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G9a promotes inflammation in Streptococcus pneumoniae
induced pneumonia mice by stimulating M1 macrophage
polarization and H3K9me2 methylation in FOXP1 promoter region
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Background: Streprococcus pneumoniae has become a leading cause of pneumonia in recent years. Here, we
investigated the mechanism of histone methylase G9a in Streptococcus pneumoniae-induced pneumonia (Spn).
Methods: G9a expression in Spn mouse tissue was measured. G9a lentivirus interference vector was
injected into Spn mice to evaluate the wet and dry weight of the right upper lobe and the total lung water
content (TLW) and wet/dry ratio (W/D). The number of neutrophils, macrophages, and lymphocytes
in bronchoalveolar lavage fluid (BALF) was detected, and the levels of interleukin-1p (IL-18), IL-6,
tumor necrosis factor-o (TNF-a), and IL-10 in BALF were assessed. The expressions of M1 and M2
macrophage markers were also detected. The enrichment of histone 3 lysine 9 dimethylation (H3K9me2)
in the Forkhead Box P1 (FOXP1) promoter was detected by chromatin immunoprecipitation (ChIP)
assay, and the transcription level of FOXP1 was detected. Mouse macrophage RAW264.7 was induced by
lipopolysaccharide (LPS) following G9a interference.

Results: GY%a in the lung tissue of Spn mice was increased. After G9a knockdown, the mouse weight
increased, the infiltration of inflammatory cells was decreased, levels of pro-inflammatory cytokines in
BALF were decreased, CD86 and inducible nitric oxide synthase (iNOS) were decreased, and CD206 and
arginase-1 (Arg-1) were elevated. In LPS-induced RAW264.7, G9a inhibited macrophage polarization to
M1 and promoted macrophage polarization to M2. G9a promoted H3K9me2 methylation in the FOXP1
promoter region and inhibited its transcription, while FOXP1 downregulation reversed the inhibition of
GY9a knockdown on macrophage polarization to M1 and the inflammatory effect on Spn mice.
Conclusions: G9%a promotes M1 polarization of macrophages by promoting H3K9me2 methylation in the

FOXP1 promoter region, promoting an inflammatory response in Spn mice.
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Introduction

As a gram-positive bacterial pathogen, Streptococcus
pmewmoniae can cause invasive pneumonia, meningitis,
otitis media, bacteremia (1), and acute respiratory distress
requiring mechanical ventilation (2). Streptococcus pneumoniae
is a leading cause of pneumonia, mostly in children less than
five years and elderly people (3). Pneumonia is fatal in HIV-
infected patients due to rampant and systemic inflammation
and failure to control microbial infection (4), and community-
acquired pneumonia is characterized as an acute inflammation
of the lung associated with the activation of macrophages and
neutrophils (5). The secretion of proinflammatory cytokines
such as interleukin-8 (IL-8) and IL-6 by respiratory epithelial
cells induced by the infection of respiratory bacteria,
contributes to the onset of pneumonia (1). Macrophages
are a class of leukocytes with antigen presentation ability
which actively participate in tissue remodeling, phagocytosis,
and clearance of foreign substances and cell debris (6).
Macrophages are categorized into classically activated (M1)
which is triggered by pathogen-associated molecular patterns
(PAMPs) such as lipopolysaccharide (LPS), bacterial or viral
DNA, and some cytokines, leading to high pro-inflammatory
cytokine (7) and alternatively activated (M2) types which is
elicited by cytokines IL-4, IL-13, and transforming growth
factor-p (TGF-B) and leads to the resolution of inflammation,
tissue reorganization, and regeneration. The balance between
M1/M2 states is required for proper pathogen elimination
and efficient structural and functional recovery (8). However,
the mechanism of macrophage polarization in Streptococcus
pneumoniae-induced pneumonia (Spn) is elusive.

As epigenetics can change gene expression and lung
inflammation by changing the lung environment after
exposure, it is an important field to evaluate the disease
process (9). Epigenetics is a process of gene regulation
mainly mediated via DNA methylation and histone
modification, which affects the accessibility of potential DNA
to transcription regulators and possibly influences serious
diseases (10). DNA methylation and histone modifications are
the two major manifestations of epigenetics in transcriptional
regulation and require specific enzymes to catalyze (11).
GY9a is a histone methyl transferase which catalyzes the
methylation of histone 3 lysine 9 (H3K9) and histone 3
lysine 27 (H3K27) (12). Its main function is to demethylate
histone 3 lysine 9 dimethylation (H3K9me2), and G9a-
dependent H3K9me? is associated with gene silencing and
works by recruiting H3K9me2 binding proteins that block
transcriptional activation (13). G9a levels are elevated in many
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cancers, and its selective inhibition is known to reduce cell
growth and induce autophagy, apoptosis, and senescence (14).
G9a has been reported to play pivotal roles in lung cancer
and fibrosis (15,16), and histone methyltransferases G9a
can manage lipid-induced M1 macrophage polarization
by negatively regulating CD36 (17). The recent study
demonstrated that anisodamine enhances macrophage M2
polarization through suppressing G9a-mediated interferon
regulatory factor-4 (IRF4) silencing to alleviate LPS-
induced acute lung injury (ALI) (18). From the perspective
of inflammation reduction, G%a may play an important role
in ALI/acute respiratory distress syndrome (ARDS), and
is regarded as a potential therapeutic target in pneumonia
or ALI/ARDS. Furthermore, as its expression pattern in
pneumonia and mechanism in Spn-induced macrophage
polarization is largely unknown, molecular, histochemical,
and physiological experiments were carried out to investigate
the mechanism of macrophage polarization mediated by
histone methylase G9a in Spn mice, which indicated the
novelty of our study. We present the following article in
accordance with the ARRIVE reporting checklist (available at
https://atm.amegroups.com/article/view/10.21037/atm-22-
1884/rc).

Methods
Establisbment of Spn mouse model

The standard strain of Streptococcus pneumoniae ATCC49619
was purchased from the Guangdong microbial strain
Preservation Center. After resuscitation, Streptococcus
preumoniae was cultured in blood agar medium (50 mL/L
CO, at constant 37 °C) for 18 h, then scraped off from
the agar plate surface and suspended in sterile normal
saline. The bacterial concentration was adjusted to 1.5x10°
colony-forming unit (CFU) mL for standby. Clean grade
healthy female BALB/c mice (N=140, 4 to 6 weeks old,
18+1 g) were purchased from Hunan SJA Laboratory
Animal Co., Ltd. (Changsha, Hunan, China). Housing and
breeding of animals were performed humanely for 2 weeks
with regard for the alleviation of suffering following the
Chinese national guidelines for the care and use of animals.
Animal experiments were approved by the Animal Ethics
Committee of Tianjin Chest Hospital (No. TJCH-2021-
010). A protocol was prepared before the study without
registration.

A control group of 20 mice was selected (W'T group),
and other mice were used to establish the Spn model.
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Twenty mice with successful modeling (Spn group) were
selected for model identification, and the remaining 100
with successful modeling were arbitrarily assigned into five
groups, with 20 mice in each group. A mock group (without
any treatment after modeling), sh-NC group (injected with
negative control of G9a lentiviral interference vector after
modeling), sh-G9a group (injected with G9a lentiviral
interference vector after modeling), sh-G9a group + sh-
NC group (injected with negative controls of (G9a lentivirus
interference vector and FOXP1 lentivirus interference
vector after modeling), and sh-G9a + sh-FOXP1 group
(injected with G9a lentivirus interference vector and
FOXP1 lentivirus interference vector after modeling)
were established. The lentiviral vector was provided by the
Shanghai Gemma Pharmaceutical Technology Co., Ltd, the
viral titer was 1.0x10° TU/mL, and the injection volume
was 3 uL (19).

All model mice were anesthetized by intraperitoneal
injection of 3% pentobarbital sodium, and after the nasal
mucosa was punctured with a sterile needle, 50 uLL prepared
bacterial solution was slowly dripped from the nasal cavity,
and automatically inhaled. In the control group, 50 uL
normal saline was dripped into the nasal cavity after the
nasal mucosa was punctured. The weight of the 20 mice
in each group was measured after infection. After the mice
were sacrificed by intraperitoneal injection of pentobarbital
sodium (100 mg/kg), the wet/dry weight ratio (W/D)
and total lung water content (TLW) of the lung tissues of
five mice were measured, and the lung tissues of six were
selected for embedding and hematoxylin and eosin (HE)
staining. The bronchoalveolar lavage fluid (BALF) of four
mice was also selected, and the lung tissues of the remaining
five were collected to prepare homogenate for reverse
transcription quantitative polymerase chain reaction (RT-
gPCR) and Western blot (WB) experiments (20).

HE staining

The lung tissue samples were washed with normal saline,
fixed in 4% paraformaldehyde for 30-50 min, washed,
dehydrated, cleared, immersed in wax, embedded, and
sliced. After flattening, the tissue slices were pasted on glass
slides, dried in a 45 °C incubator, dewaxed, dehydrated
with high to low concentration alcohol, and washed with
distilled water for 5 min. Samples were then stained with
hematoxylin (517-28-2, Solarbio, Beijing, China) for 5 min,
rinsed with running water for 3 s, differentiated using 1%
hydrochloric acid ethanol for 3 s, stained with 5% eosin
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solution (17372-87-1, Solarbio) for 3 min, then dehydrated,
cleared and sealed. Tissue sections were observed under a
microscope.

BALF extraction

After the chest was dissected, the lung tissue was exposed
and the trachea was cut, with the scalp needle used for
tracheal intubation. After fixation with 0%silk thread, the
lung tissue was quickly separated, the left main bronchus
was ligated, and the right lung was subjected to lavage
through the air tube. The right lung was then slowly
washed with 1 mL normal saline via the tracheal intubation
three times, and the lung tissue was gently massaged with
fingers. After about 30 seconds, the BALF was selected and
the recovery rate was over 80%. The recovered liquid was
centrifuged at 2,000 rpm for 15 min, then the supernatant
was separately packed in a cryopreservation tube and stored
at -80 °C. The number of neutrophils, macrophages, and
lymphocytes in the BALF was counted.

Enzyme-linked immunosorbent assay (ELISA)

BALF was collected, and the expression of inflammatory
factors was detected according to the instructions of IL-1
(MLBO00C), tumor necrosis factor-o (TNF-a) (MTAO00B),
1L-6 (D6050), and IL-10 (DY417-05) ELISA kits (R&D
systems, Minneapolis, MN, USA).

Cell culture and transfection

Mouse macrophage RAW264.7 was purchased from ATCC,
thawed in 37 °C water bath heat, transferred to a 15 mL
centrifuge tube, and centrifuged at 1,000 rpm for 5 min.
The supernatant was discarded, and cells were resuspended.
The cell suspension was dispersed to the culture flask and
vibrated gently for a few times to let the cells evenly spread
in the 25 cm’ cell flask. Cells were then cultured at 37 °C in
a 5% CO,; incubator, and the medium was refreshed every
2 days. When cells reached 80-90% confluence (about
1x107), macrophages were treated with LPS (strain O55:
BS5, Sigma-Aldrich, St. Louis, MO, USA) and RAW264.7
cells were treated with 500 ng/mL LPS for 24 h.

RAW?264.7 cells induced by LPS were infected with
corresponding lentivirus (sh-G9%a, sh-NC, sh-FOXP1)
(Genechem, Shanghai, China), and the multiplicity of
infection was 20 (21). After 48 h of infection, the following
experiment was then carried out.
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Table 1 Primer sequences of RT-qgPCR

Primer Sequence
G9a F: 5-TTCAGTCTCTACTATGATTTT-3"
R: 5'-ATCATAGTAGAGACTGAATT-3'
iNOS F; 5-GCAAGCCCTCACCTACTTCC-3'
R: 5'-AACCTC TGCCTGTGCGTCT-3"
Arg-1 F: 5'-AGACAGCAGAGGAGGTGAAGAGTAC-3'
R: 5'-GGTAGTCAGTCCCTGGCTTATGGT-3'
FOXP1 F: 5'-TCCAGAAAAGCAGCTAACACTA-3'
R: 5-TTCTACTCGCACAAAACACTTG-3'
FOXP1 F: 5-GGGGGATTAGCTGCTCAATACC-3'
promoter g 5 GTCATGGTGCATGTATGGAGG-3'
GAPDH F: 5'-ATCCACGGGAGAGCGACAT-3'

R: 5'-CAGCTGCTTGTAAAGTGGAC-3'

RT-gPCR, reverse transcription quantitative polymerase chain
reaction.

RT-gPCR

Total RNA in rat myocardial tissue was extracted following
the instructions of TRIzol reagent (15596026, Invitrogen).
The concentration of total RNA was then quantified.
Total RNA was reversely transcribed into cDNA using
a PrimeScript RT reagent kit (RR047A, Takara, Dalian,
China), and PCR was performed according to the
instructions of a Fast SYBR Green PCR kit (Applied
Biosystems) on an ABI PRISM 7300 qRT-PCR system
(Applied biosystems). Three replicates were set for each
well. GAPDH served as the internal reference, and the
mRNA expression of each sample was calculated using 27"
method. The primer sequences are shown in 7able 1 (22,23).

WB analysis

The total protein in tissues or cells was extracted by
RIPA lysis (C0481, Sigma Aldrich, USA), lysed at 4 °C for
15 min, and centrifuged at 15,000 rpm for 15 min. The
concentration was determined by bicinchoninic acid method
(23227, Thermo, USA). The samples were subjected to gel
electrophoresis, then moved into polyvinylidene fluoride
membranes, which were blocked with 5% skim milk for
1 h, and incubated overnight with the primary antibodies
(all from Abcam) against G9a (1:500, ab183889), FOXP1
(1:1,000, ab134055), GAPDH (1:5,000, ab8245). The next

© Annals of Translational Medicine. All rights reserved.

Li et al. G9a affects pneumonia via epigenetic regulation

day, the membranes were rinsed with tris-buffered saline-
tween containing 0.1% tween 20 and probed with secondary
antibody IgG H&L-conjugated horseradish peroxidase
(1:20,000, ab205718) for 1.5 h. The protein was developed
by adding developer (NCI4106, pierce, Rockford, IL, USA).
Image] 1.48u software (Bio-Rad, Hercules, CA, USA) was
used for protein quantitative analysis, and the ratio of gray
value of each protein to gray value of GAPDH was used for
protein quantitative analysis. Each experiment was repeated
three times.

Flow cytometry

The tissue was cut into 1 mm’ pieces, washed repeatedly
with PBS, then detached with 1.5 mL 0.25% dispersase,
0.5 mL 0.4% collagenase, and 50 pL fetal bovine serum at
4 °C overnight for 12-16 h. The tissue was then detached in a
37 °C incubator for 30 min, the cell suspension was collected
and filtered with 300-mesh nylon mesh to remove the cell
mass, and the cell debris removed by centrifugation. The
cells were made into single cell suspension and resuspended
in staining buffer (BD Biosciences). FSC and SSC were used
as coordinates to remove cell debris and doublets, then PI
was used to stain the cells, and PI and FSC were used to set
a gate to label living cells The cells were stained with F4/80
(17-4801-82, 1:50, eBioscience, San Diego, CA, USA), CD86
(25-0862-82, 1:400, eBioscience), and CD206 (12-2061-82,
1:800, eBioscience), then detected by flow cytometry BD
FACS canto II (BD immunocytometry systems), and analyzed
by Flow Jo software 7.6.

Chromatin immunoprecipitation (ChIP)

Upon 70-80% confluence, the cells were fixed with 1%
formaldehyde for 10 min to make the DNA and protein
in the cell cross-linked. After crosslinking, the cells were
randomly broken by ultrasonic treatment, 10 s each time
with an interval of 10 s and 15 cycles, to break them into
200 bp fragments. Cells were then centrifuged at 4 °C for
10,000 xg, and the supernatant was collected and divided
into two tubes, which were respectively added with the
negative control antibody rabbit anti-IgG (ab109489,
1:100, Abcam) and the target protein specific antibody
rabbit anti-H3K9 (1:100, ab1220, Abcam) overnight at 4 °C.
The endogenous DNA-protein complex was precipitated
by Protein Agarose/Sepharose, and the supernatant was
discarded after a short centrifugation. The nonspecific
complex was washed and decross-linked overnight at 65 °C,
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and the DNA fragment was extracted and purified by
phenol/chloroform overnight. The enrichment of H3K9 in
the FOXP1 promoter fragment was detected by RT-qPCR
with FOXP1 promoter fragment specific primers.

Statistical analysis

SPSS 21.0 (IBM Corp. Armonk, NY, USA) was employed
for data analysis, and data are shown in mean = standard
deviation (SD). The ¢ test was used for analyzing
comparisons between two groups, one-way analysis of
variance (ANOVA) for comparing different groups, and
Tukey’s multiple comparison test was used for pairwise
comparisons after ANOVA. The data of each group
at different time points were compared by repeated
measurement ANOVA, and P<0.05 indicated a statistically
significant difference.

Results
GYa is upregulated in Spn mice

Previous study has shown that overexpression of G9%a
significantly promotes the proliferation and invasion
of NSCLC cells, and while knockout of G9a inhibited
the growth and metastasis of NSCLC cells in vivo (24),
its role in Spn has not been reported. Compared with
wild-type mice, the weight of Spn mice was significantly
reduced (Figure 1A). The wet weight (W) and dry weight
(D) of the right upper lobe were measured and TLW
and W/D were calculated, and compared with the WT
group, W/D and TLW (Figure 1B) in the Spn group were
enhanced significantly. HE staining was used to observe
the pathological changes of lung tissue after Streptococcus
pneumoniae infection. In the W'T group, the pathological
condition of lung tissue and alveolar septum were normal,
while in the Spn group, the alveolar structure was
seriously damaged, the alveolar septum was significantly
widened, the tracheal epithelium was exfoliated, and many
inflammatory cells were exuded (Figure 1C). The number
of neutrophils, macrophages, and lymphocytes in the BALF
after Streptrococcus pneumoniae infection was higher in the
Spn group than in the W'T group (Figure 1D). ELISA
results elicited that the levels of IL-1B, IL-6, and TNF-a
in the BALF of Spn mice were increased, while IL-10 was
decreased (Figure 1E). The expression of G9z in the lung
tissue of Spn mice was then detected, and compared with
WT mice, was clearly increased (P<0.05) (Figure 1F). These
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results indicate G9a is related to Spn.

G9a knockdown bas a protective effect on Spn mice

To explore whether G9a is involved in the disease
progression of Spn in mice, we used sh-G9a lentiviral vector
to interfere with G9a in mice and used RT-qPCR and WB
experiment to detect its interference efficiency (Figure 2A).
After G94 knockdown, the weight of mice was increased
significantly (Figure 2B), and W/D and TLW were evidently
reduced (Figure 2C). HE staining showed that after G924
knockdown, the pathological changes of lung tissue were
qualitatively different, the infiltration of inflammatory
cells was reduced, and the alveolar septum was basically
restored to normal (Figure 2D). The number of neutrophils,
macrophages, and lymphocytes were clearly lowered
after G94 knockdown (Figure 2E), and ELISA results
demonstrated that compared with the sh-NC group, levels
of IL-1p, IL-6, and TNF-a in the BALF of the sh-G9a
group were decreased, while IL-10 was elevated (Figure 2F).
These results suggest G92 knockdown promotes the anti-
inflammatory effect of Spn in mice.

G9a knockdown promotes the polarization of pulmonary
macrophages from M1 pro-inflammatory phenotype to M2
anti-inflammatory phenotype

Macrophages are the first line of defense against pathogens.
When they encounter invading pathogens, they will carry
out phagocytosis, transfer excessive pro-inflammatory
and anti-inflammatory cytokines, and shape the tissue
microenvironment. During the whole process of pneumonia,
alveolar macrophages and infiltrating monocytes produce
increasing numbers of cytokines which activate antiviral/
antibacterial immunity but may also trigger a so-called
cytokine “storm” and the risk of normal tissue damage (25).
Macrophages can generally differentiate into M1 and M2
phenotype (26), and to further explore whether G92 could
affect the polarization of pulmonary macrophages in vivo,
we detected the expression of CD86 on M1 macrophages
and CD206 on M2 macrophages in lung tissue by flow
cytometry. Compared with the sh-NC group, CD86 in
the sh-G9a group was notably decreased and CD206 was
increased (Figure 3A4). RT-qPCR was used to detect the
expression of M1 macrophage marker inducible nitric oxide
synthase (iINOS) and M2 macrophage marker Arg-1, and it
was found that /INOS was lowered and Arg-1 was elevated
after G924 knockdown (Figure 3B). Briefly, G924 knockdown
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infection. (A) Weight change of mice (N=20 in each group); (B) W/D of right upper lobe tissue were measured, TLW and W/D were
calculated (N=5 in each group); (C) HE staining was used to observe the pathological changes of lung tissue after Streprococcus pneumoniae
infection (N=6 in each group); (D) the number of neutrophils, macrophages, and lymphocytes in BALF (N=4 in each group); (E) ELISA
measured levels of IL-1p, IL-6, TNF-a, and IL-10 in BALF after Streptococcus pneumoniae infection (N=4 in each group); (F) RT-qgPCR and
WB were used to detect the expression of G9a in lung tissue of mice infected with Streptococcus pneumoniae (N=5 in each group). The data
are expressed as mean = SD; independent sample # test was used for comparison between two groups; and repeated measurement analysis of
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weight ratio; W, wild type; Spn, Streprococcus pneumoniae-induced pneumonia; HE staining, hematoxylin-eosin staining; ELISA, enzyme-
linked immunosorbent assay; IL-1p, interleukin-18; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a; IL-10, interleukin-10; BALF,
bronchoalveolar lavage fluid; RT-qPCR, reverse transcription quantitative polymerase chain reaction; WB, Western blot; SD, standard

deviation.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2022;10(10):583 | https://dx.doi.org/10.21037/atm-22-1884



Annals of Translational Medicine, Vol 10, No 10 May 2022 Page 7 of 17

© ©
A815_ 815_ B -~ Mock
5 1 5 1 5 120 1 = sh-NC
é — é § 110 4 sh-G9a
8 1.0 ¢ S 100
a Mock sh-NC sh-G9a S © 7
x X 2
< 132kDa = 5 *
% 0.5 % -% 80 -
£ g z
F 0.0 E @ 60 : : . .
K & L & K 0 1 2 3

Day after S. pneumoniae

C a3, . 5 D
g i 2
s 2 41
[0 -
= 24 =
i) £ 31
g 3
= 827
¢ :
[5) 1
2 2
(o)} =
c -
ERE 0 - .
®o° o° ﬁo Qc’,b
E F
150 ~ Il Mock 400 El Mock
—t+— sh-NG e sh-NG
ns
< = sh-G9a 300 - = B sh-GYa
2 100
> .
2 £ 200 4
2 aQ
D 50 1
o 100 -
0 - 0 -
Neutrophil Macrophage Lymphocyte IL-1B IL-6 TNF-a IL-10
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G9a was injected into a Streptococcus pneumoniae induced pneumonia mouse model. (A) RT-qPCR and WB test were used to detect the
interference efficiency of G9a (N=5 in each group); (B) weight change of mice (N=20 in each group); (C) wet weight and dry weight of
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and lymphocytes in BALF (N=4 in each group); (F) ELISA measured levels of IL-1B, IL-6, TNF-a, and IL-10 in BALF after Streptococcus
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Figure 3 G9a knockdown can promote the polarization of pulmonary macrophages from M1 pro-inflammatory phenotype to M2 anti-
inflammatory phenotype. G9a lentivirus interference vector was injected into a Streprococcus pneumonia-induced pneumonia mouse model.
(A) Surface markers of M1 macrophages CD86 and M2 macrophages CD206 were detected by flow cytometry. Firstly, cell debris (black dots
out of frame) were removed by FSC and SSC, then living (blue dots) and dead (red dots) cells were distinguished by PI labeling. Finally, M1
and M2 macrophages were sorted out by F4/80 (blue dots), CD86, and CD206. The percentage of all cells refers to the percentage of living
cells; (B) the expression of M1 macrophage markers iNOS and M2 macrophage markers Arg-1 were detected by RT-qPCR (N=5 in each
group). The data are expressed as mean + SD; and one-way ANOVA and Tukey’s post hoc test was used for comparison among multiple
groups. ¥, P<0.05. RT-qPCR, reverse transcription quantitative polymerase chain reaction. FSC, forward scatter; SSC, side scatter; PI,
propidium iodide; iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1; RT-qPCR, reverse transcription quantitative polymerase chain
reaction; SD, standard deviation; ANOVA, analysis of variance; ns, no significance.
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inhibits the polarization of M1 macrophages and promotes
the polarization of M2 macrophages in vivo.

G9a knockdown promotes the LPS-induced mouse
macrophage line RAW264.7 to polarize from M1 pro-
inflammatory phenotype to M2 anti-inflammatory

phenotype

To further verify the regulatory effect of G9% on macrophages
in vitro, RAW264.7 macrophages were allocated into the
control group, LPS + Mock group, LPS + sh-NC group,
and LPS + sh-G9a group, and RT-qPCR and WB showed
that G9z interference was successful (Figure 44). Flow
cytometry showed CD86 was decreased and CD206 was
increased significantly after G92 knockdown (Figure 4B),
while RT-PCR noted iNOS was decreased and Arg-1 was
increased significantly (Figure 4C). These results suggest G9
knockdown ir vitro can significantly promote the polarization
of the LPS-induced RAW264.7 macrophage line from M1

pro-inflammatory phenotype to M2 anti-inflammatory

phenotype.

G9a promotes the methylation of H3K9me2 in FOXP1
promoter and inhibits its transcription

The above results indicate G92 can affect the inflammatory
response in vivo and in vitro by regulating macrophage
polarization. To further explore the downstream mechanism
of G9a, we looked for references and found that (G9a inhibits
FOXP1 by promoting H3K9me2 methylation in non-small
cell lung cancer (15). As FOXP1 is related to pathogen
induction, neutrophil and macrophage recruitment, and
the inflammatory process (27), we speculated G9a might
affect pneumonia through epigenetic regulation of FOXP1
transcription in Spn mice. To validate the above conjecture,
we first detected the enrichment of H3K9me? in the FOXP1
promoter region in RAW264.7 macrophages after G924
overexpression and depletion by ChIP experiment, and the
results showed this was increased significantly after G924
overexpression and decreased after G92 depletion (Figure 5A).
In addition, when Bix01294 [specifically inhibiting G9a
(H3K9me2)] was added to cells, the ChIP experiment
showed enrichment of H3K9me2 in the FOXP1 promoter
region was evidently inhibited (Figure 5B). RT-qPCR
showed FOXP1 was decreased after G924 overexpression,
and FOXP1 transcription was increased significantly after
GYa depletion (Figure 5C). FOXP1 expression in lung tissue
after Streptococcus pneumoniae infection was then examined
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by RT-qPCR, and compared with the WT group, FOXP1
was decreased in the Spn group, while clearly increased after
GY9a depletion (Figure 5D). RT-qPCR showed FOXP1 was
increased in cells after G92 depletion (Figure SE). Overall,
(9a inhibits FOXP1 transcription by promoting H3K9me2
methylation in the FOXP1 promoter.

Silencing FOXPI reverses the inbibitory effect of G9a
knockdown on M1 macrophages

To further study whether G94 affected macrophage
polarization by inhibiting FOXP1 transcription, we set
the following groups for macrophage RAW264.7: sh-
G9a group, sh-G9a + sh-NC group, and sh-G9a + sh-
FOXP1 group. First, the efficiency of intracellular FOXP1
interference was verified by RT-qPCR (Figure 64). Flow
cytometry revealed that compared with the sh-G9a + sh-
NC group, CD86 on the surface of M1 macrophages was
increased and CD206 on the surface of M2 macrophages
was significantly decreased in the sh-G9a + sh-FOXP1
group (Figure 6B). RT-qPCR elicited iINOS was increased
and Arg-1 was significantly decreased after simultaneously
interfering with G924 and FOXP1 (Figure 6C). Taken
together, FOXP1 silencing #z vitro can avert the inhibitory
effect of G942 knockdown on M1 macrophages.

Silencing FOXP1 reverses the protective effect of G9a
knockdown on Spn mice

We further verified that G924 is involved in the disease
progression of Spn in mice by regulating FOXP1. We
divided mice into a sh-G9a group, sh-G9a + sh-NC group,
and sh-G9a + sh-FOXP1 group, and used RT-PCR to
verify the interference efficiency of sh-FOXP1 (Figure 74).
Compared with the sh-G9a + sh-FOXP1 group, the weight
of mice in the sh-G9a + sh-NC group was significantly
reduced (Figure 7B), pathological injury of lung tissue was
aggravated, inflammatory cell infiltration was increased
(Figure 7C), levels of IL-1p, IL-6, and TNF-a in the BALF
were increased, levels of IL-10 were decreased (Figure 7D),
CD86 was increased, CD206 was decreased (Figure 7E),
iNOS was increased, and Arg-1 was decreased (Figure 7F).
Collectively, FOXP1 silencing in vivo can avert the protective
effect of G94 depletion on Spn mice.

Discussion

Epigenetic changes such as DNA methylation and
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Figure 4 G9a knockdown can promote the polarization of LPS-induced RAW264.7 macrophage line from M1 pro-inflammatory phenotype
to M2 anti-inflammatory phenotype. G9a lentivirus interference vector was infected into LPS-induced RAW264.7 macrophage line. (A) RT-
qPCR and WB test were used to detect G9a expression in cells; (B) the surface markers of M1 macrophages CD86 and M2 macrophages
CD206 were detected by flow cytometry. Firstly, cell debris (black dots out of frame) were removed by FSC and SSC, then living (blue dots)
and dead (red dots) cells were distinguished by PI labeling. Finally, M1 and M2 macrophages were sorted out by F4/80 (blue dots), CD86,
and CD206. The percentage of all cells refers to the percentage of living cells; (C) the expression of M1 macrophage markers iNOS and
M2 macrophage markers Arg-1 were detected by RT-qPCR. The experiment was repeated three times. The data are expressed as mean =
SD; and one-way ANOVA and Tukey’s post hoc test was used for comparison among multiple groups; *, P<0.05. LPS, lipopolysaccharide;
RT-qPCR, reverse transcription quantitative polymerase chain reaction; WB, Western blot; FSC, forward scatter; SSC, side scatter; PI,
propidium iodide; iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1; SD, standard deviation; ANOVA, analysis of variance.
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Figure 5 GY9a affects FOXPI transcription through epigenetic effects. (A) The enrichment of H3K9me2 in FOXP1 promoter region was
detected by ChIP assay after G9a overexpression and interference; (B) the enrichment of H3K9me2 in the FOXP1 promoter region was
detected by ChIP assay after Bix01294 was added into cells; (C) FOXP1 expression was detected by RT-qPCR after G9a interference and
G9a overexpression; (D,E) RT-qPCR was used to detect FOXP1 expression after G9a interference iz vivo and in vitro (N=5 in each group).
The experiment was repeated three times. The data are expressed as mean + SD; independent sample 7 test was used for comparison between
two groups; and one-way ANOVA and Tukey’s post hoc test was used for comparison among multiple groups; *, P<0.05. H3K9me2, histone
3 lysine 9 dimethylation; FOXP1, Forkhead Box P1; ChIP, chromatin immunoprecipitation; RT-qPCR, reverse transcription quantitative
polymerase chain reaction; WT, wild type; Spn, Streptococcus pneumonine-induced pneumonia; SD, standard deviation; ANOVA, analysis of

variance; ns, no significance.

histone modification are known to modulate gene
expression changes and impact cellular function (28,29).
As an epigenetic modifier, G9a has been documented to
participate in many diseases (30,31) but its expression
pattern and mechanism in Spn is largely unknown.
This study investigated the mechanism of macrophage
polarization mediated by histone methylase G9a in Spn
mice, and eventually supported that G9a promoted
M1 macrophage polarization by promoting H3K9me2
methylation in the FOXP1 promoter region, stimulating
inflammation in Spn mice (Figure §).

While G9a is implicated in lung cancer stemness through
epigenetic modification of DNA methylation maintenance

© Annals of Translational Medicine. All rights reserved.

of several cancer stem cell genes (15), its role in Spn has not
been documented. In this study, a mouse model of pneumonia
was induced by Streptococcus pneumoniae infection, and
compared with wild-type mice, G9a in the lung tissue of Spn
mice was clearly increased. To explore G9a action in Spn
progression, we used sh-(G9a lentiviral vector to silence G9
in mice, and found after its knockdown, the weight of Spn
mice was increased, W/D and TLW were evidently reduced,
the pathological changes of lung tissue were qualitatively
different, the infiltration of inflammatory cells was reduced,
and the alveolar septum was restored to normal. The
number of neutrophils, macrophages, and lymphocytes were
lowered clearly, and the levels of IL-1B, IL-6, and TNF-a
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Figure 6 G9a affects RAW264.7 polarization of macrophages by regulating FOXP1 expression in vitro. Macrophage RAW264.7 was
transfected with G9a and FOXP1 lentiviral interference vectors at the same time. (A) The interference efficiency of FOXP1 was detected by
RT-qPCR; (B) the surface markers of M1 macrophages CD86 and M2 macrophages CD206 were detected by flow cytometry. Firstly, cell
debris (black dots out of frame) were removed by FSC and SSC, and then living (blue dots) and dead (red dots) cells were distinguished by PI
labeling. Finally, M1 and M2 macrophages were sorted out by F4/80 (blue dots), CD86 and CD206. The percentage of all cells refers to the
percentage of living cells; (C) the expression of M1 macrophage markers iNOS and M2 macrophage markers Arg-1 were detected by RT-
gPCR. The experiment was repeated three times. The data are expressed as mean = SD; and one-way ANOVA and Tukey’s post hoc test was
used for comparison among multiple groups; *, P<0.05. FOXP1, Forkhead Box P1; RT-qPCR, reverse transcription quantitative polymerase
chain reaction; FSC, forward scatter; SSC, side scatter; PI, propidium iodide; iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1; SD,

standard deviation; ANOVA, analysis of variance; ns, no significance.
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Figure 7 G9a affects macrophage polarization and inflammatory response by regulating FOXP1 expression in vivo. G9a and FOXP1
lentiviral interference vectors were simultaneously transfected into Streptococcus pneumoniae induced pneumonia mice; (A) RT-qPCR
was used to detect FOXP1 interference efficiency in vivo (N=5 in each group); (B) weight change of mice (N=20 in each group); (C) HE
staining was used to observe the pathological changes of lung tissue after Streprococcus pneumoniae infection (N=6 in each group); (D) ELISA
measured levels of IL-1pB, IL-6, TNF-o and IL-10 in BALF (N=4 in each group); (E) the surface markers of M1 macrophages CD86 and
M2 macrophages CD206 were detected by flow cytometry (N=5 in each group). Firstly, cell debris (black dots out of frame) were removed
by FSC and SSC, then living (blue dots) and dead(red dots) cells were distinguished by PI labeling. Finally, M1 and M2 macrophages were
sorted out by F4/80 (green dots), CD86 and CD206. The percentage of all cells refers to the percentage of living cells; (F) the expression
of M1 macrophage markers iNOS and M2 macrophage markers Arg-1 were detected by RT-qPCR (N=5 in each group). The data are
expressed as mean = SD; one-way ANOVA and Tukey’s post hoc test was used for comparison among multiple groups; and repeated
measurement analysis of variance was used for data comparison between two groups at different time points; *, P<0.05. FOXP1, Forkhead
Box P1; HE staining, hematoxylin-eosin staining; ELISA, enzyme-linked immunosorbent assay; IL-1p, interleukin-1p; IL-6, interleukin-6;
TNF-0, tumor necrosis factor-o; IL-10, interleukin-10; BALE, bronchoalveolar lavage fluid; FSC, forward scatter; SSC, side scatter; PI,
propidium iodide; iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1; RT-qPCR, reverse transcription quantitative polymerase chain

reaction; SD, standard deviation; ANOVA, analysis of variance; ns, no significance.
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Figure 8 G9a can promote M1 polarization and inhibit M2
polarization of macrophages by promoting H3K9me2 methylation
in FOXP1 promoter region to inhibit its transcription, thus
promoting inflammatory response in Streptococcus pneumoniae
induced pneumonia. H3K9me2, histone 3 lysine 9 dimethylation;
FOXP1, Forkhead Box P1.

in the BALF were decreased, while IL-10 was elevated.
Epigenetic changes are linked to lymphocyte movement, as
G 94 depletion blocks T-cell migration (32), and inhibition of
GY9a-associated pathways produced systematic mitigation of
inflammation and suppression of viral replication (33). These
results suggest G942 knockdown repressed inflammation in
Spn mice.

Macrophages are important for modulating the
antibacterial function of neutrophils and eradicating
infection (34). The polarization from M1 macrophages to
M2 macrophages can reduce the inflammatory reaction,
promote tissue repair and regeneration, control excessive
inflammatory reaction, and maintain the balance between
pro-inflammatory and anti-inflammatory reactions (26). To
further explore whether G92 could affect the polarization
of pulmonary macrophages in vivo, we examined CD86
and CD206 expression in lung tissue. Flow cytometry
and RT-qPCR elicited CD86 was notably decreased and
CD206 was increased, while INOS was lowered and Arg-1
was significantly elevated after G924 knockdown. CD206
is predominantly expressed on the surface of activated
macrophages where it is of paramount significance in
innate and adaptive immunity in pneumonia (35). M2
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macrophages have anti-inflammatory functions to eliminate
excess inflammation (35), and G92 knockdown promoted
the polarization of M1 macrophages to M2 macrophages
in vivo. Moreover, LPS-induced RAW264.7 macrophages
were delivered with sh-G9a, and G92 knockdown in vitro
consistently and significantly inhibited polarization of M1
macrophages in LPS-induced RAW264.7 macrophages.
There is no report on the role of G9%a in macrophage
polarization in pneumonia, which indicated the novelty of
our study.

Treatment of macrophages with LPS in the presence
or absence of interferon-y (IFN-y) to induce a ‘M1-
like” activated phenotype or with IL-4 to induce an ‘M2-
like’ activated phenotype have been extensively used as
in vitro paradigms for investigation of signal-dependent
gene expression and metabolic reprogramming (36). The
LPS response in macrophages is initially driven by latent
transcription factors that include nuclear factor kappa-B
(NF-xB), activating protein-1 (AP-1) and IRFs that
subsequently result in secondary transcriptional responses to
type I interferons and other cytokines. Also, LPS-induced
changes in histone lysine methylation result in gene-
specific transcription for regulation of inflammation (37).
In LPS-induced macrophages, PHEF8 knockdown leads
to reduction of pro-inflammatory factors and increases in
H3K9me2 written by G9a (37), and GG9a inhibits FOXP1
by promoting H3K9me2 methylation in lung cancer (15).
As FOXPI is related to pathogen sensing, neutrophils and
macrophages recruitment and inflammatory processes (27),
we speculated (G9a affected pneumonia through epigenetic
regulation of FOXP1 transcription in Spn mice. The
ChIP experiment showed the enrichment of H3K9me?2 in
the FOXP1 promoter region in RAW264.7 macrophages
was decreased after G92 knockdown, and after addition of
Bix01294 [a specific inhibitor of G9a (H3K9me2)] to cells,
the enrichment of H3K9me?2 in the FOXP1 promoter
region was evidently inhibited. An epigenetic modifier, G9a
is known to increase H3K9me2 (30,38), and RT-qPCR
showed that FOXP1 transcription was increased clearly after
GYa depletion. FOXP1 expression was also decreased in
the Spn group but increased after G942 depletion. Overall,
G9a inhibits FOXP1 transcription by promoting H3K9me2
methylation in the FOXP1 promoter.

FOXP1 is involved in lung infection and P. aeruginosa-
induced pneumonia (27). To further study whether G9a
affects macrophage polarization by inhibiting FOXP1
transcription, we treated RAW264.7 macrophages in the sh-
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G9a group with sh-FOXP1. Flow cytometry revealed CD86
was increased and CD206 was decreased, and RT-qPCR
elicited that ZNOS was increased and Arg-1 was decreased
after simultaneously silencing G9a and FOXP1. Foxp3+
regulatory T cells promote recovery from severe pneumonia
in mice (39), and downregulation of FOXP1 might trigger
the secretion of IL-1p and IL-6 (40) and is required for
monocyte differentiation and macrophage function (41,42).
Taken together, FOXP1 silencing iz vitro can avert the
inhibitory effect of G924 knockdown on M1 macrophages.
Consistently, the iz vivo experiments elicited that after
simultaneously silencing G9a and FOXP1, the weight of
Spn mice was reduced, the pathological injury of lung tissue
and inflammation were aggravated, CD86 was increased,
CD206 was decreased, iINOS was increased, and Arg-1 was
decreased. Collectively, FOXP1 silencing in vivo can avert
the protective effect of G9a inhibition on Spn mice.

In outbreak of COVID-19, among patients initially
reported in Wuhan, the occurrence of macrophage
activation syndrome, cytokine storm, and ARDS were
heralded by very high levels of serum pro-inflammatory
cytokines. Therefore, how to block the cytokine storm and
when to initiate anti-inflammation therapy is critical for
reducing death rate of COVID-19. The clinically severe
phase of COVID-19 is accompanied by high levels of
cytokine signaling (43). Thus, the inhibitors of signaling
pathways and cytokines were investigated (44,45). Although
the pathogen involved in this study is different from
COVID-19, but both of them can eventually lead to sepsis
and cytokine storm sharing similar pathway. Thus, G9a
may play a critical role in the inflammation response in
pneumonia and even become potential therapeutic target
for COVID-19.

In summary, G9a promotes polarization of M1 to M2
macrophages by elevating H3K9me2 methylation in
the FOXP1 promoter region to inhibit its transcription,
promoting an inflammatory response in Spn mice.
Macrophage polarization is monitored by several cellular
and molecular mechanisms, including microRNAs (46,47).
However, whether G9a-mediated FOXP1 transcription
is regulated by microRNAs and whether G9a-targeted
treatment can be applied in clinical methods for Spn
management requires further investigation and validation.
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