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ARTICLE INFO ABSTRACT

It has been reported that KDM3A participates in several cardiovascular diseases through epigenetic mechanisms.
However, its biological role post myocardial infarction (MI) has not been explored. Excessive and prolonged
inflammation period can aggravate post-MI injuries and accelerates left ventricular (LV) remodeling. Previous
studies have shown that macrophages play a momentous role in post-MI injuries by regulating the balance
between the inflammatory phase. In this study, we aimed to demonstrate whether KDM3A could regulate the
polarization of macrophages to affect the inflammatory response after myocardial infarction and whether tar-
geting KDM3A could influence the prognosis of myocardial infarction and adverse LV remodeling. To explore the
biological function of KDM3A and the underlying mechanisms, the loss of function experiments were designed in
vitro and vivo. we analyzed the function of macrophages by a phagocytosis and migration assay and explored the
polarization of macrophages. The expression of macrophage inflammation-related genes in the acute in-
flammatory phase and surface markers was detected by western blot and immunofluorescence assays.
Echocardiography, Masson's trichrome staining and hematoxylin and eosin (H&E) staining were used to detect
cardiac ventricular function. Our data showed that KDM3A is essential for the biological function of rat bone
marrow macrophages (BMDMs), and KDM3A deficiency decreases the capacity for phagocytosis and migration,
promoting M1 but restraining M2 macrophage phenotype polarization in vitro. Furthermore, we constructed MI
models of male rats to verify that KDM3A deficiency could regulate macrophage polarization to aggravate the
inflammatory response and accelerate LV remodeling in vivo. Among them, we confirmed that IRF4 is a
downstream effector of the KDM3A-dependent pathway which could epigenetically influence the transcription of
IRF4 by enhancing histone H3 lysine 9 di-methylation(H3K9me2) accumulation on the IRF4 gene proximal
promoter region to modulate macrophage polarization. These results demonstrated that KDM3A plays an es-
sential role in the cardiac repair process of post-MI and LV remodeling by modulating the macrophage phe-
notype, thereby suggesting a promising therapy to treat post MI injuries.
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1. Introduction increased vascular permeability, and a series of inflammatory cells in-

filtrate to enhance the inflammatory response. Finally, those patholo-

Epidemiological research shows that cardiovascular disease is one
of the leading causes of morbidity and mortality worldwide. The main
pathogenic factors include atherosclerosis, myocardial hypertrophy,
myocardial infarction and secondary heart failure [1]. Among these,
acute myocardial infarction (AMI) often occurs as the most serious and
fatal manifestation of cardiovascular diseases. During myocardial in-
farction (MI), ischemic cardiomyocytes lose energy supply to necrosis,
the cardiomyocyte death process is activated, and apoptosis and au-
tophagy occur successively. In addition, injured endothelial cells lead to
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gical processes directly result in myocardial injury, left ventricular (LV)
remodeling and cardiac insufficiency [2]. Although timely reperfusion
therapy can effectively alleviate myocardial damage and minimize in-
farct size, irreversible cardiomyocyte loss in the acute stage of ischemia
and the ensuing progressive maladaptive ventricular remodeling still
lead to a relatively high incidence of secondary heart failure or even
sudden cardiac death [2,3]. Therefore, it is necessary to seek novel
effective measures to improve the cardiac repair process after myo-
cardial infarction.
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Cardiac repair after infarction proceeds through three stages, and
macrophages play different roles at each stage [1,3]. The first stage of
cardiac repair is the inflammatory stage of postinfarction repair. In this
stage, macrophages mainly exhibit the M1 proinflammatory phenotype
and secrete IL-1f3, IL-6, TNF-a and MMP-9 to facilitate phagocytosis and
proteolytic and inflammatory responses. However, an excessive in-
flammatory response is not conducive to the repair of necrotic myo-
cardium in the later stages [4,5]. The second stage of cardiac repair is
the postinfarction repair and proliferation phase. In this stage, in-
flammation is dissipated and apoptotic neutrophils are swallowed by
macrophages, which change to the reparative M2 phenotype and exert
an anti-inflammatory effect, releasing TGF-f and IL-12 to accelerate
angiogenesis and activate myofibroblasts to form collagen-rich scars
[4,6]. The last stage of cardiac repair is the postinfarction repair ma-
turation stage. In this stage, M2 macrophages stimulate the synthesis of
extracellular matrix (ECM), which is crosslinked in the infarct area,
covering the necrotic cardiomyocytes and providing a skeleton for the
cells to regulate their various activities in the process of tissue repair.
Repaired cells are inactivated, myofibroblasts are stationary, and the
newly formed scar matures gradually [6]. Therefore, macrophages play
a momentous role in regulating the balance between the inflammatory
phase and the repair phase. Indeed, M2 macrophages have a greater
influence than M1 macrophages on the pathological progression of in-
farction tissue, improving the prognosis of myocardial ischemic in-
farction [7]. More effective, timely repair can alleviate post-MI injuries
and poor left ventricular remodeling.

Histone lysine demethylase KDM3A (also known as JMJD1A and
JHDM2A) is a member of the Jumonji C domain-containing histone
demethylase family and promotes the demethylation of H3K9me2 (di-
methylated histone H3 at lysine 9) and H3K9mel (monomethylated
histone H3 at lysine 9) to regulate gene expression [7,8]. Previous
studies have confirmed that KDM3A plays an active role in metabolism
and sperm formation. In addition, it has been reported that KDM3A can
also exacerbate the invasiveness of tumor cells in breast and colorectal
cancer, and its presence is deemed a sign of poor prognosis [8-10].
Recently, emerging studies have verified that KDM3A is involved in an
important epigenetic mechanism in cardiovascular diseases, such as
diabetic cardiomyopathy [11], myocardial infarction [12] and cardiac
hypertrophy [13]. Our previous studies found that KDM3A regulated
smooth muscle cell function in a high-glucose environment and vas-
cular remodeling in diabetes mellitus; the underlying mechanism was
that KDM3A could regulate the inflammatory response [14,15]. Ac-
cording to these findings, we conclude that KDM3A may play a central
role in the inflammatory response of the cardiovascular system. In ad-
dition, because macrophages play a key role in inflammatory repair
after myocardial infarction.

Thus, in the present study, we aimed to demonstrate whether
KDM3A could regulate the polarization of macrophages to affect the
inflammatory response after myocardial infarction and whether tar-
geting KDM3A could influence the prognosis of myocardial infarction
and adverse LV remodeling. To explore the biological function of
KDM3A and the underlying mechanisms, we examined the impact of
KDMS3A on the biological function of rat bone marrow macrophages
(BMDMs) in vitro. We also constructed models of rat MI to explore
whether KDM3A can regulate macrophage polarization to affect post-
MI injuries and ventricular remodeling in vivo. In addition, we in-
vestigated the underlying mechanisms of this regulation.

2. Materials and methods
2.1. Cell culture

The BMDMs used in this study were obtained from the bone marrow
cells of syngeneic adult, male SD rats as previously described [16]. In

brief, the rats were sacrificed; their femurs and tibias were removed
after alcohol disinfection; the bone marrow was collected, filtered
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through a 70 um strainer (BD falcon), and centrifuged for 5min at
1000 rpm; and the cells obtained were cultured on petri dishes in RPMI-
1640 medium (HyClone; GE Healthcare Life Sciences) supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc), 20 ng/ml macrophage colony stimulating factor (M-CSF; Pepro-
Tech; 400-28) and 1% penicillin/streptomycin (HyClone; Ge Healthcare
Life Sciences). After 3 days, the medium in the petri dishes was replaced
with fresh medium with the same concentration of M-CSF. The BMDMs
that were differentiated for 5-7 days were used for the experiment.

For macrophage polarization, the BMDMs were incubated with
1pg/ml LPS for 24h (Sigma; L2880) to be polarized as M1 macro-
phages and were incubated with 20 ng/ml IL-4 (PeproTech; 400-04) for
24 h to be polarized as M2 macrophages.

2.2. Identification of cell phenotypes

For phenotype identification, cells were detected by anti-F4,/80 and
anti-CD68 antibodies in an immunofluorescence costaining experiment
[17]. Briefly, after differentiation for 5-7 days, the cells were fixed with
4% paraformaldehyde for 30 min and then washed with PBS 3 times for
5min. After blocking in 5% normal goat serum for 1h at room tem-
perature, cells were labeled with anti-F4/80 (Bioss, bs-11182R) and
anti-CD68 antibodies (NOVUS, NB100-683) and then incubated with
the appropriate secondary antibodies, including FITC-conjugated goat
anti-rabbit IgG (Aspen, AS-1110) and Cy3-conjugated goat anti-mouse
IgG (Aspen, AS-1111). Finally, nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI, Sigma), the images were viewed with a fluor-
escence microscope (OLYMPUS IX51, Tokyo, Japan), and differentiated
BMDMs were costained with anti-F4/80 and anti-CD68 antibodies.

2.3. Adenovirus construction and transfection

Adenovirus encoding KDM3A-shRNA (AdshKDM3A) was con-
structed by Genechem (Shanghai, China), and AdshRNA was used as a
negative control. These viruses were applied in our previous studies and
were shown to effectively induce the knockout of KDM3A in vitro
[13,14]. The most suitable multiplicity of infection (MOI) of adenovirus
transfection was determined to be 40 in pre-experiment studies. When
the density of BMDMs reached 70-80%, they were cultured in serum-
free medium for 12h after transferring adenovirus and then replaced
with complete culture medium for another 24-48 h. Forty-eight hours
later, the expression of green fluorescent protein in the cells was ob-
served by fluorescence microscopy, and western blot analysis further
revealed KDM3A expression. These results showed that the adenovirus
was successfully transferred.

2.4. Experimental design

To explore whether KDM3A could affect the function of macro-
phages, cells in our in vitro experiment were randomly divided into
three groups: a) a control group, containing BMDMs without any
treatment; b) an AdshRNA group, containing BMDMs infected with
AdshRNA; and ¢) an AdshKDM3A group, containing BMDMs infected
with AdshKDM3A. Rats were randomly divided into four groups for our
in vivo experiments: a) a wild-type rat sham operation group (WT-SO);
b) a KDM3A-knockout rat sham operation group (KO-SO); c¢) a WT-MI
operation group; and d) a KO-MI operation group. We analyzed the
function of macrophages by a phagocytosis and migration assay and
explored the polarization of macrophages. The expression of macro-
phage inflammation-related genes in the acute inflammatory phase and
surface markers was detected by western blot and immunofluorescence
assays. Echocardiography, Masson's trichrome staining and hematox-
ylin and eosin (H&E) staining were used to detect cardiac ventricular
function.



X. Liu, et al.

2.5. Macrophage chemotaxis assay

Chemotaxis assays were performed in 24-well Transwell plates
(Corning, NY, USA) with 8 um pore-size membrane inserts. To obtain
conditioned medium in the lower chamber, oxygen and glucose depri-
vation (OGD) was applied to simulate myocardial ischemia injury in
vivo as previously described [18]. In brief, neonatal rat cardiomyocytes
were cultured in serum-free Dulbecco's modified Eagle's medium
(DMEM; HyClone; GE Healthcare Life Sciences) and incubated in an
atmosphere of 94% N5, 5% CO,, and 1% O, for 6 h. Subsequently, the
supernatant was collected and transferred to the lower chamber of the
Transwell plate. BMDMs were collected in 200 pl serum-free RPMI-
1640 medium, and the cell suspension was placed into the upper
chamber of the plate. The chamber containing cells was incubated for
8h at 37 °C. At the end of the incubation, the upper-chamber cells had
migrated to the lower surface of the membrane. The chamber was re-
moved, and the cells that had not migrated to the lower surface of the
membrane were gently wiped with a cotton swab. The chamber with
the migrated cells was fixed with methanol for 30 min and stained with
0.5% crystal violet in the dark for 30 min at 25°C. The ratio of cell
migration was determined by a light microscope (Olympus Corporation,
Tokyo, Japan) to count the number of migrated cells in five randomly
chosen fields.

2.6. Macrophage phagocytosis assay

A phagocytosis assay was performed by analyzing the macrophage
engulfment of fluorescent red latex beads (1 mm diameter, L-2778,
Sigma Aldrich) as previously demonstrated [19]. Briefly, latex beads
were incubated with RPMI-1640 medium for 1 h at 37 °C, added to the
BMDMs at a ratio of 10:1, and cocultured at 37 °C for an additional 2 h.
At the end of this incubation, the medium was aspirated, and sterile PBS
was used to wash away the nonengulfed latex beads. To count the rate
of phagocytosis, cells were stained with phalloidin. The cells were fixed
with 4% paraformaldehyde (PFA) for 10 min. The actin cytoskeleton
was stained with phalloidin for 30 min in the dark. Next, nuclei were
stained with DAPI for 2 min. After washing with PBS, stained cells were
examined by fluorescence microscopy (OLYMPUS IX51, Tokyo, Japan),
and the number of engulfed beads was counted in five randomly chosen
fields.

2.7. Animals

Our study was approved by the Institutional Animal Care and Ethics
Committee of the Renmin Hospital of Wuhan University (20140305)
and followed the institutional guidelines of the Institutional Review
Board. All of the male Sprague-Dawley (SD) rats (SPF grade, 200-250 g)
were provided by Wuhan University Experiment Animal Center.
Regarding the genetic deletion of KDM3A, CRISPR/Cas9 genome-
editing technology [20] was used to generate a KDM3A-knockout (KO)
rat (SD background).

2.8. Myocardial infarction models

Myocardial infarction (MI) was evoked by permanent ligation of the
left anterior descending coronary artery (LAD) as described in previous
studies [21]. Briefly, adult SD rats (male, 200-250 g) were anesthetized
by an intraperitoneal injection of 3% sodium pentobarbital (60 mg/kg)
and artificially ventilated with an animal ventilator through a tracheal
cannula. An electrocardiograph was used to continuously monitor the
standard body ECG. Next, a left thoracotomy was performed in the 4th
left intercostal space. MI was induced by permanent ligation of the LAD
proximal to its bifurcation from the main stem with 6-0 silk suture, and
a successful MI model was confirmed by an elevated ST segment in lead
I and a pale region of the myocardial surface. At the end of surgery, the
chest was sutured. Rats in the sham group were subjected to the same
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surgical procedures except for LAD artery ligation. The hearts were
harvested and perfused with ice cold saline. For western blot analysis
and immunostaining studies, infarct/border zone tissue was separated
from the hearts. For Masson's trichrome staining and histopathological
examination after 7 days, whole hearts were retained.

2.9. Echocardiography

Transthoracic echocardiography was performed on rats that were
preanesthetized by isoflurane and then transferred to an ultrasonic
platform. During echocardiographic examinations, the rats' heart rates
were continuously monitored. The major items measured included left
ventricular (LV) ejection fraction (LVEF) and LV fractional shortening
(LVFS). Images were acquired from the parasternal short axis at the
midlevel of the papillary muscle, and at least three separate cardiac
cycles were measured by a MyLab 30CV ultrasound system (Biosound
Easote, Inc.).

2.10. Histopathological examination

A week after MI surgery, rats from all groups were anesthetized, and
the cardiac samples were collected and fixed in 4% paraformaldehyde
at 4°C for 24h, followed by paraffin embedding. Sections of 5um
thickness were taken every 100 um at the plane of the papillary muscle.
Next, Masson's trichrome staining and hematoxylin & eosin (H&E)
staining were performed following the manufacturer's protocol.
Thereafter, images were taken with a PathScan Enabler IV slide
scanner. The percentage of infarct size of each section and the degree of
myocardial injury were calculated.

2.11. Immunofluorescence analysis

Immunofluorescence analysis was performed as previously de-
scribed [22]. In brief, one week after MI surgery, rats from all groups
were anesthetized, and hearts were quickly harvested and washed with
cold normal saline to eliminate residual blood in the heart. The infarct/
border zone was then separated, fixed with 4% PFA solution for 24 h,
and embedded in paraffin for immunofluorescence analysis. Trans-
versal sections (5 um thickness) were prepared every 100 pm.

2.12. Western blot analysis

Following the designated treatment, myocardial tissues were
minced, homogenized and digested in tissue lysis buffer, and the
BMDMs were lysed with RIPA. The protein suspensions were collected,
and the protein concentration was determined by a BCA kit. Total
proteins were then separated by PAGE gel electrophoresis and trans-
ferred to PVDF membranes. Subsequently, membranes were incubated
with relevant antibodies against CD68 (NOVUS, NB100-683), TNF-a
(Abcam, ab66579), iNOS (Abcam, ab15323), CD86 (Proteintech,
13395-1-AP), Arg-1 (Santa, sc-271430), Ym-1 (Abcam, ab192029),
CD206 (Abcam, ab125028), IRF4 (Isbio, LS-C192325), KDM3A (Abcam,
ab106456), and GAPDH (Abcam, ab37168) overnight at 4°C at an
appropriate dilution. The membrane was incubated with the appro-
priate secondary antibodies. Finally, the results were analyzed with an
ECL detection system, and the bands were visualized with an enhanced
chemiluminescence system.

2.13. Chromatin immunoprecipitation (ChIP)-PCR

ChIP was performed according to the manufacturer's protocol and
ChIP-enriched DNA was detected by real-time PCR as previously de-
picted. In brief, BMDMs were fixed and cross-liked with 1% for-
maldehyde for 20 min at room temperature. Cell lysates were sonicated
prior to finish cross-linking by 0.125M glycine for 5min. Then, the
DNA lysates were immunoprecipitated with 5pg antibody against
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H3K9me2 (Abcam) or non-immune IgG (Santa Cruz) for negative con-
trol in the presence of magnetic beads with secondary antibody.
Immune complexes and input were washed, eluted with buffer. Next,
ChIP-enriched DNA samples were isolated and analyzed by real-time
quantitative PCR using primers closed to the promoter sites on the IRF4,
and ChIP values were normalized as a percentage of Input. The results
were expressed as a percentage of Control group.

2.14. Statistical analysis

The results are presented as the mean * standard deviation.
Student's t-test was used to compare the data between two groups.
ANOVA followed by Bonferroni post hoc analysis was used for com-
parisons among multiple groups. A P value of < 0.05 was regarded as
statistically significant. All statistical analyses were performed with
SPSS 19.0 software.

3. Results
3.1. BMDM identification and adenovirus transfection

As shown in Figs. 1A, 7 days after incubation, almost all cells in one
random visual field were colabeled with F4/80 (green) and CD68 (red).
These results suggested that the cells isolated from the bone marrow of
SD rats had exactly differentiated into mature BMDMs. To clarify
whether adenovirus was transfected successfully into the macrophages,
we first detected the expression of KDM3A in BMDMs by immuno-
fluorescence analysis, and the results showed that KDM3A was ex-
pressed in the cytoplasm/nucleus of BMDMs (Fig. 1B). We then con-
firmed the adenovirus transfection efficiency by fluorescence
microscopy and western blotting. We found that BMDMs infected with
adenovirus emitted strong green fluorescence, and the expression of
KDMB3A was significantly downregulated by adenovirus transfection
(Fig. 1C-D). These results collectively illustrated that adenoviruses
were transfected into BMDMs successfully and that KDM3A expression
was attenuated.

A--B
Cc
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3.2. KDM3A inhibition attenuates macrophage phagocytosis and migration
capability

We examined the effects of inhibiting KDM3A expression on the
major function of macrophages from two aspects: phagocytosis and
migration capability. Phagocytosis refers to the absorption and de-
gradation of pathogens by activated macrophages and the clearance of
necrotic cells [23]. To detect the effects of inhibiting KDM3A expression
on the phagocytotic capability of macrophages, we performed coculture
experiments with BMDMs and latex beads. As shown in Fig. 2A-B, the
macrophages engulfed the latex beads that were stained with phal-
loidin, and in the AdshKDM3A group, the phagocytic capability of
macrophages was inferior to that of the AdshRNA group, and it was the
lowest phagocytic rate among the three groups. The migration cap-
ability of macrophages means that when the organism is stimulated and
damaged, macrophages will be activated and migrate to the injured
site. To study the role of KDM3A in macrophage migration, the super-
natant of primary neonatal rat cardiomyocytes cultured in hypoxic and
glucose-deficient conditions for 4h was collected as a chemokine to
induce macrophage migration. The migration of macrophages was
evaluated in a Transwell chamber. Our data showed that the migration
number of macrophages in the AdshRNA group was approximately 4-
fold higher than that in the AdshKDM3A group, and there was no sig-
nificant difference in migration between the AdshRNA group and the
control group (Fig. 2C-D), indicating that the downregulation of
KDM3A inhibited macrophage migration.

3.3. KDM3A inhibition enhances M1 but suppresses M2 macrophage
polarization in cultured BMDMs

To investigate whether KDM3A takes part in regulating the polar-
ization of macrophages, we detected the expression of KDM3A protein
in BMDMs treated with LPS (1 pg/ml for M1 macrophages) or IL-4
(20 ng/ml for M2 macrophages) for 24 h. We found that the expression
of KDM3A changed perceptibly. In M1-stimulated BMDMs, the ex-
pression of KDM3A was lower than that of the control group, while the
expression of KDM3A in M2-stimulated BMDMs was higher than that of
the control group (Fig. 3A). Because the expression of KDM3A changed
during polarization toward M1 and M2 macrophages, we questioned
whether KDM3A had an effect on M1 and M2 polarization. We inhibited
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Fig. 1. BMDM identification: transfection of AdshKDM3A suppresses the expression of KDM3A protein in BMDMs.

(A-B) Immunofluorescence costaining of BMDMs surface makers CD68 (red) and F4/80 (green) ( x 200) and immunofluorescence staining of KDM3A (green) BMDMs
seven days after incubation. The nuclei were stained with DAPI (blue), n = 3. (C) Representative fluorescence microscopy images after transfection of AdshKDM3A
into BMDM s ( x 100). (D) The expression of KDM3A protein was determined by western blot analysis (n = 3). Data are expressed as the mean + standard deviation,
n =3, *P < .05 vs. the AdshRNA group. BMDMs: bone marrow macrophages; KDM3A: lysine (K)-specific demethylase 3A; GAPDH: glyceraldehyde 3-phosphate
dehydrogenase; DAPI: 4,6-diamidino-2-phenylindole. (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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(A-B) Representative fluorescence microscopy images of the phagocytosis capability of BMDMs ( X 200). The ratio of BMDMs engulf the latex beads compared to the
control group (n = 3). (C-D) Representative images of the effects of KDM3A deficiency on BMDM migration potential ( X 200) and the number of migrated BMDMs
after transduction of adenovirus (n = 3). Data are expressed as the mean * standard deviation, *P < .05 vs. the AdshRNA group. KDM3A: lysine (K)-specific

demethylase 3A; BMDMs: bone marrow macrophages.

the expression of KDM3A in the process of inducing polarization of M1
and M2 macrophages and detected the protein marker expression of M1
macrophages (such as TNF-a, iNOS, and CD86) and M2 macrophages
(such as Arg-1, Ym-1, and CD206). As shown in Fig. 3B and D, the
expression of KDM3A had been inhibited in the process of inducing
polarization of M1 and M2 macrophages. The results in Fig. 3C and E
show that M1 or M2 macrophage marker protein levels were increased
when exposed to stimulators of the microbial inflammatory response,
such as LPS or IL-4. However, comparing the macrophage polarization
conditions of AdshKDM3A and AdshRNA, KDM3A gene silencing ef-
fectively promoted the expression of M1 macrophage marker proteins.
At the same time, the expression of M2 macrophage marker proteins
was inhibited with IL-4 stimulation.

3.4. KDM3A knockout aggravates the deterioration of cardiac function and
adverse remodeling post MI

The protective effect of repaired macrophages on cardiac function,
especially the healing of ischemic myocardial wounds, has been widely
studied and verified, and the repair effect reached its high peak on the
seventh day of ischemic injury [5,24]. We first detected the KDM3A
expression by Western-blot to confirm whether it had been generated
KDM3A-knockout (KO) rat successfully. As expected, there was no
protein expression of KDM3A compared to the WT group (Fig. 4A).
Then we verified the effect of KDM3A deficiency on cardiac function
after myocardial infarction. The cardiac function of each group was

measured by echocardiography, including left ventricular ejection
fraction (LVEF) and left ventricular fractional shortening (LVES) at
seven days and one month. As shown in Fig. 4B, the values of LVEF and
LVFS in the KO-MI group were lower than those in the WT-MI group on
the seventh day and one month after myocardial infarction. Ad-
ditionally, the WT-SO group and KO-SO group without operation
showed no significant differences. Masson's trichrome staining was
performed on the infarcted hearts of each group to analyze the infarcted
area and collagen deposition volume at 7 days post MI. As shown in
Fig. 4C-D, the infarction area of the KO group was larger than that of
the WT group, and the density of collagen deposition was higher. The
collagen density in the KO group was increased to 29.09 = 1.891%
according to the percentage of collagen area in the total area of the
microscopic visual field by quantitative analysis with Image ProPlus
software. In Fig. 4E, H & E staining showed that the myofibril structure
damaged in the KO group was more serious than that in the WT group,
and there was inflammatory cell infiltration. These results suggest that
KDM3A not only aggravates left ventricular function but also increases
the process of left ventricular remodeling deterioration.

3.5. KDM3A knockout inhibits macrophage polarization from the M1 to the
M2 subtype and aggravates inflammatory responses post MI

To determine the effect of KDM3A on the distribution and polar-
ization of cardiac resident macrophages, immunofluorescence staining
was performed on the seventh day after infarction. CD86 and CD206
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Fig. 3. Expression of KDM3A during M1 and M2 polarization: KDM3A inhibition increases M1 but suppresses M2 macrophage polarization in vitro.

BMDMs were stimulated with medium alone (Con), LPS (1 pg/ml) for M1 polarization and with IL-4 (20 ng/ml) for M2 polarization. (A) KDM3A protein expression
was determined by western blot analysis (n = 3, #%p < .05 vs. the Con group). (B-C) The protein expression of KDM3A and M1 macrophage markers TNF-a, iNOS,
and CD86 following transduction of adenovirus (n = 3, *P < .05 vs. LPS + AdshRNA or LPS, #P < .05 vs. Con) (D-E) The protein expression of KDM3A and M2
macrophage markers Arg-1, Ym-1, and CD206 following transduction of adenovirus (n = 3, *P < .05 vs. IL-4 + AdshRNA or IL-4, #P < .05 vs. Con). Data are

expressed as the mean + standard deviation. BMDMs: bone marrow macrophages; LPS: lipopolysaccharide; IL-4: interleukin-4; TNF-a: tumor necrosis factor alpha;
iNOS: inducible nitric oxide synthase; Arg-1: arginase-1; KDM3A: lysine (K)-specific demethylase 3A; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

are cell surface markers marking M1 subtypes and M2 subtypes, re-
spectively, and we also detected representative proinflammatory (TNF-
a and iNOS) or anti-inflammatory (Arg-1 and Ym-1) markers secreted
by macrophages through western blotting. As shown in Fig. 5A, there
are a large number of macrophages in the infarction area in the WT-MI
and KO-MI groups. CD86 " macrophages were more widely distributed
in the KO-MI group, while CD206* macrophages were more densely
distributed in the WT-MI group (Fig. 5B—C). Furthermore, there was no
significant difference between the WT-SO and KO-SO groups, which

B C

Intarct areaTotal area (%)

had few distributed CD86 * macrophages or CD206 * macrophages. The
proportion of CD86*/CD206" macrophages in the infarcted border of
the KO-MI group was significantly higher than that in the WT-MI group
by quantitative analysis with Image ProPlus software (Fig. 5D). These
data indicate that the KO-MI group had more proinflammatory mac-
rophages (M1) than the WT-KO group and that the capability for
macrophage polarization from the proinflammatory phenotype (M1) to
the reparative phenotype (M2) was diminished. Then, western blot
analysis showed that the expression of KDM3A had been suppressed in

s

b4

°

Fig. 4. KDM3A knockout exacerbates cardiac functional and adverse remodeling post ML

(A) KDM3A protein expression was determined by western blot analysis (n = 3, *P < .05 vs. the WT group) (B) Statistical analysis of echocardiographic parameters
(LVEF and LVFS) indicated left ventricular function at 7 days and one month post MI (n = 4, *P < .05 vs. WT-MI, #P < .05 vs. sham). (C) Representative Masson's
trichrome staining of cardiac papillary muscle cross-section and quantification of the infarct area (n = 4, *P < .05 vs. WT). (D) Representative Masson's trichrome
staining (X 200 and x 400) and quantification of collagen area (n = 4, *P < .05 vs. WT). (E) Representative images of the hematoxylin and eosin (H&E) staining of
the MI border zone (X 100 and x 400, n = 4). Data are expressed as the mean * standard deviation. LVEF: left ventricular ejection fraction; LVFS: left ventricular
fractional shortening; MI: myocardial infarction; WT: wild-type; KO: knockout.
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Fig. 5. KDM3A knockout inhibits macrophage polarization from the M1 to the M2 subtype and aggravates inflammatory responses post MI.

(A) Double immunofluorescence staining of CD86 (red) and CD206 (green) on macrophages in vivo. The nuclei were stained with DAPI (blue) (X 200). (B-D)
Quantitative analysis of the relative MFI of CD86 and CD206 by Image ProPlus software and statistical analysis of the ratio of CD206,/CD86 (n = 4, *P < .05 vs. WT-
MI, #P < .05 vs. sham). Data are expressed as the mean + standard deviation. SO: sham operation; MI: myocardial infarction; WT: wild-type; KO: knockout; MFI:
mean fluorescence intensity. (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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Fig. 6. KDM3A knockout increases M1 but suppresses M2 macrophage polarization in vivo.

(A) KDM3A protein expression was determined by western blot analysis (n = 3, *P < .05 vs. WI-MI, #P < .05 vs. sham) (B) The protein expression of the M1
macrophage markers TNF-a, iNOS, and CD86 at 7 days post MI by western blot analysis (n = 3, *P < .05 vs. WT-MIL, #P < .05 vs. sham.) (C) The protein expression
of the M2 macrophage markers Arg-1, Ym-1, and CD206 at 7 days post MI by western blot analysis (n = 3, *P < .05 vs. WT-MI, #P < .05 vs. sham). Data are
expressed as the mean + standard deviation. TNF-a: tumor necrosis factor alpha; iNOS: inducible nitric oxide synthase; Arg-1: arginase-1; GAPDH: glyceraldehyde
3-phosphate dehydrogenase Fig. 8).

KO rat cardiac tissue(Fig. 6A), and in Fig. 6B, the M1 macrophage secretion were lower (Fig. 6C). Therefore, KDM3A inhibition promotes
surface marker protein (CD86) expression and inflammatory factor the polarization of macrophages to an inflammatory phenotype but
(TNF-a and iNOS) secretion in the KO-MI group were higher than those reduces the polarization of macrophages to a reparative and protective
in the WT-MI group, while the M2 macrophage surface marker protein phenotype in the infarcted zone during the early phase of MI.
(CD206) expression and anti-inflammatory factor(Arg-1 and Ym-1)
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Fig. 7. KDM3A inhibition modulates macrophage polarization to aggravate post-MI injuries and accelerates adverse ventricular remodeling via an IRF4 signaling
pathway. (A-B) Western blot analysis of the protein expression of IRF4 and H3K9me2 on BMDMs stimulated with medium alone (Con), LPS (1 pg/ml) for M1
polarization, and IL-4 (20 ng/ml) for M2 polarization in vitro (n = 3, *P < .05 vs. LPS + AdshRNA/IL-4 + AdshRNA or LPS/IL-4, #P < .05 vs. Con). (C) Western
blot analysis of the protein expression of IRF4 and H3K9me2 on macrophages at 7 days post MI (n = 3, *P < .05 vs. WT-MI, #P < .05 vs. sham). (D) ChIP assays
were performed to verify the H3K9me2 levels in the process of inducing polarization of macrophages after the downregulation of KDM3A protein level. Data are

expressed as a percentage of Control group (n = 3, *P < .05 vs. Con). Data are expressed as the mean

+

standard deviation. SO: sham operation; MI: myocardial

infarction; WT: wild-type; KO: knockout; LPS: lipopolysaccharide; IL-4: interleukin-4; IRF4: interferon regulatory factor 4; H3K9me2: H3 lysine 9 di-methylation.

3.6. KDM3A inhibition modulates macrophage polarization via the IRF4
pathway

IRF4 has been demonstrated to regulate macrophage polarization in
the inflammatory response of many pathological processes, including
post MI [22,23]. To test whether KDM3A inhibition modulates the ac-
tivities of IRF4, western blotting was used to detect the expression of
IRF4 (Fig. 7). Isolated BMDMs were polarized into MI (LPS) or M2 (IL-
4) macrophages for 24 h prior to adenovirus transfection, and the hearts
of each group were harvested at day 7 post MI. The western blot ana-
lysis showed that LPS downregulated the levels of IRF4 and IL-4 and
upregulated the levels of IRF4. After transfection with AdshKDM3A, the
level of IRF4 was downregulated both in LPS stimulation and IL-4 sti-
mulation (Fig. 7A-B). In addition, the level of IRF4 was downregulated
in the KO-MI group compared with the WT-MI group (Fig. 7C). These
data indicate that KDM3A inhibition shifted macrophage polarization
away from the M2 phenotype and may be closely correlated with IRF4
silencing.

Furthermore, H3K9me2, as a specifically target of KDM3A could
verified the attenuate degree of histone methylation of KDM3A. In
Fig. 7, western blot analysis showed that downregulating the expression
of KDM3A not only decreasing the protein level of IRF4, but increasing
H3K9me2 level both in vitro and vivo. Next, following experiments
were designed by ChIP-PCR assay to further substantiate the underlying
mechanism, whether IRF4 silence in connection with the epigenetic
activation of H3K9me2 during the downregulation of KDM3A protein
level in the process of inducing polarization of macrophages. ChIP-PCR

revealed that H3K9me2 level was increased on the IRF4 gene proximal
promoter in the AdshKDM3A group compared with the AdshRNA
group. Meanwhile, there were no markedly differences on the GAPDH
promoter which was regarded as a control (Fig. 7D). Our data unan-
imous indicated that KDM3A deficiency epigenetically influences the
transcription of IRF4 by enhancing H3K9me2 accumulation on the IRF4
gene proximal promoter region.

4. Discussion

Previous studies suggested that even if treated with reperfusion
surgery in a timely manner, some patients with MI will still suffer the
consequences of cardiac dysfunction or even heart failure [2,3]. One of
the important reasons for this finding is that the patient's early in-
flammatory response is too long, which delays the repair and re-
construction of the myocardium. At the same time, the excessive se-
cretion of inflammatory factors promotes the proliferation of fibroblasts
and collagen deposition, resulting in left ventricular dilatation and
excessive scar formation [1]. Therefore, timely suppression of the ex-
cessive inflammatory response has a profound impact on the progress
and quality of remodeling after myocardial infarction. Although the
role of KDM3A in regulating the function of smooth muscle cells has
been confirmed previously, its involvement in macrophages and po-
tential mechanisms post MI remain uncertain. Our present study sug-
gested that KDM3A is a novel therapeutic candidate that could affect
the process of inflammation by regulating the phagocytosis and mi-
gration capability of macrophages and influencing the phenotypic
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polarization of macrophages, thus influencing the prognosis of myo-
cardial infarction and adverse left ventricular (LV) remodeling. Ad-
ditionally, mechanistic studies demonstrated that KDM3A deficiency
clearly decreased IRF4 expression by enhancing H3K9me2 accumula-
tion on the proximal promoter region. To the best of our knowledge,
our present study is the first report to verify the effects of KDM3A in-
hibition on macrophages and suggests a promising therapy to treat post-
MI injuries.

Following myocardial ischemia injury, a large number of activated
mononuclear phagocyte system and infiltrate the ischemic area, re-
sulting in aseptic inflammation of the myocardium. In the first 3 days,
inflammatory monocytes transform into the M1 macrophages, secrete
proteases and cytokines, clear necrotic cell fragments, and degrade and
reconstruct the ECM. At later stages (~3-7 days), the proinflammatory
M1 phenotype is transformed into the reparative M2 phenotype, which
promotes collagen deposition, scar repair and neovascularization
[2,25]. Macrophages, as immune cells, are different from other immune
cells. They are transformed into different phenotypes according to the
needs of the environment and play different roles. Macrophages (MO0) in
the stationary state of cardiac homeostasis are transformed into mac-
rophages (M1) by the classical activated state and then are transformed
into anti-inflammatory repair macrophages (M2) after the inflamma-
tion subsides [5,25]. Therefore, the degree and time of transformation
between macrophage phenotypes are crucial to the outcome and
prognosis of myocardial ischemic infarction injury.

In recent years, researchers have attempted to explain some biolo-
gical phenomena through epigenetics. Histone modification is an im-
portant part of epigenetic modification, which regulates gene tran-
scription by changing chromatin remodeling, thus regulating cell
function [8,26]. Adequate evidence suggests that KDM3A is an epige-
netic regulator and plays a variety of biological roles by removing the
suppressive histone mark H3K9me?2 in cardiovascular disease. KDM3A
regulates the function of smooth muscle cells through the MAPK/NF-xB
signaling pathway, and a loss of KDM3A could depress ROS generation,
apoptosis and the inflammatory response [14]. In addition, KDM3A is
involved in regulating vascular remodeling in diabetes mellitus via
AGTR1 and ROCK2 pathways and the underlying mechanisms were
KDM3A controlled the H3K9me2 accumulation on the gene proximal
promoter region to influence the transcription of AGTR1 and ROCK2.
KDM3A knockout reduces collagen deposition but exacerbates

Ii KDM3A loss of function
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Fig. 8. The function of KDM3A inhibition in post-infarction
repair and remodeling.

KDM3A inhibition attenuates macrophage phagocytosis and
migration capability. Furthermore, KDM3A inhibition pro-
motes the polarization of macrophages to an inflammatory
phenotype but reduces the polarization of macrophages to a
reparative and protective phenotype to aggravate post-MI
injuries and accelerates adverse ventricular remodeling via an
IRF4 signaling pathway.

Phagocytosis
Homing

inflammatory and oxidative stress [15], KDM3A upregulation promotes
left ventricular hypertrophy and pathological fibrosis by activating
Timp1 transcription [13]. In addition to participating in cardiovascular
disease, KDM3A also plays a significant role in regulating macrophage
polarization and function. Tsuyoshi and coworkers convincingly de-
monstrated that JMJD1A (KDM3A) inhibition suppressed CD31 vas-
cular formation markers and reduced the infiltration of CD11b mono-
cytes and F4/80 macrophages in tumor progression [27].
Simultaneously, it had been reported that Jumonji domain-containing-3
(JMJD3), a histone 3 lysine 27 (H3K27) demethylase, could activate M2
macrophage polarization through the JMJD3-IRF4 axis [18]. Although
existing studies have indicated that KDM3A could regulate macro-
phages in tumor diseases, it has not been determined whether KDM3A
plays a cardioprotective role in regulating macrophages in cardiovas-
cular diseases. Macrophages repair myocardial infarction through in-
flammatory modulation; however, KDM3A can intervene in in-
flammatory responses during the pathological process of cardiovascular
diseases. Based on the analysis of the above research, we questioned
whether KDM3A would play a significant role in macrophage polar-
ization post MI.

To examine this question, in the study presented here, we confirmed
that KDM3A affected the process of inflammation by regulating the
major function and phenotypic polarization of macrophages, thus af-
fecting the prognosis of myocardial infarction and adverse left ven-
tricular (LV) remodeling. In vitro, inhibition of the expression of
KDM3A in BMDMs led to a decrease in phagocytosis and attenuated the
capability of macrophages to migrate to respond to the chemokines of
myocardial cell necrosis (Fig. 2), which suggested that KDM3A inhibi-
tion might contribute to the loss of macrophage homing to injured
tissues and the inefficient clearance of cellular debris. KDM3A defi-
ciency led to an increase in the secretion of proinflammatory cytokines
and more differentiation of macrophages into the M1 phenotype under
LPS stimulation (Fig. 3C), but the capability of macrophages to differ-
entiate into the M2 phenotype was inhibited under IL-4 stimulation
(Fig. 3E). Furthermore, our results showed that there was a significant
difference in the infiltration of M1 and M2 macrophages between the
KO-MI and WT-MI groups 7 days post MI (Fig. 5). Meanwhile, we ob-
served more M1 macrophage (CD86 ") infiltration and a higher M1/
M2(CD86* /CD206 ") ratio in the myocardial infarction area of KO-MI
rats. By contrast, WT-MI rats were more infiltrated with M2
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macrophages (CD206 ") (Fig. 5). Moreover, the secretion trends of M1-
or M2-related phenotypic markers and cytokines in the two groups were
consistent in vitro (Fig. 6). These observations consistently indicate that
inhibition of KDM3A could lead to the polarization of macrophages
toward the proinflammatory M1 phenotype and a failure to convert into
the repaired M2 phenotype in a timely manner during the inflamma-
tion-reparative transition phase. As shown in Fig. 4, ventricular dila-
tation, fibrosis and cardiac function in the KO-MI group were worse
than those in the WT-MI group at 7 days and one month post MI
(Fig. 3). These findings indicated that KDM3A inhibition could con-
tribute to aggravating adverse left ventricular remodeling after MI.

To explore the potential mechanism of KDM3A regulation of mac-
rophages, we found a variety of possible mechanisms to regulate the
immune response, among which the IRF family attracted our attention.
The interferon regulatory factor family is a group of transcription fac-
tors widely expressed in various tissues and organs that not only par-
ticipate in signal transduction through pattern recognition receptors
[28] but also bind to the promoter region of the type I IFN gene to
regulate the activity and function of macrophages [29]. As one of the
IRF family members, IRF4 mainly acts on the immune system, including
regulating the polarization of M1 and M2 macrophages [30]. Pohl et al.
showed that CD103*CD11b™" dendritic cells were required for the ac-
tivation of monocytes and macrophages to produce iNOS via the IRF4
signaling pathway [31]. The studies of Sapoh et al. [32] and Smith et al.
[33] showed that IRF4 not only acts as a transcription factor for M2
activation but also plays a key role in metabolic reprogramming in the
M2 activation process, especially glucose metabolism, which partici-
pates in M2 activation. UDP-Glc-NAc, as a substrate biomarker of M2
glycosylation is produced in the process of glycolysis. In addition,
glycolysis helps to induce the gene expression of M2 [33,34]. These
previous studies suggested that IRF4 had a regulatory impact on mac-
rophage polarization. In addition, in the present study, after BMDMs
were transferred by AdshKDM3A, we detected the expression of
KDMS3A protein by western blot analysis and found that, concomitant
with the changes in KDM3A, IRF4 also changed. Furthermore, a pre-
vious study demonstrated the relationship between KDM3A and IRF4
core promoter regions, determining that KDM3A, through adjusting
H3K9mel and H3K9me2 methylation, can directly regulate the ex-
pression of IRF4 [32]. Thus, we further explored whether IRF4 was the
downstream effector of the KDM3A-dependent pathway post MI by
western blots analysis and the ChIP-PCR assay. Indeed, western blot
analysis showed that downregulating the expression of KDM3A not only
weakened the expression of IRF4 and decreased the capability of
macrophages to polarize to the M2 phenotype, but increasing H3K9me2
level both in vitro and vivo. (Fig. 7A-C). Furthermore, ChIP-PCR re-
vealed that H3K9me2 level was increased on the IRF4 gene proximal
promoter in the AdshKDM3A group compared with the AdshRNA
group. Therefore, KDM3A provides a therapeutic strategy to modulate
macrophage polarization to aggravate post-MI injuries and accelerates
adverse ventricular remodeling by enhancing H3K9me2 accumulation
on the IRF4 gene proximal promoter region, epigenetically influencing
the transcription of IRF4. (Fig. 7C). Besides, in the present study, we
also have several lacunae we don't investigate. Whether there have
other epigenetic modification mechanisms to modulate macrophage
polarization, and what are the specific downstream or upstream ef-
fector molecules regulated by the KDM3A-H3K9me2-IRF4 pathway.
These lacunae need us to further investigate in the next experiment.

5. Conclusion

In conclusion, our results revealed that KDM3A was critical for
mediating macrophage polarization, phagocytosis and migration to
participate in the cardiac repair process and left ventricular remodeling
post MI. We also found that IRF4 was a downstream effector of the
KDM3A-dependent pathway. These findings not only indicated that
targeting KDM3A to modulate macrophage polarization via the IRF4
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signaling pathway in the infarcted heart might be a promising novel
therapeutic strategy for cardiac repair and function but also suggested
that skewing macrophage polarization toward a reparative phenotype
might be a pivotal treatment post MI.
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