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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:Microglia-mediated neuroinflammation is involved in various neurological diseases, includ-

ing ischemic stroke, but the endogenous mechanisms preventing unstrained inflammation

is still unclear. The anti-inflammatory role of transcription factor nuclear receptor subfamily 4

group A member 1 (NR4A1) in macrophages and microglia has previously been identified.

However, the endogenous mechanisms that how NR4A1 restricts unstrained inflammation

remain elusive. Here, we observed that NR4A1 is up-regulated in the cytoplasm of activated

microglia and localizes to processing bodies (P-bodies). In addition, we found that cyto-

plasmic NR4A1 functions as an RNA-binding protein (RBP) that directly binds and destabi-

lizes Tnf mRNA in an N6-methyladenosine (m6A)-dependent manner. Remarkably,

conditional microglial deletion of Nr4a1 elevates Tnf expression and worsens outcomes in a

mouse model of ischemic stroke, in which case NR4A1 expression is significantly induced in

the cytoplasm of microglia. Thus, our study illustrates a novel mechanism that NR4A1 post-

transcriptionally regulates Tnf expression in microglia and determines stroke outcomes.

Introduction

Microglia are the resident macrophages in the brain, which exert critical physiological func-

tions during development and homeostasis, such as scanning of the brain microenvironment,

remodeling of synapses, and support for the development of oligodendrocytes [1,2]. In most

neurological diseases, however, microglia respond rapidly to brain injuries and undergo dis-

tinct morphological and transcriptional changes [3,4]. In ischemic stroke, microglia are first

activated after ischemia, releasing proinflammatory cytokines and chemokines to initiate early
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proinflammatory response and trigger the subsequent infiltration of peripheral immune cells

to damage the brain [5–7]. Thus, a stronger mechanistic understanding of the regulation of

neuroinflammation by microglia during ischemic stroke could pave the way for a novel ther-

apy that would reduce ischemic brain injury.

NR4A1 (also referred to as Nur77, TR3 and NGFI-B and encoded by the gene Nr4a1) is a

member of the nuclear hormone receptor superfamily, and the expression of NR4A1, as an

immediate early gene, is rapidly induced in response to various stimuli [8]. Similar to other

classical nuclear hormone receptors, NR4A1 contains a transactivation domain, DNA-binding

domain (DBD), and ligand-binding domain (LBD). In peripheral tissues, NR4A1 acts as an

anti-inflammatory molecule in macrophages, and Nr4a1-deficiency enhances the polarization

of macrophages into a proinflammatory phenotype and exacerbates atherosclerosis [9,10]. It

was recently found that NR4A1 is also key for the down-regulation of isocitrate dehydrogenase

and the prevention of succinate accumulation, which induces metabolic reprogramming and

attenuates chronic inflammation [11]. In the mouse brain, NR4A1 protects dopaminergic neu-

rons in a rodent model of Parkinson’s disease and delays the onset of clinical symptoms of

experimental autoimmune encephalomyelitis (EAE) by inhibiting microglial activation and

proinflammatory gene expression [12,13]. It has also been reported that NR4A1 in myeloid

cells could recruit the corepressor CoREST to the Th (tyrosine hydroxylase) promoter, repress-

ing the production of norepinephrine, which limited the progression of EAE [14].

Given that NR4A1 suppresses proinflammatory response in macrophages and microglia,

we investigated its underlying regulatory mechanisms in microglia. Intriguingly, we found

that the transcription factor NR4A1 exerted a novel function as an RNA-binding protein

(RBP) in microglia. That is, cytoplasmic NR4A1 was up-regulated and localized to processing

bodies (P-bodies) after microglial activation, directly binding and promoting the destabiliza-

tion of Tnf mRNA in an N6-methyladenosine (m6A)-dependent manner. Moreover, trichosta-

tin A (TSA), a pan-histone deacetylase (HDAC) inhibitor, increased NR4A1 expression and

accelerated Tnf mRNA decay in microglia. Similar to in vitro findings, the expression of

NR4A1 was remarkably induced, mainly in the cytoplasm of microglia, in a middle cerebral

artery occlusion (MCAO) mouse model and stroke patients. Global and conditional microglial

knockout of Nr4a1-enhanced Tnf expression and remarkably exacerbated ischemic brain

injury. This study identified a key role of microglial NR4A1 as an RBP that posttranscription-

ally regulates Tnf expression, providing a promising target for stroke treatment.

Results

NR4A1 localizes to P-bodies in activated microglia

NR4A1 is expressed in microglia and exhibits anti-inflammatory effect under inflammatory

stimuli [12]. However, the underlying mechanism is still unclear. Injured neurons release vari-

ous damage-associated molecular patterns (DAMPs), which activates microglia through Toll-

like receptors and purinergic receptors [15,16], we therefore used ATP and LPS to activate pri-

mary microglia and confirmed that NR4A1 was significantly up-regulated after ATP treatment

and ATP+LPS co-stimulation (Figs 1A and S1A). Notably, we found that ATP+LPS stimula-

tion induced an upper band of NR4A1 as compared to ATP alone (S1A Fig). Since NR4A1 is a

canonical transcription factor with its nuclear localization, and previous studies also have dem-

onstrated that NR4A1 is present in the cytoplasm of neurons and PC12 cells in its phosphory-

lated form [17,18], we further examined the subcellular localization of NR4A1 in microglia

after ATP+LPS treatment. Western blot analysis of compartmentalized proteins showed that

ATP+LPS stimulation resulted in an up-regulation of an upper band of NR4A1 in the cyto-

plasm but not the nucleus (Fig 1B).
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Fig 1. NR4A1AU : AbbreviationlistshavebeencompiledforthoseusedinFigs1to6:Pleaseverifythatallentriesarecorrect:localizes to P-bodies in microglia. (A) Immunoblot analysis of NR4A1 in WT andNr4a1-/- primary microglia treated with or without

ATP (1 mM) + LPS (100 ng/ml). (B) Immunoblot analysis of NR4A1 expression in the cytoplasmic and nuclear fractions of untreated and ATP+LPS-

treated primary microglia. (C) Co-IP-MS/MS analysis of Flag-NR4A1-interacting proteins. (D, E) Representative GO terms of cellular components and

molecular functions enriched in Flag-NR4A1-interacting proteins. (F) Representative images of untreated and ATP+LPS-treated primary microglia

showing colocalization of NR4A1 with DCP1A. Scale bar, 50 and 5 μm. (G, H) In situ proximity ligation assay assessing the interactions between NR4A1
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To investigate how NR4A1 functions in activated microglia, we screened for proteins that

interact with NR4A1 in ATP+LPS-treated BV2 cells overexpressing FLAG-NR4A1 by MS/MS.

Intriguingly, 26 out of 632 identified proteins were components of cytoplasmic granules,

including P-bodies (Fig 1C and S1 Table). In addition, GO analysis suggested that NR4A1-in-

teracting proteins are predominantly enriched in the cytoplasm and possess RNA-binding

capacity, which also indicated microglial NR4A1 might function in cytoplasmic RNA granules

(Fig 1D and 1E). Furthermore, Immunofluorescence staining revealed that NR4A1 colocalized

with DCP1A, a key component of P-bodies (Fig 1F). To confirm the direct interaction

between NR4A1 and P-bodies, we performed in situ proximity ligation assays and obtained

consistent results (Fig 1G and 1H). Additionally, we confirmed that ATP+LPS enhanced the

interactions between FLAG-NR4A1 and the P-body marker DCP1A by coimmunoprecipita-

tion (Co-IP) (Fig 1I), suggesting that NR4A1 in activated microglia might function in P-

bodies.

NR4A1 functions as an RNA-binding protein that promotes Tnf mRNA

degradation

Since P-bodies are cytoplasmic granules that mediate RNA decay, and because NR4A1 has 2

highly conserved Cys4 zinc fingers in its DBD, which might have RNA-binding capacity, we

hypothesized that NR4A1 might function as an RBP that regulates the stability of mRNA

[19,20]. We performed RBP immunoprecipitation sequencing (RIP-seq) to determine

NR4A1-RNA associations. The RIP-seq data showed that NR4A1 bound to several transcripts

that are related to inflammatory response (S2 Table). Additionally, since NR4A1 is reported to

be capable of suppressing proinflammatory response in microglia, it was reasonable to assume

that NR4A1 might regulate the mRNA stability of proinflammatory factors. Accordingly, RIP-

qPCR analysis confirmed that NR4A1 directly bound Tnf, Il1b, Il6, and Il10 mRNA, and these

interactions substantially increased after ATP+LPS treatment (Figs 2A and S2A–S2C). We

next found that Nr4a1 knockout led to significantly greater stabilization of Tnf mRNA in acti-

vated microglia treated with actinomycin D, a commonly used transcription inhibitor, than in

wild-type (WT) microglia, but did not affect Il1b, Il6, or Il10 (Figs 2B and S2D–S2F).

We also used TSA, a pan-histone deacetylase (HDAC) inhibitor that has been reported to

induce NR4A1 expression, to pharmacologically up-regulate NR4A1 in microglia (Fig 2C and

2D) [21]. We found that TSA treatment significantly suppressed Tnf mRNA expression in pri-

mary microglia (Fig 2E). However, Nr4a1 knockout significantly attenuated the reduction of

Tnf mediated by TSA (Fig 2E and 2F). Furthermore, we investigated whether TSA suppresses

Tnf expression via the mechanism described above. We examined mRNA stability after TSA

treatment and found that TSA remarkably promoted the mRNA degradation of Tnf, but this

effect was not observed in Nr4a1-knockout microglia (Fig 2G and 2H).

However, we also found that NR4A1-overexpression could suppress the activity of Tnf pro-

moter by luciferase assay (S2G Fig), which was consistent with the previous study [22], indi-

cating that NR4A1 functions as a transcription factor to regulate Tnf expression. Thus, to

investigate the function of cytoplasmic NR4A1, we overexpressed wildtype-NR4A1 and

NR4A1 with 3XNES (nuclear export sequence) in BV2 cells (S2H–S2J Fig). We found that

wildtype-NR4A1 down-regulated Tnf, Il1b, and Il6 after ATP+LPS stimulation, whereas

and DCP1A (red) in negative control, unstimulated and ATP+LPS-treated primary microglia. Scale bar, 50 and 10 μm (n = 50 cells counted in each

group). (I) Immunoblot analysis of DCP1A in BV2 cell (expressing FLAG-NR4A1) lysates immunoprecipitated with an anti-FLAG antibody. Data are

presented as mean ± SEM. In (H), one-way ANOVA with post hoc Dunnett’s test. ***P< 0.001. The underlying data for this figure can be found in S1

Data. The original blot for this figure can be found in S1 Raw Images. Co-IP, coimmunoprecipitation; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002199.g001
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cytoplasmic NR4A1 (NR4A1-NES) specifically regulated the expression level of Tnf mRNA

and promoted its degradation (S2K–S2M Fig). Collectively, these data demonstrate that cyto-

plasmic NR4A1 specifically promotes Tnf mRNA degradation through directly binding to Tnf
mRNA in microglia.

Fig 2. NR4A1 functions as an RBP that promotes Tnf mRNA degradation. (A) RIP analysis of NR4A1-bound Tnf mRNA in untreated and ATP+LPS-

treated BV2 cells (n = 3 biological repeats in each group). (B) RNA stability assay of Tnf mRNA in ATP+LPS-activated WT and Nr4a1-/- primary microglia at

the indicated time points after actinomycin D treatment (n = 4 biological repeats in each group). (C, D) mRNA (C) (n = 3 biological repeats in each group) and

protein (D) levels of Nr4a1 in unstimulated and ATP+LPS-activated primary microglia treated with DMSO or TSA (50 nM). (E) Tnf mRNA levels in

unstimulated and ATP+LPS-treated primary microglia treated with DMSO or TSA (50 nM) (n = 3 biological repeats in each group). (F) Relative reduction in

Tnf expression induced by TSA treatment in ATP+LPS-treated WT and Nr4a1-/- primary microglia (calculated from E) (n = 3 biological repeats in each

group). (G, H) RNA stability assay of Tnf mRNA in ATP+LPS-treated WT and Nr4a1-/- primary microglia treated with TSA at the indicated time points after

actinomycin D treatment (n = 3 biological repeats in each group). Data are presented as mean ± SEM. In (A), (C), (E), two-way ANOVA with post hoc

Bonferroni’s test. In (B), (G), (H), two-way ANOVA. In (F), two-tailed unpaired Student’s t test. *P< 0.05; **P< 0.01; ***P< 0.001. The underlying data for

this figure can be found in S1 Data. The original blot for this figure can be found in S1 Raw Images. RBP, RNA-binding protein; TSA, trichostatin A; WT, wild-

type.

https://doi.org/10.1371/journal.pbio.3002199.g002
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NR4A1 promotes Tnf mRNA degradation in an m6A-dependent manner

m6A modification, one of the key mechanisms through which mRNAs are posttranscription-

ally regulated, impacts fundamental aspects of RNA and plays critical roles in various biologi-

cal processes, including inflammation [23–25]. In addition, several m6A readers (YTHDF2,

IGF2BPs, etc.) were previously reported to be localized in cytoplasmic granules and regulate

mRNA stability [26,27]. Here, we found that an “AGACA” sequence, which is consistent with

the “DRACH” m6A core motif (D = G/A/U, R = G/A, H = A/U/C), was enriched in NR4A1--

binding peaks (Fig 3A) [28]. Moreover, NR4A1-binding sites were highly enriched around

stop codons and in 30 UTR, coinciding with the distribution of m6A sites (Fig 3B) [28]. Thus,

we hypothesized that NR4A1 can promote Tnf mRNA degradation in an m6A-dependent

manner. To verify our hypothesis, we used a methylated RNA probe and an unmethylated

RNA probe (“GGACU” and “AGACA” motif) for RNA pull-down and found that endogenous

NR4A1 showed higher binding affinity for the methylated probe than for the unmethylated

probe (S3A, S3C and S3D Fig). Moreover, RNA electrophoretic mobility shift assay (REMSA)

also validated that recombinant NR4A1 preferentially bound to the methylated probe (S3B

Fig), suggesting that NR4A1 is a potential m6A-binding protein.

To determine whether Tnf mRNA bears m6A sites, we used SRAMP software to predict

m6A sites in Tnf mRNA [29]. We identified 4 very high- or high-confidence m6A sites in the

CDS region and 30 UTR of Tnf mRNA (Fig 3E), and m6A-RIP-qPCR analysis confirmed that

m6A modification indeed occurs in the CDS and 30 UTR of Tnf mRNA (Fig 3F). To further

confirm whether NR4A1 directly bind the m6A-modified Tnf mRNA, we performed PAR--

CLIP and found that NR4A1 could bind to the m6A-modified regions in the CDS and 30 UTR

of Tnf mRNA (S3C Fig). We next inserted the WT 50 UTR, CDS, or 30 UTR of Tnf mRNA into

a firefly luciferase reporter. As expected, NR4A1 overexpression significantly reduced the lucif-

erase activity of the WT CDS and 30 UTR but did not affect that of the 50 UTR (Fig 3G). Fur-

thermore, mutations in the m6A sites of the CDS and 30 UTR (A829, A1061+A1104) partly

reversed the effect of NR4A1 on the luciferase activity of the WT CDS and 30 UTR (Fig 3H–

3J). In addition, we also overexpressed NR4A1-NES in Mettl3-knockout BV2 cells (S3D Fig).

The results showed that cytoplasmic NR4A1 had no effect on the expression level of Tnf in

m6A-deficient BV2 cells (S3E Fig). Taken together, our data indicate that m6A modification of

Tnf mRNA is the potential mechanism accounting for cytoplasmic NR4A1-mediated Tnf
mRNA degradation.

Microglial NR4A1 is up-regulated in both mice and patients with ischemic

stroke

Microglia in the ischemic penumbra region release proinflammatory cytokines to initiate early

inflammatory response [30,31]. To characterize the expression pattern of NR4A1 in ischemic

stroke, we used MCAO as a mouse model to mimic ischemic stroke in human and found that

NR4A1 expression was significantly elevated in the penumbra at day 1 and day 3 post-stroke

(Fig 4A and 4B). Moreover, the number of NR4A1+ microglia surrounding the infarct area

peaked 1 to 3 days after MCAO (Fig 4C and 4D). Specifically, NR4A1 was predominantly

located in the cytoplasm of microglia, but not in the nucleus (Fig 4C). To assess whether this

expression pattern can also be observed in stroke patients, we analyzed NR4A1 expression in

postmortem brain sections obtained from patients after ischemic stroke by immunofluores-

cence staining. Our data showed that in the peri-infarct tissue, more NR4A1 was localized in

microglia in stroke patients than in non-stroke controls (Fig 4E). Thus, we found that micro-

glial NR4A1 was significantly up-regulated in the cytoplasm at the acute phase after ischemic
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Fig 3. NR4A1 promotes Tnf mRNA degradation in an m6A-dependent manner. (A) Binding motif identified by HOMER with NR4A1-binding

peaks. (B) The distribution (left) and enrichment (right) of NR4A1-binding peaks identified by RIP-seq. (C, D) Immunoblot analysis of NR4A1 in the

cytoplasmic fraction of ATP+LPS-treated primary microglia pulled down by m6A-containing or unmethylated oligonucleotides. (E) SRAMP software

prediction of the m6A sites in Tnf mRNA. (F) m6A-RIP-qPCR analysis of m6A enrichment in the CDS and 30 UTR of Tnf mRNA in BV2 cells (n = 3

biological repeats in each group). (G) Luciferase activities of the 50 UTR, CDS, and 30 UTR of Tnf in HEK293T cells overexpressing NR4A1 or empty

PLOS BIOLOGY Microglial NR4A1 destabilizes Tnf mRNA

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002199 July 24, 2023 7 / 30

https://doi.org/10.1371/journal.pbio.3002199


stroke, suggesting cytoplasmic NR4A1 might play an important role in the pathophysiology of

ischemic stroke.

Nr4a1-knockout enhances Tnf expression and exacerbates brain injury in

experimental ischemic stroke

To investigate whether NR4A1 impacts disease progression, experimental ischemic stroke was

induced in WT and Nr4a1-/- mice by MCAO. We first explored the putative effect of NR4A1

on the expression profiles of inflammatory factors after ischemia. Compared to those from

WT mice, brain tissues from Nr4a1-/- mice exhibited higher mRNA expression of Tnf (1 day:

p< 0.05, 7 days: p< 0.01) (Fig 5A). Although Il1b expression also elevated at day 7 post-stroke

(Fig 5B), there was no significant difference in the mRNA levels of Il6 and Il10 between

Nr4a1-/- mice and WT mice (Fig 5C and 5D).

Next, the infarct size was evaluated by Nissl staining of brain slices 3 days after stroke. We

found that the infarct size was significantly larger in Nr4a1-/- mice than in WT mice (Fig 5E

and 5F). In addition, several behavioral tests were conducted to explore the effects of NR4A1

on neurological deficits after stroke. Notably, Nr4a1-/- mice had more severe neurological defi-

cits than WT controls, as assessed by the modified neurological severity score (mNSS) test, the

rotarod test, total distance traveled, and mean velocity 1, 3, and 7 days after stroke (Fig 5G–

5J). Taken together, these data suggest that Nr4a1-knockout significantly promoted Tnf
expression and exacerbated brain injury in experimental ischemic stroke.

Microglial Nr4a1 knockout promotes Tnf expression and exacerbates brain

injury in experimental ischemic stroke

Since we mainly focused on the role of NR4A1 in microglia, conditional microglial Nr4a1-

knockout mice line (Tmem119-CreERT2; Nr4a1fl/fl) was generated and subjected to MCAO

(S4A and S4B Fig). We found that the ischemic hemispheres of Tmem119-CreERT2; Nr4a1fl/fl

mice at 24 h after stroke expressed more Tnf mRNA than those from Nr4a1fl/fl mice, whereas

the mRNA expression of Il1b, Il6, Il10, and Tgfb1 did not show any significant changes (Figs

6A–6D and S5A). Consistently, the protein level of TNF-α was also up-regulated in

Tmem119-CreERT2; Nr4a1fl/fl mice at 24 h after stroke (S5B–S5F Fig). Moreover, Tmem119-

CreERT2; Nr4a1fl/fl mice phenocopied Nr4a1-/- mice and showed a larger infarct size and

worse neurological deficits than those in Nr4a1fl/fl littermates after stroke, while Etanercept

(ETA, a dimeric Fc-fusion protein that specifically target TNF-α) treatment significantly

reduced the infarct size and attenuated neurological deficits in Tmem119-CreERT2; Nr4a1fl/fl

mice, suggesting that increased TNF-α was the major contributing factor that mediate pro-

damaging effect of Nr4a1-knockout in microglia (Fig 6E–6I).

Furthermore, to mimic microglial activation in ischemic stroke in vitro, we induced neuro-

nal injury by incubating neurons in oxygen-glucose deprivation (OGD) conditions and then

treated WT and Nr4a1-/- primary microglia with neuron-conditioned media (NCM) from

control or OGD-exposed neurons (S6A Fig). Our results revealed that the expression of Tnf,
Il1b, and Il6 mRNA was robustly up-regulated and that the levels of anti-inflammatory factors,

such as Arg1 and Mrc1, were markedly decreased in Nr4a1-/- microglia compared to WT

vector (n = 3 biological repeats in each group). (H) m6A site mutations in the CDS and 30 UTR of Tnf mRNA. (I, J) Relative luciferase activities of WT

or mutant CDS of Tnf (I) and WT or mutant 30 UTR of Tnf (J) in HEK293T cells overexpressing NR4A1 (normalized to Fluc/Rluc in HEK293T cells

with empty vector) (n = 3 biological repeats in each group). Data are presented as mean ± SEM. In (F), (G), (I), two-tailed unpaired Student’s t test. In

(J), one-way ANOVA with post hoc Dunnett’s test. *P< 0.05; **P< 0.01; ***P< 0.001. The underlying data for this figure can be found in S1 Data.

The original blot for this figure can be found in S1 Raw Images. RIP-seq, RNA-binding protein immunoprecipitation sequencing; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002199.g003
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Fig 4. Microglial NR4A1 is up-regulated in both mice and patients with ischemic stroke. (A) Immunoblot analysis of NR4A1 in contralateral and peri-

infarct tissue 1 day, 3 days, and 7 days after MCAO. (B) Quantification of immunoblot analysis of NR4A1 expression in contralateral and peri-infarct tissue 1

day, 3 days, and 7 days after MCAO showing that brain ischemia induced NR4A1 expression in peri-infarct tissue (n = 3 mice in each group). (C)

Representative images of the contralateral and peri-infarct cortices of mice 1 day, 3 days, and 7 days after MCAO showing localization of NR4A1 (green) in

Iba1+ (red) microglia. The inset shows a digitally magnified field of a single cell from the image. Scale bar, 30 μm. (D) Quantification of the percentage of
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microglia (S6B Fig). Consistently, the concentrations of TNF-α, IL-6, and IL-1β were sig-

nificantly higher in the supernatants of OGD-NCM-treated Nr4a1-/- microglia than in the

supernatants of OGD-NCM-treated WT microglia (S6C Fig). In addition, we also found

that culture medium from OGD-NCM-treated Nr4a1-/- microglia exacerbated neuronal

death compared to that from OGD-NCM-treated WT microglia, as demonstrated by the

decrease in the ratio of Calcein-AM+/propidium iodide (PI)+ cells (S7A–S7C Fig). The

CCK-8 assay further confirmed that OGD-NCM-treated Nr4a1-/- microglia-conditioned

medium reduced the viability of neurons (S7D Fig). Collectively, these results indicate that

microglial NR4A1 suppresses Tnf expression and alleviates microglia-potentiated neuronal

damage after stroke.

Discussion

In the present study, we found that NR4A1 was significantly up-regulated in the cytoplasm of

activated microglia, which was inconsistent with the role of NR4A1 as a transcription factor,

indicating microglial NR4A1 might also function as a non-transcriptional regulator. We then

discovered that microglial NR4A1 localized to P-bodies, where it destabilized Tnf mRNA in an

m6A-dependent manner. Global and conditional microglial knockout of Nr4a1 up-regulated

Tnf expression and worsened stroke outcomes. Therefore, we uncovered a previously uniden-

tified role of NR4A1 as an RBP, highlighting that microglial NR4A1 is a posttranscriptional

brake that suppresses Tnf expression.

NR4A1 is widely expressed in the CNS, including the cortex, hippocampus, striatum, and

other brain regions [32]. Additionally, it was reported that NR4A1 expression in activated

microglia is markedly lower in an MPTP-PD mouse model than that in WT mice, and NR4A1

suppresses deleterious inflammatory responses and protects dopaminergic cells from inflam-

mation-induced death [13]. Rapid up-regulation of NR4A1 in microglia upon exposure to the

neuronal-derived stress signal ATP is critical for the maintenance of a resting and noninflam-

matory phenotype of microglia, which was observed in the EAE model [12].

One outstanding question is the mechanisms underlying NR4A1-mediated anti-inflamma-

tory effect in microglia. It was reported that NR4A1 inhibits the expression of Tnf at the tran-

scriptional level after LPS stimulation by suppressing the activation of the NF-κB signaling

pathway [33]. Here, we discovered that NR4A1 was significantly up-regulated in the cytoplasm

and located in P-bodies in activated microglia, then directly binding Tnf mRNA and promot-

ing its destabilization. P-bodies belong to a group of nonmembrane-bound organelles and are

assembled by RNAs and RBPs [34]. Posttranscriptional modulation of mRNAs in P-bodies are

common mechanisms of mRNA degradation and stabilization [34,35]. DNA-binding proteins

(DBPs) and RBPs were considered as 2 distinct categories and studied separately. However,

this standpoint has been outdated. Recent studies have found that some DBDs are evolution-

arily conserved, which enables them to bind and regulate RNA metabolism [36]. Similar to

NR4A1, the glucocorticoid receptor (GCR, also referred to as NR3C1), a classic ligand-acti-

vated transcription factor that also has 2 highly conserved Cys4 zinc-fingers, was found to

destabilize Ccl2 mRNA through direct RNA binding and the recruitment of UPF1 [37,38]. In

addition, P-bodies have also been associated with microRNA (miRNA)-mediated gene

NR4A1+ microglia showing that MCAO-induced NR4A1 expression in microglia in the peri-infarct cortex (n = 4 mice in each group). (E) Images of human

brain samples from 2 non-stroke patients and 2 stroke patients. The inset shows a digitally magnified field of a single cell from the image. Stroke-induced

NR4A1 expression in human microglia. Scale bar, 50 μm. Data are presented as mean ± SEM. In (B) and (D), one-way ANOVA with post hoc Dunnett’s test.

*P< 0.05; **P< 0.01; ***P< 0.001. The underlying data for this figure can be found in S1 Data. The original blot for this figure can be found in S1 Raw

Images. MCAO, middle cerebral artery occlusion.

https://doi.org/10.1371/journal.pbio.3002199.g004
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silencing, and Tnf have been reported to be regulated by multiple miRNAs [39–41]. Therefore,

the effect of NR4A1 on miRNA-mediated Tnf decay was not fully excluded and needs further

investigation.

Fig 5. Nr4a1-knockout enhances Tnf expression and exacerbates brain injury in experimental ischemic stroke. (A–D) Relative mRNA levels of several

inflammatory factors in the ipsilateral hemispheres of WT and Nr4a1-/- mice 1 day, 3 days, and 7 days after MCAO compared with those in the contralateral

hemispheres (n = 4 mice in each group). (E) Representative images of Nissl staining of tissues from WT and Nr4a1-/- mice 3 days after MCAO. (F)

Quantification of the infarct size, as measured by Nissl staining (n = 10 for WT mice, n = 5 for Nr4a1-/- mice). (G–J) Sensorimotor deficits were aggravated in

Nr4a1-/- mice compared to WT mice 1 day, 3 days, and 7 days after MCAO, as determined by the mNSS test (G) (n = 15–38 for WT mice, n = 14–28 for

Nr4a1-/- mice), rotarod test (H) (n = 14–18 for WT mice, n = 7–16 forNr4a1-/- mice), total distance traveled (I) (n = 12–30 for WT mice, n = 9–21 forNr4a1-/-

mice), and mean velocity (J) (n = 12–40 for WT mice, n = 9–28 for Nr4a1-/- mice). Data are presented as mean ± SEM. In (A–D) and (F), two-tailed unpaired

Student’s t test. In (G–J), two-way ANOVA. *P< 0.05; **P< 0.01; ***P< 0.001. The underlying data for this figure can be found in S1 Data. MCAO, middle

cerebral artery occlusion; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002199.g005
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Fig 6. Microglial Nr4a1 knockout promotes Tnf expression and exacerbates brain injury in experimental ischemic stroke. (A–D) mRNA levels of several

inflammatory factors in ischemic hemispheres from Tmem119-CreERT2;Nr4a1fl/fl mice and Nr4a1fl/fl mice 6 h and 24 h after MCAO (n = 3 for sham mice,

n = 5 for MCAO mice per group). (E) Representative images of Nissl-stained tissues from Tmem119-CreERT2;Nr4a1fl/fl mice andNr4a1fl/fl mice 3 days after

MCAO. (F) Quantification of the infarct size, as measured by Nissl staining (n = 9 forNr4a1fl/fl + Saline mice, n = 11 forNr4a1fl/fl + ETA mice, n = 11 for

Tmem119-CreERT2;Nr4a1fl/fl + Saline mice, n = 10 for Tmem119-CreERT2;Nr4a1fl/fl + ETA mice). (G–I) Neurological deficits were aggravated in Tmem119-
CreERT2;Nr4a1fl/fl mice compared to Nr4a1fl/fl mice 1 day and 3 days after MCAO and rescued by ETA, as determined by the mNSS test (G) (n = 9 for

Nr4a1fl/fl + Saline mice, n = 11 forNr4a1fl/fl + ETA mice, n = 11–12 for Tmem119-CreERT2;Nr4a1fl/fl + Saline mice, n = 10 for Tmem119-CreERT2;Nr4a1fl/fl

+ ETA mice), foot fault test (H) (n = 9 forNr4a1fl/fl + Saline mice, n = 11 forNr4a1fl/fl + ETA mice, n = 10–12 for Tmem119-CreERT2;Nr4a1fl/fl + Saline mice,
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Notably, TNF-α is a well-characterized proinflammatory cytokine, and increased TNF-α
expression is observed in the early phase of stroke in rodent models and postmortem human

brain tissues [42–44]. Microglia have been reported to be the dominant source of TNF-α in

the brain [45]. TNF-α secreted by microglia can directly act on TNFR1 on neurons and

strongly trigger neuronal death by activating caspase-8 signaling after stroke [46,47]. In addi-

tion, we previously discovered that TNF-α mediates the interaction between microglia and

double-negative T cells after ischemia, leading to aggravated brain injury [48]. Previous studies

have identified several RBPs (e.g., TTP, HuR) that target Tnf mRNA 30 UTR to regulate its sta-

bility, whose disruption would cause dysregulated TNF-α production and inflammatory dis-

eases [49,50]. Nevertheless, our studies indicated that Tnf was significantly affected by

NR4A1-deletion in rodent stroke model, while NR4A1 regulates multiple proinflammatory

cytokines in in vitro-activated microglia. We speculated that in MCAO mice, NR4A1 was up-

regulated in the cytoplasm but absent in the nucleus of microglia; however, in in vitro studies,

NR4A1 was significantly induced after microglial activation in both cytoplasm and nucleus,

suggesting that Il1b and Il6 were mainly transcriptionally regulated by nuclear NR4A1. We

also overexpressed NR4A1-NES in BV2 cells to confirm that cytoplasmic NR4A1 specifically

regulate Tnf expression, which probably revealed a de novo posttranscriptional role of cyto-

plasmic NR4A1, therefore expanding the mechanisms underlying its anti-inflammatory role,

as well as replenishing the RBP pool that posttranscriptionally regulate the stability of Tnf
mRNA.

We also found that TSA, a pan-HDAC inhibitor, is effective in increasing NR4A1 expres-

sion and down-regulating microglia-derived Tnf expression. We proposed that TSA-promoted

Tnf mRNA degradation in an NR4A1-dependent manner, further supporting our finding that

NR4A1 functions as an RBP to posttranscriptionally regulate Tnf mRNA in microglia. Several

compounds have been found to potentially act as agonists of NR4A1, but the side effects of

these compounds limit their application for neurological diseases. Cytosporone B (Csn-B), a

natural compound, can suppress microglia-mediated inflammation in an NR4A1-dependent

manner, but the specific mechanism underlying the anti-inflammatory effect of Csn-B remains

elusive [12]. In addition, since Csn-B has been reported to translocate NR4A1 to mitochondria

to induce apoptosis, it might initiate neuronal death, suggesting that its utility for CNS diseases

is limited [51]. Celastrol also alleviates inflammation by inducing the interaction between

NR4A1 and TRAF2 to promote mitophagy [52]. However, the immunosuppressive effect of

celastrol can cause serious infection in patients [53]. Considering the detrimental role of neu-

roinflammation in multiple sclerosis, Alzheimer’s disease, and Parkinson’s disease, TSA might

also be used for treatment of these CNS diseases.

N6-methyladenosine (m6A) methylation is the most prevalent modification of eukaryotic

mRNAs and is interpreted by its readers to regulate mRNA fate [54,55]. Previous studies have

demonstrated that m6A writers, erasers, and readers are involved in the immune response

under various pathological context. As the most well-identified writer, METTL3 played diverse

roles in different diseases. In endotoxemia, METTL3-mediated m6A-modification of Tlr4
showed increased translation and slowed degradation, which was critical for neutrophil activa-

tion [56]. METTL3 also enhanced the stabilization of Tab3 and contributed to the aggravation

of renal injury and inflammation [57]. In the spinal cord injury, however,

n = 9–10 for Tmem119-CreERT2;Nr4a1fl/fl + ETA mice) and grip strength test (I) (n = 9 for Nr4a1fl/fl + Saline mice, n = 11 forNr4a1fl/fl + ETA mice, n = 11–

12 for Tmem119-CreERT2;Nr4a1fl/fl + Saline mice, n = 10 for Tmem119-CreERT2;Nr4a1fl/fl + ETA mice). Data are presented as mean ± SEM. In (A–D), two-

way ANOVA with post hoc Bonferroni’s test. In (F), one-way ANOVA with post hoc Bonferroni’s test. In (G–I), two-way ANOVA with post hoc Bonferroni’s

test (day 3 after MCAO) *P< 0.05; **P< 0.01; ***P< 0.001. The underlying data for this figure can be found in S1 Data. MCAO, middle cerebral artery

occlusion.

https://doi.org/10.1371/journal.pbio.3002199.g006
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METTL3-methylated Yap1 mRNA and promoted its stability, leading to reactive astrogliosis

and functional recovery [58]. Furthermore, another m6A writer, METTL14, was reported to

increase the translation of Foxo1 and aggravated endothelial inflammation and atherosclerosis

[24]. ALKBH5, a well-characterized m6A eraser, demethylated various target transcripts in

neutrophils and promoted neutrophil migration, which is essential for antibacterial defense

[59]. As to m6A readers, IGF2BP2 could stabilize m6A-modified target transcripts (e.g., Cebpd,

Tsc1) to augment autoimmune inflammation [60,61]. However, inactivation of YTHDF2

increased m6A-modified inflammation-related transcripts and impaired hematopoietic stem

cell function [62]. A previous study also identified m6A-hypermethylated mRNAs related to

proinflammatory cytokines in the ischemic brain, including Tnf mRNA, indicating m6A-mod-

ification was involved in ischemic stroke [63]. Accordingly, our study identified microglial

NR4A1 functions as an RBP to destabilize Tnf mRNA in an m6A-dependent manner and alle-

viates post-stroke neuroinflammation, highlighting the role of m6A in ischemic stroke.

Notably, a previous study found that m6A-loss in Tnf mRNA did not directly affect its deg-

radation in macrophages using various approaches [64]. However, there are many m6A read-

ers with opposite functions in regulating mRNA stability. For example, IGF2BP proteins could

stabilize mRNA, whereas FMR1 was reported to promote the degradation of its target mRNAs

[65]. Since the stability of Tnf mRNA probably be regulated by both types of m6A readers,

m6A-loss in Tnf mRNA might disable all the m6A readers to regulate its stability, leading to

the net effect of m6A-loss on Tnf stability to be insignificant. In addition, according to this

study, simultaneously knocking down YTHDF proteins significantly down-regulated Tnf
expression, but the authors did not investigate the effect of YTHDF-knockout on Tnf stability.

Here, our study used Nr4a1-deficient cells rather than Mettl3/14-deficient cells to demonstrate

that genetic manipulation of specific m6A readers could directly regulate Tnf stability, which

might explain the inconsistency. However, the domain of NR4A1 that binds to m6A sites

remains elusive. Future structural studies exploring the specific domain that binds to m6A-

modified mRNAs are warranted. In addition, our study also used BV2 and HEK293T cells

instead of primary microglia to demonstrate that NR4A1 regulates Tnf by directly binding to

the m6A sites because these experiments require a large number of cells, and BV2 cells share

common features in immune response with primary microglia. Still, the function of NR4A1 as

an RBP needs to be further validated in ex vivo microglia (e.g., primary microglia, iPSC-

derived microglia).

In addition, NR4A1 was reported to be expressed in various immune cells, including mac-

rophages and T cells [11,66,67]. Since a large number of peripheral immune cells could infil-

trate the brain after ischemic stroke, it would be difficult to differ the function of microglial

NR4A1 and NR4A1 in other immune cells in Nr4a1-knockout mice. Previous studies have

confirmed that Nr4a1-deficiency caused a significant decrease in Ly6C- monocyte, which

might also affect the outcome of ischemic brain injury in mice [68]. In addition, neuronal

NR4A1 also protected dopaminergic neurons from MPTP, suggesting the pro-survival role of

NR4A1 in neurons [69]. However, in Tmem119-CreERT2; Nr4a1fl/fl mice, microglial NR4A1

was specifically knockout, enabling us to confirm the neuroprotective role of microglial

NR4A1 in the context of ischemic stroke.

Accordingly, our study found that global and conditional microglial knockout of Nr4a1-

enhanced Tnf expression and remarkably exacerbated ischemic brain injury. We also used Eta-

nercept to block the effect of TNF-α in MCAO model and found that Etanercept could rescue

the detrimental effect of Nr4a1-knockout in microglia. However, the effect of TNF-α in ische-

mic stroke is controversial. Previous studies using Tnf-knockout mice showed that TNF-α was

neuroprotective in ischemic stroke, while pharmacologically blocking TNF-α attenuated brain

injury [45,70,71]. Moreover, neurons pretreated with TNF-α were more resistant to death
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[72,73]. It has also been suggested TNF-α was essential for maintaining neuronal function

[74]. However, ablation of soluble TNF-α is neuroprotective in ischemic stroke [75]. Thus, we

speculated that loss of TNF-α under steady state probably make neurons susceptible to ische-

mia, while acute blocking increased soluble TNF-α in the injured brain could be neuroprotec-

tive. Furthermore, although Etanercept was reported to be neuroprotective in MCAO rats, we

found 2 studies reported that Etanercept did not show therapeutic effect in MCAO mice

[76,77]. Several differences between our study and theirs might explain the inconsistencies.

Sumbria and colleagues [77] used Etanercept at a dose of 1 mg/kg, which is lower than ours

(10 mg/kg), indicating that higher dose of Etanercept might exhibit neuroprotective effect. In

another study, Etanercept (10 mg/kg) improve neurological function but did not reduce the

infarct size of MCAO mice [76]. The reason might be that they used permanent MCAO

model, which there is no salvageable penumbra with reperfusion. However, in our study, we

used transient MCAO model, and the penumbra exist for at least 24 to 48 h post-stroke in this

model [78].

In summary, we found that NR4A1 is critical for accelerating Tnf mRNA decay in an m6A-

dependent manner in P-bodies of activated microglia, which is distinct from its canonical

function as a transcription factor. Furthermore, NR4A1 is significantly induced in the cyto-

plasm of microglia after ischemia and contributes to the suppression of post-stroke Tnf up-reg-

ulation, leading to improved outcomes. Thus, compounds with the ability to induce NR4A1

expression may improve stroke progression and be potential candidates for stroke therapy.

Materials and methods

Ethics statement

All animal procedures were approved by the Animal Care and Use Committee of the Model

Animal Research Center, Nanjing University (approval number: 2018010025) and performed

according to the Guidelines for the Ethical Review of Laboratory Animal Welfare (GB/T

35892–2018) and the General Requirements for Laboratory Animal Experiments (GB/T

35823–2018) of the People’s Republic of China.

Animals

Nr4a1-/- mice were purchased from Jackson Laboratory. Mice carrying Nr4a1-floxed alleles

(Nr4a1fl/fl) were provided by GemPharmatech, and Tmem119-CreERT2 mice were provided

by Shanghai Model Organisms. Microglia-specific Nr4a1 conditional knockout (Tmem119-
CreERT2; Nr4a1fl/fl) mice were generated by breeding Tmem119-CreERT2 mice with Nr4a1fl/fl

mice. Age- and gender-matched Nr4a1fl/fl littermates served as WT controls for experiments

involving Tmem119-CreERT2; Nr4a1fl/fl mice. Nr4a1-/-, Nr4a1fl/fl, and Tmem119-CreERT2;

Nr4a1fl/fl mice were on the C57BL/6 background. All experimental mice were fed a standard

rodent diet and kept on a 12-h light and 12-h dark cycle. For genotyping, 2 primers were used

(Cre_1, TGGCCCAGCTCCTCCTCATCCTCT; Cre_2, TCTGGCCTGGTCCCCTTCTGC

TCT) for Tmem119-CreERT2, which gave 640-bp band; 2 primer pairs were used (Fl _1,

AGCCTCTGGTTCTCCACAGA; Fl_2, GGGAAGATCCCAGAACCCAA) for Nr4a1-floxed

alleles, which gave a 271 bp for WT control and a 360 bp for Nr4a1-floxed alleles. Tmem119-
CreERT2; Nr4a1fl/fl and Nr4a1fl/fl mice were intraperitoneally injected with tamoxifen (dis-

solved in corn oil at 20 mg/ml) (75 mg/kg) for 5 consecutive days to induce Cre activity 3

weeks prior to MCAO.
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Primary mouse cortical neuron culture and neuron-conditioned medium

(NCM) preparation

The cortices of E16-18 prenatal embryos were dissected and dissociated by trituration as previ-

ously described with minor modification [79]. The dissociated cells were seeded on poly-L-

lysine-coated culture plates in neuronal culture medium (MEM supplemented with 5% FBS

and 100 μg/ml streptomycin) at a density of 1 × 106 cells/ml, and 24 h after plating, the cells

were treated with 25 μm cytosine arabinoside for 18 h to inhibit mitosis. Subsequently, the cul-

ture medium was completely changed to neurobasal medium with B27. After a total of 8 to 10

days in culture, the neuronal cells were exposed to OGD conditions. Using MAP2 immunoflu-

orescence staining, we confirmed that >90% of living cells were MAP2+ neurons. OGD was

induced and NCM was collected as previously reported. Neurons were initially maintained in

an anoxic (95% N2 and 5% CO2) and serum/glucose-free DMEM environment at 37˚C for 30

min. The cells were then transferred to a normoxic incubator (95% air and 5% CO2) with nor-

mal glucose medium without B27 for reperfusion. The supernatant was harvested after 3 h as

NCM, which was used to stimulate primary cultured microglia.

Primary mouse microglia culture and treatment

Primary microglia were isolated from glial cultures prepared from C57BL/6J and Nr4a1-/- neo-

natal pups (P0-P1) as previously described [80]. Loosely attached microglia were harvested

from the medium 10 to 12 days after seeding by shaking the flasks at 300 r.p.m. for 10 min and

then plated into 24- or 12-well plates at a density of 5 × 105 cells/ml. The purity of the micro-

glial cells was more than 95%, as determined by Iba1 staining. Forty-eight hours after plating,

the microglial cells were washed with PBS twice and then stimulated with 100 ng/ml LPS

(Sigma) and 1 mM ATP (Sigma) for 3 h or prepared NCM for 24 h. NCM from control and

OGD-treated neurons was centrifuged and diluted to 3:1 with microglial complete medium

prior to being added to microglia. After 24 h of treatment with NCM, the medium was

completely replaced with fresh microglial medium and collected for downstream experiments.

For TSA (HY-15144, MedChemExpress) treatment, primary microglia were pretreated with

50 nM TSA for 2 h prior to ATP and LPS stimulation. For verification of Nr4a1-knockout effi-

ciency of primary microglia isolated from Tmem119-CreERT2; Nr4a1fl/fl and Nr4a1fl/fl mice,

seeded microglia were treated with 2 μm 4-hydroxytamoxifen to induce Cre activity.

Middle cerebral artery occlusion (MCAO)

MCAO was induced by the intraluminal filament method as previously described with some

minor improvements [48]. Briefly, 9- to 13-week-old male mice were anesthetized with 1.5%

isoflurane in a 30% O2/68.5% N2O mixture. A 6–0 silicon-coated monofilament nylon suture

was inserted into the exposed right external carotid artery and advanced into the internal

carotid artery to obstruct the origin of the middle cerebral artery (MCA). The filament was

withdrawn to allow cerebral blood reperfusion after 50 min. During the operation, laser Dopp-

ler flowmetry (PeriFlux 5000, Perimed) was used to monitor CBF, and a heating lamp was

used to maintain the body temperature of the mice at 37˚C ± 0.5˚C. The suture was considered

to have been successfully placed in mice that exhibited a drop in blood perfusion of�30% of

the baseline level, and mice in which the procedure was unsuccessful were excluded. For Eta-

nercept treatment, mice were intravenously injected with Etanercept (10 mg/kg) or saline

immediately after reperfusion and every 24 h for 3 consecutive days.
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Neurological behavior tests

The neurological function of each group of mice was tested after MCAO by using the mNSS

test, foot fault test, and grip strength test. The mNSS test consisted of motor, sensory, reflex,

and balance tests. Neurological function was graded on a scale of 0 to 18, with 0 representing a

normal score and 18 representing the maximal deficit. The rotarod test was performed with a

five-lane rotarod device (YLS-4C, Gene&I). The latency to fall off the rotating rod was

recorded to measure balance and sensorimotor coordination. The open field test was used to

evaluate locomotor activity. Mice were gently placed into a corner of the open field box and

allowed to explore freely for 10 min. The total distance moved, mean velocity was recorded. In

the foot fault test, mice were placed on an elevated grid made of 12 × 12 mm2 cells and allowed

to freely explore for 2 min. The behavior of each animal was videotaped. A foot fault was

recorded when the left forepaw fell or slipped between the rungs. In the grip strength test, each

mouse was held by the tail, lowered so that it could grab the grid of a grip strength meter

(BIO-GS3, Bioseb) and then pulled backwards in the horizontal plane. The maximum grip

strength of the forelimbs was recorded. The behavioral test data were evaluated by an experi-

menter blinded to the experiments.

Quantification of infarct size

Nissl staining was applied to evaluate infarct size 3 days after MCAO. Frozen brain tissues

were sectioned into 20-μm thick slices, stained with 1% cresyl violet for 20 min and then differ-

entiated with 70% ethanol for 1 min. The percentage of infarction volume was calculated by

the following formula: (mean ipsilateral infarct area × layer thickness)/(mean contralateral

hemisphere area × 2 × layer thickness) × 100%.

RNA isolation and quantitative PCR

Total RNA was extracted from fresh brain tissue and cultured primary microglia using TRIzol

(15596026, Thermo Fisher) and reverse-transcribed into cDNA using HiScript III RT Super-

Mix (R323-01, Vazyme) according to the manufacturer’s instructions. Quantitative real-time

PCR was performed on the Applied Biosystems StepOnePlus system with SYBR Green

(A25742, Applied Biosystems). Relative gene expression was analyzed by the 2-(ΔΔCt) method,

and the values were normalized to the level of Gapdh. The primers used are listed in S3 Table.

Preparation of postmortem human brain tissues

The brains of patients who died from ischemic stroke or nonneurological diseases were pro-

vided by the Chinese Brain Bank Center (approval number: 2021-scuec-034) (S4 Table). Writ-

ten informed consent was received from the donors before the donation. Unfixed postmortem

human brain tissues were processed according to a published protocol with slight modifica-

tions [81]. Stroke-affected regions in the cerebral cortex from stroke patients and the corre-

sponding regions from nonstroke patients were dissected and placed into fresh fixative (15%

formalin in 0.1 M PBS (pH 7.4)) for 24 to 48 h. These dissected tissue blocks were transferred

to 20% sucrose (in 0.1 M PBS with 0.1% Na-azide) for 2 to 3 days followed by 30% sucrose (in

0.1 M PBS with 0.1% Na-azide) for 2 to 3 days and finally embedded in O.C.T. compound

(4583, Sakura) for cryosectioning.

Immunofluorescence staining

Mice were placed under deep anesthesia at different times after MCAO and transcardially per-

fused with saline followed by cold 4% formaldehyde. After complete infiltration of 15% and
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25% sucrose (in 0.1 M PBS), the brain tissues were sectioned into 20-μm slices with a rotatory

microtome (Leica). Frozen brain slices and 4% formaldehyde-fixed cultured cells were per-

meabilized with 0.25% Triton-X100 (in 0.1 M PBS), blocked with 2% BSA (in 0.1 M PBS), and

then incubated with primary antibodies against NR4A1 (1:500, NB100-56745, Novus Biologi-

cals; 1:250, sc-166166, Santa Cruz Biotechnology), Iba-1 (1:500, ab5076, Abcam), and DCP1A

(1:250, sc-100706, Santa Cruz Biotechnology) at 4˚C overnight. After washing, the slices were

further incubated with fluorescent dye-conjugated secondary antibodies for 2 h at room tem-

perature. DAPI (1 μg/ml) was used to stain the nuclei. Fluorescence images were obtained

using a confocal microscope (FV3000, Olympus).

Measurement of inflammatory factors

Medium from NCM-treated primary WT and Nr4a1-/- microglia was collected, and the con-

centration of TNF-α, IL-6, IL-12, IFN, MCP-1, and IL-10 were determined by cytometric bead

array using a CBA Mouse Inflammation Kit (552364, BD Biosciences). Measurements were

taken with a BD Accuri C6 Flow Cytometer, and the data were analyzed using FCAP Array

software (BD Biosciences).

Ischemic tissues were homogenized in 1× PBS and stored overnight at −20˚C. After 3

freeze–thaw cycle, the homogenates were centrifuged at 14,000 g for 15 min. The supernatant

was collected, and the concentration of total protein was quantified by BCA Protein Assay Kit

(23227, Thermo Fisher). The levels of TNF-α, IL-1β, IL-6, IL-10, and TGF-β were determined

by ELISA kits (TNF-α: CEK1783, Bioworld; IL-1β: CEK1788, Bioworld; IL-6: CEK1785, Bio-

world; IL-10: CSB-E04594m, Cusabio; TGF-β: CSB-E04726m, Cusabio).

Cell viability and apoptosis

To assess the effect of NCM-activated microglia on neuronal activity, primary cortical neurons

were incubated with media collected from NCM-treated WT and Nr4a1-/- microglia and

diluted 1:1 with neuronal culture media for 18 h. Then, calcein-AM/PI staining (C542,

Dojindo) and the Cell Counting Kit-8 (CCK-8, CK04, Dojindo) assay were used to detect neu-

ronal survival and death. For Calcein-AM/PI staining, cells were coincubated with 2 mM cal-

cein-AM and 3 mg/ml PI for 15 min at 37˚C. Images were captured with a fluorescence

microscope (IX73, Olympus). Viability was evaluated and expressed as the ratio of calcein-

AM+ (green fluorescence) to PI+ (red fluorescence) cells. For the CCK8 assay, 10 μl CCK8 was

added to the cultured cells for 3.5 h at 37˚C in accordance with the manufacturer’s instruc-

tions. The optical density (OD) was measured at 450 nm.

Western blotting

Equal quantities of protein were subjected to SDS-PAGE and transferred to polyvinylidene

difluoride (PVDF) membranes (Millipore, United States of America). After being blocked in

5% nonfat milk for 1 h at room temperature, the membranes were incubated overnight at 4˚C

with primary antibodies against NR4A1 (1:500, sc-166166, Santa Cruz Biotechnology),

GAPDH (1:1,000, 5174, Cell Signaling Technology), DCP1A (1:500, sc-100706, Santa Cruz

Biotechnology), Histone H3 (1:2,000, 4499, Cell Signaling Technology), YTHDF2 (1:5,000,

24744-1-AP, Proteintech), METTL3 (1:1,000, 15073-1-AP, Proteintech), and FLAG (1:1,000,

AE005, Abclonal). The membranes were subsequently incubated with corresponding second-

ary antibodies and visualized with Western Blotting Chemiluminescent Substrate

(WBKLS0500, Millipore).
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RNA electrophoretic mobility shift assay (REMSA)

Biotin-labeled RNA oligonucleotides (biotin-CGUCUCGGACUCGGACUGCU, biotin-CGU

CUCGG(m6A)CUCGG(m6A)CUGCU) were synthesized by Synbio Technologies. One

microliter of each RNA probe (2 nM final concentration) and 1 μl of protein (gradient concen-

tration indicated in S3B Fig) were incubated in 8 μl of binding buffer (10 mM HEPES (pH

7.6), 50 mM KCl, 1 mM EDTA, 0.05% Triton X-100, 5% glycerol, 1 mM dithiothreitol, and 40

U/ml RNasin) at room temperature for 30 min. Then, 1 μl of glutaraldehyde (0.2% final con-

centration) was added to the mixtures and incubated for 10 min at room temperature. The

mixtures were then separated on 6% nondenaturing polyacrylamide gels in 0.5× TBE buffer at

room temperature for 40 min at 100 V. The RNA oligonucleotides were transferred to nylon

membranes at 400 mA for 30 min on ice. Biotin-labeled RNAs were detected by the Chemilu-

minescent Nucleic Acid Detection Module (89880, Thermo Fisher).

Protein expression and purification

The DNA sequence of mouse NR4A1 (His-GST-tagged) was subcloned into the pGS21a vec-

tor. E. coli strain BL21 (DE3) was transformed with recombinant plasmid. His-GST-NR4A1

was obtained by two-step purification using a Ni column and Superdex 200. The quality and

the purity of the protein were determined by Coomassie staining, and western blotting was

performed for confirmation.

RNA stability assay

Primary microglia were activated with ATP (1 mM) and LPS (100 ng/ml) for 3 h and then

treated with actinomycin D (1 μg/ml, A4262, Sigma) to terminate transcription. Total RNA

was extracted at the indicated time points and prepared for qPCR.

Nuclear and cytoplasmic proteins extraction

Nuclear and cytoplasmic proteins were extracted using the NE-PER Nuclear and Cytoplasmic

Extraction Reagent Kit (78835, Thermo Fisher) with some modifications. Briefly, 1.0 × 107

cells were centrifuged at 500× g for 2 to 3 min at 4˚C. The pellets were resuspended in 100 μl

CER I and vigorously vortexed. CER II was then added to the lysates, which were vortexed and

centrifuged at 16,000× g for 5 min. The supernatants were collected as the cytoplasmic frac-

tions. The residual pellets were resuspended in NER, repeatedly vortexed, and centrifuged at

16,000× g for 10 min and the supernatants were collected as the nuclear fractions. Nuclear and

cytoplasmic proteins were analyzed by western blotting. Histone H3 and GAPDH were used

as nuclear and cytoplasmic markers, respectively.

RNA pull-down

Biotin-labeled RNA oligonucleotides (“GGACU” motif: biotin-CGUCUCGGACUCGGACU

GCU, biotin-CGUCUCGG(m6A)CUCGG(m6A)CUGCU; “AGACA” motif: biotin-CGUCU

CAGACACAGACAGCU, biotin-CGUCUCAG(m6A)CACAG(m6A)CAGCU) were synthe-

sized by Synbio Technologies. RNA probes (50 pmol) were conjugated to 30 μl streptavidin

magnetic beads (HY-K0208, MedChemExpress) in binding buffer (10 mM HEPES (pH 7.6),

50 mM KCl, 1 mM EDTA, 0.05% Triton X-100, 5% glycerol, 1 mM dithiothreitol, and 40 U/

ml RNasin) at 4˚C for 30 min. RNA probe-conjugated magnetic beads were then incubated

with 250 μg cytoplasmic extract from ATP (1 mM) and LPS (100 ng/ml)-activated primary

microglia in binding buffer in a final volume of 1 ml for 3 h at 4˚C. After repeated washes, the
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beads were resuspended in 1× western blot loading buffer and boiled at 98˚C for 5 min to elute

the protein from the beads for western blot analysis.

RNA-binding protein immunoprecipitation (RIP)

RIP was performed following the instructions of the Magna RIP Kit (17–700, Millipore) with

some modifications. Briefly, RIP lysates from 2.0 × 107 BV2 cells or 1.0 × 107 microglia were

collected in RIP lysis buffer. Five micrograms of an anti-NR4A1 (sc-166166, Santa Cruz Bio-

technology) antibody or control mouse IgG (CS200621, Millipore) were immobilized onto

protein A/G magnetic beads by incubation in RIP Wash Buffer for 1 h at room temperature.

After 3 washes, the beads were incubated with the RIP lysates in RIP Immunoprecipitation

Buffer overnight at 4˚C. After 5 washes with RIP Wash Buffer, the beads were incubated in

Proteinase K Buffer at 55˚C for 30 min to digest the protein. RNA was extracted by phenol:

chloroform: isoamyl alcohol (125:24:1) and analyzed by qPCR.

m6A-RIP-qPCR

m6A-RIP was performed according to a published protocol with slight modifications [82].

Briefly, 300 μg total RNA was fragmented into approximately 100-nucleotide oligonucleotides

by meta-induced fragmentation. Then, the purified RNA fragments were incubated with

12.5 μg m6A-specific antibody (202003, Synaptic Systems) or rabbit IgG (PP64B, Millipore) in

immunoprecipitation buffer (50 mM Tris-HCl, 750 mM NaCl, and 0.5% NP-40) supple-

mented with RNase (0.4 U/μl) and ribonucleoside vanadyl complexes (2 mM) for 2 h at 4˚C.

m6A-RNA was immunoprecipitated with magnetic beads and eluted by competition with free

m6A (M2780, Sigma-Aldrich) in elution buffer (50 mM Tris-HCl, 750 mM NaCl, 0.5% NP-40,

and 6.7 mM m6A). Enrichment of m6A was analyzed by qPCR. The primers used for

m6A-RIP-qPCR are listed in S3 Table.

Dual-luciferase reporter assay

The 50 UTR, CDS, and 30 UTR of Tnf were cloned into the pGL3-promoter vector (Promega)

at the HindIII, NcoI, XbaI, and FseI restriction sites. Mutants were generated by site-directed

mutagenesis. Mouse Tnf promoter(−1,260 + 140 bp) was cloned into pGL3-Basic vector at the

MluI and XhoI restriction sites. A luciferase reporter plasmid (1.5 μg) and TK-Renilla

(0.16 μg) were cotransfected into HEK293T cells in 12-well plates using Lipofectamine 3000

(L3000015, Invitrogen). After 24 h, firefly/Renilla luciferase activities were measured using a

Promega Dual-Luciferase reporter system (E2920, Promega).

Proximity ligation assay

Protein interactions were detected by the proximity ligation assay using the Duolink in Situ

Fluorescence Kit (DUO92008-30RXN, Sigma). Briefly, primary microglia were fixed in 4%

paraformaldehyde at room temperature for 15 min, permeabilized in 0.25% Triton X-100 at

room temperature for 20 min, and blocked in the provided blocking buffer for 1 h at 37˚C.

The cells were then incubated with primary antibodies (anti-NR4A1 and anti-DCP1A anti-

body) overnight at 4˚C. Subsequent secondary antibody (anti-rabbit PLUS and anti-mouse

MINUS) incubation, ligation, and amplification were performed according to the manufactur-

er’s instructions.
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NR4A1 overexpression in BV2 cells

BV2 cells were transfected with lentivirus overexpressing FLAG-NR4A1 (Shanghai Gene-

chem) or FLAG-NR4A1-NES (Shanghai Genechem) and allowed to grow for 72 h for subse-

quent experiments.

CRISPR/Cas9-mediated Mettl3 knockout in BV2 cells

BV2 cells were transfected with a Cas9 lentivirus containing Mettl3 single-guide RNAs

(sgRNA) (Shanghai Genechem). Single cells were isolated 72 h after transfection into 96-well

plates. Independent clones were allowed to grow for 3 weeks. The sgRNA sequence was

GTTGGGGACAGTGCCGCTTC.

Dot blot

The indicated amount of RNA oligonucleotides was incubated at 95˚C for 3 min, followed by

chilling on ice. RNA samples were dropped onto nylon membranes. After UV crosslinking,

the membrane was stained with 0.02% methylene blue in 0.3 M sodium acetate. The mem-

brane was then blocked with 5% nonfat milk and incubated with anti-m6A antibody (1:1,000,

202003, Synaptic Systems) overnight at 4˚C. After incubating with secondary antibody, the

membrane was visualized with Western Blotting Chemiluminescent Substrate (WBKLS0500,

Millipore).

Photoactivatable ribonucleotide crosslinking and immunoprecipitation

(PAR-CLIP)

PAR-CLIP was performed according to a published protocol with slight modifications [83,84].

Briefly, BV2 cells were treated with 4-thiouridine (4-SU) (100 μM) for 16 h and then exposed to

UVA (365 nm) for crosslinking. Next, the cells were resuspended in NP-40 lysis buffer and

incubated with RNase T1 (1 U/μl) at 22˚C for 10 min. Five micrograms of an anti-NR4A1 (sc-

166166, Santa Cruz Biotechnology) antibody or control mouse IgG (CS200621, Millipore) were

immobilized onto protein A/G magnetic beads. The cell lysates were then incubated with the

beads in RIP Immunoprecipitation Buffer overnight at 4˚C. After 5 washes with RIP Wash

Buffer, the beads were incubated in Proteinase K Buffer at 55˚C for 30 min to digest the protein.

RNA was extracted by phenol: chloroform: isoamyl alcohol (125:24:1) and analyzed by qPCR.

Protein coimmunoprecipitation (Co-IP)

BV2 cells were grown in 10-cm dishes, transfected with lentivirus overexpressing FLAG-NR4A1

(Shanghai Genechem), and lysed with lysis buffer (25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1

mM EDTA, 1% NP40, and 5% glycerol) for 15 min and then centrifuged at 12,000 r.p.m. for 15

min to collect clear lysates. For immunoprecipitation, cell lysates were incubated with 1 μg

FLAG antibody (14793, Cell Signaling Technology) and rabbit IgG (PP64B, Millipore) at 4˚C

overnight and then incubated with Protein G Agarose Beads (Millipore) at 4˚C for 2 h. After

incubation, the beads were washed 5 times with lysis buffer. The precipitated proteins were

eluted with 1× western blot loading buffer and analyzed by western blotting.

Coimmunoprecipitation (Co-IP) coupled with mass spectrometry (MS)

Precipitated protein samples were subjected to SDS-PAGE and visualized by Coomassie Blue

staining. MS was performed by Jingjie PTM Biolabs. Protein-containing gel pieces were

destained with 50 mM NH4HCO3 in 50% acetonitrile, dehydrated with 100 μl 100% acetoni-

trile for 5 min, rehydrated in 10 mM dithiothreitol, and then incubated at 56˚C for 60 min.
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After sequential dehydration (with 100% acetonitrile) and rehydration (with 55 mM iodoace-

tamide), the gel pieces were incubated at room temperature for 45 min, washed with 50 mM

NH4HCO3, dehydrated again with 100% acetonitrile, rehydrated with 10 ng/μl trypsin solution

(in 50 mM NH4HCO3) on ice for 1 h, and digested with trypsin at 37˚C overnight. The tryptic

peptides were extracted with 50% acetonitrile/5% formic acid. The tryptic peptides were dis-

solved in 0.1% formic acid (solvent A) and directly loaded onto a reversed-phase analytical col-

umn (15 cm in length, 75-μm i.d.), with a gradient of solvent B (0.1% formic acid in 98%

acetonitrile) increasing from 6% to 23% over 16 min at a constant flow rate of 400 nl/min on

an EASY-nLC 1000 UPLC system. The peptides were subjected to an NSI source and quanti-

fied by MS/MS on a Q Exactive Plus mass spectrometer (Thermo Fisher) coupled online to the

UPLC system using an electrospray voltage of 2.0 kV. Full scan spectra from m/z 350 to 1,800

at resolution of 70,000 were acquired in the Orbitrap. Peptides were then selected for MS/MS

at an NCE of 28, and the fragments were detected in the Orbitrap at a resolution of 17,500.

The data-dependent procedure that alternated between 1 MS scan followed by 20 MS/MS

scans with 15.0 s dynamic exclusion. Automatic gain control (AGC) was set at 5E4. The result-

ing MS/MS data were processed using Proteome Discoverer 1.3. Tandem mass spectra were

searched against the UniProtKB mouse database. Trypsin/P was specified as a cleavage

enzyme. The mass error was set to 10 ppm for precursor ions and 0.02 Da for fragment ions.

Carbamidomethylation of Cys was specified as a fixed modification, and oxidation of Met was

specified as a variable modification. Peptide confidence was set to high, and the peptide ion

score was set to>20. The GO analysis was performed by the OmicShare tools (http://

omicshare.com/tools).

RIP-seq analysis

NR4A1-binding RNAs were precipitated from 5.0 × 107 ATP+LPS-stimulated BV2 cells with

anti-NR4A1 (sc-166166, Santa Cruz Biotechnology) antibody, and rRNAs were then removed

using Ribo-off rRNA Depletion Kit (N406-01/02, Vazyme) according to the manufacturer’s

instruction. The purified RNAs were used to construct the library by Novogene Corporation.

Subsequently, pair-end sequencing of sample was performed on Illumina platform. Library

quality was assessed on the Agilent Bioanalyzer 2100 system. Peaks of RIP enrichment over

background were identified using a peak calling R package, RIPSeeker [85]. HOMER was used

to detect the motifs in peak regions.

Statistical analysis

The data are represented as mean ± SEM. Statistical differences were determined by one-way

ANOVA followed by post hoc multiple-comparisons tests (Dunnett’s correction) to analyze

differences among 3 or more groups with 1 independent variable, by two-way ANOVA fol-

lowed by post hoc multiple-comparisons tests (Bonferroni’s correction) to analyze among 3 or

more groups with 2 independent variables or by unpaired Student’s t test to analyze differences

between 2 groups. P< 0.05 was considered statistically significant.

Supporting information

S1 Fig. ATP and ATP+LPS induces different expression pattern of NR4A1 in microglia.

(A) Immunoblot analysis of NR4A1 in primary microglia treated with or without LPS (100 ng/

ml), ATP (1mM), or ATP (1 mM) + LPS (100 ng/ml). The original blot for this figure can be

found in S1 Raw Images.

(TIF)
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S2 Fig. Cytoplasmic NR4A1 specifically regulates Tnf mRNA. (A–C) RIP analysis of

NR4A1-bound Il1b, Il6, Il10 mRNA in untreated and ATP+LPS-treated BV2 cells (n = 3 bio-

logical repeats in each group). (D–F) RNA stability assay of Il1b, Il6, Il10 mRNA in ATP+LPS-

activated WT and Nr4a1-/- primary microglia at the indicated time points after actinomycin D

treatment (n = 4 biological repeats in each group). (G) Luciferase activities of the promoter of

Tnf in HEK293T cells overexpressing NR4A1 or empty vector (n = 4 biological repeats in each

group). (H) Immunoblot analysis of NR4A1 overexpression in BV2 cells treated with or with-

out ATP+LPS. (I) Immunoblot analysis of NR4A1-NES overexpression in BV2 cells treated

with or without ATP+LPS. (J) Representative images of BV2 cells with FLAG-NR4A1 or

FLAG-NR4A1-NES overexpression showing subcellular localization of FLAG-NR4A1 and

FLAG-NR4A1-NES. Scale bar, 30 μm. (K) mRNA levels of Tnf, Il1b, and Il6 in BV2 cells with

or without WT-NR4A1 overexpression treated with or without ATP+LPS (n = 3 biological

repeats in each group). (L) mRNA levels of Tnf, Il1b, and Il6 in BV2 cells with or without

NR4A1-NES overexpression treated with or without ATP+LPS (n = 3 biological repeats in

each group). (M) RNA stability assay of Tnf mRNA in ATP+ LPS-activated BV2 cells with or

without NR4A1-NES overexpression at the indicated time points after actinomycin D treat-

ment (n = 3 biological repeats in each group). Data are presented as mean ± SEM. In (A), (B),

(C), (K), (L) two-way ANOVA with post hoc Bonferroni’s test. In (G), two-tailed unpaired

Student’s t test. In (D), (E), (F), (M) two-way ANOVA. *P< 0.05; **P< 0.01; ***P< 0.001.

The underlying data for this figure can be found in S1 Data. The original blot for this figure

can be found in S1 Raw Images.

(TIF)

S3 Fig. Cytoplasmic NR4A1 regulates Tnf mRNA in an m6A-dependent manner. (A) Dot

blot of m6A-containing or unmethylated oligonucleotides at the indicated concentrations. (B)

REMSA of purified recombinant NR4A1 at the indicated concentrations to m6A-containing

or unmethylated oligonucleotides. (C) PAR-CLIP analysis of NR4A1-bound m6A-containing

CDS and 30 UTR region of Tnf mRNA in ATP+LPS-treated BV2 cells (n = 3 biological repeats

in each group). (D) Immunoblot analysis of METTL3 expression in BV2 cells with or without

Mettl3-KO. (E) mRNA levels of Tnf in Mettl3-KO BV2 cells with or without ATP+LPS treat-

ment (n = 3 biological repeats in each group). Data are presented as mean ± SEM. In (C), mul-

tiple Student’s t test. In (F), two-way ANOVA with post hoc Bonferroni’s test. *P< 0.05. The

underlying data for this figure can be found in S1 Data. The original blot for this figure can be

found in S1 Raw Images.

(TIF)

S4 Fig. Validation of microglia-specific knockout of Nr4a1. (A) Genotyping of Tmem119-

CreERT2; Nr4a1fl/fl mice. (B) Immunoblot analysis of NR4A1 expression in primary microglia

isolated from Nr4a1fl/fl and Tmem119-CreERT2; Nr4a1fl/fl mice treated with 4-Hydroxytamox-

ifen (2 μm) with or without ATP+LPS stimulation. The original blot for this figure can be

found in S1 Raw Images.

(TIF)

S5 Fig. Microglial Nr4a1 knockout promotes TNF-α expression. (A) mRNA level of Tgfb1
in ischemic hemispheres from Tmem119-CreERT2; Nr4a1fl/fl mice and Nr4a1fl/fl mice 6h and

24h after MCAO (n = 3 for sham mice, n = 5 for MCAO mice per group). (B–F) Protein levels

of several inflammatory factors in ischemic hemispheres from Tmem119-CreERT2; Nr4a1fl/fl

mice and Nr4a1fl/fl mice 6 h and 24 h after MCAO (n = 3 for sham mice, n = 5 for MCAO

mice per group). Data are presented as mean ± SEM. In (A–F), two-way ANOVA with post
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hoc Bonferroni’s test. *P< 0.05. The underlying data for this figure can be found in S1 Data.

(TIF)

S6 Fig. NR4A1 alleviates microglia-mediated neuroinflammation in in vitro stroke model.

(A) Paradigm of the preparation of oxygen-glucose deprivation-treated neuron-conditioned

media (OGD-NCM). (B, C) mRNA (B) and protein (C) levels of several inflammatory factors

in WT and Nr4a1-/- primary microglia exposed to conditioned medium from control or

OGD-treated neurons (in B, n = 6 biological repeats for CON-NCM-treated WT and Nr4a1-/-

primary microglia, n = 8 biological repeats for OGD-NCM-treated WT and Nr4a1-/- primary

microglia; in C, n = 3 biological repeats in each group). Data are presented as mean ± SEM. In

(B), (C), two-way ANOVA with post hoc Bonferroni’s test. *P< 0.05; **P< 0.01;

***P< 0.001. The underlying data for this figure can be found in S1 Data.

(TIF)

S7 Fig. NR4A1 alleviates microglia-potentiated neuronal damage in in vitro stroke model.

(A) Paradigm of the preparation of oxygen-glucose deprivation-treated neuron-conditioned

media (OGD-NCM) and microglia-conditioned media (MCM). (B) Representative images of

Calcein-AM/PI-stained primary neurons treated with conditioned medium from activated

WT or Nr4a1-/- primary microglia. Scale bar, 20 μm. (C) Quantification of Calcein-AM/PI

staining (n = 4, 4 and 6 biological repeats for control, WT MEM and Nr4a1-/- MEM). (D)

Results of the CCK8 assay in primary neurons treated with conditioned medium from acti-

vated WT or Nr4a1-/- primary microglia (n = 4, 4 and 5 biological repeats for control, WT and

Nr4a1-/- MEM). Data are presented as mean ± SEM. In (C), (D), one-way ANOVA with post

hoc Dunnett’s test. **P< 0.01; ***P< 0.001. The underlying data for this figure can be found

in S1 Data.

(TIF)

S1 Table. NR4A1-interacting proteins.

(DOCX)

S2 Table. NR4A1-binding peaks (RIP-seq).

(XLS)

S3 Table. Primers used in this study.

(DOCX)

S4 Table. Information of donors.

(DOCX)

S1 Data. Underlying data for Figs 1H; 2A–C, 2E–H; 3F–3G, 3I–3J; 4B and 4D; Fig 5A–5D,

5F–5J; 6A–6D, 6F–6I; S2A–S2G, S2K–S2M; S3C and S3E; S5A–S5F; S6B and S6C, S7C and

S7D.

(XLSX)

S1 Raw Images. Original images supporting blot and gel results for Figs 1A and 1B, 1I; 2D;

3D; 4A; S1; S2H and S2I; S3A, S3B, and S3D; S4A and S4B.

(PDF)
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7. Jolivel V, Bicker F, Binamé F, Ploen R, Keller S, Gollan R, et al. Perivascular microglia promote blood

vessel disintegration in the ischemic penumbra. Acta Neuropathol. 2015; 129(2):279–95. Epub 2014/

12/17. https://doi.org/10.1007/s00401-014-1372-1 PMID: 25500713.

8. Zhao Y, Bruemmer D. NR4A orphan nuclear receptors: transcriptional regulators of gene expression in

metabolism and vascular biology. Arterioscler Thromb Vasc Biol. 2010; 30(8):1535–41. Epub 2010/07/

16. https://doi.org/10.1161/ATVBAHA.109.191163 PMID: 20631354; PubMed Central PMCID:

PMC2907171.

9. Hamers AA, Vos M, Rassam F, MarinkovićG, Kurakula K, van Gorp PJ, et al. Bone marrow-specific

deficiency of nuclear receptor Nur77 enhances atherosclerosis. Circ Res. 2012; 110(3):428–38. Epub

2011/12/24. https://doi.org/10.1161/CIRCRESAHA.111.260760 PMID: 22194623.

10. Hanna RN, Shaked I, Hubbeling HG, Punt JA, Wu R, Herrley E, et al. NR4A1 (Nur77) deletion polarizes

macrophages toward an inflammatory phenotype and increases atherosclerosis. Circ Res. 2012; 110

(3):416–27. Epub 2011/12/24. https://doi.org/10.1161/CIRCRESAHA.111.253377 PMID: 22194622;

PubMed Central PMCID: PMC3309661.

11. Koenis DS, Medzikovic L, van Loenen PB, van Weeghel M, Huveneers S, Vos M, et al. Nuclear Recep-

tor Nur77 Limits the Macrophage Inflammatory Response through Transcriptional Reprogramming of

Mitochondrial Metabolism. Cell Rep. 2018; 24(8):2127–40.e7. Epub 2018/08/23. https://doi.org/10.

1016/j.celrep.2018.07.065 PMID: 30134173; PubMed Central PMCID: PMC6113932.

12. Rothe T, Ipseiz N, Faas M, Lang S, Perez-Branguli F, Metzger D, et al. The Nuclear Receptor Nr4a1

Acts as a Microglia Rheostat and Serves as a Therapeutic Target in Autoimmune-Driven Central

PLOS BIOLOGY Microglial NR4A1 destabilizes Tnf mRNA

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002199 July 24, 2023 25 / 30

https://doi.org/10.1038/nri.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29151590
https://doi.org/10.1038/nm.4397
http://www.ncbi.nlm.nih.gov/pubmed/28886007
https://doi.org/10.1038/s41467-019-08446-0
http://www.ncbi.nlm.nih.gov/pubmed/30705270
https://doi.org/10.1186/s13073-021-00863-5
http://www.ncbi.nlm.nih.gov/pubmed/33771213
https://doi.org/10.1038/nrneurol.2015.144
http://www.ncbi.nlm.nih.gov/pubmed/26303850
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1038/nrneurol.2014.207
http://www.ncbi.nlm.nih.gov/pubmed/25385337
https://doi.org/10.1007/s00401-014-1372-1
http://www.ncbi.nlm.nih.gov/pubmed/25500713
https://doi.org/10.1161/ATVBAHA.109.191163
http://www.ncbi.nlm.nih.gov/pubmed/20631354
https://doi.org/10.1161/CIRCRESAHA.111.260760
http://www.ncbi.nlm.nih.gov/pubmed/22194623
https://doi.org/10.1161/CIRCRESAHA.111.253377
http://www.ncbi.nlm.nih.gov/pubmed/22194622
https://doi.org/10.1016/j.celrep.2018.07.065
https://doi.org/10.1016/j.celrep.2018.07.065
http://www.ncbi.nlm.nih.gov/pubmed/30134173
https://doi.org/10.1371/journal.pbio.3002199


Nervous System Inflammation. J Immunol. 2017; 198(10):3878–85. Epub 2017/04/16. https://doi.org/

10.4049/jimmunol.1600638 PMID: 28411187; PubMed Central PMCID: PMC5798579.

13. Liu TY, Yang XY, Zheng LT, Wang GH, Zhen XC. Activation of Nur77 in microglia attenuates proinflam-

matory mediators production and protects dopaminergic neurons from inflammation-induced cell death.

J Neurochem. 2017; 140(4):589–604. Epub 2016/11/28. https://doi.org/10.1111/jnc.13907 PMID:

27889907.

14. Shaked I, Hanna RN, Shaked H, Chodaczek G, Nowyhed HN, Tweet G, et al. Transcription factor

Nr4a1 couples sympathetic and inflammatory cues in CNS-recruited macrophages to limit neuroinflam-

mation. Nat Immunol. 2015; 16(12):1228–34. Epub 2015/11/03. https://doi.org/10.1038/ni.3321 PMID:

26523867; PubMed Central PMCID: PMC4833087.

15. Harry GJ. Microglia during development and aging. Pharmacol Ther. 2013; 139(3):313–26. Epub 2013/

05/07. https://doi.org/10.1016/j.pharmthera.2013.04.013 PMID: 23644076; PubMed Central PMCID:

PMC3737416.

16. Boucsein C, Zacharias R, Färber K, Pavlovic S, Hanisch UK, Kettenmann H. Purinergic receptors on

microglial cells: functional expression in acute brain slices and modulation of microglial activation in

vitro. Eur J Neurosci. 2003; 17(11):2267–76. Epub 2003/06/20. https://doi.org/10.1046/j.1460-9568.

2003.02663.x PMID: 12814360.

17. Chen Y, Wang Y, Ertürk A, Kallop D, Jiang Z, Weimer RM, et al. Activity-induced Nr4a1 regulates spine

density and distribution pattern of excitatory synapses in pyramidal neurons. Neuron. 2014; 83(2):431–

43. Epub 2014/07/01. https://doi.org/10.1016/j.neuron.2014.05.027 PMID: 24976215.

18. Hazel TG, Misra R, Davis IJ, Greenberg ME, Lau LF. Nur77 is differentially modified in PC12 cells upon

membrane depolarization and growth factor treatment. Mol Cell Biol. 1991; 11(6):3239–46. Epub 1991/

06/01. https://doi.org/10.1128/mcb.11.6.3239-3246.1991 PMID: 1645447; PubMed Central PMCID:

PMC360176.

19. Hsu HC, Zhou T, Mountz JD. Nur77 family of nuclear hormone receptors. Curr Drug Targets Inflamm

Allergy. 2004; 3(4):413–23. Epub 2004/12/09. https://doi.org/10.2174/1568010042634523 PMID:

15584889.

20. Parker R, Sheth U. P bodies and the control of mRNA translation and degradation. Mol Cell. 2007; 25

(5):635–46. Epub 2007/03/14. https://doi.org/10.1016/j.molcel.2007.02.011 PMID: 17349952.

21. Hawk JD, Bookout AL, Poplawski SG, Bridi M, Rao AJ, Sulewski ME, et al. NR4A nuclear receptors

support memory enhancement by histone deacetylase inhibitors. J Clin Invest. 2012; 122(10):3593–

602. Epub 2012/09/22. https://doi.org/10.1172/JCI64145 PMID: 22996661; PubMed Central PMCID:

PMC3461922.

22. Li L, Liu Y, Chen HZ, Li FW, Wu JF, Zhang HK, et al. Impeding the interaction between Nur77 and p38

reduces LPS-induced inflammation. Nat Chem Biol. 2015; 11(5):339–46. Epub 2015/03/31. https://doi.

org/10.1038/nchembio.1788 PMID: 25822914.

23. Shulman Z, Stern-Ginossar N. The RNA modification N(6)-methyladenosine as a novel regulator of the

immune system. Nat Immunol. 2020; 21(5):501–12. Epub 2020/04/15. https://doi.org/10.1038/s41590-

020-0650-4 PMID: 32284591.

24. Jian D, Wang Y, Jian L, Tang H, Rao L, Chen K, et al. METTL14 aggravates endothelial inflammation

and atherosclerosis by increasing FOXO1 N6-methyladeosine modifications. Theranostics. 2020; 10

(20):8939–56. Epub 2020/08/18. https://doi.org/10.7150/thno.45178 PMID: 32802173; PubMed Central

PMCID: PMC7415798.

25. Hou J, Zhang H, Liu J, Zhao Z, Wang J, Lu Z, et al. YTHDF2 reduction fuels inflammation and vascular

abnormalization in hepatocellular carcinoma. Mol Cancer. 2019; 18(1):163. Epub 2019/11/19. https://

doi.org/10.1186/s12943-019-1082-3 PMID: 31735169; PubMed Central PMCID: PMC6859620.

26. Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, et al. Recognition of RNA N(6)-methyladenosine by

IGF2BP proteins enhances mRNA stability and translation. Nat Cell Biol. 2018; 20(3):285–95. Epub

2018/02/25. https://doi.org/10.1038/s41556-018-0045-z PMID: 29476152; PubMed Central PMCID:

PMC5826585.

27. Ries RJ, Zaccara S, Klein P, Olarerin-George A, Namkoong S, Pickering BF, et al. m(6)A enhances the

phase separation potential of mRNA. Nature. 2019; 571(7765):424–8. Epub 2019/07/12. https://doi.

org/10.1038/s41586-019-1374-1 PMID: 31292544; PubMed Central PMCID: PMC6662915.

28. Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, et al. The role of m6A modification in the biological func-

tions and diseases. Signal Transduct Target Ther. 2021; 6(1):74. Epub 2021/02/22. https://doi.org/10.

1038/s41392-020-00450-x PMID: 33611339; PubMed Central PMCID: PMC7897327.

29. Zhou Y, Zeng P, Li YH, Zhang Z, Cui Q. SRAMP: prediction of mammalian N6-methyladenosine (m6A)

sites based on sequence-derived features. Nucleic Acids Res. 2016; 44(10):e91. Epub 2016/02/21.

https://doi.org/10.1093/nar/gkw104 PMID: 26896799; PubMed Central PMCID: PMC4889921.

PLOS BIOLOGY Microglial NR4A1 destabilizes Tnf mRNA

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002199 July 24, 2023 26 / 30

https://doi.org/10.4049/jimmunol.1600638
https://doi.org/10.4049/jimmunol.1600638
http://www.ncbi.nlm.nih.gov/pubmed/28411187
https://doi.org/10.1111/jnc.13907
http://www.ncbi.nlm.nih.gov/pubmed/27889907
https://doi.org/10.1038/ni.3321
http://www.ncbi.nlm.nih.gov/pubmed/26523867
https://doi.org/10.1016/j.pharmthera.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23644076
https://doi.org/10.1046/j.1460-9568.2003.02663.x
https://doi.org/10.1046/j.1460-9568.2003.02663.x
http://www.ncbi.nlm.nih.gov/pubmed/12814360
https://doi.org/10.1016/j.neuron.2014.05.027
http://www.ncbi.nlm.nih.gov/pubmed/24976215
https://doi.org/10.1128/mcb.11.6.3239-3246.1991
http://www.ncbi.nlm.nih.gov/pubmed/1645447
https://doi.org/10.2174/1568010042634523
http://www.ncbi.nlm.nih.gov/pubmed/15584889
https://doi.org/10.1016/j.molcel.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17349952
https://doi.org/10.1172/JCI64145
http://www.ncbi.nlm.nih.gov/pubmed/22996661
https://doi.org/10.1038/nchembio.1788
https://doi.org/10.1038/nchembio.1788
http://www.ncbi.nlm.nih.gov/pubmed/25822914
https://doi.org/10.1038/s41590-020-0650-4
https://doi.org/10.1038/s41590-020-0650-4
http://www.ncbi.nlm.nih.gov/pubmed/32284591
https://doi.org/10.7150/thno.45178
http://www.ncbi.nlm.nih.gov/pubmed/32802173
https://doi.org/10.1186/s12943-019-1082-3
https://doi.org/10.1186/s12943-019-1082-3
http://www.ncbi.nlm.nih.gov/pubmed/31735169
https://doi.org/10.1038/s41556-018-0045-z
http://www.ncbi.nlm.nih.gov/pubmed/29476152
https://doi.org/10.1038/s41586-019-1374-1
https://doi.org/10.1038/s41586-019-1374-1
http://www.ncbi.nlm.nih.gov/pubmed/31292544
https://doi.org/10.1038/s41392-020-00450-x
https://doi.org/10.1038/s41392-020-00450-x
http://www.ncbi.nlm.nih.gov/pubmed/33611339
https://doi.org/10.1093/nar/gkw104
http://www.ncbi.nlm.nih.gov/pubmed/26896799
https://doi.org/10.1371/journal.pbio.3002199


30. Kaushal V, Schlichter LC. Mechanisms of microglia-mediated neurotoxicity in a new model of the stroke

penumbra. J Neurosci. 2008; 28(9):2221–30. Epub 2008/02/29. https://doi.org/10.1523/JNEUROSCI.

5643-07.2008 PMID: 18305255; PubMed Central PMCID: PMC6671848.

31. Alawieh A, Langley EF, Tomlinson S. Targeted complement inhibition salvages stressed neurons and

inhibits neuroinflammation after stroke in mice. Sci Transl Med. 2018; 10(441). Epub 2018/05/18.

https://doi.org/10.1126/scitranslmed.aao6459 PMID: 29769288; PubMed Central PMCID:

PMC6689196.

32. Saucedo-Cardenas O, Conneely OM. Comparative distribution of NURR1 and NUR77 nuclear recep-

tors in the mouse central nervous system. J Mol Neurosci. 1996; 7(1):51–63. Epub 1996/01/01. https://

doi.org/10.1007/BF02736848 PMID: 8835782.

33. Huang HY, Chang HF, Tsai MJ, Chen JS, Wang MJ. 6-Mercaptopurine attenuates tumor necrosis fac-

tor-α production in microglia through Nur77-mediated transrepression and PI3K/Akt/mTOR signaling-

mediated translational regulation. J Neuroinflammation. 2016; 13(1):78. Epub 2016/04/15. https://doi.

org/10.1186/s12974-016-0543-5 PMID: 27075886; PubMed Central PMCID: PMC4831152.

34. Luo Y, Na Z, Slavoff SA. P-Bodies: Composition, Properties, and Functions. Biochemistry. 2018; 57

(17):2424–31. Epub 2018/01/31. https://doi.org/10.1021/acs.biochem.7b01162 PMID: 29381060;

PubMed Central PMCID: PMC6296482.

35. Decker CJ, Parker R. P-bodies and stress granules: possible roles in the control of translation and

mRNA degradation. Cold Spring Harb Perspect Biol. 2012; 4(9):a012286. Epub 2012/07/06. https://doi.

org/10.1101/cshperspect.a012286 PMID: 22763747; PubMed Central PMCID: PMC3428773.

36. Hudson WH, Ortlund EA. The structure, function and evolution of proteins that bind DNA and RNA. Nat

Rev Mol Cell Biol. 2014; 15(11):749–60. Epub 2014/10/02. https://doi.org/10.1038/nrm3884 PMID:

25269475; PubMed Central PMCID: PMC4280011.

37. Dhawan L, Liu B, Blaxall BC, Taubman MB. A novel role for the glucocorticoid receptor in the regulation

of monocyte chemoattractant protein-1 mRNA stability. J Biol Chem. 2007; 282(14):10146–52. Epub

2007/02/06. https://doi.org/10.1074/jbc.M605925200 PMID: 17276989.

38. Cho H, Park OH, Park J, Ryu I, Kim J, Ko J, et al. Glucocorticoid receptor interacts with PNRC2 in a

ligand-dependent manner to recruit UPF1 for rapid mRNA degradation. Proc Natl Acad Sci U S A.

2015; 112(13):E1540–9. Epub 2015/03/17. https://doi.org/10.1073/pnas.1409612112 PMID:

25775514; PubMed Central PMCID: PMC4386400.

39. Chan SP, Slack FJ. microRNA-mediated silencing inside P-bodies. RNA Biol. 2006; 3(3):97–100. Epub

2006/12/21. https://doi.org/10.4161/rna.3.3.3499 PMID: 17179742.

40. Zhu J, Wang FL, Wang HB, Dong N, Zhu XM, Wu Y, et al. TNF-αmRNA is negatively regulated by

microRNA-181a-5p in maturation of dendritic cells induced by high mobility group box-1 protein. Sci

Rep. 2017; 7(1):12239. Epub 2017/09/28. https://doi.org/10.1038/s41598-017-12492-3 PMID:

28947753; PubMed Central PMCID: PMC5612954.

41. Zhang J, Wu H, Li P, Zhao Y, Liu M, Tang H. NF-κB-modulated miR-130a targets TNF-α in cervical can-

cer cells. J Transl Med. 2014; 12:155. Epub 2014/06/03. https://doi.org/10.1186/1479-5876-12-155

PMID: 24885472; PubMed Central PMCID: PMC4084577.

42. Clausen BH, Wirenfeldt M, Høgedal SS, Frich LH, Nielsen HH, Schrøder HD, et al. Characterization of

the TNF and IL-1 systems in human brain and blood after ischemic stroke. Acta Neuropathol Commun.

2020; 8(1):81. Epub 2020/06/07. https://doi.org/10.1186/s40478-020-00957-y PMID: 32503645;

PubMed Central PMCID: PMC7273684.

43. Nguyen TV, Frye JB, Zbesko JC, Stepanovic K, Hayes M, Urzua A, et al. Multiplex immunoassay char-

acterization and species comparison of inflammation in acute and non-acute ischemic infarcts in human

and mouse brain tissue. Acta Neuropathol Commun. 2016; 4(1):100. Epub 2016/09/08. https://doi.org/

10.1186/s40478-016-0371-y PMID: 27600707; PubMed Central PMCID: PMC5011964.

44. Sairanen T, Carpén O, Karjalainen-Lindsberg ML, Paetau A, Turpeinen U, Kaste M, et al. Evolution of

cerebral tumor necrosis factor-alpha production during human ischemic stroke. Stroke. 2001; 32

(8):1750–8. Epub 2001/08/04. https://doi.org/10.1161/01.str.32.8.1750 PMID: 11486101.

45. Low PC, Manzanero S, Mohannak N, Narayana VK, Nguyen TH, Kvaskoff D, et al. PI3Kδ inhibition

reduces TNF secretion and neuroinflammation in a mouse cerebral stroke model. Nat Commun. 2014;

5:3450. Epub 2014/03/15. https://doi.org/10.1038/ncomms4450 PMID: 24625684.

46. Fricker M, Tolkovsky AM, Borutaite V, Coleman M, Brown GC. Neuronal Cell Death. Physiol Rev. 2018;

98(2):813–80. Epub 2018/03/01. https://doi.org/10.1152/physrev.00011.2017 PMID: 29488822;

PubMed Central PMCID: PMC5966715.

47. Badiola N, Malagelada C, Llecha N, Hidalgo J, Comella JX, Sabriá J, et al. Activation of caspase-8 by
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