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Abstract Uveitis, a vision-threatening inflammatory disease worldwide, is closely related to
resident microglia. Retinal microglia are the main immune effector cells with strong plasticity,
but their role in uveitis remains unclear. N6-methyladenosine (m6A) modification has been
proven to be involved in the immune response. Therefore, we in this work aimed to identify
the potentially crucial m6A regulators of microglia in uveitis. Through the single-cell
sequencing (scRNA-seq) analysis and experimental verification, we found a significant decrease
in the expression of fat mass and obesity-associated protein (FTO) in retinal microglia of uveitis
mice and human microglia clone 3 (HMC3) cells with inflammation. Additionally, FTO knock-
down was found to aggravate the secretion of inflammatory factors and the mobility/chemo-
taxis of microglia. Mechanistically, the RNA-seq data and rescue experiments showed that
glypican 4 (GPC4) was the target of FTO, which regulated microglial inflammation mediated
by the TLR4/NF-kB pathway. Moreover, RNA stability assays indicated that GPC4 upregulation
was mainly regulated by the downregulation of the m6A “reader” YTH domain family protein 3
(YTHDF3). Finally, the FTO inhibitor FB23-2 further exacerbated experimental autoimmune
uveitis (EAU) inflammation by promoting the GPC4/TLR4/NF-kB signaling axis, and this could
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be attenuated by the TLR4 inhibitor TAK-242. Collectively, a decreased FTO could facilitate
microglial inflammation in EAU, suggesting that the restoration or activation of FTO function
may be a potential therapeutic strategy for uveitis.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Uveitis is a vision-threatening ocular inflammatory disease
that affects multiple systems with complicated etiology.
Autoimmune uveitis accounts for the majority of nonin-
fectious uveitis and involves aberrant immune recognition
of unique self-antigens in target tissues.1 Previous studies
have focused on peripheral immune cells in the develop-
ment of autoimmune uveitis. Vogt-Koyanagi-Harada disease
and Behcet’s disease, the most common uveitis entities in
China, have been reported to be associated with the Th17
response.2,3 Experimental autoimmune uveitis (EAU) is
regarded as a classical animal model of human autoimmune
uveitis, and both Th1 and Th17 cells are considered as
essential inducers of EAU.4 Furthermore, activated gamma
delta T cells and dendritic cells promote inflammatory
progression in EAU.5 However, little is known about retinal
innate immune cells in autoimmune uveitis.

With the rapid development of molecular biology tech-
niques, such as single-cell sequencing (scRNA-seq), the
crucial role of resident microglia in the retina has been
determined.6 Microglia are characterized as the main ac-
tors in the inflammation of uveitis on account of their
multiple functions.7 Microglial activation can be mainly
categorized into the M1 proinflammatory state termed
“classical activation” and the M2 anti-inflammatory state
termed “alternative activation”.8 Resident microglia could
migrate to the subretinal space and adhere to the retinal
pigment epithelium in a mouse model of photoreceptor
degeneration.9,10 Besides, microglia are required to amplify
retinal inflammation by mediating immune cell entry into
the retina. After depletion of microglia, circulating immune
cells could not enter the retina to initiate EAU.11 Hence,
exploring the underlying functions and mechanisms of
microglia is essential for understanding the pathological
process of uveitis.

As the most abundant internal mRNA modification in
eukaryotes, m6A is critical in multiple physiological and
pathological biological processes.12e16 Specific ablation of
ALKBH5 (AlkB homolog 5) in T cells could confer protection
against experimental autoimmune encephalomyelitis
(EAE), a classical animal model for studying multiple scle-
rosis.17 T cell-specific METTL14 deficiency prevented the
differentiation of naı̈ve T cells into Tregs, leading to an
imbalance in spontaneous colitis.18 These dynamic pro-
cesses are modulated by methyltransferases (writers),
demethylases (erasers), and readers.19 For m6A modifica-
tion, the “writer” complex can deposit methyl on adeno-
sine. For m6A removal, “erasers”, such as FTO (the first m6A
“eraser” identified), can remove methyl from adenosine.20

In recent years, strong evidence has indicated that FTO
could regulate the genesis and development of autoimmune
diseases.21 Associations between FTO mRNA expression and
some indicators of rheumatoid arthritis were identified by
high-throughput m6A sequencing.22 Latent autoimmune
diabetes in adults has been reported to be linked to the
high-risk genotype of FTO SNP rs9939609.23 Although the
effects of FTO in other autoimmune diseases are well
documented, the mechanism of m6A demethylase in uveitis
are poorly understood.

IRBP (interphotoreceptor retinoid-binding protein)-
induced EAU mice and LPS/IFN-g-induced inflammatory
HMC3 cells were utilized in this study. FTO expression was
specifically decreased in microglia both in vivo and in vitro,
as confirmed by scRNA-seq data and validation with RT-
qPCR and Western blotting. However, this significant
change was not observed for other m6A methylases and
demethylases. Furthermore, compared with normal HMC3
cells, FTO-depleted ones were more likely to induce
inflammation, manifested by elevated expression of in-
flammatory factors, enhanced cell mobility, and chemo-
taxis to CD4þ T cells. Consistently, FTO-deficient mice with
EAU exhibited amplified expression of inflammatory factors
and more obvious intraocular inflammation. Subsequent
experiments revealed that FTO knockdown triggered the
upregulation of GPC4, which was mediated by reduced
YTHDF3 expression. Moreover, GPC4 was identified as the
key enhancer of the TLR4/NF-kB pathway. Collectively,
these data suggest that decreased FTO exacerbated
microglial inflammation in EAU by targeting GPC4, and the
retention of FTO function may be helpful in identifying a
strategy to slow the progression of uveitis.

Methods and materials

Animals

Female C57BL/6J mice (6e8 weeks old) were provided by
the Experimental Animal Center of Chongqing Medical
University (Chongqing, China) and kept in a specific path-
ogen-free environment. The protocol was approved by the
Ethics Committee of the First Affiliated Hospital of
Chongqing Medical University, Chongqing, China.

Reagents

IRBP651-670 (LAQGAYRTAVDLESLASQLT) peptide was synthe-
sized and provided by Sangon Biological Engineering Tech-
nology & Services Co., Ltd. (Shanghai, China). Both
complete Freund’s adjuvant and pertussis toxin were pur-
chased from SigmaeAldrich (St. Louis, MO, USA). Heat-
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killed Mycobacterium tuberculosis strain H37Ra was or-
dered from BD Biosciences (NJ, USA).

Induction of EAU

Female C57BL/6J mice were subcutaneously immunized
with human IRBP651e670 (500 mg) dissolved in 0.1 mL of PBS
containing 20% DMSO (V900090 MSDS, SigmaeAldrich, USA)
and emulsified with an equal volume of complete Freund’s
adjuvant containing M. tuberculosis strain H37Ra. Mice
were injected intraperitoneally with 1 mg of Bordetella
pertussis toxin.

Clinical and histopathological assessment

On the 14th day after modeling, the clinical symptoms of
EAU were assessed by slit lamp examination. The clinical
severity of ocular inflammation was evaluated in a blinded
manner by three independent experienced observers, and
half-point increments were scored on a scale of 0e5 ac-
cording to five independent criteria and Caspi’s criteria.24

Mice were sacrificed after clinical scoring, and their eye-
balls were enucleated and fixed. Then, paraffin sections
were prepared along the papillary-optic nerve axis. The
sections were stained with hematoxylin and eosin for his-
topathological evaluation at grades 0e4 according to Cas-
pi’s criteria.24

Intravitreal injection of FB23-2

On the 9th day of EAU, the mice were injected intra-
vitreally with FB23-2 (10 mmol/mL), which is a potent and
selective m6A demethylase FTO inhibitor (SigmaeAldrich,
St. Louis, USA).25 FB23-2 was dissolved in DMSO and diluted
in PBS. DMSO diluted proportionally with PBS was injected
as a control.

Intraperitoneal injection of TAK-242 (resatorvid)

After EAU induction for 9 days, all immunized mice were
examined with a slit lamp to guarantee successful
modeling. The mice were randomly divided into three
groups according to the different treatments, the
EAU þ Vehicle group, the EAU þ FB23-2 group (receiving
once FB23-2 intravitreal administration on the 9th day),
and the EAU þ FB23-2þTAK-242 group (receiving intraper-
itoneal administration of TAK-242 at a dose of 3 mg/kg per
day for three times with a one-day interval). The TAK-242
was purchased from MedChemExpress, and the doses and
administration times were selected based on several rele-
vant articles.26,27

Flow cytometric analysis

The mouse retinas were removed, crushed, and filtered in a
cell strainer (70 mm nylon, BD Falcon, San Jose, CA, USA) to
obtain single-cell suspensions. The cells were stained with
live/dead dye (Thermo Fisher Scientific, Waltham, MA,
USA) at 4 �C for 10 min. After two washes with PBS, the cells
were stained with antibodies specific to surface markers
CD4 (1 mL/106 cells, BioLegend, USA) and CD11b (1 mL/
106 cells, BioLegend, USA). Then, the cells were fixed with
fixation buffer (BioLegend, USA) at room temperature for
20 min and permeabilized with intracellular staining (Bio-
Legend, USA). The harvested cells were stained with
intracellular cytokine iNOS (0.5 mL/106 cells, BioLegend,
USA). The cells were subsequently analyzed with BD
FACSAria� fusion flow cytometer (USA), and the data
analysis was performed with FlowJo version X software.

Immunofluorescence

For retinal flat mounts, the eyeballs were immersed in 4%
paraformaldehyde for 2 h, cut into flat mounts, blocked
with 3% goat serum and 0.3% Triton X-100 for 1 h, and then
incubated with IBA1 (Wako, 019e19741, 1:1,000) at 4 �C
overnight. Next, the retinas were washed three times with
PBS and incubated with Cy3-labeled goat anti-rabbit IgG
(H þ L) (Beyotime, A0516, 1:5,000) for 1 h. For paraffin
sections, 5 mm paraffin slides were incubated at 75 �C for
90 min and deparaffinized in xylene. After rehydration in a
descending series of ethanol, the slides were washed in
distilled water for 5 min. Antigens were repaired in citrate
antigen repair buffer (pH 6.0) (Servicebio, Wuhan, China).
After preparation, staining was performed, the method of
which was the same as that for retinal spreading. In
contrast, we used CD4 (Invitrogen, MA1-146, 1:400), IBA1
(WAKO, 019e19741, 1:1,000), and DAPI for co-staining. Im-
ages were taken by confocal microscopy (Zeiss, Germany).

Cell culture

The human microglial cell line HMC3 was purchased from
the American Type Culture Collection (ATCC, USA) and
maintained in our laboratory with Eagle’s minimum essen-
tial medium (EMEM, ATCC, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) and 1% penicillin/
streptomycin (Gibco, USA). All these cells were cultured in
5% CO2 at 37 �C.

Quantitative real-time PCR

TRIzol reagent (Invitrogen, San Diego, California, USA) was
used to extract total RNA from EAU tissues and HMC3 cells
as per the manufacturer’s instructions. The mRNA levels
were measured by RT Master Mix for qPCR (MedChemEx-
press, USA) and SYBR Green qPCR Master Mix (MedChe-
mExpress, USA). All results were normalized to the b-actin
expression. The primers for the targeted genes used are
shown in Table S1.

Cell transfection

Short hairpin RNAs (shRNAs) targeting FTO and GPC4 and
negative control were synthesized and cloned into the
pGLVH1/GFP/Puro vector by GeneChem (Shanghai, China).
Puromycin (1 mg/mL; Beyotime) was added after three days
for selection. The transfection efficiency was confirmed via
RT-qPCR and Western blotting. Small interfering RNA
(siRNA) targeting YTHDF3 (Thermo Fisher Scientific) was
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used for YTHDF3 knockdown in HMC3 cells. The sequences
of shRNAs and siRNAs are shown in Table S2.

Western blot

Cell and retinal tissues were extracted with lysis buffer
(Beyotime, Shanghai, China) and centrifuged at 4 �C and
14,000 rpm for 10 min. Protein samples were separated via
7.5% (wt/vol) SDS-PAGE and transferred onto PVDF mem-
branes (Millipore, Billerica, MA, USA). The membranes were
blocked with 5% skim milk for 1.5 h at room temperature.
Then, the primary antibodies were incubated overnight at
4 �C. The membranes were washed three times and incu-
bated with secondary antibodies for 1 h at room tempera-
ture. An ECL kit (Thermo Scientific, CA, USA) was used to
visualize the band signal, and ImageJ software was used to
quantify the signal. The primary antibodies used in this study
were as follows: iNOS (ab178945, Abcam, 1:800), TNFa
(ab183218, Abcam, 1:500), IL6 (ab233706, Abcam, 1:500),
FTO (ab126605, Abcam, 1:800), GPC4 (sc-517403, Santa
Cruz, 1:800), NF-kB p65 (ab32536, Abcam, 1:1,000), NF-kB p-
p65 S536 (3033, Cell Signaling Technology, 1:1,000), TLR4
(ab22048, Abcam, 1:1,000), MYD88 (ab133739, Abcam,
1:1,000), CD14 (221678, Abcam, 1:1,000), CXCL10 (14969,
Cell Signaling Technology, 1:1,000), and b-actin (20536-1-AP,
Proteintech, 1:3,000). The secondary antibodies used
included HRP-conjugated AffiniPure goat anti-mouse IgG
(SA00001-1, Proteintech, 1:6,000) and HRP-conjugated Affi-
niPure goat anti-rabbit IgG (SA00001-2, Proteintech,
1:6,000).

Cell proliferation assay

The cell proliferation was evaluated using a CCK-8 detec-
tion kit as per the manufacturer’s instructions (HYeK0301,
MedChemExpress, USA). In brief, the cells were seeded in
96-well plates at a density of 5000 cells/100 mL. The dye
solution was added at the indicated times (0, 12, 24, 48,
72 h), and the plate was incubated at 37 �C for 2 h. Then,
the absorbance was measured at 450 nm.

Enzyme-linked immunosorbent assay

The cell supernatant was harvested, centrifuged, and then
stored at �80 �C. The concentration of tumor necrosis
factor-a (TNFa) was measured using ELISA kits (Elabs-
cience, Wuhan, China).

Culturing of primary microglia

Primary retinal microglia were cultured following the pro-
cedures modified based on the previously described.28,29

Briefly, the tissues from postnatal (8e10 days) C57BL/J mice
were pulled together and were digested with the papain for
15 min (Sigma, USA). The pooled single-cell suspensions
were washed in DMEM/F12 þ 10%FBS (Gibco) and filtered
through a 70 mm cell strainer (Jiete, China). After centri-
fugation (1000 rpm for 5 min), the supernatant was dis-
carded and the isolated cells were then cultured in a 5% CO2

incubator at 37 �C with DMEM/F12 þ 10%FBS þ 10 mg/mL M-
CSF (novaprotein, CB34). Microglial purification was
conducted when mixed retinal cells were cultured for
13e14 days. After 14 days of culture, microglia were sub-
jected to mild trypsinization (0.0625%) for 30 min at 37 �C to
remove macroglia. 0.25% trypsin was then used to digest
microglia for 10 min at 37 �C. The detached cells, composed
of 95% microglia, were seeded into the Transwell system.

Transwell assay

The Corning� Transwell systems with inserts (5-mm pores
for primary microglia and 8-mm pores for HMC3 cells) were
applied. HMC3 cells (100,000) from different groups were
seeded in a medium consisting of 2% FBS in the upper
compartment; the lower chamber consisted of 10% FBS.
After 24-h incubation at 37 �C, LPS (1 mg/mL, Sigma) and
IFN-g (500 ng/mL, PeproTech) were added to the lower
chamber. One day later, the HMC3 cells were washed with
PBS twice and fixed with 4% paraformaldehyde for 20 min,
and stained with crystal violet (Beyotime, China). The
remaining cells in the upper compartment were removed,
and the images of the stained cells were quantified by
ImageJ (USA).

Wound healing assay

Cells were incubated until they formed a 90%e100%
confluent monolayer. Next, the cells from different groups
were scratched by a sterile pipette tip in an FBS-free me-
dium. After 24-h incubation at 37 �C, the images of cell
migration into the scratched area were obtained by a mi-
croscope, and the distances were analyzed by ImageJ (USA).

Quantification of m6A RNA levels

The colorimetric method was used to detect the overall
level of m6A RNA modification according to the manufac-
turer’s instructions for the EpiQuik m6A RNA Methylation
Quantification Kit (EpiGentek, CA, P-9008-48).30 In brief,
100 ng of total RNA was bound to each well, and the anti-
body capture solution and antibody detection solution were
added. Finally, the absorbance of the m6A modification was
detected at 450 nm.

Single-cell RNA sequencing

RNA was extracted using TRIzol� reagent. RNA quality was
strictly controlled by Novogene Technology Co., Ltd. (Bei-
jing, China). Library construction and transcriptome anal-
ysis were completed by Novogene Technology Co., Ltd.
Differentially expressed genes (DEGs) were identified based
on Padj < 0.05 and | log2 fold change (FC) | > 1.

Methylated RNA immunoprecipitation-quantitative
PCR

MeRIP-qPCR was conducted according to a protocol slightly
modified based on the previously described.31,32 In brief,
the TRIzol method was used to extract total RNA. Fifty
nanograms of total RNA was saved, and one-tenth was used
as input. The remaining RNA was used for m6A
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immunoprecipitation with m6A antibody (Synaptic Systems,
USA) in immunoprecipitation (IP) buffer (500 mL) to obtain
m6A pulldown components (m6A IP portion). RNA from
immunoprecipitated m6A was immunoprecipitated using
Dynabeads Protein A (Thermo Fisher Scientific, USA), fol-
lowed by elution. The RNA concentration of m6A IP RNAs
recovered by ethanol precipitation was determined by
spectrophotometry (Thermo Fisher Scientific, USA). Next,
the input and m6A IP RNA (1 ng) were subjected to RT-qPCR,
as described above.

RNA stability

The cells were pre-stimulated with LPS and IFN-g in the
experimental groups. Actinomycin D (Sigma, USA) at 4 mg/
mL was added to the medium. The cells were harvested
after incubation at specific time points (0, 2, 4, and 6 h),
and the RNA was quantified via RT-qPCR.

Coculture of microglia and primary CD4D T cells

Whole blood was provided by healthy donors from The First
Affiliated Hospital of Chongqing Medical University. Pe-
ripheral blood mononuclear cells (PBMCs) were separated
from whole blood using Ficoll density gradient centrifuga-
tion (TBD Science). CD4þ T cells from PBMCs were isolated
following the manufacturer’s instructions of the EasySep�
Cell Separation Kit (17952; STEMCELL Technologies, Can-
ada). Isolated CD4þ T cells were plated in the top chamber
at a density of 1 � 105 cells/well in 500 mL of RPMI 1640
medium consisting of 2% FBS, whereas HMC3 cells were
added to the lower chamber in advance with 1 mL of EMEM
consisting of 10% FBS. After the microglia were stimulated
with LPS and IFN-g for 24 h, we collected cell suspensions
from the lower chamber for cell counting.

Statistical analysis

All the data were expressed as the mean � SD and analyzed
by IBM SPSS Statistics 20.0 (Chicago, USA). All the figures
were constructed using GraphPad Prism version 8.0 soft-
ware (San Diego, USA). For data conforming to normality
and homogeneity of variance, unpaired Student’s t-test was
employed for comparisons of two sets of samples, and one-
way ANOVA followed by Bonferroni’s test was used in mul-
tiple groups. Otherwise, a nonparametric test was applied
via the ManneWhitney U test. The differences between
groups at P < 0.05 were considered statistically significant.

Results

Microglial FTO was decreased during EAU
progression

First, we stably generated EAU according to a previous
study.33 The EAU mice exhibited conjunctival and ciliary
hyperemia, infiltration of anterior chamber inflammatory
cells, and more retinal folds than the control mice. Clinical
scores and pathology scores were consistent with the
representative characteristics (Fig. S1A, B). Furthermore,
retinal inducible NOS (iNOS), tumor necrosis factor-a
(TNFa), and interleukin 6 (IL6) levels were increased in the
EAU mice (Fig. S1C, D). To further explore the functioning
cells in the retina, we analyzed single-cell sequencing data
of retinal cells on the 14th day (unpublished data) and
found that among the CD45þ retinal immune cells, micro-
glia played a key role in EAU development (Fig. S1E). To
further test the changes of microglia in EAU, we performed
immunofluorescence staining of whole retinas from the
EAU mice and the control mice. Retinal flat mounts indi-
cated that microglial numbers increased significantly on
the 14th day, and the cell bodies became larger, showing
an activated amoebic morphology (Fig. 1A). In addition,
both CD4þ T cells and microglia infiltrated the entire retina
at the peak of EAU inflammation (Fig. 1B). Given that
microglia, but not macrophages, predominate in the
retina, we performed flow cytometry to detect the number
of CD4þ T cells and microglia (CD11bþiNOSþ) during EAU
progression. The results showed that CD4þ T cells and
CD11bþiNOSþ microglia were increased from the 9th day to
the 14th day (inflammation peak), and microglial activa-
tion and proliferation preceded CD4þ T cell infiltration,
suggesting that activated microglia may play an important
chemotactic role in EAU development (Fig. 1C). Based on
the aforementioned scRNA-seq data, we compared the
expression of m6A modification genes in retinal microglia
at four different periods and found that the expression of
m6A demethylase FTO was decreased on the 14th day,
recovered on the 21st and 28th days, and the expression
was negatively correlated with the severity of inflamma-
tion (Fig. 1D). To verify it, we also measured retinal FTO
expression on the 14th day. Similarly, FTO expression was
significantly reduced in the EAU mice (Fig. 1E, F). Taken
together, these data indicated that microglial FTO was
involved in the progression of EAU.
Downregulated FTO was involved in microglia-
elicited inflammation and migration in vitro

To further investigate the role of m6A modification in regu-
lating microglial function, we established an inflammation
model in HMC3 cells using LPS (1 mg/mL) and IFN-g (500 ng/
mL), the pro-inflammatory agonists were confirmed to acti-
vate microglia to inflammation state.34,35 RT-qPCR and
Western blotting showed that the expression of M1 microglial
markers, including iNOS, TNFa, and IL6, was upregulated
significantly after 24-h stimulation, showing a tendency of
microglial M1 polarization (Fig. 2A, B). In addition, the pro-
duction of NO, which iNOS catalyzes from L-arginine, was
obviously increased (Fig. 2C). Additionally, the Transwell
assay was used to examine the phenotype of microglia.
These results showed that the migration ability of HMC3 cells
was significantly enhanced after inflammatory stimulation
compared with those of the controls (Fig. 2D), and this result
was similarly validated in primary microglia (Fig. S2A).
Furthermore, the mobility of HMC3 cells was also enhanced
in experimental groups by using the wound-healing model
(Fig. 2E). To investigate the effect of m6A modification on
inflammation, we examined the level of total m6A and found
that m6A methylation was increased in the LPS- and IFN-g-
treated HMC3 cells compared with the control cells (Fig. 2F).



Figure 1 Microglial FTO was decreased during EAU progression. (A) Retinal flat-mount staining with IBA1 (red)-labeled microglia
of the control and EAU groups (n Z 5). The arrows indicate activated microglia. Scale bar, 500 mm (left) and 25 mm (right). (B) CD4
(green) and IBA1 (red) staining of paraffin-embedded retinal cross-sections between the EAU mice and the control mice. The arrows
indicate proliferating microglia and CD4þ T cells. Scale bar, 25 mm. (C) Retinal flow charts and quantification of CD4þ T cells (upper)
and microglia (lower) at 9, 12, and 14 days of EAU. Microglia markers: CD11b and iNOS (n Z 3). (D) scRNA-seq was used to detect
FTO expression at 0, 14, 21, and 28 days of EAU. (E, F) The RNA and protein expression levels of FTO in the control and EAU groups
(n Z 3). Values are analyzed using the unpaired Student’s t-test. *P < 0.05, **P < 0.01.
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We also tested the RNA expression of m6A-associated genes.
The mRNA expression levels of the eraser FTO and the reader
YTHDF3 were decreased significantly with LPS and IFN-g, but
we did not find any significant changes in other known m6A
writers, erasers, or m6A-binding proteins in HMC3 cells
(Fig. 2G). Consistently, FTO protein expression was also
significantly decreased after LPS and IFN-g stimulation
(Fig. 2H). These data suggested that FTO downregulation
aggravated inflammation in HMC3 cells.
FTO knockdown upregulated inflammation and
promoted microglial migration

To verify the functional role of FTO in the development of
inflammation in vitro, we transfected FTO shRNA into HMC3
cells to reduce its expression, and the knockdown effi-
ciency was validated by RT-qPCR and Western blotting
(Fig. 3A, B). Besides, the overall m6A modification rate was
increased after inhibiting FTO expression (Fig. 3C). Then,
we used CCK-8 analysis to evaluate cell proliferation, and
the results showed that decreasing FTO expression reduced
the proliferation of HMC3 cells (Fig. 3D). Next, the RNA and
protein expression levels of iNOS, IL6, and TNFa were
detected, and the data suggested that inflammatory factors
in the shFTO group were significantly higher than those in
the vehicle group (Fig. 3EeG). In addition, Transwell
migration assays showed that HMC3 cell migration was
significantly increased in response to LPS and IFN-g and was
obviously enhanced after FTO knockdown (Fig. 3H). To
further explore the migration ability of microglia, a selec-
tive FTO inhibitor (FB23-2) was applied in primary micro-
glia. The results revealed that FB23-2 aggravated the
migration of primary microglia (Fig. S2B). Next, we assessed
the cell motility of microglia by performing a scratch
wound-healing assay. More invading cells were found in



Figure 2 Downregulated FTO was involved in microglia-elicited inflammation and migration in vitro. (A, B) RT-qPCR and Western
blot for detecting the expression of iNOS, TNFa, and IL6 with or without LPS þ IFN-g treatment for 24 h (n Z 3). (C) Griess assay for
detecting NO production in the supernatant with or without LPS þ IFN-g treatment for 24 h (n Z 3). (D) Transwell images and
corresponding quantifications in the control group and the LPS þ IFN-g group (n Z 3). Scale bar, 100 mm. (E) Representative
photomicrographs of the wound-healing assay performed on HMC3 cells before and after scratching. (F) The overall m6A% level of
the control group and the LPS þ IFN-g group (n Z 3). (G) RT-qPCR for testing the relative mRNA expression of m6A methylase,
demethylase, and readers in the control group and the LPS þ IFN-g group (n Z 3). (H) FTO protein expression in the control group
and the LPS þ IFN-g group (n Z 3). Values are analyzed using the unpaired Student’s t-test. *P < 0.05, **P < 0.01.
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wells containing shFTO lentivirus than that in the vehicle
(Fig. 3I). These results suggested that the downregulation
of FTO was likely responsible for the inflammatory pheno-
types in microglia cells.
GPC4 might be the downstream target of FTO

To investigate the molecular mechanism through which FTO
knockdown aggravated microglia-mediated inflammation,
we mapped RNA transcriptomics in the LPS- and IFN-g-
stimulated HMC3 cells with stable FTO reduction and the
control cells. The volcano plot showed a total of 134 upre-
gulated mRNAs and 130 downregulated mRNAs (| log2FC
| > 1, Padj < 0.05) (Fig. 4A). Gene Ontology (GO) functional
enrichment analysis was performed on the DEGs (Fig. 4B).
The heatmap showed 25 upregulated genes and 25 down-
regulated genes (| log2FC | > 2, Padj < 0.05) (Fig. 4C). As
inflammation was more severe after FTO knockdown, we
hypothesized that anti-inflammatory genes were down-
regulated or proinflammatory genes were upregulated.
Based on this assumption, 19 genes were selected as
candidate genes (including 9 upregulated and 10 down-
regulated genes) from the heatmap by literature mining
combined with GeneCards, BioGPS, and UCSC database
analysis, and were verified using RT-qPCR (Fig. S3A). Among
these candidates, through RT-qPCR, we found that GPC4 had
the most obviously increased expression after FTO knock-
down (Fig. 4D). Given these findings, we then evaluated the
protein levels of GPC4 and found that GPC4 was obviously
increased in the FTO knockdown cells (Fig. 4E). GPC4, a
glycosylphosphatidylinositol (GPI)-anchored heparan sulfate
proteoglycan (HSPG), is an evolutionarily conserved synaptic
organizing protein.36 We further investigated whether FTO-
mediated GPC4 upregulation was caused by transcriptional
modification. MeRIP-qPCR and mRNA stability assays were
conducted to determine the intrinsic mechanism by which
FTO affects GPC4 mRNA. As expected, FTO knockdown
markedly increased the m6A methylation of GPC4 total RNA
(Fig. 4F) and enhanced the stability of this protein (Fig. 4G).
Combined with the results of RNA-qPCR in Figure 2G, these
findings showed that YTHDF3 may play an important role in



Figure 3 FTO knockdown upregulated inflammation and promoted microglial migration. (A,B) RT-qPCR and Western blot for
determining FTO knockdown efficiency (n Z 3, unpaired Student’s t-test). (C) Percentage of m6A content of the total RNA in the
vehicle group and the shFTO group (n Z 3, unpaired Student’s t-test). (D) CCK-8 assay for determining the proliferation of the
vehicle and shFTO groups (n Z 3; unpaired Student’s t-test). (E, F) The mRNA and protein levels of iNOS, TNFa, and IL6 in the
vehicle- and shFTO-treated cells with or without LPS þ IFN-g stimulation (n Z 3; one-way ANOVA). (G) ELISAs for testing TNFa
expression in the vehicle- or shFTO-treated cells with or without LPS þ IFN-g stimulation (n Z 3; one-way ANOVA). (H) Transwell
images and corresponding quantifications of the vehicle group, vehicle þ LPS&IFN-g group, shFTO group, and shFTO þ LPS&IFN-g
group (n Z 3; one-way ANOVA). (I) Representative images of the wound-healing assay performed in the vehicle group,
vehicle þ LPS&IFN-g group, shFTO group, and shFTO þ LPS&IFN-g group (n Z 3; one-way ANOVA). *P < 0.05, **P < 0.01.
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the shFTO HMC3 cells because m6A readers can directly or
indirectly recognize and bind to m6A-modified RNAs to play
specific roles.37 Then, we transfected three different
YTHDF3 siRNAs and the corresponding vector into the FTO-
deficient cells, with siYTHDF3-1 having the highest knock-
down efficiency (Fig. S3B). GPC4 mRNA expression was
significantly increased in the shFTO þ siYTHDF3 group
compared with the control group (Fig. 4H). As a member of
the YTH (YT521-B homology) domain protein family, YTHDF3
can affect mRNA stability. Therefore, we measured the half-
life of GPC4 mRNA in the YTHDF3-depleted FTO-deficient
cells. YTHDF3 silencing obviously increased the stability of
GPC4 mRNA (Fig. 4I). Collectively, these findings suggested
that FTO regulated GPC4 expression in a YTHDF3-dependent
manner.
FTO-mediated GPC4 regulated microglia through
the TLR4/NF-kB signaling pathway

To determine the relationships among FTO, GPC4, and
other genes, we used the STRING database and Cytoscape
to map the proteineprotein interaction (PPI) network and
combined the results with Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment data to identify downstream
signaling pathways. Construction of the PPI network
revealed the potential connection between FTO, GPC4,
CD14 and chemokines (including CXCL9, CXCL10 and
CXCL11) (Fig. 5A). Since CD14, CXCL9, CXCL10, and CXCL11
were all enriched in the Toll-like receptor signaling
pathway (KEGG hsa04510) and this pathway was ranked
second among the 10 most significantly enriched pathways
according to KEGG analysis (Padj < 0.05) (Fig. 5B), we
proposed that the interaction between GPC4 and CD14 (an
LPS receptor of the TLR4 pathway anchored to the cell
membrane by GPI) might promote the TLR4/NF-kB pathway
in the shFTO microglia (Fig. 5C). We verified the importance
of this pathway, and our results showed that FTO knock-
down increased the expressions of chemokines including
CXCL9, CXCL10, CXCL11 and their co-receptor CXCR3
(Fig. 5D). We further found that FTO depletion facilitated
the phosphorylation of NF-kB p65 (Ser536) and increased
the expression of TLR4, MYD88 and CD14 in the LPS- and
IFN-g-treated cells (Fig. 5E), indicating that disruption of
FTO may promote the expression of key proteins in the
TLR4/NF-kB pathway mediated by GPC4.



Figure 4 GPC4 might be the downstream target of FTO. (A,B) The volcano plot of DEGs in the vehicle þ LPS&IFN-g and
shFTO þ LPS&IFN-g cells (| log2FC | > 1, Padj < 0.05). (C) The heatmap of significant DEGs in the abovementioned groups (| log2FC
| > 1, Padj < 0.05). (D,E) The RT-qPCR and Western blot for validating GPC4 expression in the abovementioned groups. (F) m6A
enrichment of GPC4 mRNA was detected by MeRIP-qPCR in the abovementioned groups. (G) RT-qPCR for showing GPC4 mRNA
expression after the administration of ActD (5 mg/mL) for 0, 2, 4, and 6 h in the abovementioned groups. (H) RT-qPCR for detecting
GPC4 mRNA levels in the shFTO þ siYTHDF3 group and the shFTO þ vector group. (I) RNA stability analysis in the shFTO þ siYTHDF3
group and shFTO þ vector group (n Z 3). Values are analyzed using the unpaired Student’s t-test. *P < 0.05; **P < 0.01;
***P < 0.001.
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GPC4 knockdown reversed the effects of FTO in
microglia

To further verify whether FTO-modulated GPC4 is a po-
tential activator of the TLR4/NF-kB pathway that mediates
inflammation and migration, we stably transfected FTO-
deficient HMC3 cells with lentiviral vehicle or three lenti-
viral shGPC4 vectors. RT-qPCR and Western blotting were
performed, and the results showed that shGPC4-1 had the
strongest inhibitory efficiency, while shGPC4-2/3 had a
weak inhibitory effect on GPC4 with FTO knockdown
(Fig. 6A, B). Subsequently, GPC4 downregulation alleviated
the increase in the mRNA expression of inflammatory fac-
tors caused by shFTO in HMC3 cells stimulated with LPS and
IFN-g (Fig. 6C), and protein expression was proven by
Western blotting (Fig. 6D). Furthermore, GPC4 silencing
effectively reduced the upregulation of CXCL10 in the
shFTO cells (Fig. 6E, F). CXCL10 acts as a chemoattractant
for T cells and regulates T cell functions such as adhesion.38

Hence, we isolated CD4þ T cells from freshly prepared
PBMCs and co-cultured them with different groups of HMC3
cells primed with LPS and IFN-g (Fig. S4A). We found that
the number of migrated CD4þ T cells cocultured with shFTO
HMC3 cells was prominently increased, which was observ-
ably reversed by GPC4 knockdown (Fig. 6G). In addition,
GPC4 knockdown partially down-regulated the expression
of CXCR3, which was increased by FTO downregulation (Fig.
S4B, C). Here, we found that FTO silencing facilitated NF-kB
p65 protein phosphorylation and increased the protein
levels of CD14 and TLR4 with LPS and IFN-g stimulation,
while GPC4 knockdown partially reversed the activation of
this pathway induced by FTO knockdown (Fig. 6H). Our data



Figure 5 FTO-mediated GPC4 regulated microglia through the TLR4/NF-kB signaling pathway. (A) Identification of the most
significant module from the PPI network using the STRING database. (B) KEGG pathway enrichment analysis of DEGs. (C) Schematic
diagram of the conjectured pathway. (D) The mRNA levels of CXCL9, CXCL10, CXCL11, CXCR3, TLR4, and CD14 in the
vehicle þ LPS&IFN-g group, and the shFTO þ LPS&IFN-g group were measured via RT-qPCR. (E) Western blotting for showing the
protein expression of NF-kB p-p65 (S536), p65, TLR4, MYD88, and CD14 in the vehicle þ LPS&IFN-g group and the shFTO þ LPS&IFN-
g group (n Z 3). Values are analyzed using the unpaired Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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indicated that FTO knockdown exerted an injury-promoting
effect and activated TLR4/NF-kB signaling in HMC3 cells,
and this promotion could be reversed by the depletion of
GPC4.
FTO inhibition aggravated EAU progression in vivo

To validate the effect of FTO, we injected 10 mM FB23-2 (a
potent and selective FTO inhibitor) into the vitreous cavity.
Mice were sacrificed after 5 days, and retinal RNA and
proteins were extracted. Our results showed that FB23-2
significantly decreased the mRNA and protein expression of
retinal FTO (Fig. 7A). Furthermore, to determine the role of
FTO in EAU progression, we treated the EAU mice with FB23-
2 via an intravitreal injection after 9 days of IRBP immuni-
zation (Fig. 7B). The EAU þ FB23-2 group showed higher
clinical and histopathological scores on day 14 than the
EAU þ vehicle group (Fig. 7C). Furthermore, higher
expression levels of retinal inflammatory factors were found
in the FB23-2 group than in the vehicle group, including
iNOS, TNFa, and IL6 (Fig. 7D, E). Next, the results showed
that the phosphorylation of NF-kB p65 was increased
significantly. Similarly, the GPC4 and TLR4 protein levels
markedly increased (Fig. 7F). It has been reported that the
NF-kB inhibitors could alleviate EAU progression.39,40 Addi-
tionally, we used the TLR4 inhibitor TAK-242 (resatorvid)
after FB23-2 intravitreal injection to verify the FTO in-
hibitor’s effect and found that EAU could be alleviated by
inhibiting this pathway according to clinical and histopath-
ological scores (Fig. S5A, B). The protein expression of TNFa
and IL6 showed a significant decrease in the EAU þ FB23-
2þTAK-242 group (Fig. S5C). Based on the above evidence,
FTO inhibition likely aggravated EAU progression through
the activation of the GPC4/TLR4/NF-kB pathway.

Discussion

Our work has provided strong evidence for the critical role
of FTO in the development of EAU. First, microglial FTO
expression was decreased significantly in EAU mice, which
was parallel to the results in HMC3 cells. Second, FTO
knockdown aggravated the microglia-elicited inflammatory



Figure 6 GPC4 knockdown reversed the effects of FTO on microglia. (A,B) RT-qPCR and Western blot for detecting GPC4
expression in the FTO-deficient HMC3 cells transfected with vehicle lentivirus, shGPC4-1, shGPC4-2, or shGPC4-3 lentivirus. (C,D)
RT-qPCR and Western blot for showing the expression of iNOS, TNFa, and IL6 in vehicle 1 (corresponding to shFTO) þLPS&IFN-g,
shFTO þ LPS&IFN-g, shFTO þ shGPC4þLPS&IFN-g, and shFTO þ vehicle 2 (corresponding to shGPC4) þLPS&IFN-g groups. (E, F)
CXCL10 mRNA and protein expression in different groups with the abovementioned stimulation. (G) The number of human CD4þ T
cells that migrated into lower HMC3 cells in the abovementioned groups. (H) Expression levels of key proteins involved in the TLR4
pathway (TLR4, CD14, and CXCL10) in the abovementioned groups (n Z 3). Values are analyzed using the one-way ANOVA.
*P < 0.05; **P < 0.01.
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response, including secretion of inflammatory factors as
well as mobility and chemotaxis of CD4þ T cells in vitro.
Third, RNA-seq and subsequent rescue validation showed
that FTO targeted GPC4 to activate the TLR4/NF-kB axis,
which further mediated microglial inflammation. For reader
proteins, the data indicated that FTO-induced GPC4
increased mainly in an m6A-YTHDF3-dependent manner.
Finally, the FTO inhibitor FB23-2 increased the production
of inflammatory factors via activation of the GPC4/TLR4/
NF-kB pathway and then exacerbated retinal inflammation
in vivo. In summary, our study indicated that FTO-mediated
m6A modification regulated microglial plasticity via the
GPC4/TLR4/NF-kB signaling axis in uveitis (Fig. 7G).
Uveitis represents a group of immune-mediated dis-
eases, but the exact pathogenesis is obscure.41 Previous
studies have shown that epigenetic factors such as DNA
methylation could play crucial roles in the progression of
uveitis.42 Qiu et al. proved that the methylation of TBX21
and RORC (both are T cell transcription factors) obviously
changed during the progression of EAU.43,44 Another study
found that the promoter methylation levels of GATA3,
TGF-b, and IL-4 were significantly upregulated in patients
with Vogt-Koyanagi-Harada disease.45 We provided evi-
dence that m6A RNA modification of microglia would be
helpful to identify new pathogenic risk genes causing
uveitis. Our previous study showed that YTHDC1, an m6A



Figure 7 FTO inhibition aggravated EAU progression in vivo. (A) Retinal FTO mRNA and protein expression in the FB23-2-treated
mice and the PBS þ DMSO-treated mice (nZ 3). (B) Experimental flowchart describing the modeling process and drug injection. (C)
Representative images and quantification of the ocular anterior chamber (upper) and eyeball sections (lower) (nZ 5). Black arrows
indicate inflammatory cells. Red arrows indicate conjunctival or ciliary hyperemia, or vasculitis. White arrows indicate posterior
synechiae, or retinal folds. Scale bar, 100 mm. (D, E) RT-qPCR and Western blot for showing the expression levels of iNOS, TNFa, and
IL6 in the EAU þ vehicle and EAU þ FB23-2 groups (n Z 3). (F) Protein expression levels of GPC4, TLR4, p-p65, and p65 in the
EAU þ vehicle and EAU þ FB23-2 groups (n Z 3). Values are analyzed using the unpaired Student’s t-test. *P < 0.05; **P < 0.01. (G)
Graphical summary of this study.
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modification reader, played a critical role in microglial
inflammatory response regulation and then participated in
the development of autoimmune ocular diseases.46 In the
study, we focused on exploring the relationship between
FTO and autoimmune uveitis. Furthermore, our RNA-seq
analysis revealed that FTO knockdown impacted multiple
aspects of inflammation, including migration, retinoid
metabolic processes, and cytokineecytokine receptor in-
teractions. The results described the roles of FTO in the
autoimmune process and helped identify and discover key
regulators of autoimmune uveitis.

GPC4, which belongs to the HSPG family,47 was identi-
fied as a target of FTO and may participate in the TLR4/
NF-kB pathway by anchoring CD14. GPC4 was reported to
be an essential downstream effector of CD36, and ectopic
GPC4 could reverse the tumor suppressive function of
CD36 by activating the b-catenin/c-Myc pathway in CRC
cells.48 As a GPI-anchored protein, GPC4 can be released
from producing cells through different mechanisms,
including GPI anchor cleavage, proteolytic shedding, and
vesicular release.49 Therefore, the specific mechanism by
which GPC4 interacts with CD14 in the TLR4 pathway
needs further study. In addition, our findings indicated
that the half-life of GPC4 mRNA in the FTO-silenced HMC3
cells was longer than that in the controls, and this effect
was mainly dependent on YTHDF3. YTHDF3, a member of
the YTH family,50,51 promoted protein translation together
with YTHDF1, and could promote mRNA degradation
through YTHDF2.52 Another study has shown that YTHDF1
enhances RNA translation, DF2 promotes RNA degradation,
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and DF3 enhances translation and degradation.53,54

YTHDF3 knockdown augmented the GPC4 expression level
and prolonged the GPC4 half-life in microglia, indicating
that YTHDF3 could promote the degradation of GPC4.
However, whether YTHDF3 affects the translation of GPC4
and how it functions with other readers require further
study.

We used a similar approach to construct the EAU model
using female mice referred to previous studies on
EAU,33,55,56 but whether our conclusions could be extrapo-
lated to microglia of male mice requires further study.
Since microglia account for most of the CD45þ retinal im-
mune cell populations and play important roles in EAU,57,58

we performed the flow cytometry using CD11b and iNOS to
label microglia according to previous studies.59,60 In addi-
tion, LPS- and IFN-g-treated HMC3 cells were used to
simulate the EAU based on the previous studies.61,62 There
were other cell models to simulate EAU, such as immune T-
cells producing high IFN-g and low IL-4 in vitro when
stimulated with IRBP.63 More defined cell models for simu-
lating uveitis should be explored. Furthermore, we inter-
fere with GPC4 only using in vitro EAU model, mainly due to
the absence of GPC4 inhibitors or activators, the low
transfection efficiency of microglia,64,65 the high costs, and
time commitment of transgenic mice. All these above issues
will be further explored in our future studies.

Collectively, an important proinflammatory role for
decreased FTO in autoimmune uveitis was identified, which
was involved in the upregulation of the target GPC4 modi-
fication via the CD14/TLR4/NF-kB pathway. Our findings
expand the field of RNA epigenetic regulation. More
importantly, the possibility that FTO may have other roles
in uveitis progression should be explored.

Conclusions

In summary, decreased FTO regulates microglial plasticity,
including secretion of inflammatory factors, cell mobility,
and chemotaxis, accompanied by increased ocular
inflammation in EAU mice. These processes are driven by
YTHDF3 downregulation and subsequent upregulation of
the GPC4/TLR4/NF-kB pathway. This study indicates that
m6A modification might be a potentially effective thera-
peutic target for autoimmune diseases such as uveitis.
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