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Background: Microglia play an essential role in the central nervous system immune
response. The transcription factor myocyte enhancer factor-2 D (MEF2D) is known to
participate in stress regulation in various cell types and is easily activated in microglia.
MEF2D has been shown to transcriptionally regulate several cytokine genes in immune cells
and directly regulates the inflammatory response, suggesting that MEF2D may act as a key
stimulus response regulator of microglia and is involved in the regulation of brain micro-
homeostasis. To uncover the molecular mechanism of MEF2D in the inflammatory system,
in the present study, we investigated the global effect of MEF2D in activated microglia and
explored its potential regulatory network.

Methods: Experiments with a recombinant lentiviral vector containing either shRNA or
overexpressing MEF2D were performed in the murine microglial BV2 cell line.
Transcriptome sequencing and global gene expression patterns were analysed in lipopoly-
saccharide-stimulated shMEF2D BV2 cells. Pro- and anti-inflammatory factors were
assessed by Western blot, qPCR or ELISA, and microglial activity was assessed by phago-
cytosis and morphologic analysis. The direct binding of MEF2D to the promoter region of
interferon regulatory factor 7 (IRF7) was tested by ChIP-qPCR. The interferon-stimulated
genes (ISGs) were tested by qPCR.

Results: MEF2D actively participated in the inflammatory response of BV2 microglial cells.
Stably expressed RNAi-induced silencing of MEF2D disrupted the microglial immune
balance in two ways: (1) the expression of proinflammatory factors, such as NLRP3, IL-
1B, and iNOS was promoted; and (2) the type-I interferon signalling pathway was markedly
inhibited by directly modulating IRF7 transcription. In contrast, overexpression of MEF2D
significantly reduced the expression of NLRP3 and iNOS under LPS stimulation and
alleviated the level of immune stress in microglia.

Conclusion: These findings demonstrate that MEF2D plays an important role in regulating
inflammatory homeostasis partly through transcriptional regulation of the type-I interferon
signalling pathway.
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Introduction

Microglia, the resident immune cells of the central nervous system (CNS), are the
primary mediators of the immune response and immune surveillance in the CNS.'
Microglia play an important role in brain development, maintenance of the neural
environment in ageing,” and in neurodegeneration.> > Modest microglial activation
is necessary and beneficial for CNS homeostasis, but uncontrolled neuroinflamma-
tion induced by excessive or chronically activated microglia is a salient feature in

most neurological diseases, such as Parkinson’s disease, Alzheimer’s disease, and
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amyotrophic lateral sclerosis.®® Therefore, maintaining
the hierarchical and balanced microglial immune response
is the key to a healthy brain. Although considerable
research has focused on microglial inflammatory home-
ostasis, the convergent regulatory mechanisms are not
fully understood.

The myocyte enhancer factor-2 (MEF2) family, initi-
ally identified as transcription factors in the muscle
lineage,9 has four mammalian isoforms, MEF2A, B,
C and D. MEF2s are an important modulator of develop-
ment, proliferation, differentiation and immunity in var-
MEF2s

converging factors to regulate neuronal proliferation, dif-
10,11

ious cell types. In neurons, function as
ferentiation, survival, and synapse development.
MEF2 transcriptional activity is tightly regulated by
extracellular stimuli, such as neurotrophic stimulation
and calcium influx.'*'® Dysregulation of MEF2s by
toxic signals contributes to many neurodegenerative
diseases.'*'® Our previous study demonstrated that
MEF2D promotes the survival of dopamine neurons in
the SNc of a Parkinson’s mouse model.'""'* MEF2 pro-
teins are also expressed in cells of the immune system,
such as T cells, B cells and microglia. In mammals,
MEF2C is phosphorylated by p38 mitogen-activated pro-
tein kinases (p38 MAPK) in myeloid linage cells, result-
ing in increased transcription of c-jun,'” and MEF2D
directly regulate the transcription of interleukin-2 (IL-2)
interleukin-10 (IL-10) genes
microglia.'*'® In Drosophila, MEF2s have been identi-

and in T cells and
fied as a critical transcriptional switch between metabo-
lism and immunity, playing an important role in the
innate immune response.'® These pioneering studies on
the immune regulation of MEF2s in various species and
cell types suggest that MEF2s may also be involved in the
microglial regulation of the immune response in the CNS.

In a previous study, we found that MEF2D was
induced by lipopolysaccharide (LPS) in microglia'® and
participated in the regulation of several cytokines. As an
important stress response protein, the function of MEF2D
in microglia needs to be further explored in detail. Here,
we applied RNA interference (RNAIi) technology, chroma-
tin immunoprecipitation quantitative real-time PCR (ChIP-
gPCR) and transcriptome sequencing to identify the
regulatory role of MEF2D in activated microglia. Our
data showed that compared to the negative control, RNAi-
induced silencing of MEF2D promoted the expression of
inducible nitric oxide synthase (iNOS), NAcht leucine-rich
repeat protein 3 (NLRP3), and downstream mature IL-1§

and significantly blocked the interferon signalling path-
way. MEF2D could directly bind to MEF2 consensus
sites in the promoter region of IRF7 to regulate its tran-
scription. These results indicate that MEF2D is an integral
sensor that regulates the innate immune response in acti-
vated microglia.

Materials and Methods

Cell Culture

The BV?2 cell line was provided by Dr. Mao Zixu (Department
of Pharmacology and Neurology, Emory University School of
Medicine, Atlanta, GA 30322, USA). Dr. Mao purchased this
cell line from the ATCC cell bank. BV2 cells were cultured in
Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12)
(HyClone, Logan City, Utah, USA) supplemented with 5%
foetal bovine serum (FBS) (Gibco, Grand Island, NY, USA)
and incubated with 5% CO, at 37°C.

Lentivirus Infection

Recombinant lentivirus vectors to silence (MEF2D knock-
down by shRNA (shMEF2D)) or enhance (overexpression
of MEF2D (OE-MEF2D)) MEF2D gene expression were
obtained commercially from Hanbio, Shanghai, China.
The following RNAi sequence of MEF2D was used:
GCTGGATACTTGGACATTAAA. BV2 cells were seeded
in a 6-well plate and infected with lentivirus in 1 mL of
medium for 12 h before replacement with fresh medium.
Then, after 72 h of incubation, puromycin (5 pg/mL) was
used to select cell lines stably expressing shMEF2D or
OE-MEF2D for at least 3 generations.

Luciferase Assay

The MEF2-firefly reporter vector was obtained from the
Mao
Neurology, Emory University School of Medicine,
Atlanta, GA 30322, USA). The BV2 cells stably expres-
sing sShtMEF2D and negative control (NC) were transfected

laboratory (Department of Pharmacology and

with vectors of MEF2-firefly reporter and the reference
Renilla reporter. Then, the cells were seeded in 48-well
plates and stimulated with 500 ng/mL of LPS for 24 h. The
luciferase assay was performed using a Dual-Luciferase®
Reporter Assay Kit (Promega, Madison, WI, USA) follow-
ing procedures provided by the manufacturer.

Immunoblotting
Nuclear and cytoplasmic proteins were extracted using a kit

(Sango Biotech, Shanghai, China) according to the
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manufacturer’s instructions. Total protein was extracted with
ice-cold lysis buffer containing protease inhibitors. The pro-
tein concentration was determined using a BCA protein
assay kit (Thermo, Rockford, USA). Equal amounts of pro-
tein were separated by 10% SDS-polyacrylamide gel electro-
phoresis (PAGE) and then transferred onto polyvinylidene
fluoride (PVDF) membranes. After 2 h of blocking with 5%
fat-extracted milk at room temperature, the membranes were
incubated with primary antibodies against MEF2D (BD,
#610774), NLRP3 (Cell Signalling, Danvers, USA (CST),
#13158), Nrf2 (CST, #12721), iNOS (Abcam, Cambridge,
UK, ab178945) and B-actin (Proteintech, Chicago, USA
#66009-1-Ig) overnight at 4°C, washed with tris-buffered
saline with Tween 20 (TBST) buffer three times, and then
incubated with horseradish peroxidase (HRP) secondary
antibody for 2 h at room temperature. Protein bands were
visualized using electrochemiluminescence (ECL) and ana-
lysed using ImageJ software.

Quantitative Real-Time PCR (qPCR)

Total RNA was extracted using TRIzol reagent (Roche,
Basel, Switzerland). cDNA was reverse transcribed using
a First Strand cDNA Synthesis Kit (Roche). Quantification
of mRNA was performed using qPCR SYBR Green
Master Mix (Yeasen, Shanghai, China). All target mRNA
levels were normalized to B-actin as a control standard.
The primers are listed in Table S1.

ChIP-gPCR

The ChIP assay was performed with a ChIP Assay Kit
(Millipore, Massachusetts, USA). The quantity of DNA
was analysed by qPCR, and gene-specific primers of the
promoter are listed in Table S1.

Enzyme-Linked Immunosorbent Assay

(ELISA)

The quantity of IL-1B in the supernatant of BV2 cells
stably expressing NC and shMEF2D was tested using
mouse enzyme-linked immunosorbent assay kits (R&D
Systems, Minnesota, USA) according to the manufac-
turer’s procedures.

3-(4,5-Dimethylthiazol-2-Y1)-
2,5-Diphenyltetrazolium Bromide (MTT)

Assay
BV2 cells stably expressing NC and shMEF2D were
seeded in 96-well plates (5 x 10% cells/well) and treated

with LPS (500 ng/mL) for 24 and 48 h. Twenty microlitres
of MTT (5 mg/mL) (Millipore) was added to each well
and incubated for 4 hours. Then, after removing the super-
natant, 150 pL of dimethyl sulfoxide (DMSO) (Millipore)
was added to each well and mixed thoroughly for 10 min.
The optical density was measured at 490 nm.

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick End
Labelling (TUNEL) Staining

For terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) staining, the FragEL™ DNA
Fragmentation Detection Kit (Millipore) was used accord-
ing to the manufacturer’s instructions.

Transcriptome Sequencing (RNA-Seq)
BV2 cells stably expressing negative control and
shMEF2D were stimulated with LPS (500 ng/mL) for
12 h, and whole lysates were collected in 1 mL of
TRIzol reagent. Total RNA was extracted, and a TruSeq”
RNA LT Sample Prep Kit v2 (Illumina, San Diego, USA)
was used to construct cDNA libraries. The cDNA frag-
ments were sequenced using an Illumina HiSeq2500.
Biological triplicate RNA sequencing was performed on
12 independent RNA samples from BV2 cell lines.

Phagocytosis

Fluorescent beads (AAT Bioquest, Protonex Red 600 latex
beads) were administered for 4 h to BV2 cells stably
expressing NC, shtMEF2D, or OE-MEF2D. After washing,
uptake of fluorescent beads was analysed by laser scanning
confocal microscopy (Nikon, Minato, Japan).

Statistical Analyses

Data are expressed as the mean + standard error of the
mean (SEM) from at least three independent experiments.
Data were analysed by either one-way ANOVA or two-
way ANOVA as appropriate. Statistical analyses were
carried out using SPSS 19.0. P-values < 0.05 were con-
sidered statistically significant.

Results
MEF2D Participated in the Inflammatory
Response of BV2 Cells

Previous studies have shown that MEF2D participates in
MPTP-induced microglial activity. This prompted us to
explore the transcriptional regulation network of MEF2D.
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We chose the LPS-induced BV2 microglial cell model. The
murine BV2 cell line retains most of the immunological prop-
erties ascribed to active microglia and is widely used in neu-
roinflammation research.?’ After LPS treatment, the level of
MEF2D gradually increased and reached a significantly higher
level at 24 h (Figure 1A left). Because MEF2D is
a transcription factor, nuclear and cytoplasmic proteins were
fractionated to confirm the nuclear distribution of MEF2D
(Figure 1A right). After LPS treatment, MEF2D was only
elevated in the nucleus, but the cytoplasmic level did not

change, indicating that MEF2D may play a transcriptional
role in inflammation.

To verify the regulatory effect of MEF2D in inflamma-
tion, we used a lentiviral vector to generate BV2 cells
stably expressing SAIMEF2D and OE-MEF2D. After LPS
stimulation, the expression of the proinflammatory factors
NLRP3 and iNOS was significantly increased by MEF2D
knockdown and diminished by overexpression of MEF2D
compared with NC (Figure 1B). Because IL-4 inhibits
macrophage production of proinflammatory cytokines,
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Figure | MEF2D participated in the inflammatory response of BV2 cells. (A) LPS induced an increase in the level of MEF2D, which was mainly distributed in the nucleus in
BV2 cells. BV2 cells were exposed to 500 ng/mL of LPS for 6, 12 or 24 h, and nuclear and cytoplasmic proteins were fractionated to quantify MEF2D by immunoblotting. (A
right graph) The relative quantification of MEF2D is shown. (B) BV2 cells were transfected with recombinant lentivirus expressing either control shRNA, shRNA-MEF2D
(shMEF2D), or overexpression-MEF2D (OE-MEF2D), and stable cell lines were selected followed by treatment with LPS for 12 h or IL-4 for 18 h. The protein levels of the
proinflammatory factors NLRP3 and iNOS were tested by immunoblotting. (B right graphs) The relative quantification data are shown. Data in A and B from three
independent experiments are expressed as the mean + SEM and were analysed by two-way ANOVA (**P < 0.01). (C) The morphological effects of MEF2D on BV2 cells
were determined. BV2 cells stably expressing NC, shMEF2D, or OE-MEF2D were treated with LPS for 12 h, and the morphological changes were analysed by optical
microscopy. Arrows indicate activated microglia. The scale bars represent 50 um. (C bottom graph) Active cells were defined as those with a ratio of long axis to short axis
greater than 1.5. (D) The effect of MEF2D on phagocytosis was determined in BV2 cells. Fluorescent beads were added to the cells for 4 h. Immunofluorescence staining was
performed to measure phagocytosis capacity. Arrows indicate microglia undergoing phagocytosis. Scale bars represent 50 pm. (D right chat) The ratio of red fluorescent
positive cells reflects the phagocytic activity of microglia. The data shown in C and D are from at least 300 cells of 5 vision fields in three independent experiments, and
analysed by two-way ANOVA (*P < 0.05, **P < 0.01).
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we also administered IL-4 and found that the MEF2D
level did not significantly change between treated and
untreated groups of the different stable cell lines
(Figure 1B). These data indicate that MEF2D is more
inclined to participate in the proinflammatory reaction
process.

Morphology is also an important indicator of the acti-
vation state of microglia. In the resting state, BV2 micro-
glial cells were round with small cell bodies, while under
LPS stimulation, the morphology changed significantly:
the cell body became larger and the protrusions became
increasingly thicker. Note that knockdown of MEF2D
made BV2 cells turbulent at baseline. The rate of activated
shMEF2D BV2 cells was significantly higher than that of
NC cells at 12 h after LPS treatment. However, overex-
pression of MEF2D mitigated the activation state even
following LPS treatment (Figure 1C). Immune phagocyto-
sis is another main feature of activated microglia. The data
consistently showed that knockdown of MEF2D enhanced
the immune phagocytic function of BV2 cells, while over-
expression of MEF2D partially alleviated the immunopha-
gocytic activity (Figure 1D). These data suggest that
MEF2D might act as an inhibitor of excessive inflamma-
tion to be tightly involved in regulating inflammatory
homeostasis.

MEF2D Knockdown Promoted the

Proinflammatory Response of BV2 Cells
Our above data showed that MEF2D may participate in the
inflammatory response of microglia. To further test this
hypothesis, we used BV2 cells stably expressing
shMEF2D, in which the knockdown efficiency was
approximately 80% of the background compared to that
of NC cells. Even with LPS stimulation for 24 h, the
expression of MEF2D in shMEF2D BV2 cells signifi-
cantly deceased (Figure 2B and E). MTT and TUNEL
assays were performed, and the data showed that knock-
down of MEF2D did not affect the survival and prolifera-
tion of BV2 cells, even under LPS stress conditions
(Figure S1A and B).

To determine the role of MEF2D in activated BV2
cells, we performed time course studies of several key
inducible inflammatory factors in shMEF2D BV2 cells
under LPS treatment. NLRP3 is an innate immune
proinflammatory factor that mediates the cleavage-
mature process of IL-1B. Its function is crucial for the
regulation of neuroinflammation mediated by microglia.

Knockdown of MEF2D significantly promoted the
expression of NLRP3 after LPS treatment for 8 h, and
the trend lasted for at least 24 h in BV2 cells (Figure 2A
and B). The secretion level of the downstream IL-1f
cytokine in shMEF2D cells was significantly higher
after 12 h of LPS stimulation than that of NC cells
(Figure 2C). The mRNA and protein levels of another
proinflammatory factor, iNOS, were also increased
markedly by knockdown of MEF2D compared with
NC after 8 h of treatment with LPS (Figure 2D and
E). In contrast, the protein but not the mRNA level of
the anti-inflammatory factor nuclear factor-erythroid
2-p45 (Nrf2)
(Figure 2D and E). These results strongly confirm that

derived factor 2 was decreased
knockdown of MEF2D markedly enhances the suscept-
ibility and proinflammatory response of BV2 microglial

cells.

Differently Expressed Genes in Response
to MEF2D Knockdown Enriched in the

Immune System of BV2 Cells

To investigate the regulatory function of MEF2D in
microglia, we used RNA-seq and analysed the global
gene expression patterns in LPS-stimulated BV2 cells
with or without stable MEF2D knockdown. To monitor
the changes in inflammatory factors in the acute stage,
transcriptome sequencing was performed 12 h after
LPS treatment (Figure 3D). The knockdown efficiency
and transcriptional activity were tested for quality con-
trol (Figure 3A and B). RNA-seq transcriptional ana-
lysis was performed using three biological replicates
for each treatment: NC, NC + LPS
shMEF2D, shMEF2D + LPS
Principal component analysis (PCA) showed good

stimulation,
and stimulation.
separation and a high level of consistency between
biological replicates of the same population in BV2
cells (Figure 3C). Using a false discovery rate,
P<0.01, and fold change>1.5 log, as the cut-off values,
we identified 310 differentially expressed genes in
MEF2D knockdown cells relative to controls without
LPS treatment (Figure 3E). The genes were enriched in
the gene ontology (GO) annotations of “tissue devel-
opment”, “cell adhesion”, and “cell differentiation”
(Figure 3F) and were in the top Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway classes
“infectious diseases”, “cancers”, “digestive system”,
“neurodegenerative diseases” and “cellular community”
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Figure 2 MEF2D knockdown hyperactivates BV2 cells. BV2 stable NC and shMEF2D cell lines were treated with LPS. (A and B) The mRNA and protein levels of the
preinflammatory factor NLRP3 were tested by qPCR and Western blot. (B bottom graph) Relative quantification data are shown. (C) The effect of shMEF2D on the
secretion of the preinflammatory cytokine IL-1f following LPS treatment was determined. The secreted levels of IL-13 were tested by ELISA. (D and E) The mRNA and
protein levels of the preinflammatory factor iINOS and the oxidative stress regulator Nrf2 were tested by qPCR and immunoblotting, respectively. (E bottom graph) Relative
quantification data are shown. The data from three independent experiments are expressed as the mean + SEM and were analysed by two-way ANOVA (*P < 0.05,

=P < 0.01).

(Table S2). Under LPS stimulation for 12 h, 242 genes

“immune system”, “infectious diseases”, “cancers”

were altered between shMEF2D and NC BV2 stable
cell lines (Figure 3E) and were enriched in the GO
annotations “response to stimulus”, “immune system
process” and “innate immune response” (Figure 3F)
and involved in the top KEGG pathway classes of

and “signal transduction” (Table S2). These results
strongly confirm that MEF2D could impact the immune
response and that knockdown of MEF2D could change
the immunoregulatory function of BV2 microglial
cells.
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Figure 3 Functional annotation and canonical pathways of MEF2D knockdown in BV2 cells. (A and B) The knockdown efficiency of shARNA-MEF2D was tested by Western
blot and luciferase reporter assays. The data from three independent experiments are expressed as the mean + SEM and were analysed by two-way ANOVA (*P < 0.05,
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NC cells stimulated with LPS is shown. Heat maps were generated with Multi Experiment Viewer (version 4.8) software. (E) The number of differentially expressed genes
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Knockdown of MEF2D Significantly

Blocked the Interferon Response System
The interferon signalling pathway is an essential part of
the innate immune response in microglia by participating
in the immune response to a variety of endogenous and
exogenous stimuli, triggering phenotypical plasticity and
(ISGs).
Interferons (IFNs) have been implicated in the dysregula-

the cascade of interferon-stimulated genes

tion of the immune response in autoimmune diseases”' and
neurodegeneration.””** Strikingly, we found that some of
the downregulated genes in shMEF2D cells compared to
NC cells after LPS treatment for 12 h clustered in the
interferon signalling pathway, such as CXCL10, IFIT1,
IL12B, IL-6, IRF7, ISG15, and MX2. (Figure 4A). Most
of the suppressed ISGs were induced mainly by the IFN-Is
pathway. These data strongly confirm that MEF2D knock-
down obviously inhibits the interferon response system.
Thus, MEF2D is an indispensable element for the full
activation of the interferon signalling pathway.

IFN-Is are transcriptionally regulated®® and induced
following recognition of pathogen components during
infection by various host pattern recognition receptors.
IRF7 and IRF3 are the most important transcription factors
in the initiation of IFN-Is.*> The gene network indicated
that IRF7 is the key transcription factor of the significantly
and differentially expressed genes in BV2 shMEF2D and
NC stable cell lines treated with LPS (Figure 4B). The
transcript abundance (in read count) of IRF7 and IRF3 was
evaluated, and the data showed that the IRF7 mRNA level
was suppressed, while IRF3 was not affected (Figure 4C).
Additionally, the transcript abundances of IFN-Is, such as
IL-6, IL12B and CXCL10, were significantly suppressed
by shMEF2D under LPS stimulation (Figure 4D). Because
IRF7 is a master regulator in the initiation stage and in
the second wave of the cascade,”>*® the RNA-seq data led
us to speculate that IRF7 may be the key factor by which
MEF2D regulates IFN-Is.

Transcriptional Regulation of IRF7 by

MEF2D

To determine the key regulatory purpose of MEF2D, the
downregulated genes in shMEF2D cells were screened
with a putative MEF2 binding motif in the promoter
sequences. Several genes, including IRF7, were predicted
to possess potential sites (Figure SA). To assess the direct
binding of MEF2D, we carried out a ChIP-PCR assay. The
PCR data revealed that MEF2D bound specifically to the

regions of the IRF7 promoter that contained putative sites.
Significant increases in binding occurred in response to
LPS treatment in BV2 cells (Figure 5B and C). We also
performed qPCR to confirm the subsequent IFN-Is. The
data showed that LPS stimulation significantly activated
the IFN-I signalling pathway, and knockdown of MEF2D
markedly inhibited the elevation of IRF7, IFNA1, MX2,
IFIT1, IFI27, ISGI15, RSAD2, ZBP1 and DDX58
(Figure 5D). Together, these findings demonstrated that
MEF2D directly regulates the transcriptional activity of
IRF7, the key regulatory factor of IFN-Is.?® These
results strongly support the conclusion that MEF2D is
a powerful regulator of the immune system, mainly
through the IFN-I signalling pathway in BV2 microglial
cells.

Discussion

Microglia are the native macrophages in the brain. As
highly plastic cells, microglia adopt diverse phenotypes
and play seemingly paradoxical roles, ranging from neuro-
toxic to neuroprotective effects, to maintain micro home-
of the
Obviously, the high plasticity of microglia requires a set

ostasis brain under pathological conditions.
of precise regulatory systems to control a wide range of
functional activities under various conditions. Extensive
studies have demonstrated that transcriptional regulation
and epigenetic mechanisms, including microRNA
regulation,” histone modification and DNA methylation,*
are an important part of these regulatory systems. Recently,
it was reported that microRNA-129-5p targets the high
mobility group protein boxl to regulate inflammation in
LPS-activated spinal microglial cells.*’ Our study revealed
that MEF2D, which sensitively responds to diverse stres-
sors, was strongly induced in microglia under LPS stimula-
tion and was associated with changes in microglial
phenotypes and functions. Although MEF2D has been
well studied in multiple model systems and promotes neu-
ronal survival by mediating several survival and death

: 2
signals,**?

its role in the immune system needs to be
further clarified. To uncover the specific regulatory function
of MEF2D, we constructed stable MEF2D knockdown and
MEF2D-overexpressing BV2 microglial cell lines. We
found that compared to NC, knockdown of MEF2D did
not affect BV2 cell proliferation or apoptosis but signifi-
cantly increased the expression of proinflammatory factors,
such as NLRP3, IL-1B and iNOS, following 12 h of LPS
treatment. This result is different from our previous study in
DA neurons.'' This may be due to the much lower level of
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Figure 4 MEF2D knockdown significantly inhibited the interferon signalling pathway. (A) A heat map representation of the interferon-stimulated genes differentially
expressed between shMEF2D and NC BV2 cells stimulated with LPS is shown. Data are from three independent experiments (P < 0.01, and log2-fold change 2 |.5). Heat
maps were generated with Multi Experiment Viewer (version 4.8) software. (B) The network of significantly differentially expressed genes was evaluated by RNA-seq in BV2
shMEF2D and NC stable cell lines with LPS treatment (P < 0.01, and log2-fold change 2 |.5). (C and D) Transcript abundance (in read count) was evaluated using RNA-seq
in the key regulators (IRF7 and IRF3) (C) and effectors (IL-6, ILI2B and CXCLI0) (D) of the type | interferon signalling pathway in different LPS-treated BV2 stable cell lines.
The data from three independent experiments are expressed as the mean + SEM and were analysed by two-way ANOVA (**P < 0.01).
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endogenous MEF2D in microglia than in DA neurons. This  response in microglia rather than a nutritional factor.
inducible characteristic indicates that MEF2D is more likely  Inhibiting the expression of MEF2D could disrupt the bal-
to act as a stress regulator involved in the inflammatory ance of inflammatory cytokines, leading to hyperactivation
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of proinflammation. Our data also indicate that knockdown
of MEF2D markedly and specifically inhibits the IFN-I
signalling pathway. IFN-I signals are tightly involved in
the microglial inflammatory process. IFNs are a group of
related antimicrobial cytokines critical for defending against
viruses and other pathogens.”® Because of the elevated
levels of the proinflammatory factors NLRP3, IL-1f, and
iNOS, we can reasonably speculate that the inhibition of
IFN-I signalling by MEF2D knockdown contributes to
inadequate immune responses, which compensatively
leads to overactivation of other proinflammatory signalling
pathways. However, the exact mechanism by which
MEF2D is involved in the crosstalk between classical proin-
flammatory signalling pathways, such as p38 MAPK, and
the IFN signalling pathway needs further investigation.
IFNs can be divided into three classes based on
sequence homology: types I, II, and IIL*> Well-known
IFN-Is are essential in initiating and regulating innate
and adaptive immunity.>* In vitro studies proved that
microglia are the main cell population in the CNS mediat-
ing the IFN-I response.>® The chronic production of IFN-Is
partly contributes to the dysfunction of microglia and is
implicated in the development of age-related neuropatho-
logical diseases and chronic neurodegeneration, such as
age-associated cognitive decline,”’ prion disease,”® and
Alzheimer’s disease.*” IFN-Is exert antiviral and immuno-
modulatory activities by inducing ISGs. IRF7 is the master
transcriptional regulator of the IFN-I-dependent immune
response.”’** The regulatory mechanism of IRF7 in acti-
vated microglia is unclear. Using targeted resequencing of
215 candidate genes involved in autoimmunity in Swedish
cohorts, a rare regulatory variant rs200395694: G>T
located in intron 4 of the MEF2D gene was identified to
be associated with systemic lupus erythaematosus,
a chronic inflammatory autoimmune disease with exces-
sive production of IFN-Is and autoantibodies against
nucleic acids as hallmarks.*' The region has properties of
an active cell-specific enhancer.** In the current study, we
proved that as the key regulator of the IFN-I response,
IRF7 is directly transcribed by MEF2D, explaining how

IRF7 works in stress-induced microglia.

Conclusions

Imbalances in IFN-Is and the inflammatory response are
often synchronized and are involved in ageing and neuro-
degenerative diseases. A properly controlled inflammatory
response is the key to brain homeostasis. IFN-Is are pleio-
tropic cytokines with a critical role in the initiation,

amplification and termination of the proinflammatory
response in the CNS.**** Our data indicate that MEF2D,
as an endogenous inducible factor, participates in the reg-
ulation of inflammatory homeostasis mainly by regulating
the IFN-I signalling pathway. Our findings reveal that
MEF2D, as a stress-sensing and regulatory molecule,
implicitly and powerfully regulates IFN-I signalling path-
ways and is involved in the regulation of inflammatory
homeostasis. It appears that MEF2D is inactive at the
initial stage of inflammation but plays an inhibitory role
in the amplification of the proinflammatory response.
Thus, we speculate that MEF2D may be an important
regulator mediating the balance between effective immune
responses and excessive inflammation.
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