per group, Two-Way ANOVA using Šídák’s multiple
comparisons test).
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fibroblast ALKBH5 not only as a key regulator of cardiac remodel-
ing but also as a protective factor from cardiac rupture post-MI.
This novel discovery involving the HIF-1a/ALKBH5/ErbB4 axis
might provide novel treatment targets for the prevention of post-
MI cardiac rupture (Fig. 10).

The m6A methylation is the most abundant and essential RNA
modification, and it has become a popular area of research in car-
diovascular science [24]. We found that the m6A levels decreased
in the border and infarct areas and then began to rise, which was
consistent with the findings by Mathiyalagan [8]. Similarly, the
m6A methylation in cardiac fibroblasts increased significantly in
response to hypoxia. Furthermore, we analyzed the in vivo and
in vitro expression of various m6A methyltransferase and
demethylases, and the most significant changes were observed in
m6A demethylase ALKBH5 expression.

Ventricular wall rupture represents one of the most fatal com-
plications of MI in the clinic [25,26]. Although it is believed that
the incidence of post-MI cardiac rupture is relatively low, autopsies
have confirmed that cardiac rupture causes 24% of deaths after MI
[25,26]. It is urgent to illuminate the molecular mechanisms of
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post-MI cardiac rupture to making prevention policy. In our study,
ALKBH5 deficiency led to a higher overall mortality rate and inci-
dence of cardiac rupture compared with WT mice. Furthermore,
ALKBH5 deficiency resulted in worse scar repair after MI, despite
a similar infarct size, as well as exacerbated ventricular wall thin-
ning and cardiac dysfunction. These in vivo results suggest that
ALKBH5 is indispensable during post-MI cardiac remodeling and
that its deficiency results in an increased occurrence of cardiac
rupture during the early stage of MI and exacerbated damage to
cardiac structure and function during the later stage of MI. Further-
more, the global ALKBH5-KI mice exhibited reduced infarct size
and improved cardiac function without exacerbated cardiac fibro-
sis after MI. However, the occurrence of cardiac rupture and death
was not reduced. Han et al. [12] have recently reported the
ALKBH5/m6A/YTHDF1/YAP axis in the mediation of cardiomyocyte
proliferation and heart regeneration and that ALKBH5 overexpres-
sion improves cardiac function post-MI. Therefore, we speculate
that the cardioprotective role of ALKBH5 after MI may be through
the improvement of cardiomyocyte function and survival and thus
may not be limited to only fibroblasts. Here, our promising in vivo



Fig. 10. The HIF-1a/ALKBH5/ErbB4 and ST14 pathway regulates cardiac rupture post-MI. Our study reinforces ALKBH5 as a potential therapeutic target for ischemic heart
diseases by the mechanisms that the HIF-1a/ALKBH5/ErbB4 and ST14 pathway regulates post-MI cardiac rupture and hypoxia-induced cardiac fibroblast-to-myofibroblast
transformation.
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results suggest that interventions targeting ALKBH5 may be an
effective and safe treatment to prevent cardiac rupture and
improve cardiac remodeling post-MI.

It is unknown exactly which factors are responsible for the
increased occurrence of cardiac rupture in the ALKBH5-KO mice
in contrast to the WT mice. Inflammation-mediated phagocytosis
of necrotic myocardial cells and fibroblast-mediated scar forma-
tion is essential to the repair phase after MI [23,27,28]. The prolif-
erative fibroblasts directly promote scar maturation, thus playing
an important effect in post-MI cardiac repair [29]. In this study, sig-
nificantly less collagen and fewer proliferating myofibroblasts
were observed in the infarct border and infarct areas of the
ALKBH5-KO mice after MI surgery in contrast to those of the WT
mice. This explained the poor post-MI scar formation observed in
the ALKBH5-KO mice. We further demonstrated that ALKBH5 defi-
ciency promoted cardiac rupture by inhibiting fibroblast activation
in the early stage of MI using our fibroblast-specific ALKBH5-KO
mice. Consistent with our previous results, fibroblast-specific
ALKBH5 knockout resulted in an increased overall cardiac rupture
rate, worse adverse cardiac remodeling, and deteriorated cardiac
function. The novelty of the current research is the identification
of the effect of ALKBH5 in cardiac fibroblasts during early scar
repair after MI. An excessive and prolonged inflammatory response
in the infarct area may impair scar formation and cause cardiac
rupture [30]. Indeed, we observed that post-MI inflammation
was somehow affected by ALKBH5 knockout because a reduced
number of CD68+ macrophages was observed in the infarct areas
of mice 3 days post-MI, whereas a reduced number of Ly6G+ neu-
trophils was observed in the infarct border areas. Nonetheless, the
effect of ALKBH5 in the inflammation after MI was not the main
focus of this study. However, this is something that we will pursue
in our future research on ALKBH5. ALKBH5 knockout mice showed
improved angiogenesis than WT mice post MI, which was consis-
tent with the results of our published article [12], in that loss of
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ALKBH5 promoted post-ischemic angiogenesis, however, improved
angiogenesis did not prevent cardiac rupture post MI. Thus, angio-
genesis might only play a minor role in cardiac rupture in our
study setting. It is important to note that several different cardiac
cell populations are likely to contribute to the post-MI processes,
and the contribution of ALKBH5 during cardiac adaptation and in
the regulation of fibroblast function, as described here, may only
be part of these processes.

Our data demonstrated hypoxia, but not other critical stimuli,
as a driver of fibroblast differentiation. Furthermore, hypoxia
resulted in a significant upregulation of ALKBH5 in fibroblasts at
the transcriptional level via HIF-1a. Consistent with our findings,
previous researchers have reported that hypoxia upregulates
ALKBH5 expression in breast cancer cells and Escherichia coli via
HIF-1a-induced transcriptional regulation [14,15]. Zhang et al.
have determined that transcription factor EB binds to the ALKBH5
promoter to activate its transcription during autophagy [11]. Cur-
rently, there is more focus on m6A demethylase FTO than ALKBH5
in many research fields [8,31,32]. The identification of these differ-
ent crucial transcription factors modulating ALKBH5 expression
indicates that ALKBH5 is involved in various pathological events,
which greatly warrants further in-depth study. Our in vitro results
also demonstrated that ALKBH5 expression improved the prolifer-
ative and migratory capacities of fibroblasts and promoted the
fibroblast-to-myofibroblast transformation in response to hypoxia,
whereas the opposite effects were observed with ALKBH5 knock-
down. Altogether, our study has identified that ALKBH5 is
hypoxia-mediated activator of cardiac fibroblasts. METTL3 has also
been reported to regulate TGF-b induced cardiac fibrosis and the
fibroblast-to-myofibroblast transition [33]. It seems to contradict
our results that both an m6A writer and eraser can promote the
activation of fibroblasts. However, we speculate that these contra-
dictory results may be due to the different timepoints after MI, in
which these factors play their respective roles. In support of this
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speculation, we have shown that ALKBH5 responds to hypoxia and
promotes scar repair during the early stage of MI, whereas TGF-b-
induced METTL3 exacerbates fibrosis in the late stage of MI.

ALKBH5 has been identified in fibroblast-induced cardiac repair
after MI; however, it is still unclear how ALKBH5 functions via an
m6A modification-dependent manner. Transcriptome differential
expression analysis and m6A profiling of the infarct area tissues
from WT and ALKBH5-KO mice 5 days after MI surgery were used
to uncover the various transcripts involved in the post-MI repair
processes, including extracellular matrix deposition, cell differenti-
ation, and proliferation. These results explain why we observed an
increased frequency of cardiac rupture as well as poor scar forma-
tion in the ALKBH5-KO mice after MI surgery. Furthermore, we
screened out the transcription factors ErbB4 and ST14 as potential
targets from RNA-seq and MeRIP-seq. Our data suggested that
ALKBH5 showed the opposite effects in affecting the stability of
ErbB4 and St14 mRNA via m6A demethylation. For instance,
ALKBH5 is shown to improve the mRNA stability of YTHDF1 and
increase its expression by m6A demethylation [12], whereas
ALKBH5 inhibits angiogenesis by destabilization of WNT5A mRNA
[13]. The mechanisms in which different m6A readers are involved,
including that of ALKBH5-m6A mediated ErbB4 and St14 mRNA
stabilization/destabilization, will continue to be studied in the
future.

ST14/matriptase is an epithelium-derived membrane serine
protease and induces extracellular matrix degradation [34,35].
Our in vivo and in vitro data revealed elevated ST14 expression in
response to ALKBH5 deficiency in the myocardial tissues of mice
and cardiac fibroblasts, which may explain the increased MMP
levels in the ALKBH5-KO mice post-MI. The function of ErbBs in
the heart is puzzling because both positive and negative effects
have been reported in different studies [36,37]. Manabu et al.
[38] have reported that ErbB2 and ErbB4 are expressed in fibrob-
lasts after MI and that blocking ErbB function significantly acceler-
ates cardiac fibroblast senescence and apoptosis. ErbB2, ErbB3, and
ErbB4 are expressed in human cardiac ventricular fibroblasts, and
NRG-1b could enhance the proliferation and viability of fibroblasts
via ErbBs/PI3K/AKT signaling [39]. Whereas, Galindo et al. [40]
have shown that NRG-1b attenuates cardiac fibrosis and inhibits
myofibroblasts and extracellular matrix formation in a swine MI
model. In our study, fibroblast-specific overexpression of ErbB4
ameliorated the ALKBH5 knockout-mediated inhibition of cardiac
fibroblast activation via PI3K/AKT signaling, poor collagen repair,
the increased occurrence of cardiac rupture, and cardiac dysfunc-
tion post-MI. Altogether, these findings support that elevated
ErbB4 expression via ALKBH5-induced m6A demethylation is
essential for the activation of fibroblasts in the early stage of MI.
Fibroblast-specific overexpression of ErbB4 is a potential post-MI
therapy to promote infarct healing and prevent cardiac rupture.
Study limitations

In this study, our findings revealed the protective effects of
ALKBH5/ErbB4 overexpression against post-MI cardiac rupture
and dysfunction. However, these findings were only demonstrated
in animal models. Therefore, additional studies using clinical
patient data are needed to validate our findings and achieve early
clinical translation.
Conclusions

In summary, this study has uncovered a novel link between car-
diac rupture and m6A demethylase ALKBH5. By elucidating the
mechanisms by which the HIF-1a/ALKBH5/ErbB4 pathway regu-
lates post-MI cardiac rupture and hypoxia-induced cardiac
208
fibroblast-to-myofibroblast transformation, our study has rein-
forced ALKBH5/ErbB4 as potential therapeutic targets for treating
MI.
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