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Abstract

FTO is an RNA N6-methyladenosine (m6A) demethylase. Despite the involvement of FTO in various neural
diseases, its role in Tuberculosis meningitis (TBM) remains unclear.

Based on a high-throughput analysis, we found that FTO is transcriptionally activated in patients with TBM.
We then validated that Tuberculous induced the expression of FTO in isolated mouse microglia and in mouse
brain, which further increased the expression of matrix Metalloproteinase-9 (MMP-9) and Integrin alpha-M
(ITGAM, or OX42). Knockdown of FTO dramatically abrogates the up-regulation of MMP-9 and OX42.
FTO depletion also restores the Tuberculous -induced microglial apoptosis. We further validated that
increased FTO can reduce m6A modifications in MMP-9 and OX42 transcripts.

Collectively, we showed that FTO contributes to TBM via up-regulating the expression of MMP-9 and OX42,

indicating the potential therapeutic mechanisms of FTO in TBM.
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Introduction

Tuberculosis (TB) remains a threat to public health globally, which was the
top cause of death from a single pathogen in the pre-COVID-19 era [1].
When aerosols that contain Mycobacterium tuberculosis (M.tb) enter the
alveoli of the human lung, TB first develops as a pulmonary disease. Among
extrapulmonary tuberculosis that occurs secondary to pulmonary TB,
Tuberculosis meningitis (TBM) is the most severe disease. Its mortality is
estimated to be in a range from 20% to 50%. For those who survive TBM,
nearly half develop serious neural sequelae [2]. Yet, the molecular
mechanisms underlying the pathogenesis of TBM remains elusive.

Matrix metalloproteinases (MMPs) are a superfamily of evolutionarily
conserved protease that degrade the extracellular matrix (ECM) in a calcium-
and zinc- dependent manner [3] [4]. Previous studies suggested that several
MMPs were aberrantly up-regulated in TBM, indicating their involvement
in TBM development. So far, human TBM researches mainly focused on the
subfamily of gelatinases, MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B)
[5]. MMP-2 is constitutively expressed in the CNS whereas MMP-9 is kept
silent or only expressed at a limited level under normal circumstances.
However, MMP-9 is activated during neuroinflammation, typically in
meningitis associated with bacterial infection [6]. In addition, increased level
of MMP-9 in cerebrospinal fluid of TBM patients positively correlates with
poor outcome [7-9]. Considering the biochemical role of gelatinase, highly
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expressed MMP-9 may participate in tissue destruction and blood-brain
barrier (BBB) breakdown in TBM by degrading a wide range of ECM
components, including type IV collagen, fibronectin, tenascins,
proteoglycans and laminin [4, 5, 10]. Despite the potential pivotal roles of
MMP-9 in TBM, how MMP-9 is regulated in TBM is unclear.

N6-methyladenosine (m6A) is the most prevalent and conserved
modification in eukaryotic messenger RNA [11, 12]. Numerous studies have
shown that m6A is critical for regulating the splicing, transport, localization
and translation of mRNA in both physiological and pathological conditions
(Roignant and Soller 2017, Yang, Hu et al. 2020). This epigenetic
modification is a dynamic and reversible process. The m6A
methyltransferase complex, or m6A writer, which comprises proteins
methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14),
and Wilms tumor 1 associated protein (WTAP) promotes m6A installation
while demethylases such as obesity-associated protein (FTO) and AIkB
homolog 5 (ALKBHD5) assume the role of erasers to remove m6A marks [13,
14]. m6A modifications are recognized by m6A readers such as YTH-
domain family 1-3 (YTHDF1-3) [15, 16]. The m6A demethylase FTO, or a-
ketoglutarate-dependent dioxygenase, was shown to be associated with body
mass index, thus predisposing to child and adult obesity [17]. Numerous
studies have indicated that FTO can modulate a plethora of biological
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processes including nutrient sensing, adipogenesis and mitochondrial
biogenesis [18-20]. Although FTO is ubiquitously expressed in multiple
tissues, it has a highest expression in the brain [21], suggesting its
indispensable role in central neural system (CNS). FTO has been shown to
be required for neural gene expression and thus neural development. It has
been associated with many neuropsychiatric diseases, including Alzheimer’s
disease, Parkinson’s disease, epilepsy, anxiety and depression [22, 23].
However, the role of FTO in CNS infectious disease has not been reported
to the best of our knowledge so far.

In this study, the role of FTO in MBT was explored. First, the role of FTO
in mouse primary microglia was studied. Microglia are macrophages
residing in CNS that can recognize M.tb and are the main infected cells in
CNS (Rock, Hu et al. 2005, Colonna and Butovsky 2017, Davis, Rohlwink
et al. 2019). We report that FTO was upregulated upon TB inoculation in
both cultured mouse microglia in vitro and brain in vivo and induced the
expression of MMP-9 and OX-42. Our RNA immunoprecipitation
experiment confirmed that MMP-9 and OX42 were demethylated in TB
context. Overall, our study illuminated the promoting role of FTO in TBM.
This indicates that FTO can be a potential therapeutic target for TBM.

Methods
RNA sequencing and data processing

Our study was approved by the Ethics Committee of the First Affiliated
Hospital of Nanchang University. 3 ml of whole blood were collected from
15 TBM patients and 24 healthy volunteers. Total RNA was purified from
whole blood using QlAamp RNA Blood Mini Kit (Qiagen, Germany).
PolyA+ RNA was enriched from Total RNA using VAHTS DNA Clean
Beads (Vazyme, China). Stranded mRNA library was constructed using
VAHTS Universal V8 RNA-seq Library Prep Kit for Illumina (Vazyme,
China). AMPure XP beads were used to purify to library. We then utilized
2100 Bioanalyzer (Agilent, USA) to examine the library size distribution.
Library was quantified using Qubit Fluorometer (Thermo Fisher Scientific,
USA) and Equalbit 1 x dsSDNA HS Assay Kit (Vazyme, China). Sequencing
was performed by Illumina Hiseq Platform PE150 (lllumina, USA).

Trimmomatic (v0.39) and TopHat (v2.1.1) were employed for sequence
trimming and alignment respectively. The R package DESeq2 was used for
both raw read normalization and differential gene expression. P values are
adjusted based on Benjamini-Hochberg method. The genes with a false
discovery rate (FDR) lower than 0.05 were considered differentially
expressed.

Isolation, culture and transfection of mouse primary microglial cells

All animal experiments carried out in this study are in compliance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Primary microglia cells were isolated from pathogen-free C57BI/6
mouse pups. After decapitation, the mouse brains were dissected and kept in
ice-cold Hank's buffered salt solution (HBSS), with the meninges stripped
off. Then, we homogenized those brain tissues at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine
serum penicillin (50 U/mL), streptomycin (50 lg/mL), Fungizon (0.5 lg/mL),
and L-glutamine (2 mM) (Invitrogen, USA). The cell suspension was
centrifuged and the pellet was collected, followed by resuspension in fresh
medium to remove debris. Cells from two brains were combined and seeded
in one T-75 flask at 37 °C in a humidified incubator with 5% CO2. Medium
was replaced by fresh medium every four days. After 11-12 days, we isolated
the primary microglia cells from the monolayer of astrocytes by agitation.
Immunohistochemical approaches were used to assess the purity of isolated
microglial cells (95%). Plasmids for cell transfection were synthesized by
Gemma Gene (Shanghai, China). The short hairpin RNA (shRNA)
sequences are shown as follows. sh-FTO: 5’-
AAGGACGTTCCCAATAGCCAA-3’; Scrambled non-targeting RNA: 5°-
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UUCUCCGAACGUGUCACGUTT-3". Cells were seeded in a six-well
plate and transfection was performed using Lipofectamine 2000 (Invitrogen,
USA) in accordance with the manufacturer’s instructions when the
confluence reaches 70%.

M. tuberculosis maintenance and infection

M. tuberculosis H37Rv strain was cultivated at 37°C in Middlebrook 7H9
liquid broth (Difco, USA) that contains oleic acid-albumin dextrose catalase
(ADC), 0.05% Tween 80 and 0.5% glycerol. One day prior to infection,
primary microglial cells were plated in 6-well plates (Falcon, USA) at
2.5%105 cells per well. Cells were then infected with diluted M. tuberculosis
H37Rv. The approximate infection ratio is 10 bacilli per microglial cell. To
establish murine TB model, we anesthetized mice with isoflurane. 1x105 cfu
of H37Rv (based on counts on M7H11 agar plates) in 50 pL of saline was
then injected intracerebrally, as descried previously [24].

Cell transfection & in vivo knockdown

Plasmids for cell transfection were synthesized by Gemma Gene (Shanghai,
China). The short hairpin RNA (shRNA) sequences are shown as follows.
sh-FTO: 5’-AAGGACGTTCCCAATAGCCAA-3’; scrambled non-
targeting RNA: 5’-UUCUCCGAACGUGUCACGUTT-3". Cells were
seeded in a six-well plate and transfection was performed using
Lipofectamine 2000 (Invitrogen, USA) in accordance with the
manufacturer’s instructions when the confluence reaches 70%. For in vivo
knockdown, we expressed sh-FTO and the scramble shRNA using a
lentivirus vector under the control of U6 promoter. Lenti-Pac HIV
Expression Packaging Kit (GeneCopoeia, USA) was used for Lentivirus
production. Cortical injection of high-titer lentivirus preparation was
performed 24 h after H37Rv infection, directed by a stereotaxic apparatus.

Western blotting

Cells were lysed using lysis buffer with the supernatant collected for further
immunoblotting experiments. Before the assay, the concentration of protein
was measured using BCA kit (Epizyme, China). Equivalent proteins were
then loaded into 10 % SDS-PAGE gels. Separated proteins were then
transferred to polyvinylidene difluoride (PVDF) membranes. Membranes
were incubated using in tris-buffered saline containing 0.1 % Triton X-100
(TBST) with 5% nonfat milk for 1 h. After blocking, membranes were
incubated by primary antibody diluted in TBST overnight at 4 °C.
Concentrations of each antibody used in this study were listed as follows:
anti-FTO (1:1,500, Abcam, UK); anti-MMP-9 (1:1,000, Abcam, UK); anti-
OX-42 (1:1,000, Invitrogen, USA); anti-METTL14 (1:1,500, Invitrogen,
USA); anti-GFAP (1:1,000, Cell Signaling Technology, USA); anti-B-Actin
(1:1,000; Sigma, USA); anti-GAPDH (1:2,000, Invitrogen, USA).

Membranes were washed for 5 min using TBST for three times at room
temperature. Appropriate secondary antibodies diluted in TBST were then
added to those membranes, which were incubated for 1 h at room
temperature. After washing in PBST for three times, images were taken for
membranes treated with chemiluminescence reagent (Vazyme, China)
immediately. All western blotting experiments were performed three times
independently, with representative data shown in the figures. Densitometry
analysis was conducted using ImageJ software [25].

TUNEL assay

Apoptotic microglial cells were detected by TUNEL assay. Mouse primary
microglial cells were cultured and transfected with negative control or sh-
FTO on coverslips. After transfection for 72h, cells were harvested and fixed
with phosphate buffered saline (PBS) containing 4% formaldehyde (FA) for
20 min. Then cells were kept for 5 min in PBS with 0.2 % Triton X-100 for
permeabilization. A TUNEL staining kit was used to stain apoptotic cells
according to instructions provided by manufacturer (Abcam, UK). Cell
nucleus were stained by PI (50 pg/ml). Slides were examined by Leica
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DM3000 fluorescence microscopy (Leica, Germany). Images were taken by
DFC 420 camera (Leica, Germany).

RNA isolation and quantitative RT-PCR (RT-qPCR)

Total RNA was isolated from cultured primary microglial cells using TRIzol
reagent (Invitrogen, USA). Then the RNA was reverse transcribed to cDNA
using a reverse transcription kit according to the protocol provided by
manufacturer (Vazyme, China). To evaluate the relative mMRNA levels, we
performed quantitative PCR (qPCR) experiments using Real-time PCR Kkits
(Yeasen, China). Primers used in gPCR were shown as follows: FTO

(Forward  5’-CGGTATCTCGCATCCTCATT  -3’; Reverse 5°-
ATTTCAGCCTCGGTGTGTTT-3); METTL14 (Forward: 5’-
GAGCTGAGAGTGCGGATAGC-3’; Reverse: 5’-
GCAGATGTATCATAGGAAGCCC-3’); MMP-9  (Forward:  5°’-
AGGACCGCTTCTACTGGCG-3; Reverse: 5’-

CTCCTCCCTTTCCTCCAGAAC-3’); ITGAM (0X42) (Forward: 5’-
TTTCATGAGCCTGGACTGCC-37; Reverse: 5’-
TTCAAGGCCCCAGACACTTC-3").

Prediction of m6A sites

m6A sites of MMP-9 and ITGAM transcripts were predicted by SRAMP
(sequence-based RNA  adenosine  methylation  site  predictor,
http://www.cuilab.cn/sramp). Prediction was performed based on default
setting.

Methylated RNA immunoprecipitation (MeRIP)

Total RNA was extracted from primary microglial cells using TRIzol
(Invitrogen, USA) and treated by DNase | (Sigma Aldrich, USA). rRNA was
removed using RiboMinus Eukaryote Kit (Invitrogen, USA). RNAs were
then physically fragmented by sonication for 10 seconds on a mixture of ice
and water. For MeRIP, RNA fragments were incubated with an anti-N6-
methyladenosine antibody (1:1,000, Abcam, USA) or control IgG (1:1,000,
Cell Signaling Technology, USA) conjugated to magnetic beads (Invitrogen,
USA) in Magna RIP buffer (MilliporeSigma, USA) overnight at 4 °C. The
beads were then incubated with Proteinase K for 1.5h at 42 °C. Phenol-
chloroform extraction method was used to isolate RNAs. Methylated RNA
levels were determined by RT-gPCR followed by agarose gel
electrophoresis.

Statistical analysis

All values are presented as the means + standard deviation. All experiments
are performed three times independently. Statistical differences among
groups were determined using unpaired Student’s t-test. p values less than
0.05 were considered statistically significant. All statistical analyses in this
study were performed by GraphPad Prism 7 software. All data presented in
this article are available upon request.

Results

Transcriptomic aberrations by TBM suggested the dysregulation of m6A
modifier

We first performed an RNA-seq for whole blood from TBM patients and
healthy individuals. 907 differentially expressed genes (DEGs) were
identified, including 340 up-regulated genes and 567 down-regulated genes
(Figure 1A). Among those genes showed a dramatic expression change (fold
change > 2 or < 0.5), DEGs were predominantly enriched in biological
processes related to immune responses with an extremely low p value
(adjusted p = 7.66x10-32). Apart from immune processes, metalloproteinase
activities were also affected. 48 and 52 DEGs were enriched in GO term
metalloendopeptidase activity and metallopeptidase activity with an adjusted
p value of 2.28x10-31 and 1.83x10-21, respectively (Figure 1B).
Interestingly, among those DEGs, we found that many genes involved in
m6A modification were also differentially expressed in TBM patient (Figure
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1C). Several m6A writers WTAP, ZC3H3 and RBM15/15B were down-
regulated while m6A readers such as IGF2BP2, IGF2BP3 and YTHDF3
were up-regulated. It was worth noticing that the eraser FTO was upregulated
(adjusted p = 3.53x10-7, log2FC = 0.74) while ALKBH5 remain unchanged
(adjusted p = 0.08). Since multiple m6A writers and readers were
dysregulated, the sole differential expression of FTO may indicated the
unique role of FTO in TBM.

TB induced ectopic FTO expression in mouse primary microglial cells

To investigate the non-redundant role of FTO, we examined its expression
in mouse primary microglial cells infected by M.th. After being co-cultured
with H37Ryv, a strain of M.th, for 12 hours, the microglia showed a dramatic
increase of FTO level while Mettl14 was not affected (Figure 2A&B),
consistent with our RNA-seq data. Unexpectedly, the expression of FTO was
notably down-regulated 24 hours post-infection (hpi) compared to 12 hpi
(Figure 2 B). This indicated that the FTO induction by TB might be transient
and dynamic. We then questioned whether FTO was up-regulated in
microglial cells transcriptionally or post-transcriptionally. Quantitative
reverse transcription PCR (RT-gPCR) results suggested a much higher
transcript abundance of FTO in 12 hpi group compared to both control and
24 hpi group (Figure 3A, consistent to our immunoblotting data. Similarly,
Mettl14 was transcriptionally unchanged during TB (Figure 3B). This result
implies that RNA demethylation, rather than RNA methylation, was
involved in TBM.

TB led to an FTO-dependent upregulation of MMP-9, Ox-42 and GFAP

Based on this finding, we further explored the consequences of ectopic FTO
expression in CNS when infected with M.th. OX-42, also known as CD11b
encoded by ITGAM, a marker for activated macrophage was first examined
[26-29]. The expression of OX-42 was significantly up-regulated upon TB
for 12 h, indicating microglial activation. Similarly, the expression level of
Glial fibrillary acid protein (GFAP), a molecular marker for astroglia was
also higher than the non-infected group. More importantly, when FTO was
depleted by RNAI in TB-infected microglial cells, the expression level of
0OX-42 and GFAP was restored (p < 0.05, Figure 3A and B upper left). Apart
from those two microglial markers, we wondered whether TB-induced FTO
also controlled MMP-9, a gelatinase with potential engagement in TBM. As
shown in Figure 3 A and B, infected microglia showed a much higher level
of MMP-9, and this up-regulation was dramatically mitigated upon FTO
knockdown (p <0.01). These results suggested that TB-induced ectopic FTO
promoted the expression of OX-42, GFAP and MMP-9.

FTO contributed to apoptosis triggered by TB

The elevated level of MMP-9 may lead to a loss of collagen, which may
further promote cell death [30]. Thus, we asked if cell death was also
regulated by FTO in the context of TB. TdT-mediated dUTP-biotin nick end
labeling (TUNEL) assay was performed to detect cell apoptosis of microglia
cells. Inter-nucleosomal DNA fragmentation was stained to indicate cells
that have undergone programmed cell death [31]. Apoptotic signals, as
labelled red, in microglial cells infected with H37Rv were dramatically up-
regulated compared to the control group while FTO depletion notably
reduced the positive TUNEL signals (Figure 5A&B). The apoptosis rescued
by FTO shRNA indicated that FTO was involved in the regulation of
programmed cell death in TBM.

FTO mediates the upregulation of MMP-9 and OX-42 by TB in vivo

Since we have observed that FTO induced the expression of OX-42, GFAP
and MMP-9 in primary microglial cells, we wondered if FTO was also
required for their elevation in vivo. For the infection group, mouse brains
were injected with H37Rv and analyzed after one month (1M). In accordance
to the in vitro data, OX-42, GFAP and MMP were all up-regulated in 1M
group, and FTO depletion partially restored their expression level in cortex
neurons infected with H37Rv for one month (Figure 6 A&B). Consistently,
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our in vivo experiment supported that FTO induced the expression of MMP-
9, OX-42 and GFAP (Figure 6 A, C, D and E). Since OX-42 and GFAP are
the indicative markers for microglia and astroglia respectively, this result
might indicate that FTO can regulate the activation of microglia and
astroglia.

TB induces the demethylation of OX-42 and MMP-9 transcripts

Considering the role of FTO in mRNA modification, we hypothesized that
FTO controlled the expression of OX-42 and MMP-9 via directly
demethylating their transcripts. To test this hypothesis, we first performed an
in silico prediction of the m6A sites in those two transcripts using SCRAMP.
It was shown that MMP-9 possessed 6 potential methylation sites, among
which three sites are over moderate confidence. To experimentally verify
this, we combined RNA immunoprecipitation (RIP) and RT-qPCR. The
antibody that specifically recognizes m6A site was harnessed in our RNA
immunoprecipitation assay to pulldown the transcripts with m6A
modification. A control IgG was used as a control to confirm the antibody
specificity. Then, those transcripts were reverse transcribed and amplified,
which was subjected to electrophoresis for a final detection (Figure 7A).

A
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Primers was designed for a 241-bp amplicon in MMP-9 transcript that covers
candidate site P5 (2139) and P6 (2225) (Figure 7B). By electrophoresis, the
m6A modification in the transcript of MMP-9 was validated in cultured non-
infected microglia with no amplified signal in the IgG-pulldown group. More
importantly, when infected with M.th for 12h, the level significantly reduced,
suggesting an enhanced demethylation by up-regulated FTO. The same
approach that combines bioinformatic analysis and RIP/RT-gPCR was used
to detect the m6A modification of OX-42 as well (Figure 8A). Analysis by
SRAMP discovered 9 out of 12 potential methylation sites over moderate
confidence in the transcript of OX-42. Based on this, we amplified a
fragment that allows a simultaneous detection for any m6A modification of
4 candidate sites (P7-P10, i.e., 2364, 2459, 2503 and 2525) (Figure 8B).
Similarly, m6A modification was found in RNAs pulled down by m6A-
specific antibodies and this level was reduced 12 hpi (Figure 8C). Those data
demonstrated that MMP-9 and OX-42 were post-transcriptionally regulated
by m6A modification, and m6A level declined upon TB, coinciding with the
up-regulation of FTO. Taken together, our results suggested that TB induced
the expression of MMP-9 and OX-42 in an FTO-dependent manner.
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Figure 1: Transcriptional profile alterations induced by TBM.

A. Volcano plot depicting all differentially expressed genes (DEGS)

B. Heatmap showing the expression of genes involved in m6A modification
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Figure 2: The expression of FTO and METTL14 in M.tb infected and non-infected mouse primary microglial cells

A. Representative Western blots of FTO and METTL14 in mouse primary microglia co-cultured with H37Rv for 12h or 24h.
B. Associated quantitative analysis of FTO and METTL14. *p < 0.05 versus non-infected (Control) group; #p < 0.05 versus 12h group.
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Figure 3: TB alters the transcriptional profile of FTO in mouse primary microglia

A. mRNA level of METTL14 is not affected upon M.tb infection.

B. mRNA level of FTO is increased in microglia infected by M.tb after 12h and 24h. *p < 0.05 versus non-infected control group; ***p < 0.01 versus the
control group.
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Figure 4: FTO is required for the up-regulation of ITGAM, MMP-9, and GFAP in primary microglia by TB.

A. Representative Western blots of OX-42, MMP-9 and GFAP in non-infected (Control), 12h-infection (12h) and 12h-infection microglia transfected with
sh-FTO (12h+sh-FTO). Actin was used as an internal control.

B. Associated quantification. *p < 0.05 versus control group; ***p < 0.01 versus 12 h-infection group; #p < 0.05 versus control group; ###p < 0.05 versus
control group.
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Figure 5: FTO is required for microglial apoptosis caused by TB.

A. TUNEL assay of microglial cell in control, 12h and 12h+sh-FTO group. Nuclei is shown in blue while positive TUNEL signals that indicate apoptosis
are in red.

B. Quantification of apoptotic cell number. ***p < 0.01 versus control group; ###p < 0.01 versus microglial cell treated with H37Rv for 12h.
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Figure 6: FTO positively regulates MMP-9, OX-42 and GFAP in vivo

A. Representative immunoblots of FTO, OX-42, MMP-9 and GFAP in mouse cortex neuron from uninfected individuals (Ctrl), individuals infected with
M.tb for a month (1M) and individuals infected for a month with FTO knockdown (1M+shFTO). GAPDH was used as an internal control.

B. Densitometry analysis of FTO. ** p < 0.01 versus control group; ### p < 0.001 versus 1M group.

C. Densitometry analysis of MMP-9. **** n < 0.0001 versus control group; # p < 0.05 versus 1M group.
D. Densitometry analysis of GFAP. *** p < 0.001 versus control group; ### p < 0.001 versus 1M group.
E. Densitometry analysis of OX-42. *** p < 0.001 versus control group; ## p < 0.01 versus 1M group.
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Figure 7: The mRNA of MMP-9 is demethylated in M.tb-infected microglial cells.

A. Schematic diagram showing the detecting workflow for MMP-9 transcripts.

B. Predicted m6A sites and target fragment amplified using indicated primers on MMP-9 mRNA transcripts.

C. Target fragment amplified from MMP-9 transcripts pulled down by indicated antibodies from normal (Control) and primary microglia infected with M.tb
for 12h (12h), examined by agarose gel electrophoresis. M: ladder marker; NC: negative control (no reverse transcription template).

A
09 forward: TTTCATGAGCCTGGACTGCC A
0.8 reverse: TTICAAGGCCCCAGACACTIC EL
0.7 T PS
p3 it o P9 P13
0.6 1 P4 e PP8 P10 5y, P12 P14
0.5
044— : e L ;
0 1000 2000  225vp 3000 4000
Position
B
— — —
M Control 12h  Control 12h Control 12h NC
Input Input Input

Figure 8: The mRNA of OX-42 is demethylated in M.tb-infected microglial cells.

A. Predicted m6A sites and target fragment amplified using indicated primers on OX-42 mRNA transcripts.

B. Target fragment amplified from MMP-9 transcripts pulled down by indicated antibodies from normal (Control) and primary microglia infected with M.th
for 12h (12h), examined by agarose gel electrophoresis. M: ladder marker. NC: negative control (no template control).

Discussion

The main treatment strategy for MBT is antibiotic therapy based on the
strategy for pulmonary TB. Yet, due to the limited penetration of BBB, the
drug level in cerebrospinal fluid (CSF) may be insufficient with no standard
for optimal drug dosage and combination established so far. For antibiotic-
resistant TBM, few effective therapeutic approaches have been reported,
which is normally led to extremely poor outcome [32]. The lack of
therapeutic strategy may be largely attributed to the insufficient
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understanding of the molecular mechanism underlying TBM pathogenesis.
Therefore, in-depth study of TBM is important for therapy development.
Here, we verified the involvement of m6A in TBM progression, providing
novel insights into TBM pathogenesis.

Physiologically, the expression of MMP-9 is limited in CNS. Clinal studies
establish that the abnormally high concentration of MMP-9 in CSF of TBM
patients is associated to TBM severity, including tissue damage and
neurological compromise [9, 33]. Host-directed drug that specifically targets

Page 7 of 10



J. Clinical Case Reports and Studies

MMP-9 may provide a solution adjunctive with conventional antibacterial
therapy. The MMP-9-specific inhibitor SB-3CT was shown to enhance TB
bacilli clearing while BBB disruption was also ameliorated for TBM rats
treated with another MMP inhibitor, Batimastat (BB-94) [34, 35]. Although
MMP-9 plays a vital role in TBM and has been studies clinically and
pharmaceutically, how MMP-9 is up-regulated in TBM remains largely
unknown. Our study identifies FTO as the positive regulator of MMP-9. This
is supported by our data that MMP-9 is upregulated during TB and that FTO
RNAI reversed the elevation of MMP-9 (Figure 4 and Figure 6).
Furthermore, RNA immunoprecipitation experiments validated the m6A
modification in MMP-9 transcript, which are directly controlled by FTO
(Figure 7).

m6A is a common RNA modification, playing a multifaceted role in mMRNA
modulation. It is estimated that m6A occurs in approximately 30%
transcripts [36]. Due to the universality of m6A, it regulates the expression
of a myriad of genes, thereby exerting important functions physiologically.
Thus, m6A disruption may lead to aberrant gene expression, which further
causes the dysregulation of cellular functions. It is widely believed that m6A
is involved in many diseases, such as cancers, psychiatric disorders,
osteoporosis, and metabolic disease [36]. However, only a few studies link
m6A with infectious disease. For instance, m6A-modified viral transcripts
are less likely to bind to cytosolic RIG-I-like receptors to trigger antiviral
signaling [37]. It is also demonstrated that m6A regulators participate in
other immunoregulatory processes, including inflammatory response and
autoimmune [38, 39]. However, little is known about the role of m6A in
bacterial infectious diseases. This is the first study that establishes the link
between m6A and bacterial infection.

Herein, robust evidences are provided to support that the m6A demethylase
FTO (but not the methyltransferase Mettl14) is involved in TBM. We first
showed that TB induces the ectopic expression of FTO in both cultured
microglial cells (Figure 2 and Figure 3) and in vivo (Figure 6), and then
functionally validated the engagement of FTO in TB-induced apoptosis
(Figure 5). Intriguingly, FTO is shown to be a positive regulator of apoptosis
in the context of TBM, which is a founding contradictory to the majority of
previous studies. FTO is considered as an apoptotic inhibitor since its
overexpression inhibits apoptosis while its knockdown promotes cell death.
This apoptotic-inhibiting role is confirmed in a wide range of contexts,
including adipocytes, multiple cancer cells and myocardial cells with
hypoxia/reoxygenation injury [40-43]. By contrast, the pro-apoptotic
function is much less frequently reported, limited to only a few cancer types
such as clear cell renal cell carcinoma and intrahepatic cholangiocarcinoma
[44, 45]. These contradictory results suggest that FTO plays a dual role in
apoptosis modulation, which is likely to be transcriptional context-
dependent. Our data also highlighted that TB altered the epigenetic landscape
of the transcripts of MMP-9 and OX42 by inducing the ectopic expression
of m6A eraser FTO. The uninstallation of m6A then stabilizes the mRNA of
MMP-9 and OX-42, ultimately leading to their upregulation. Considering the
role of MMP-9, FTO may be a potential therapeutic target for TBM. Upon
inhibition of FTO, the MMP-9 down-regulation may at least partially restore
the BBB integrity and alleviate CNS tissue destruction. Actually, MMP-9 is
not the only known MMP controlled by FTO, a study in 2020 found that FTO
was also overexpressed in esophageal squamous cell carcinoma and it
contributes to the up-regulation of MMP13 [46]. We speculate that the
transcripts of other MMPs may also harbor m6A modification sites, which
were also regulated by FTO, and that FTO-dependent MMP regulation may
be implicated in diseases beyond cancer and TBM.

Apart from MMP-9, we also found the m6A sites in the mMRNA of OX42
(integrin subunit alpha M or ITGAM). Similar to MMP-9, our data suggest
that TB promoted the demethylation and stabilization of OX-42 transcript,
causing the upregulation of OX-42. OX-42 is a component of complement
receptor 3, a critical molecule in pro-inflammatory responses [47], which
normally remains expressed at a low level in the CNS [48]. Genome-wide
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association study (GWAS) data unveiled the genetic association between
OX-42 and several autoimmune diseases, such as systemic lupus
erythematosus, scleroderma and multiple sclerosis [29, 49, 50]. By
genotyping patients with common variable immunodeficiency disorders,
Maggadottir et al. found that multiple signaling pathways of B and T cell are
enriched in OX-42-interacting network [51]. Although these hypothesis-free
GWAS studies established OX-42 as a risk factor of autoimmune diseases
and identified the risk alleles based on single nucleotide polymorphisms
(SNPs), it is still unknown how these SNPs affect the expression of OX-42.
Furthermore, functional research into OX-42 is sparse [52]. Thus, it still
remains a question how OX-42 is regulated in vivo and whether OX-42 is
involved and dysregulated in other diseases. Our data not only illuminated
the abnormal elevation of OX-42 in CNS infected by M.tb (Figure 4 and
Figure 6), but also mechanically demonstrated that this upregulation is
mediated by m6A demethylation FTO (Figure 8). This finding suggests that
the role of OX-42 may be more diverse than we expected, at least not limited
in autoimmunity.

Taken together, our study shed light on the involvement of m6A
modification in TBM, and the removal of m6A in the transcripts of MMP-9
and OX42 led to their stabilization, which may further functionally
contribute to the development of TBM. Our study deepened the current
understanding of TBM pathogenesis and more importantly, provided new
insights into the development of non-antibiotic therapy of TBM.
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