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CD200R1 is an inhibitory surface receptor expressed in
microglia and blood macrophages. Microglial CD200R1 is
known to control neuroinflammation by keeping the microglia
in resting state, and therefore, tight regulation of its expression
is important. CCAAT/enhancer-binding protein β (CEBPβ) is
the known regulator of CD200R1 transcription. In the present
study, our specific intention was to find a possible post-
transcriptional regulatory mechanism of CD200R1 expression.
Here we investigated a novel regulatory mechanism of
CD200R1 expression following exposure to an environmental
stressor, arsenic, combining in silico analysis, in vitro, and
in vivo experiments, as well as validation in human samples.
The in silico analysis and in vitro studies with primary neonatal
microglia and BV2 microglia revealed that arsenic demethy-
lates the promoter of a microRNA, miR-129-5p, thereby
increasing its expression, which subsequently represses
CD200R1 by binding to its 30-untranslated region and shuttling
the CD200R1 mRNA to the cytoplasmic-processing body in
mouse microglia. The role of miR-129-5p was further validated
in BALB/c mouse by stereotaxically injecting anti-miR-129. We
found that anti-miR-129 reversed the expression of CD200R1,
as well as levels of inflammatory molecules IL-6 and TNF-α.
Experiments with a CD200R1 siRNA-induced loss-of-function
mouse model confirmed an miR-129-5p→CD200R1→IL-6/
TNF-α signaling axis. These main findings were replicated in a
human cell line and validated in human samples. Taken
together, our study revealed miR-129-5p as a novel post-
transcriptional regulator of CD200R1 expression with potential
implications in neuroinflammation and related complications.

CD200R1 belongs to the immunoglobulin superfamily
(IgSF) (1), and it uses CD200 as the natural ligand (2). The
human and mouse CD200R1 shows a similar distribution
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pattern with the highest expression in myeloid-derived cells
such as macrophage, microglia, neutrophils as well as subsets
of T and B cells (1, 3, 4).

CD200R1 is primarily involved in the inflammatory
response. Cross-linking of CD200R1 with CD200-Fc fusion
protein reduces the inflammation in arthritis model animals
(5), and inhibition of CD200R1 by antibody reduces virus-
induced cytokine storm (6). Interaction of CD200R1 with
CD200 helps in tumor progression, and interventions are
ongoing to disrupt this interaction (7, 8). High expression of
CD200R1 has been observed in mammary repopulating units
with stem-like properties (9). It also modulates bone mass by
altering the osteoclast differentiation and plays a vital role in
the regulation of mast cell functions (3, 10).

Microglial CD200R1 is closely associated with neuro-
inflammatory diseases (4, 11). MPTP and 6-OHDA-induced
models of Parkinson’s disease show decreased CD200R1
expression, higher microglial activation, and increased TNF-α
and IL-1β secretion with progressive degeneration of dopa-
minergic neurons (12, 13). The presence of CD200R1 agonists
reduces LPS-induced neuroinflammation, while its blockade
by anti CD200R1 antibody abrogates the effect (14). CD200R1
mRNA expression in Alzheimer’s disease brain sample is low
(15), and IL4 treatment-mediated increase in low basal
CD200R1 expression in human microglia is a potential ther-
apeutic strategy (15). Upregulated CD200R1 ligand, CD200,
and its agonist, CD200Fc attenuate demyelination in murine
Experimental Autoimmune Encephalomyelitis (EAE) (16, 17),
and Experimental Autoimmune Uveoretinitis (EAU) (18).
Antibody-mediated blockade of CD200R1 in the Spinal Cord
Injury (SCI) model deteriorates locomotor activity and ag-
gravates demyelination and neuronal loss. Conversely, the
administration of recombinant CD200-His reverses the effect
(19). CD200R1 is also associated with microglia priming (20),
antigen presentation (18), and cytokine production (21).
Activation of CD200R1 slows down microglial migration and
phagocytosis (22), whereas microglia isolated from CD200-
deficient mouse model shows augmented phagocytosis and
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miR-129-5p and CD200R1 in neuroinflammation
lysosomal activity (23). CD200R1 also promotes microglial
proliferation (24, 25) and microglia-mediated neuronal death
(26, 27), and the proliferation is reversed following recombi-
nant CD200-His administration (19).

It is evident that CD200R1 is an important multifunctional
protein, but the regulation of its expression is not well studied.
Available literature describes the transcriptional regulation of
CD200R1 expression, but posttranscriptional regulation is
entirely unknown. The transcription factor CAAT Enhancer-
Binding Protein Beta (CEBPβ) downregulates CD200R1
expression through histone deacetylase-1 (HDAC-1) (28). In
contrast, PPAR-γ prevents the downregulation of CD200R1 in
microglia upon inflammatory stimuli (29). The post-
transcriptional regulation of gene expression is very important,
and the regulatory molecules can be modulated by various
environmental chemicals (30). MicroRNAs (miRNAs) are the
most prominent posttranscriptional regulatory molecule, as
evidenced by the fact that miRNAs regulate the expression of
more than 60% of protein-coding genes in humans (31) by
translational repression (32). Among various environmental
chemicals, arsenic alters the miRNA profile in different
experimental systems (33, 34).

The present study comprehensively sought to identify the
mechanism of posttranscriptional regulation of CD200R1
expression, which can open new targets with therapeutic po-
tential. We checked the expression of CD200R1 in the mouse
brain as well as primary microglia following exposure to
arsenic. With the help of TaqMan Low-Density Array (TLDA)
for 641 miRNAs and using various in silico tools, specific
miRNA was predicted that can potentially modulate CD200R1
expression. The binding of miRNA to CD200R1 was confirmed
by using mutant constructs of CD200R1 30-UTR. Our study
was extended to an in vivo setting with knockdown of the
miRNA and CD200R1 by injecting its specific anti-miRNA and
in vivo ready siRNA respectively in the brain using the ste-
reotaxic technique. Finally, the expressions of CD200R1,
DNMT1, miRNA, and cytokine levels were correlated in pe-
ripheral blood mononuclear cells (PBMCs) of arsenic-exposed
human subjects. Overall, the findings revealed that miR-129-
5p is a novel posttranscriptional regulator of CD200R1 that
controls neuroinflammation.
Results

CD200R1 expression is downregulated by arsenic as well as
LPS

The expression of microglial CD200R1 is associated with its
activation status (28). Earlier, we have shown that in vivo arsenic
exposure activates microglia (35, 36). To test whether arsenic
modulates the expression of CD200R1, we analyzed its
expression in the brain lysate of arsenic-exposed mice with
Western blot. A significant decrease in the CD200R1 expression
(�0.8-fold) in 0.038 and (�0.4-fold) 0.38 mg/kg body weight
arsenic-treated group compared with the control was observed
(Fig. 1A). We also checked whether CD200R1 is exclusively
expressed in microglia by coimmunolabeling CD200R1 with
other cell-type-specific markers. CD200R1 did not colocalize
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with GFAP (astrocyte marker), MAP-2 (Neuronal marker), and
MBP (oligodendrocyte marker) but for the microglial marker,
Iba1. Colocalization of CD200R1 and Iba1 confirms the exclu-
sive expression of CD200R1 in microglia or perivascular mac-
rophages in the brain (Fig. S1A). The Western blot data
corroborated with immunostaining of CD200R1 in brain sec-
tions (Figs. 1B and S1B). We also checked the CD200R1
expression in primary neonatal microglia exposed in vitro to
nontoxic doses (250 and 500 nM) of arsenic for 72 h (Fig. S1C).
Microglia exposed to LPS was used as a positive control (28).
Arsenic (500 nM) and LPS (100 ng/ml) both significantly
reduced the expression of CD200R1 (�0.7- and 0.6-fold,
respectively) (Fig. 1C). A similar pattern of CD200R1 expression
was observed in immunofluorescence staining of CD200R1
following in vitro treatment (Fig. 1D). Henceforth, in all in vitro
experiments, 500 nM arsenic and 100 ng/ml LPS were used.

Suppression of CD200R1 is differentially regulated by arsenic
and LPS

Our first aim was to elucidate whether arsenic affects the
expression of CD200R1 at the transcriptional or the post-
transcriptional level. The changes in levels of CD200R1 and
CEBPβ, the known transcriptional regulator of CD200R1, were
studied in primary neonatal microglia exposed to arsenic and
LPS in vitro by real-time PCR (qRT-PCR) and Western blot-
ting. Though the protein levels of CD200R1 decreased
following 72 h in vitro arsenic exposure (Fig. 1, C and D), its
mRNA level showed no significant change compared with
control. But in LPS-exposed microglia, the mRNA level of
CD200R1 decreased significantly following 72 h treatment
(Fig. 1E). The mRNA level of CD200R1 transcriptional in-
hibitor CEBPβ did not show any significant change following 2
h in vitro arsenic treatment. But it increased significantly in the
LPS group (�2.8-fold) compared with control, following 2 h
exposure (Fig. 1F). These nonparallel changes observed in the
levels of CD200R1 protein and mRNA, and the differential
expression of CEBPβ in arsenic and LPS-exposed group, points
toward the possibility that CD200R1 expression is post-
transcriptionally regulated. MiRNAs are the potential post-
transcriptional regulators of gene expression. Therefore, we
screened for miRNAs in primary microglia following in vitro
arsenic (500 nM) treatment for 72 h. The list of miRNAs
showing significant differential expression is presented in the
heatmap (Fig. 1G). A total of 15 significantly upregulated
(≥1.5-fold) and 18 significantly downregulated (≤0.8-fold)
miRNAs were identified (Fig. 1H). We uploaded the list of
miRNA and mRNA of our interest into Ingenuity pathway
analysis and built a network to identify any possible relation-
ships between various molecules. We could not find any direct
link between CD200R1 and miR-129-5p (Fig. 1I).

MicroRNA-129-5p is involved in the posttranscriptional
regulation of CD200R1 expression in mouse and human
microglia

In silico analysis with TargetScan, RNA22, and RNA hybrid
showed that miR-129-5p targets CD200R1 by binding to its
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Figure 1. Effect of arsenic stress on the expression of microglial CD200R1. BALB/c mice were exposed to sodium arsenite (arsenic) for 2 months and
checked the expression of CD200R1 in the whole brain (n = 4 mice/group). A, Western blots, (B) immunostaining of CD200R1 in brain section. Scale bar:
50 μm for uncropped images and 11 μm for the cropped images. Mouse primary neonatal microglia were treated with arsenic as well as LPS in vitro for 72 h,
and CD200R1 expression was checked (n = 4). C, Western blot, (D) immunostaining of CD200R1 in mouse primary neonatal microglia. Scale bar: 10 μm. The
levels of mRNA of (E) CD200R1 were measured 72 h following treatment with arsenic and LPS in primary microglia and, (F) CEBPβ was measured (n = 3) in
primary microglia 2 h following treatment with arsenic and LPS. Another set of cells was treated in vitro with arsenic, and Taqman Low-Density Array (TLDA)
was run to detect the changes in the global miRNA profile (n = 2). G, fold change in the miRNA level was presented as a heatmap, (H) miRNA upregulated
more than 1.5-fold and downregulated more than 0.8-fold was presented in the table; (I) Network generated by IPA with the up- and downregulated genes
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30-UTR. Two putative binding sites of miR-129-5p (bp
277–297 and 321–338) were identified in the 30-UTR of mouse
CD200R1 mRNA (Fig. 2A). Individual analysis showed that the
levels of miR-129-5p were significantly elevated in the primary
microglia exposed to arsenic in vitro (�3-fold) (Fig. 2B) and
also in ex vivo (�2.3-fold) microglia isolated from control and
60 days arsenic-exposed animals (Fig. 2C). Thus, exposure to
arsenic alters the level of miR-129-5p. Next, we studied the
role of miR-129-5p in the regulation of CD200R1 expression.
First, we determined the dose and efficiency of pre- and anti-
miR-129 and observed that pre-miR (10 nM) and anti-miR
(100 nM) transfection increased and decreased the miR-129-
5p expression, respectively (data not shown). The CD200R1
protein levels decreased significantly (�0.6-fold) in neonatal
primary microglia exposed to pre-miR-129 for 72 h in vitro
(Fig. 2D), and the exposure to anti-miR-129 increased the
expression (�1.3-fold) (Fig. 2E). A similar effect of anti-miR-
129 was observed in arsenic exposed microglia where anti-
miR-129 reversed the arsenic-induced downregulation of
CD200R1 (�0.6-fold in arsenic and �1.1-fold in arsenic + anti-
miR group) (Fig. 2F). This supports our notion that miR-129-
5p regulates CD200R1 expression posttranscriptionally. To
check whether miR-129-5p function is similar across the
species, we performed in silico analysis and found that miR-
129-5p has two binding sites (bp 1607–1634 and 2047–2972)
in the 30-UTR of human CD200R1 (Fig. 2G) similar to that
found in mouse. Human microglial cell line CHME3 exposed
to arsenic or pre-miR-129 for 72 h showed that the protein
level of CD200R1 was significantly downregulated (�0.56-fold
for pre-miR and �0.51-fold for arsenic) (Fig. 2, H and I). Lower
immunoreactivity of CD200R1 in CHME3 cells with pre-miR-
129 and arsenic showed an expression pattern (Fig. 2J) similar
to that observed in Western blot analysis. Increased expression
of the miR-129-5p (�0.1.6-fold) following in vitro arsenic
exposure in CHME3 cells (Fig. 2K) also supports the
involvement of arsenic-induced upregulation of miR-129-5p
across the species.
MicroRNA-129-5p induces translational repression by guiding
CD200R1 to the cytoplasmic processing body (P-body)

To confirm the binding of miR-129-5p at the two predicted
sites of the 30-UTR of mouse CD200R1 mRNA, we generated
mutant constructs for the two putative binding sites. Mutant 1
(bp 277–297) and mutant 2 (bp 321–338) were constructed by
mutating bases in the 30-UTR of mouse CD200R1 mRNA
(Mut1: GCAGG to AAACC; Mut2: AAA to CCC) that binds to
the seed sequence of the miRNA as shown in Fig. S2, A–C. To
confirm the binding and translational repression of CD200R1
mRNA by miR-129, we performed luciferase assays. HEK293
cells pretreated with or without pre-miR-129 for 8 h were
transfected with wild-type (WT) and mutant (Mut) pMiR-
constructs. Forty-eight hours posttransfection, the luciferase
activity had significantly decreased in the WT pretreated with
and miRNA in arsenic-treated microglia indicated a possible relationship betw
shown in the legend. “n” denotes the number of independent study for in vit
significance in comparison to control; *p < 0.05, **p < 0.01, ***p < 0.001; ns
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miRNA (�0.35-fold). But in the mutants, the luciferase activity
had reversed (Mut1: 0.83-fold and Mut2: 0.73-fold) compared
with the WT pre-miRNA-129. (Fig. 3A). The increased lucif-
erase activity in the mutants compared with WT with pre-miR
confirms that miRNA-129-5p binds to the CD200R1 mRNA. It
also shows that both sites are involved in the post-
transcriptional regulation of CD200R1 expression. MicroRNA
induces translational repression by binding to its target mRNA
and guiding it into P-bodies, whereupon they are inaccessible
to translational machinery. Therefore, we studied whether
there was an increase in the formation of P-bodies with
GW182 immunostaining, one of the essential components of
P-bodies. In BV-2 cells, both pre-miR-129 and arsenic both
induced the formation of P-bodies (shown in Fig. 3, B and C)
visible as the punctate fluorescence of GW182. Conversely,
GW182-specific siRNA inhibited the puncta formation of
GW182 (Fig. 3, B and C). GW182 siRNA significantly inhibited
GW182 protein levels in BV2 cells to 40% showing its signif-
icant inhibitory efficiency (Fig. S2D).

CD200R1 mRNA guided into the P-bodies becomes inac-
cessible to the degradation machinery. To test this, we studied
the rate of CD200R1 mRNA decay in the presence or absence
of GW182 siRNA following P-body induction either by pre-
miR-129 or arsenic. After P-body induction, followed by acti-
nomycin D (Act-D) treatment, microglial cells were harvested
at 0 h and 2 h time points, and remaining CD200R1 mRNA
level was measured with qRT-PCR. In the control group,
approximately 50% (�0.49-fold) mRNA decay was observed
after 2 h, whereas, in pre-miR-129 and arsenic-treated groups,
there was no significant change in the mRNA levels (�1.1-fold).
But, there was significant mRNA decay in the GW182 siRNA
group (Fig. 3D). Prevention of CD200R1 mRNA from degra-
dation in pre-miR-129 and arsenic-treated group is possibly
due to the inclusion of miR-129-5p bound CD200R1 mRNA
into the p-bodies. In the siRNA group, knockdown of GW182
inhibited p-body formation resulting in the degradation of the
CD200R1 mRNA (Fig. 3D).

To check the localization of miR-129-5p and CD200R1
mRNA in the p-bodies, GW182 and pre-miR-129 were over-
expressed in BV2 cells. P-bodies were immuneprecipitated (IP)
with the GW182 antibody, and the total RNA was isolated.
The levels of miR-129-5p and CD200R1 mRNA were evalu-
ated by qRT-PCR. As the miR-129 was overexpressed, its level
was high in the input and the IP samples (Fig. 3E). A significant
enrichment (�4.5-fold) of CD200R1 mRNA was observed in
the IP samples (Fig. 3F). Similarly, p-bodies were also IP from
arsenic (1 μM) treated BV2 cell lysate followed by qRT-PCR to
detect the level of CD200R1 and miR-129-5p. We used 1 μM
arsenic to treat BV2 cells as a significant increase in miR-129-
5p level was observed in 1 μM arsenic but not in the 500 nM
treatment group (Fig. S2E). Significant enrichment of miR-
129-5p (�5.5-fold) (Fig. 3G) and CD200R1 mRNA (�5.2
fold) (Fig. 3H) was also observed in the IP samples of the
arsenic-treated group. The enrichment of miR-129-5p and
een CD200R1 and miR-129-5p. The symbols used in the network map are
ro experiments. Bar graphs represent mean ± SEM. “p” denotes the level of
, nonsignificant.
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Figure 2. Involvement of miR-129-5p in the regulation of CD200R1 expression. A, in silico analysis using TargetScan and RNAhybrid predicted the two
putative miR-129-5p binding sites (277–297 bases and 321–338 bases) in the 30UTR of mouse CD200R1 mRNA. B, in vitro arsenic exposure increased the
level of miR-129-5p in neonatal microglia (n = 3); (C) similar increase was observed in ex vivomicroglia following in vivo arsenic exposure (n = 3 mice/group).
D, in vitro transfection of pre-miR-129 for 72 h reduced the expression of CD200R1 (n = 3); (E) whereas anti-miR-129 transfection increased the expression of
CD200R1 (n = 3); (F) Microglia were treated with arsenic followed by anti-miR-129 transfection showed reversal effect of arsenic on CD200R1 expression (n =
3). G, in silico analysis also predicted two putative miR-129-5p binding sites (1607–1634 bases and 2047–2072 bases) in the 30UTR of human CD200R1 mRNA.
Reduction in CD200R1 expression was observed in CHME3 cells following (H) in vitro transfection of pre-miR-129 (n = 4) and (I) in vitro arsenic exposure for
72 h (n = 4). J, immunostaining of human CD200R1 showed reduced immunoreactivity following pre-miR-129 and arsenic treatment. Scale bar: 15 μm for
uncropped images and 5 μm for the cropped images. K, in vitro arsenic exposure increased the level of miR-129-5p in CHME3 cells. “n” denotes the number
of independent study for in vitro experiments. Bar graphs represent mean ± SEM. “p” denotes the level of significance in comparison to control; *p < 0.05,
**p < 0.01, ***p < 0.001; ns, nonsignificant.
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Figure 3. MiR-129-5p guides CD200R1 mRNA to p-bodies. A, luciferase reporter assay using mouse CD200R1 30-UTR constructs (pMIR-WT, pMIR-Mut1 &
pMIR-Mut2) cloned in pMIR-REPORT vector confirmed that both the predicted binding sites are involved in miR-129-5p-mediated repression of CD200R1
(n = 3). B and C, P-bodies were stained with GW182 antibody in primary neonatal microglia following pre-miR-129 and arsenic exposure for 72 h. It showed
increased puncta formation in the cytoplasm. Scale bar: 10 μm for uncropped images and 4 μm for the cropped images. D, microglia were treated with pre-
miR-129 and arsenic for 72 h followed by actinomycin D (5 μg/ml) treatment for 0, 2 h. Cells were harvested, RNA isolated, and run for real-time PCR to
detect CD200R1. Pre-miR-129 and arsenic protected CD200R1 mRNA from degradation. To detect the presence of miR-129-5p and CD200R1 mRNA in p-
bodies, GW182 and pre-miR-129 were overexpressed in BV2 cells (n = 3) and the levels of (E) miR-129-5p and (F) CD200R1 mRNA were measured in GW182
immunoprecipitated (GW182 IP) samples. Similarly, GW182 overexpressed BV2 cells were treated with arsenic (n = 3) and level of (G) miR-129-5p, and (H)
CD200R1 mRNA were measured in GW182 IP samples. Levels of both miR-129-5p and CD200R1 mRNA in the GW182 IP samples were found to be
significantly high (n = 3). I, to check the contamination-free IP of GW182, the GW182 protein was immunoprecipitated using an anti-GW182 antibody and
processed for WB analysis. Sixty microgram lysate (7.5% of input for IP [800 μg]) loaded in lane-1 and 12 μl (60% of the total IP elution volume [20 μl])
loaded in lane-2. The absence of the β-actin band in IP lane shows the contamination free IP of GW182 (n = 2). Formation of P-body in vivo was also checked
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miR-129-5p and CD200R1 in neuroinflammation
CD200R1 mRNA in the IP samples in both the pre-miR-129
and arsenic-treated groups confirms that miR-129-5p binds
to CD200R1 mRNA and brings it to the p-body, thereby
inducing translation repression. We have also checked the
enrichment of protein in the IP sample by Western blot
analysis using the GW182 antibody. Thicker band of GW182
and absence of β-actin in the IP sample showed efficient
immunoprecipitation of the P-body (Fig. 3I). Interestingly,
similar to in vitro formation of p-body, ex vivo microglia iso-
lated from arsenic-exposed animals also showed a significantly
higher level of GW182-associated fluorescence, showing an
increase in p-body in vivo (Fig. 3, J and K). The Pearson cor-
relation analysis revealed an inverse relation between the
number of p-bodies and the level of CD200R1 (Fig. S2F).
Arsenic decreases the methylation of the promoter of miR-
129-5p by downregulating DNMT1

Our study showed that miR-129-5p posttranscriptionally
regulates the expression of CD200R1 following arsenic expo-
sure. This raises the question: how does arsenic upregulate
miR-129-5p? DNA methyl transferase1 (DNMT1) enzyme is
responsible for the maintenance of methylation status (37) of
the promoter of a gene and thereby regulates transcription. The
miR-129 consists of two families of genes present on different
chromosomes; miR-129-1 (Gene ID: 387237) located on
chromosome 6qA3.3 and miR-129-2 (NCBI ID- 723953)
located on chromosome 2pE1 (38). Both genes encode for miR-
129-5p, but it is the miR-129-2 gene whose expression is
regulated by DNA methylation. There is a high density of CpG
sites upstream of the transcription start site (39). Arsenic is
known to downregulate DNMT1 (40). Therefore, we searched
for potential CpG sites 1000 bp upstream of the miR-129-2
gene transcriptional start site using Methprimer software
(41). There were several CpG sites in the upstream sequence.
Fifteen CpG sites (between 412 and 832 bp) were selected for
bisulfite sequencing (Fig. 4A). Specific primers were designed to
find out the methylation status of the promoter region
following in vitro arsenic exposure. Our results showed �50%
methylation of the promoter sequence in the control group,
which decreased to �15% following 72 h arsenic treatment
(Fig. 4, B and C). A significant decrease in DNMT1 expression
(�0.75-fold to control) was also observed following 72 h
in vitro arsenic exposure (Fig. 4D) in primary neonatal micro-
glia. Therefore, arsenic induces demethylation of the miR-129-
5p promoter by suppressing the level of microglial DNMT1.
In vivo inhibition of miR-129-5p reversed the arsenic-induced
altered expression of CD200R1 and cytokine secretion, but
simultaneous inhibition of miR-129-5p and CD200R1 did not
have the same effect

We extended our study to validate the role of miR-129-5p
in vivo. First, we ascertained the inhibitory efficiency of
in ex vivo microglia isolated from mouse using GW182 immunostaining. CD20
immunofluorescence stained microglia, (K) scatter plots representing quantita
total cells in control group-67 and in arsenic group-60). Scale bar: 5 μm. “n” de
represent mean ± SEM. “p” denotes the level of significance in comparison to
CD200R1 siRNA stereotaxically injected into the brain of
unexposed mice on CD200R1 protein by Western blot using
whole brain lysate (Fig. S3). We have also checked the inhi-
bition of CD200R1 mRNA in different anatomical region of
the brain by qRT-PCR. A region-specific inhibitory effect of
CD200R1 siRNA was observed (Fig. S4). During the last week
of 2 months of arsenic exposure, anti-miR-129 and CD200R1
siRNA were injected individually and in combination stereo-
taxically into mice brains (Fig. 5A). Scrambled (nontarget)
siRNA was injected into the brains of control mice. miR-129-
5p (�8.1-fold) levels increased in the arsenic exposed group
but, anti-miR-129 treatment significantly decreased the miR-
129-5p level (�0.97-fold) in the brain sample of arsenic-
treated animal. CD200R1 siRNA did not alter the effect of
anti-miR-129 (Fig. 5B). We measured the level of CD200R1
mRNA in the brain following arsenic, anti-miR, and siRNA
treatment. CD200R1 siRNA decreased the CD200R1 mRNA
levels significantly as expected compared with the controls.
Whereas, most interestingly and supportive to our in vitro
observation (Fig. 1E), the CD200R1 mRNA was not altered in
the brain following in vivo treatment (Fig. 5C) even though
arsenic could decrease the expression of CD200R1 protein
significantly (�0.58-fold) as detected in Western blot analysis
(Fig. 5D). Anti-miR-129 treatment in arsenic-exposed animals
significantly reversed the expression of CD200R1 (�0.97-fold),
whereas siRNA treatment neutralized the effect of anti-miR in
arsenic-exposed animals (Fig. 5D). Brain sections were
immunostained against CD200R1 (Fig. 5E), and its quantitative
analysis (Fig. S5) supports the changes observed in the
CD200R1 protein expression following arsenic, anti-miR, and/
or siRNA treatment (Fig. 5D). The association of CD200R1
expression with neuroinflammation was ascertained by
measuring the level of proinflammatory cytokines, TNF-α and
IL-6 in the culture supernatant of ex vivo microglia. The
elevated levels of TNF-α (�12.28-fold) and IL-6 (�1.84-fold)
in the arsenic-exposed group decreased when treated with
anti-miR-129-treated group (TNF-α �4.42- and IL-6 �1.07-
fold) (Fig. 5, F and G). In vivo inhibition of CD200R1 by
siRNA in arsenic and the anti-miR coexposed group increased
the cytokine levels even beyond that of arsenic-exposed group
(TNF-α �31.92-fold and IL-6 �2.15-fold). Cytokines in con-
trol, sham control, scrambled (nontarget control), and
CD200R1 siRNA group did not show any significant alter-
ations among themselves (Fig. 5, F and G). All these data
reflect that the miR-129-5p posttranscriptionally regulates the
CD200R1 expression and, in turn, controls the microglial in-
flammatory response in the mouse model.

The altered expression of miR-129-5p, CD200R1, DNMT1, and
cytokine expression observed in arsenic-exposed individuals
corroborates with our experimental observations

We further extended our study to validate our findings in
clinical samples. For the study, we selected individuals (n = 9,
0R1-associated fluorescence was quantitated in “Image J”. J, representative
tive analysis of GW182 associated immunofluorescence. (n = 4 mice/group;
notes the number of independent study for in vitro experiments. Bar graphs
control; *p < 0.05, **p < 0.01, ***p < 0.001; ns, nonsignificant.
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average age �57 ± 11 years and weight �55 ± 12 kg) residing
in the arsenic affected areas of Murshidabad district in the
state of West Bengal, India, and showing clear raindrop
pigmentation and symptoms of arsenicosis. Among selected
individuals, four subjects also showed keratosis in addition.
Murshidabad district is highly contaminated with arsenic. The
range of arsenic concentrations in the groundwater in this
region is 10 to 1000 μg/l (42). Control individuals (n = 5,
average age �47 ± 10 years and weight �57 ± 8 kg) were
selected from Lucknow in the state of Uttar Pradesh, India.
The level of arsenic in groundwater in Lucknow is below the
WHO permissible limit (http://jn.upsdc.gov.in/page/en/cpu).
PBMCs were isolated from the blood of control and arsenicosis
subjects. The Isolated PBMCs were divided into two groups,
one set used for RNA extraction and another for protein
extraction. We have checked the level of CD200R1 mRNA
using real-time PCR primers, which can detect all four variants
of CD200R1 mRNA and found a nonsignificant decrease
(�1.4-fold in control subjects and �0.71-fold in arsenicosis
subjects) in their levels (Fig. 6A). In contrast, the CEBP-β level
had increased nonsignificantly compared with control
(Fig. S6). The level of miR-129-5p in the PBMCs of the
arsenic-exposed population had increased significantly (�2.5-
fold) compared with the control group (Fig. 6B). Similar to
our animal studies, we could detect a decrease in the expres-
sion of CD200R1 (�0.3-fold) and DNMT1 (�0.2-fold) in
8 J. Biol. Chem. (2022) 298(1) 101521
PBMCs isolated from arsenic-exposed individuals compared
with the control group (Fig. 6, C–E). Pearson correlation
analysis showed negative correlation between miR-129-5p and
CD200R1 (R = −0.841) (Fig. 6F) and miR-129-5p and DNMT1
(R = −0.869) (Fig. 6G), but DNMT1 and CD200R1 showed
positive correlation (R = +0.965) (Fig. 6H). The levels of TNF-α
and IL-6 transcripts were higher compared with the controls
as observed following qRT-PCR of RNA isolated from the
blood (Fig. 6, I and J). Another interesting observation is that,
among nine individuals, five individuals showed mild neu-
ropathy with symptoms such as numbness, muscle cramp, and
pain. In contrast, one individual showed high neuropathy with
additional symptoms such as paresthesia, vibration joint sense,
muscle wasting (Table S1).
Discussion

The posttranscriptional regulation of CD200R1 is of great
clinical interest as it is involved in neuroinflammation (4) and
other cellular functions. In the present study, we strongly
prove that miR-129-5p is involved in the posttranscriptional
regulation of CD200R1 expression and neuroinflammation. To
this end, we performed in silico analysis and in vitro experi-
ments with primary microglia and both mouse and human cell
lines. We further validated our results in animals (mice) and
human samples.

http://jn.upsdc.gov.in/page/en/cpu
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Figure 5. Effect of in vivo CD200R1 and miR-129-5p inhibition on the level of microglial TNF-α and IL-6. Animals were exposed to arsenic (0.38 mg/kg
bd. wt.) for 2 months, and in the last week of exposure, animals were treated with CD200R1 siRNA and anti-miR-129 intracerebrally by stereotaxic method
and sacrificed on 60th day. A, experimental scheme, (B) exposure to arsenic increased the level of miR-129-5p, which was brought down by the treatment of
anti-miR-129 (n = 3 mice/group). CD200R1 siRNA did not show any significant effect on the level of miR-129-5p. C, arsenic exposure did not alter the mRNA
level of CD200R1 like in vitro compared with control, whereas siRNA significantly inhibited it. D, Western blot analysis showed that arsenic exposure
inhibited CD200R1 protein, which was rescued by anti-miR (n = 5 mice/group). E, immunofluorescence staining of CD200R1 in brain sections (n = 3 mice/
group). Scale bar: 50 μm for uncropped images and 17 μm for the cropped images. The effects of CD200R1 siRNA and anti-miR-129 on the level of (F) TNF-α
(n = 3–4 mice/group) and (G) IL-6 (n = 5 mice/group) were measured in the ex vivo microglial culture supernatant. Bar graphs represent mean ± SEM.
“p” denotes the level of significance in comparison to control; *p < 0.05, **p < 0.01, ***p < 0.001; ns, nonsignificant.
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Figure 6. Expression of CD200R1, miR-129-5p, DNMT1, and Cytokines in human blood. PBMCs were isolated from the blood of unexposed (n = 5
individuals) and arsenic-exposed symptomatic individuals (n = 9 individuals). RNA was isolated, and the levels of (A) CD200R1 mRNA and (B) miR-129-5p
were measured by real-time PCR. The expression levels of CD200R1 and DNMT1 were checked by Western blot analysis in PBMC lysate, (C) image of the
Western blot and quantitative analysis of the expression of (D) CD200R1 and (E) DNMT1. Pearson correlation analysis revealed an inverse correlation
between (F) miR-129-5p and CD200R1 as well as (G) miR-129-5p and DNMT1, whereas (H) CD200R1 and DNMT1 were directly correlated. “R” denotes
Pearson correlation coefficient. For cytokine analysis, RNA was isolated from the whole blood of unexposed and arsenic-exposed individual followed by
qRT-PCR for cytokines (n = 4–5 individuals/group). The level of mRNA was present as scatter plot for (I) TNF- α and (J) IL-6. An increased pattern in the level
of IL-6/TNF-α mRNA was observed in arsenic-exposed individuals. Bar graphs represent mean ± SEM. “p” denotes the level of significance in comparison to
control; *p < 0.05, **p < 0.01, ***p < 0.001; ns, nonsignificant.
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miR-129-5p and CD200R1 in neuroinflammation
Contact-dependent CD200R1-CD200 interaction between
microglia and neuron plays a crucial role in the suppression of
microglial neuroinflammation. The expression of CD200R1
decreases in various neuroinflammatory diseases such as AD,
MS (15, 43) and in experimental disease models such as EAE,
EAU, SCI, and PD (16, 18, 19, 44). Previously, we showed that
expression of CD200 decreases in the arsenic-exposed mouse
brain (35). In the present study, we showed that the expression
of CD200R1, the cognate receptor of CD200, is reduced
following arsenic exposure both in vivo and in vitro. This
supports our previous studies on arsenic-induced microglial
activation (35, 36). In recent years, the role of CD200R1 in
neuroinflammation has been highly explored. Parallelly, miR-
NAs are emerging as the novel therapeutic targets of various
human diseases. But the miRNA-neuroinflammation field is
still naive (45).

In the present study, arsenic could neither decrease the
CD200R1 mRNAs level similar to that reported with Rbfox
and Kv1.1 and EGFR (46–48) nor increase the expression of
CEBPβ. LPS, on the other hand, altered the expression of both
CD200R1 and CEBPβ as expected (28, 29). These results
indicated potential posttranscriptional regulation, and we
focused on the possible role of miRNA, as they are prominent
posttranscriptional regulatory molecules (31). The TaqMan
low density miRNA array showed 15 significantly upregulated
(≥1.5-fold) and 18 significantly downregulated (≤0.8-fold)
miRNAs. The network analysis gave us a preliminary idea of
the relationship between interacting molecules such as arsenic,
TNF, IL-6, CD200R1, DNMT1, CD200, and the dysregulated
miRNAs. But we did not find any direct or indirect relation-
ship of CD200R1 with any miRNAs.

MiRNAs targets 30 to 80% of protein-coding genes (31) by
binding to their 30-UTR, coding sequence, or 50-UTR (49).
Our in silico analysis (50) predicted two potential binding
sites of miR-129-5p in the 30-UTR of mouse and human
CD200R1 via incomplete pairing (51). Several miRNAs have
been reported to induce microglial activation and neuro-
inflammation by altering the associated gene expression. miR-
155 induces microglial activation by targeting SOCS1, and
miR-146a represses the activation by targeting IRAK1/
TRAF6. Similarly, miR-206 induces microglial inflammatory
response, and miR-17 reduces the response by targeting
NOX2/NOX4 (45, 49). MiR-129-5p has been studied for its
role in various types of cancers (52–54), regulation of po-
tassium channel (47), atherosclerosis and cardiovascular
disease (54), regulation of neurogenesis (48), and synaptic
scaling (46). Some reports have shown its anti-inflammatory
role by targeting HMGB1, a potential TLR4 agonist in
reperfusion injury and neuropathic pain in rodent models
(55, 56). There is no information on the possible role of miR-
129-5p in neuroinflammation. For the first time, we show that
miR-129-5p plays role in regulating the expression of a sur-
face receptor, which is intimately associated with neuro-
inflammation. Our study with miRNA mimics and inhibitors
shows that expressions of miR-129-5p and CD200R1 are
inversely related. There are two miRNAs, miR-297c-3p and
miR-345-3p among arsenic-induced downregulated miRNAs.
In silico analysis also predicted these two miRNAs to target
CD200R1. The upregulated miRNAs are most likely to play
direct role in translational repression by binding to 30UTR of
a particular gene; therefore we focused on miR-129-5p.
However, interaction between CD200R1 and miR-297c-3p/
miR-345-3p can be proven equally interesting.

The two predicted binding sites of miR-129-5p in the
30-UTR of mouse CD200R1 mRNA were confirmed by
generating a luciferase construct containing WT and mutated
sequence in the miRNA-binding site. The significant reversal
of the luciferase activity in the cells transfected with the
mutant construct proves that both sites to be involved in
miRNA binding (57, 58).

MiRNAs are reported to induce translational repression of
almost one-third of mammalian mRNAs (59), by guiding them
to the cytoplasmic processing bodies (P-bodies). P-bodies are
the cytoplasmic foci formed of aggregation of many proteins,
mRNA, and miRNA. It serves as the temporary mRNA storage
depot or decay site, depending on the requirement (60–63).
Our study shows that arsenic and pre-miR-129 increased the
p-body formation as detected by immunostaining one of its
essential components, GW182 (64), and the p-bodies dis-
appeared following GW182 siRNA treatment (65). We pre-
dicted that CD200R1 mRNA is included in the p-body after
forming relatively weaker AU-rich base pairing with miR-129-
5p (63). The increased p-body formation supports our pre-
diction that miR-129-5p binds to 30-UTR of CD200R1 mRNA
and guides it to p-bodies. The p-body formation data was well
matched with the mRNA degradation data. Pre-miR and
arsenic were found to protect the CD200R1 mRNA following
actinomycin D treatment (58), whereas GW182 siRNA allowed
the mRNA degradation. Though statistically nonsignificant,
there was a notable increase in the level of CD200R1 mRNA in
pre-miR-129 and arsenic-treated group compared with con-
trol. It might be due to 72 h preincubation with pre-miR-129
and arsenic before Actinomycin D treatment, which resulted
in the inclusion and storage of CD200R1 mRNA into P-bodies.
The enrichment of miR-129-5p and CD200R1 mRNA in the
GW182 immunoprecipitated samples (GW182 IP) confirmed
that miR-129-5p guides the CD200R1 mRNA to p-bodies,
thereby inducing translational repression of CD200R1.
Therefore, the formation of p-body and the expression of
CD200R1 are inversely correlated.

The next obvious query is how arsenic increases the level of
miR-129-5p. The CpG islands of the miR-129-5p promoter are
methylated in various cancers (52). Interestingly, hyper-
methylation of miR-129-5p CpG island was also observed in
multidrug-resistant gastric cancer cell lines compared with
parent cells (52). In contrast, bisulfite sequencing in the pre-
sent study showed hypomethylation of CpG island of the miR-
129-5p promoter. Arsenic-induced decrease in the expression
of DNMT1 affects the de novo methylation and the mainte-
nance of methylation status (37). Recently, it has been reported
that CCCTC-binding factor, CTCF, is involved in the regula-
tion of DNMT1 expression, and arsenic-mediated inhibition of
CTCF is responsible for DNMT1 downregulation (40). Inter-
estingly, CTCF is a DNA-binding protein with 11 zinc finger
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domain, out of which one is C3H1 type having three cysteine
residues in cluster coordinated with a divalent zinc ion.
Trivalent arsenic reduces the binding activity of CTCF by
replacing zinc ion in C3H1-type zinc finger motifs (40, 66);
therefore, it may results in the downregulation of DNMT1
expression as we see in the present study.

In addition to confirming the role of miR-129-5p in the
posttranscriptional regulation of CD200R1 expression in vitro,
we validated the same in the mouse model by injecting anti-
miR-129 and CD200R1 siRNA in the brain (46). Anti-miR-
129 reversed the arsenic-induced reduction of CD200R1
expression and cytokine levels, whereas anti-miR-129 could
not reverse the effect of arsenic in siRNA-induced CD200R1
inhibited animals, which supports the proposed axis miR-129-
5p→CD200R→TNFα/IL-6. The finding also instigates its po-
tential therapeutic application in neuroinflammation (45, 51).

CD200R1 and miR-129-5p both are expressed in PBMCs
(1, 3, 4, 53); therefore, the level of CD200R1 mRNA, as well as
miR-129-5p, the level of CD200R1 and DNMT1 protein and
mRNA of IL-6/TNF-α in the PBMCs of control and arsenic
exposed human subjects have been checked. We observed
results similar to animal experiments. Correlation analysis
revealed that CD200R1 and DNMT1 are negatively correlated
with miR-129-5p, and CD200R1 is positively correlated with
DNMT1. The correlation analysis confirms that miR-129-5p
also plays an essential role in the posttranscriptional regula-
tion of CD200R1 expression in human PBMCs. Interestingly,
the peripheral neuropathy observed in our study lies in line
with the previous studies where the contribution of activated
microglia (67) and arsenic (68) in neuropathy was defined.

We propose a novel posttranscriptional regulatory mecha-
nism for CD200R1 expression where miR-129-5p plays an
indispensable role and controls neuroinflammation. Arsenic
A

Figure 7. Translational repression of CD200R1 in microglia. A, the plausible
the study is shown here in an IPA generated network with the new link shown
genes are in green, upregulated are in red. Solid and dotted lines indicate d
transcriptional regulation of CD200R1 and its impact on neuroinflammation.
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demethylates the CpG islands in the promoter of miR-129-5p
by decreasing DNMT1, which in turn increases the level of
miR-129-5p. miR-129-5p binds to the 30-UTR of CD200R1,
thereby induces translational repression, and the levels of the
proinflammatory cytokine are elevated (Fig. 7). To conclude,
antagonizing the miR-129-5p, a novel regulator of CD200R1
expression, represents a potential strategy for therapeutic
intervention of neuroinflammation.
Experimental procedures

Reagents and antibodies

Sodium arsenite (SA) (NaAsO2), Percoll, cell culture me-
dium (DMEM/F12), Papain, sodium dodecyl sulfate (SDS),
acrylamide, bisacrylamide, bromophenol blue, Tween 20,
EDTA, protease inhibitor cocktail, methanol (LC grade) were
obtained from Sigma. Fetal bovine serum (FBS) was purchased
from Cell Clone Inc. PVDF membrane, and chem-
iluminescence substrates were obtained from Merck-
Millipore. The CD200R1 antibody (both mouse (AF2554)
and human-specific) was purchased from R&D Systems.
DNMT1 (sc-271729) and CD200 antibody (sc-71764) were
procured from Santacruz biotechnology. N-2 supplement
(17502048, Thermo), TaqMan Array Rodent MicroRNA A + B
Cards Set v3.0, Megaplex RT Primers, Megaplex PreAmp
Primers, TaqMan Universal PCR Master Mix (2X), mirVana
miRNA Isolation Kit (AM1560), miR-129-5p & sno-202
TaqMan real-time assay kit, pre-miR-129 (assay ID:
PM10195, ABI), anti-miR-129 (assay ID: AM10195, oligo
sequence: 50GCAAGCCCAGACCGCAAAAAG30), in vivo
ready CD200R1 siRNA, (cat: AM16830, ID: 181777, oligo se-
quences: Ass seq: AUAUGGUCGUAAUGAUUGGTT; Ss seq:
CCAAUCAUUACGACCAUAUTT), in vivo negative control
Upregulated
Downregulated

B

relationship between miR-129-5p and CD200R1 deduced from the results of
in pink. The symbols are indicated in the legend. Significantly downregulated
irect and indirect interactions, respectively. B, proposed pathway of post-
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si RNA (cat: 4457287), HRP-anti-goat, HRP-anti-rabbit, Alexa
Fluor 594 anti-rabbit (A-11037), Alexa Fluor 488 anti-goat
(A-21210), DNA coimmunoprecipitation kit (14321D), and
Procartaplex cytokine detection kit were obtained from
Thermo Scientific. Beta-actin (ab8227, Abcam) and CD68
antibody (ab12512, Abcam) were procured from Abcam.
GAPDH antibody (PG-27002) was obtained from puregene.
DNA miniprep isolation kit, DNA bisulfite conversion kit, and
Taq polymerase were purchased from Zymo Research. Tissue
freezing medium was obtained from Leica. GW182 siRNA
(sc45517) and pmyc-GFP-TNRC6A (plasmid for GW182, Cat.
41999, Addgene). A list of antibody and primers used in the
study has been given in the supplementary information
(Table S2).

Animal husbandry and treatment

Six- to eight-week-old male BALB/c mice were procured
from the CSIR–Indian Institute of Toxicology Research (CSIR-
IITR) animal facility. All the protocols for this study were
approved by the Institutional Animal Ethics Committee
(IAEC) of CSIR-IITR, Lucknow, India, and all experiments
have been carried out following the guidelines laid down by the
committee for the purpose of control and supervision of ex-
periments on animals (CPCSEA), Ministry of Environment
and Forests (Government of India), New Delhi, India. Mice
were housed at 25 �C with food and water supplied ad libitum.
Animals were divided randomly into three groups (control,
0.038, and 0.38 mg/kg body weight NaAsO2 treatment group)
by an investigator who is blind about treatment groups. So-
dium arsenite solution was gavage-fed daily in arsenic treat-
ment groups. Following 60 days treatment regimen, animals
were sacrificed and used for various analyses. In another set,
animals were divided into seven groups (Control, Sham con-
trol, Non-target/Scrambled control, Arsenic (0.38 mg/kg/bd
wt), Arsenic + Anti-miR, Arsenic + Anti-miR + SiRNA,
SiRNA). Sodium arsenite solution was gavage-fed daily in
arsenic treatment groups for 60 days (60 d). Six days before
sacrifice (54th day), anti-miR-129 (0.25 nmol), CD200R1
siRNA (0.5 nmol) were intracerebrally injected alone and in
combination. Sham control group received 2 μl nuclease free
water. Total injection volume was 2 μl; each hemisphere
received 1 μl. Detail of the stereotaxic method has been given
later in this section.

Human sample collection

The work with human samples was performed following the
Declaration of Helsinki. Protocols for this study were approved
by the Institutional Human Ethics Committee (IHEC) of CSIR-
IITR in compliance with the Certificate of Approval of Insti-
tutional Human Ethics Committee (CAIHEC). For arsenic-
exposed human sampling, Murshidabad district in the state
of West Bengal, India, has been selected, where a high level of
arsenic contamination is prevalent. For control human sam-
pling, Lucknow district in the state of Uttar Pradesh, India, has
been chosen, where the arsenic concentration reported below
the WHO permissible limit. Blood was drawn from arm vein of
control and symptomatic individuals showing clear raindrop
pigmentation, collected in heparinized vacutainer tubes and
kept on ice. Details of the parameters enquired during sam-
pling are given in a table (Table S1).

Isolation of primary microglia and treatment

Neonatal microglia were isolated from postnatal day 0 to 3
old pups following the protocol published from our lab earlier
(35). Briefly, cortices were dissected from the brain and ho-
mogenized using a 5 ml syringe to form mixed glial cell
suspension. Cells (0.4 × 106) were seeded in 12-well plates in
DMEM/F12 medium supplemented with 10% FBS and 1%
pen-strep followed by media replacement after 48 h. The
culture medium was replaced every fourth day until full
confluency at around 30 days. Mix glial culture was incubated
for 45 min in serum-free media and trypsin solution (1:1
ratio), followed by the removal of floating cells. The attached
cells are the pure microglia that were used for further ex-
periments. Primary adult microglia were isolated following
the protocol published earlier from our lab (36) Briefly, brain
samples were chopped and enzymatically digested with
papain (20 U/ml) at 37 �C for 20 min. Resulting digested
tissue was mixed with 30% isotonic percoll and centrifuged at
500g for 20 min at 20 �C. Isolated cells were immediately
processed for RNA isolation using the mirVana kit or
cultured at a density of 5 × 104 cells/well in 96-well culture
plate for cytokine measurement in the resulting culture su-
pernatant. For in vitro arsenic treatment to primary microglia,
500 nM concentration was used in all the experiments.

Cell line maintenance

Mouse microglia cell line (BV2) and human microglia
cell line (CHME3) were cultured in DMEM/F12 medium
supplemented with 10% FBS and 1% pen-strep at 37 �C
with 5% CO2. BV2 cells were used in RNA immunopre-
cipitation studies, whereas CHME3 cells were used to check
CD200R1 expression by Western blot analysis and
immunocytochemistry.

Preparation of cell/tissue lysate and Western blot analysis

Cells were washed in cold PBS and scrapped in 30 μl of cell
lysis buffer (20 mM Tris–HCl pH-8, 137 mM NaCl, 10%
glycerol, 1% Triton X-100, 2 mM EDTA, and protease inhib-
itor cocktail). Cells from three wells were pooled together in a
1.5 ml tube and kept on shaking at 4 �C for 30 min. For tissue
lysate preparation, the brain was dissected and homogeniza-
tion in cell lysis buffer. Finally, the cell/tissue lysate was
centrifuged at 14,000g for 15 min at 4 �C, and the supernatant
collected and used for Western blot analysis. Protein con-
centration was estimated by BCA Kit (23235, Thermo).
Twenty micrograms of protein of each sample was run on 10%
SDS-PAGE, transferred to PVDF membrane, and probed with
the desired primary antibody diluted in TBS with tween-20
(0.05%) followed by incubation with fluorescent-tagged sec-
ondary antibody. Blots were observed in a gel documentation
system (G-box H-16, Syngene and Amersham Imager 600, GE
J. Biol. Chem. (2022) 298(1) 101521 13
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Healthcare) using SuperSignal West Femto Maximum Sensi-
tivity substrate (34094), and densitometric analysis was per-
formed by Image-J software.

Taqman low-density array (TLDA) for miRNA

The expression of 641 miRNAs was studied by Taqman
Low-Density Arrays Pool A and pool B (TaqMan Rodent
MicroRNA Set Cards v3.0: Part no. 4398979 for pool A
contains 317 and 4455449 for pool B contains 324 miRNA
primers) following the manufacturer’s instruction. In brief,
total RNA was isolated from in vitro arsenic-treated (72 h)
primary neonatal microglia using mirVana kit. RNA (300 ng)
was subjected to reverse transcription (RT) by using mega-
plex RT primers of pool A and pool B. After reverse tran-
scription, preamplification was carried out using TaqMan
preamp master mix and megaplex preamp primers of pool A
(part no. 4399203) and pool B (part no. 4444308). Finally, for
a single plate, 450 μl of Taqman universal PCR master mix
was mixed with 9 μl of preamp product along with 441 μl
nuclease-free water. In each port of TLDA plates, 100 μl from
the abovementioned master mixture was added, and after
sealing and spinning, the plates were loaded on a Quant
studio 12K Flex Real-Time PCR system (Thermo). Relative
quantification was done using −ΔΔCt method considering the
levels of endogenous controls with expression suite online
software (Thermo).

Real-time PCR of miRNAs

The total mRNA was isolated using the mirVana kit from
microglia. The level of miR-129-5p was detected using specific
TaqMan microRNA assays (part number 4373068, Applied
Biosystems) and TaqMan Universal PCR Master Mix, No
AmpErase UNG (part number 4324018; Applied Biosystems)
following the manufacturer’s instruction in aquantstudio 6 flex
real-time PCR system. The level of miRNA expression was
measured by relative quantification performed using �ΔΔCt
method where Ct values of miR-129-5p were normalized to
sno202 RNA Ct values from the same sample for each group.

Real-time PCR

Total RNA was isolated either from brain samples
(100–200 mg) or cell pellets using Trizol reagent (Invitrogen).
The concentration was determined using a Nanodrop spec-
trophotometer (Thermo). cDNA was synthesized using a high-
capacity cDNA reverse transcription kit (part number
4331182) (ABI). The qRT-PCR was run in a quantstudio 6 flex
real-time PCR system (Thermo) using SYBR green master mix
(PGK022A, Puregene) and specific forward-reverse primers.
Mouse β-actin was used for relative quantification following
�ΔΔCt method.

Immunocytochemistry and immunohistochemistry

Microglia were grown on glass coverslips and treated as per
requirement. Cells were washed with PBS and fixed with 4%
paraformaldehyde followed by incubation with blocking buffer
(1 PBS + 2% FBS + 0.05% Tween-20) for 1 h at room
14 J. Biol. Chem. (2022) 298(1) 101521
temperature. The desired primary antibody added to the cells
and incubated overnight at 4 �C. Cells were washed and
further incubated with fluorescence tagged secondary antibody
for 2 h at room temperature. Finally, coverslips were mounted
on a glass slide with DAPI containing antifade mounting
medium (Vector lab) and observed under a fluorescence mi-
croscope. For immunohistochemistry, 12 μm coronal sections
of brain tissue were cut from paraformaldehyde perfused brain
using cryotome and kept on silane-coated slides. A similar
staining protocol followed as described for immunocyto-
chemistry and observed under Nikon Eclips fluorescence mi-
croscope (Nikon Instrument Inc). For quantifying CD200R1
staining, fluorescent Images was converted to 8 bit grayscale
image followed by thresholding using National Institutes of
Health ImageJ software (NIH, https://imagej.nih.gov/ij/).
Finally, percentage area occupied by CD200R1 and DAPI
staining is quantified for each image using analyzed particle
tool in ImageJ, and data are represented as percentage
CD200R1 staining of DAPI area (69).

P-body immunostaining

Neonatal primary microglia were cultured on coverslip in
12-well plate followed by treatment with arsenic (500 nM),
pre-miR129 (10 nM), GW182 siRNA (30 nM), GW182 +
Arsenic, and GW182 siRNA (30 nM) + pre-miR-129 for 72 h.
After treatment, cells were immunostained with the GW182
antibody, as described in the Immunocytochemistry section.
Images were captured in confocal microscope (Zeiss) and
number of p-body (GW182-associated fluorescent dots)
counted. Primary ex vivo microglia were also stained with
GW182 antibody to check formation of p-body following
in vivo arsenic exposure. Microglia (ex vivo microglia) were
isolated from control and arsenic-exposed mouse, seeded in
8-well chambered slides (1 × 105 cells in each well) and
allowed to adhere for 1 h. Cells were fixed in chilled methanol
and immunostained for P-bodies using GW182 antibodies. As
the ex vivo microglia lose its normal flattened morphology and
become round following isolation, therefore counting number
of p-body is not possible. Therefore, we have scored the
GW182 fluorescence in each cell and expressed Fl/unit area/
cell.

Transfection of pre-miR-129, anti-miR-129, and GW182

Neonatal primary microglial (60,000 cells/well in a 12 well
culture plate) were transfected with pre-miR-129 (10 nM) and
anti-miR-129 (100 nM) using siPORT NeoFX transfection
agent. Briefly, transfection reagent was mixed with opti-MEM,
followed by the addition of pre-miR-129 or anti-miR-129 kept
at room temperature for 10 min. Hundred microliters of
resulting transfection complex was added to microglia for 72 h
and processed for Western blot analysis or qRT-PCR. For the
transfection of GW182, BV2 cells were transfected using
FuGENE Transfection Reagent (E2691, Promega). Fugene was
mixed with Opti MEM, and the mixture was incubated for
5 min. Then, plasmid (3 μg) was added into the mixture,
incubated for 15 min, and the transfection complex was added
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into the cells in a T75 flask. Transfection efficiency was
checked by Western blot analysis.

Bioinformatic analysis

Significant fold changes of miRNAs calculated from
ExpressionSuite software (Thermo) were visualized as a heat
map, and the cluster was generated with Cluster 3.0 software
(http://bonsai.hgc.jp/�mdehoon/software/cluster/software.
htm). Fold changes of the miRNAs were then submitted to
Ingenuity Pathway Analysis (IPA, QIAGEN Inc https://
www.qiagenbioinformatics.com/products/ingenuity-pathway-
analysis) for core analysis based on experimentally observed
and predicted data resourced from the Ingenuity Knowledge
Base. The top canonical pathways, diseases and functions, and
gene networks that are most significant to microarray studies
were identified, and differentially expressed genes in specific
diseases and functions were categorized. These genes were
then used to generate functional networks between miRNAs
and their target molecules. For miRNA target prediction,
initially, TargetScan (http://www.targetscan.org/mmu72/) was
used, followed by RNA22 (https://cm.jefferson.edu/rna22/)
and RNA hybrid (https://bibiserv.cebitec.uni-bielefeld.de/
rnahybrid/) software for obtaining free energy and structure.
For CpG site identification and primer designing, Methprimer
software (http://www.urogene.org/cgi-bin/methprimer/
methprimer.cgi) was used by providing 1000 bp fragment of
miR-129-2 gene upstream of the transcription start site.

30-UTR luciferase reporter assay

WT and mutant (Mut1 and Mut2) plasmid of 30UTR of
CD200R1 mRNA were customs designed from Thermo
(Thermo Fisher Scientific). WT and mutant 30UTR were
subcloned into the MluI and SpeI site of the pMIR-report
vector. These products are referred to as pMIRCD200R1-
WT for WT and pMIR-CD200R1-Mut 1 & pMIR-
CD200R1-Mut 2 for the WT and mutant 30UTR from the
CD200R1 gene, respectively. HEK cells (5000 cells/well) were
seeded at in 96-well tissue culture plate along with siPORT
NeoFX transfection agent containing pre-miR-129 for 8 h.
After transfection, the medium was removed, and cells were
rinsed followed by transfection with pMIR-reporter, pMIR-
CD200R1-WT, or pMIR-CD200R1-Mut1/2 and pMIR-
galactosidase vectors using Fugene transfection reagent. Af-
ter 48 h transfection, cells were harvested and lysed in 200 μl
of lysis buffer, and the lysates were assayed for luciferase and
galactosidase activity following standard protocols.

mRNA stability assay

In order to check CD200R1 mRNA stability, neonatal pri-
mary microglial (60,000 cells/well of 12 well culture plates)
were treated with arsenic (500 nM), pre-miR-129 (10 nM),
GW182 siRNA (30 nM), GW182 siRNA + Arsenic, and
GW182 siRNA + pre-miR-129 for 72 h followed by addition of
actinomycin D (ActD; 10 μg/ml) to halt transcription. At 2 h
post-ActD addition, cells were harvested and RNA isolated.
Subsequently, CD200R1 mRNA levels were determined using
qRT-PCR described earlier in the Experimental procedures
section.

RNA immunoprecipitation

For RNA immunoprecipitation, GW182 was overexpressed
in BV2 cells by transfecting pmyc-GFP-TNRC6A plasmid
(2.5 μg) for 24 h followed by treatment of arsenic (1 μM) and
pre-miR-129 for another 72 h and 48 h, respectively.
Although we have used 500 nM arsenic for in vitro treatment
to primary cells, but could not find any upregulation of miR-
129-5p in BV2 cells with the same dose; therefore, we have
used 1 μM arsenic to treat BV2 cells. BV2 cells (1 × 106) were
seeded in T75 flasks and treated as required. After completion
of the treatment, cells were fixed with 0.75% para-
formaldehyde for 5 min, followed by neutralization in
125 mM glycine for an additional 5 min. Cells were scraped
and lysed in ice. We have started the immunoprecipitation
with 800 μg cell lysate and followed the protocol supplied
with the Dynabeads CO-IP kit (Thermo). Finally, the immu-
noprecipitated pellet was resuspended in nuclease-free water
and used to measure the level of CD200R1 mRNA and miR-
129-5p RNA qRT-PCR.

Bisulfite sequencing

Genomic DNA (gDNA) was extracted from neonatal pri-
mary microglia following 72 h arsenic treatment using Quick-
DNA Miniprep Plus Kit (D4068, Zymo Research). One
microgram gDNA was bisulfite converted using EZ DNA
Methylation-Gold Kit (D5005, Zymo Research) following the
manufacturer protocol. After bisulfite conversion, a 503 bp
long fragment containing 15 CpG sites was amplified using
forward primer 50-AAAAAGAAATGTGAGTTTTTTTT-30

and reverse primer 50-AAAACTAAATCTCCCCGACG-30 and
sequenced. We outsourced the sequence service to Integrated
DNA Technologies Inc (IDT). For the quantification of CpG
methylation, CpG viewer software (http://dna.leeds.ac.uk/
cpgviewer/) was used.

Intracerebroventricular injection of CD200R1 siRNA and
anti-miR-129

In order to confirm the role of miR-129-5p in regulating
the expression of CD200R1 and inflammation, we inhibited
CD200R1 and miR-129-5p by intracerebral injection of
CD200R1 siRNA and anti-miR-129 using the stereotaxic
technique. Briefly, intraperitoneal injection of ketamine and
xylazine (60 and 20 mg/kg body weight, respectively) was
given to deeply anesthetize each mouse before shaving its
head and positioning it in the stereotaxic frames (Stoelting
Co). On the dorsal side of the head, a midline scalp incision
was performed in order to expose the skull and visualize
bregma and lambda. In vivo ready siRNA for CD200R1 (0.5
nmol in 2 μl/brain, 1 μl in each hemisphere, cat: AM16830,
thermo) and anti-miR-129 (0.25 nmol in 2 μl/brain, 1 μl in
each hemisphere) was injected in each cortical hemisphere at
the rate of (0.5 μl/min) into the cerebral cortex using a 10-μl
Hamilton syringe at the following coordinates: 0.6 mm
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posterior, 1.5 mm lateral, and 1.3 mm dorsal with respect to
bregma, once at 54th day of arsenic exposure, and dissected
6 days after injection (70). In the anti-miR and siRNA coex-
posed group, the concentration was adjusted such that the
injection volume remains 2 μl/brain. The scrambled control
group received negative control siRNA (0.25 nmol 2 μl/brain,
in vivo negative control siRNA, cat: 4457287, thermo) in the
same manner. The sham control group was treated with
sterile nuclease-free water that followed the same procedure.
The whole brain samples were used to detect CD200R1
expression by Western blot and immunohistochemistry. At
the same time, microglia were also isolated and cultured for
18 h ex vivo. Levels of IL-6 and TNF-α were measured in the
culture supernatant using a multiplex cytokine detection kit
(Procartaplex, Thermo).

Detection of cytokine

Microglia isolated from adult mice (ex vivo microglia) were
seeded at a density of 5 × 104 cells in 100 μl DMEM/F12
medium. After culturing the cells for 18 h, culture superna-
tant was collected for measuring IL-6 and TNF-α using the
procartaplex mouse cytokine assay kit (Thermo) following the
manufacturer’s protocol. The infrared (IR) fluorescence
associated with different antibody-coated magnetic beads was
read in a multiplex reader (Bioplex MAGPIX multiplex
reader, BioRad). The level of cytokine was calculated from a
standard curve of that particular cytokine and expressed as
pg/ml.

Statistical analysis

Analysis of two groups was performed by unpaired Student’s
t test, whereas, for more than two groups, one-way analysis of
variance (ANOVA) was performed, followed by Newman–
Keuls post-hoc test by GraphPad Prism. Correlation analysis
was also performed in GraphPad Prism. A value of p < 0.05
was considered statistically significant.

Data availability

All data generated for this study are contained within the
manuscript. For further queries, corresponding author D. G.
may be contacted.

Supporting information—This article contains supporting
information.

Acknowledgments—We sincerely thank Dr Roopa Biswas, Uni-
formed Services University of the Health Sciences, USA, and Dr
Sharmistha Bhattacharyya for their indispensable help in Network
analysis using QIAGEN IPA. We also thank Dr Anirban Basu,
National Brain Research Center, India, for providing us mouse
microglia cell line, BV2, and human microglia cell line, CHME3.
The CSIR-IITR manuscript number is 3674.

Author contributions—V. S. and D. G. conceptualization; V. S., S. K.,
J. A. A., S. K. M., and R. K. D. data curation; V. S., S. K., J. A. A., S. K.
M., and R. K. D. formal analysis; S. P. and D. G. funding acquisition;
V. S., S. K., J. A. A., S. G., S. K. M., and R. K. D. investigation; D. G.
16 J. Biol. Chem. (2022) 298(1) 101521
project administration; S. G., A. K. G., S. P., and D. G. resources; D.
G. supervision; V. S. visualization; D. G. writing—original draft; S. P.
and D. G. writing—review and editing.

Funding and additional information—This work was supported by
the Council of Scientific and Industrial Research (CSIR) network
project, INDEPTH and Indian Council of Medical Research (ICMR)
project no. 5/8/4-22(ENV)/2016-NCD-1. V. S., S. K., and R. K. D.
were supported by CSIR Senior and Junior Research Fellowship. J.
A. A. was supported by University Grants Commission (UGC)-Se-
nior Research Fellowship; S. K. M. was supported by ICMR project
fellowship.

Conflict of interest—The authors have declared that no conflict of
interest with the contents of this article.

Abbreviations—The abbreviations used are: CEBPβ, CCAAT/
enhancer-binding protein β; CSIR-IITR, CSIR–Indian Institute of
Toxicology Research; DNMT1, DNA methyl transferase1; EAE,
experimental autoimmune encephalomyelitis; EAU, experimental
autoimmune uveoretinitis; FBS, fetal bovine serum; gDNA, genomic
DNA; HDAC-1, histone deacetylase-1; IgSF, immunoglobulin su-
perfamily; IP, immuneprecipitated; miRNA, microRNA; PBMC,
peripheral blood mononuclear cell; SCI, spinal cord injury; SDS,
sodium dodecyl sulfate; TLDA, TaqMan low-density array; WT,
wild type.

References

1. Wright, G. J., Cherwinski, H., Foster-Cuevas, M., Brooke, G., Puklavec,
M. J., Bigler, M., Song, Y., Jenmalm, M., Gorman, D., and McClanahan, T.
(2003) Characterization of the CD200 receptor family in mice and
humans and their interactions with CD200. J. Immunol. 171, 3034–3046

2. Gorczynski, R., Chen, Z., Kai, Y., Lee, L., Wong, S., and Marsden, P. A.
(2004) CD200 is a ligand for all members of the CD200R family of
immunoregulatory molecules. J. Immunol. 172, 7744–7749

3. Cui, W., Cuartas, E., Ke, J., Zhang, Q., Einarsson, H. B., Sedgwick, J. D.,
Li, J., and Vignery, A. (2007) CD200 and its receptor, CD200R, modulate
bone mass via the differentiation of osteoclasts. Proc. Natl. Acad. Sci. U. S.
A. 104, 14436–14441

4. Manich, G., Recasens, M., Valente, T., Almolda, B., González, B., and
Castellano, B. (2019) Role of the CD200-CD200R axis during homeostasis
and neuroinflammation. Neuroscience 405, 118–136

5. Gorczynski, R. M., Chen, Z., Yu, K., and Hu, J. (2001) CD200 immu-
noadhesin suppresses collagen-induced arthritis in mice. Clin. Immunol.
101, 328–334

6. Snelgrove, R. J., Goulding, J., Didierlaurent, A. M., Lyonga, D., Vekaria, S.,
Edwards, L., Gwyer, E., Sedgwick, J. D., Barclay, A. N., and Hussell, T.
(2008) A critical function for CD200 in lung immune homeostasis and the
severity of influenza infection. Nat. Immunol. 9, 1074

7. Moreaux, J., Veyrune, J. L., Reme, T., De Vos, J., and Klein, B. (2008)
CD200: A putative therapeutic target in cancer. Biochem. Biophys. Res.
Commun. 366, 117–122

8. Bisgin, A., Meng, W.-J., Adell, G., and Sun, X.-F. (2019) Interaction of
CD200 overexpression on tumor cells with CD200R1 overexpression on
stromal cells: An escape from the host immune response in rectal cancer
patients. J. Oncol. 2019, 5689464

9. Rauner, G., Kudinov, T., Gilad, S., Hornung, G., and Barash, I. (2018)
High expression of CD200 and CD200R1 distinguishes stem and pro-
genitor cell populations within mammary repopulating units. Stem Cell
Rep. 11, 288–302

10. Cherwinski, H. M., Murphy, C. A., Joyce, B. L., Bigler, M. E., Song, Y. S.,
Zurawski, S. M., Moshrefi, M. M., Gorman, D. M., Miller, K. L., and
Zhang, S. (2005) The CD200 receptor is a novel and potent regulator of
murine and human mast cell function. J. Immunol. 174, 1348–1356

http://refhub.elsevier.com/S0021-9258(21)01331-4/sref1
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref1
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref1
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref1
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref2
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref2
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref2
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref3
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref3
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref3
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref3
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref4
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref4
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref4
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref5
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref5
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref5
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref6
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref6
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref6
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref6
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref9
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref9
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref9
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref9
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref10
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref10
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref10
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref10


miR-129-5p and CD200R1 in neuroinflammation
11. Chitnis, T., and Weiner, H. L. (2017) CNS inflammation and neuro-
degeneration. J. Clin. Invest. 127, 3577–3587

12. Rabaneda-Lombarte, N., Serratosa, J., Bové, J., Vila, M., Saura, J., and
Solà, C. (2021) The CD200R1 microglial inhibitory receptor as a thera-
peutic target in the MPTP model of Parkinson’s disease. J. Neuro-
inflammation 18, 1–21

13. Zhang, S., Wang, X.-J., Tian, L.-P., Pan, J., Lu, G.-Q., Zhang, Y.-J., Ding, J.-
Q., and Chen, S.-D. (2011) CD200-CD200R dysfunction exacerbates
microglial activation and dopaminergic neurodegeneration in a rat model
of Parkinson’s disease. J. Neuroinflammation 8, 154

14. Xie, X., Luo, X., Liu, N., Li, X., Lou, F., Zheng, Y., and Ren, Y. (2017)
Monocytes, microglia, and CD 200-CD 200R1 signaling are essential in
the transmission of inflammation from the periphery to the central
nervous system. J. Neurochem. 141, 222–235

15. Walker, D. G., Dalsing-Hernandez, J. E., Campbell, N. A., and Lue, L.-F.
(2009) Decreased expression of CD200 and CD200 receptor in Alz-
heimer’s disease: A potential mechanism leading to chronic inflammation.
Exp. Neurol. 215, 5–19

16. Chitnis, T., Imitola, J., Wang, Y., Elyaman, W., Chawla, P., Sharuk, M.,
Raddassi, K., Bronson, R. T., and Khoury, S. J. (2007) Elevated neuronal
expression of CD200 protects Wlds mice from inflammation-mediated
neurodegeneration. Am. J. Pathol. 170, 1695–1712

17. Liu, Y., Bando, Y., Vargas-Lowy, D., Elyaman, W., Khoury, S. J., Huang,
T., Reif, K., and Chitnis, T. (2010) CD200R1 agonist attenuates mecha-
nisms of chronic disease in a murine model of multiple sclerosis.
J. Neurosci. 30, 2025–2038

18. Banerjee, D., and Dick, A. (2004) Blocking CD200-CD200 receptor axis
augments NOS-2 expression and aggravates experimental autoimmune
uveoretinitis in Lewis rats. Ocul. Immunol. Inflamm. 12, 115–125

19. Lago, N., Pannunzio, B., Amo-Aparicio, J., López-Vales, R., and Peluffo,
H. (2018) CD200 modulates spinal cord injury neuroinflammation and
outcome through CD200R1. Brain Behav. Immun. 73, 416–426

20. Perry, V. H., and Holmes, C. (2014) Microglial priming in neurodegen-
erative disease. Nat. Rev. Neurol. 10, 217

21. Hernangómez, M., Mestre, L., Correa, F. G., Loría, F., Mecha, M., Iñigo,
P. M., Docagne, F., Williams, R. O., Borrell, J., and Guaza, C. (2012)
CD200-CD200R1 interaction contributes to neuroprotective effects of
anandamide on experimentally induced inflammation. Glia 60, 1437–
1450

22. Carter, D., and Dick, A. (2004) CD200 maintains microglial potential to
migrate in adult human retinal explant model. Curr. Eye Res. 28, 427–436

23. Lyons, A., Minogue, A. M., Jones, R. S., Fitzpatrick, O., Noonan, J.,
Campbell, V. A., and Lynch, M. A. (2017) Analysis of the impact of
CD200 on phagocytosis. Mol. Neurobiol. 54, 5730–5739

24. Broderick, C., Hoek, R. M., Forrester, J. V., Liversidge, J., Sedgwick, J.
D., and Dick, A. D. (2002) Constitutive retinal CD200 expression reg-
ulates resident microglia and activation state of inflammatory cells
during experimental autoimmune uveoretinitis. Am. J. Pathol. 161,
1669–1677

25. Wang, X.-J., Zhang, S., Yan, Z.-Q., Zhao, Y.-X., Zhou, H.-Y., Wang, Y.,
Lu, G.-Q., and Zhang, J.-D. (2011) Impaired CD200–CD200R-mediated
microglia silencing enhances midbrain dopaminergic neurodegeneration:
Roles of aging, superoxide, NADPH oxidase, and p38 MAPK. Free Radic.
Biol. Med. 50, 1094–1106

26. Singh, V., Gera, R., Kushwaha, R., Sharma, A. K., Patnaik, S., and Ghosh,
D. (2016) Hijacking microglial glutathione by inorganic arsenic impels
bystander death of immature neurons through extracellular cystine/
glutamate imbalance. Sci. Rep. 6, 30601

27. Meuth, S. G., Simon, O. J., Grimm, A., Melzer, N., Herrmann, A. M.,
Spitzer, P., Landgraf, P., and Wiendl, H. (2008) CNS inflammation and
neuronal degeneration is aggravated by impaired CD200–CD200R-
mediated macrophage silencing. J. Neuroimmunol. 194, 62–69

28. Dentesano, G., Straccia, M., Ejarque-Ortiz, A., Tusell, J. M., Serratosa, J.,
Saura, J., and Solà, C. (2012) Inhibition of CD200R1 expression by C/EBP
beta in reactive microglial cells. J. Neuroinflammation 9, 165

29. Dentesano, G., Serratosa, J., Tusell, J. M., Ramón, P., Valente, T., Saura, J.,
and Solà, C. (2014) CD200R1 and CD200 expression are regulated by
PPAR-γ in activated glial cells. Glia 62, 982–998
30. Hou, L., Wang, D., and Baccarelli, A. (2011) Environmental chemicals and
microRNAs. Mutat. Res. 714, 105–112

31. Friedman, R. C., Farh, K. K.-H., Burge, C. B., and Bartel, D. P. (2009) Most
mammalian mRNAs are conserved targets of microRNAs. Genome Res.
19, 92–105

32. Bartel, D. P. (2009) MicroRNAs: Target recognition and regulatory
functions. Cell 136, 215–233

33. Beck, R., Bommarito, P., Douillet, C., Kanke, M., Del Razo, L. M., García-
Vargas, G., Fry, R. C., Sethupathy, P., and Stýblo, M. (2018) Circulating
miRNAs associated with arsenic exposure. Environ. Sci. Technol. 52,
14487–14495

34. Tumolo, M. R., Panico, A., De Donno, A., Mincarone, P., Leo, C. G.,
Guarino, R., Bagordo, F., Serio, F., Idolo, A., Grassi, T., and Sabina, S.
(2020) The expression of microRNAs and exposure to environmental
contaminants related to human health: A review. Int. J. Environ. Health
Res., 1–23

35. Singh, V., Kushwaha, S., Gera, R., Ansari, J. A., Mishra, J., Dewangan, J.,
Patnaik, S., and Ghosh, D. (2019) Sneaky entry of IFNγ through arsenic-
induced leaky blood–brain barrier reduces CD200 expression by micro-
glial pro-inflammatory cytokine. Mol. Neurobiol. 56, 1488–1499

36. Singh, V., Mitra, S., Sharma, A. K., Gera, R., and Ghosh, D. (2014)
Isolation and characterization of microglia from adult mouse brain:
Selected applications for ex vivo evaluation of immunotoxicological al-
terations following in vivo xenobiotic exposure. Chem. Res. Toxicol. 27,
895–903

37. Kim, G. D., Ni, J., Kelesoglu, N., Roberts, R. J., and Pradhan, S. (2002) Co-
operation and communication between the human maintenance and de
novo DNA (cytosine-5) methyltransferases. EMBO J. 21, 4183–4195

38. Wu, C., Zhang, X., Chen, P., Ruan, X., Liu, W., Li, Y., Sun, C., Hou, L.,
Yin, B., Qiang, B., Shu, P., and Peng, X. (2019) MicroRNA-129 modulates
neuronal migration by targeting Fmr1 in the developing mouse cortex.
Cell Death Dis. 10, 287

39. Gao, Y., Feng, B., Han, S., Lu, L., Chen, Y., Chu, X., Wang, R., and Chen,
L. (2016) MicroRNA-129 in human cancers: From tumorigenesis to
clinical treatment. Cell Physiol. Biochem. 39, 2186–2202

40. Rea, M., Eckstein, M., Eleazer, R., Smith, C., and Fondufe-Mittendorf, Y.
N. (2017) Genome-wide DNA methylation reprogramming in response to
inorganic arsenic links inhibition of CTCF binding, DNMT expression
and cellular transformation. Sci. Rep. 7, 41474

41. Li, L.-C., and Dahiya, R. (2002) MethPrimer: Designing primers for
methylation PCRs. Bioinformatics 18, 1427–1431

42. Mahmudur Rahman, M., Kumar Sengupta, M., Ahamed, S., Lodh, D.,
Das, B., Amir Hossain, M., Nayak, B., Mukherjee, A., Chakraborti, D., and
Chandra Mukherjee, S. (2005) Murshidabad—one of the nine ground-
water arsenic-affected districts of West Bengal, India. Part I: Magnitude of
contamination and population at risk. Clin. Toxicol. 43, 823–834

43. Koning, N., Bö, L., Hoek, R. M., and Huitinga, I. (2007) Downregulation of
macrophage inhibitory molecules in multiple sclerosis lesions. Ann.
Neurol. 62, 504–514

44. Wang, L., Liu, Y., Yan, S., Du, T., Fu, X., Gong, X., Zhou, X., Zhang, T.,
and Wang, X. (2020) Disease progression-dependent expression of
CD200R1 and CX3CR1 in mouse models of Parkinson’s disease. Aging
Dis. 11, 254–268

45. Gaudet, A. D., Fonken, L. K., Watkins, L. R., Nelson, R. J., and Popovich,
P. G. (2018) MicroRNAs: Roles in regulating neuroinflammation.
Neuroscientist 24, 221–245

46. Rajman, M., Metge, F., Fiore, R., Khudayberdiev, S., Aksoy-Aksel, A.,
Bicker, S., Reschke, C. R., Raoof, R., Brennan, G. P., and Delanty, N.
(2017) A microRNA-129-5p/Rbfox crosstalk coordinates homeostatic
downscaling of excitatory synapses. EMBO J. 36, 1770–1787

47. Sosanya, N. M., Huang, P. P., Cacheaux, L. P., Chen, C. J., Nguyen, K.,
Perrone-Bizzozero, N. I., and Raab-Graham, K. F. (2013) Degradation of
high affinity HuD targets releases Kv1.1 mRNA from miR-129 repression
by mTORC1. J. Cell Biol. 202, 53–69

48. Trujillo-Gonzalez, I., Wang, Y., Friday, W. B., Vickers, K. C., Toth, C. L.,
Molina-Torres, L., Surzenko, N., and Zeisel, S. H. (2018) microRNA-129-
5p is regulated by choline availability and controls EGF receptor synthesis
and neurogenesis in the cerebral cortex. FASEB J. 33, 3601–3612
J. Biol. Chem. (2022) 298(1) 101521 17

http://refhub.elsevier.com/S0021-9258(21)01331-4/sref11
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref11
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref18
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref18
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref18
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref19
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref19
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref19
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref20
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref20
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref22
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref22
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref23
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref23
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref23
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref25
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref25
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref25
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref25
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref25
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref26
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref26
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref26
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref26
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref28
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref28
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref28
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref29
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref29
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref29
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref30
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref30
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref31
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref31
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref31
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref32
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref32
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref33
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref33
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref33
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref33
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref35
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref35
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref35
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref35
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref37
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref37
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref37
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref38
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref38
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref38
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref38
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref39
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref39
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref39
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref41
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref41
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref43
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref43
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref43
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref44
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref44
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref44
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref44
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref47
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref47
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref47
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref47
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref48
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref48
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref48
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref48


miR-129-5p and CD200R1 in neuroinflammation
49. Guo, Y., Hong, W., Wang, X., Zhang, P., Körner, H., Tu, J., and Wei,
W. (2019) MicroRNAs in microglia: How do microRNAs affect acti-
vation, inflammation, polarization of microglia and mediate the
interaction between microglia and glioma? Front. Mol. Neurosci. 12,
125

50. Sethupathy, P., Megraw, M., and Hatzigeorgiou, A. G. (2006) A guide
through present computational approaches for the identification of
mammalian microRNA targets. Nat. Methods 3, 881

51. Slota, J. A., and Booth, S. A. (2019) MicroRNAs in neuroinflammation:
Implications in disease pathogenesis, biomarker discovery and thera-
peutic applications. Noncoding RNA 5, 35

52. Wu, Q., Yang, Z., Xia, L., Nie, Y., Wu, K., Shi, Y., and Fan, D. (2014)
Methylation of miR-129-5p CpG island modulates multi-drug resistance
in gastric cancer by targeting ABC transporters. Oncotarget 5, 11552–
11563

53. Xu, S., Yi, X.-M., Zhou, W.-Q., Cheng, W., Ge, J.-P., and Zhang, Z.-Y.
(2015) Downregulation of miR-129 in peripheral blood mononuclear cells
is a diagnostic and prognostic biomarker in prostate cancer. Int. J. Clin.
Exp. Pathol. 8, 14335–14344

54. Geng, Z., Xu, F., and Zhang, Y. (2016) MiR-129-5p-mediated Beclin-1
suppression inhibits endothelial cell autophagy in atherosclerosis. Am. J.
Transl. Res. 8, 1886

55. Li, X.-Q., Chen, F.-S., Tan, W.-F., Fang, B., Zhang, Z.-L., and Ma, H.
(2017) Elevated microRNA-129-5p level ameliorates neuroinflammation
and blood-spinal cord barrier damage after ischemia-reperfusion by
inhibiting HMGB1 and the TLR3-cytokine pathway. J. Neuro-
inflammation 14, 205

56. Tian, J., Song, T., Wang, W., Wang, H., and Zhang, Z. (2020) miR-129-5p
alleviates neuropathic pain through regulating HMGB1 expression in CCI
rat models. J. Mol. Neurosci. 70, 84–93

57. Sharma, A., Kumar, M., Aich, J., Hariharan, M., Brahmachari, S. K.,
Agrawal, A., and Ghosh, B. (2009) Posttranscriptional regulation of
interleukin-10 expression by hsa-miR-106a. Proc. Natl. Acad. Sci. U. S. A.
106, 5761–5766

58. Bhattacharyya, S., Balakathiresan, N. S., Dalgard, C., Gutti, U., Armistead,
D., Jozwik, C., Srivastava, M., Pollard, H. B., and Biswas, R. (2011)
Elevated miR-155 promotes inflammation in cystic fibrosis by driving
hyperexpression of interleukin-8. J. Biol. Chem. 286, 11604–11615

59. Pillai, R. S., Bhattacharyya, S. N., Artus, C. G., Zoller, T., Cougot, N.,
Basyuk, E., Bertrand, E., and Filipowicz, W. (2005) Inhibition of
18 J. Biol. Chem. (2022) 298(1) 101521
translational initiation by Let-7 MicroRNA in human cells. Science 309,
1573–1576

60. Bhattacharyya, S. N., Habermacher, R., Martine, U., Closs, E. I., and
Filipowicz, W. (2006) Relief of microRNA-mediated translational
repression in human cells subjected to stress. Cell 125, 1111–1124

61. Bruno, I., and Wilkinson, M. F. (2006) P-bodies react to stress and
nonsense. Cell 125, 1036–1038

62. Jakymiw, A., Pauley, K. M., Li, S., Ikeda, K., Lian, S., Eystathioy, T., Satoh,
M., Fritzler, M. J., and Chan, E. K. (2007) The role of GW/P-bodies in
RNA processing and silencing. J. Cell Sci. 120, 1317–1323

63. Aizer, A., Kalo, A., Kafri, P., Shraga, A., Ben-Yishay, R., Jacob, A., Kinor,
N., and Shav-Tal, Y. (2014) Quantifying mRNA targeting to P-bodies in
living human cells reveals their dual role in mRNA decay and storage. J.
Cell Sci. 127, 4443–4456

64. Eulalio, A., Behm-Ansmant, I., and Izaurralde, E. (2007) P bodies: At the
crossroads of post-transcriptional pathways. Nat. Rev. Mol. Cell Biol. 8, 9

65. Jakymiw, A., Lian, S., Eystathioy, T., Li, S., Satoh, M., Hamel, J. C., Frit-
zler, M. J., and Chan, E. K. (2005) Disruption of GW bodies impairs
mammalian RNA interference. Nat. Cell Biol. 7, 1267

66. Ding, W., Liu, W., Cooper, K. L., Qin, X.-J., de Souza Bergo, P. L.,
Hudson, L. G., and Liu, K. J. (2009) Inhibition of poly (ADP-ribose)
polymerase-1 by arsenite interferes with repair of oxidative DNA damage.
J. Biol. Chem. 284, 6809–6817

67. Takeura, N., Nakajima, H., Watanabe, S., Honjoh, K., Takahashi, A., and
Matsumine, A. (2019) Role of macrophages and activated microglia in
neuropathic pain associated with chronic progressive spinal cord
compression. Sci. Rep. 9, 1–12

68. Chatterjee, D., Bandyopadhyay, A., Sarma, N., Basu, S., Roychowdhury,
T., Roy, S. S., and Giri, A. K. (2018) Role of microRNAs in senescence and
its contribution to peripheral neuropathy in the arsenic exposed popu-
lation of West Bengal, India. Environ. Pollut. 233, 596–603

69. [preprint] Bhargava, P., Kim, S., Reyes, A. A., Grenningloh, R., Boshcert,
U., Absinta, M., Pardo-Villamizar, C., Van Zijl, P., Zhang, J., and Cala-
bresi, P. (2020) Imaging meningeal inflammation in CNS autoimmunity
identifies a therapeutic role for BTK inhibition. bioRxiv. https://doi.org/
10.1101/2020.08.26.268250

70. Lawson, M. A., Kelley, K. W., and Dantzer, R. (2011) Intra-
cerebroventricular administration of HIV-1 Tat induces brain cytokine
and indoleamine 2, 3-dioxygenase expression: A possible mechanism for
AIDS comorbid depression. Brain Behav. Immun. 25, 1569–1575

http://refhub.elsevier.com/S0021-9258(21)01331-4/sref49
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref49
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref49
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref49
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref49
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref50
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref50
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref50
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref51
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref51
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref51
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref52
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref52
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref52
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref52
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref53
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref53
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref53
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref53
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref54
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref54
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref54
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref55
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref55
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref55
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref55
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref55
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref56
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref56
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref56
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref57
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref57
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref57
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref57
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref58
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref58
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref58
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref58
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref59
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref59
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref59
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref59
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref60
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref60
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref60
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref61
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref61
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref62
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref62
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref62
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref63
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref63
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref63
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref63
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref64
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref64
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref65
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref65
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref65
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref66
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref66
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref66
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref66
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref67
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref67
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref67
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref67
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref68
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref68
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref68
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref68
https://doi.org/10.1101/2020.08.26.268250
https://doi.org/10.1101/2020.08.26.268250
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref70
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref70
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref70
http://refhub.elsevier.com/S0021-9258(21)01331-4/sref70

	MicroRNA-129-5p-regulated microglial expression of the surface receptor CD200R1 controls neuroinflammation
	Results
	CD200R1 expression is downregulated by arsenic as well as LPS
	Suppression of CD200R1 is differentially regulated by arsenic and LPS
	MicroRNA-129-5p is involved in the posttranscriptional regulation of CD200R1 expression in mouse and human microglia
	MicroRNA-129-5p induces translational repression by guiding CD200R1 to the cytoplasmic processing body (P-body)
	Arsenic decreases the methylation of the promoter of miR-129-5p by downregulating DNMT1
	In vivo inhibition of miR-129-5p reversed the arsenic-induced altered expression of CD200R1 and cytokine secretion, but sim ...
	The altered expression of miR-129-5p, CD200R1, DNMT1, and cytokine expression observed in arsenic-exposed individuals corro ...

	Discussion
	Experimental procedures
	Reagents and antibodies
	Animal husbandry and treatment
	Human sample collection
	Isolation of primary microglia and treatment
	Cell line maintenance
	Preparation of cell/tissue lysate and Western blot analysis
	Taqman low-density array (TLDA) for miRNA
	Real-time PCR of miRNAs
	Real-time PCR
	Immunocytochemistry and immunohistochemistry
	P-body immunostaining
	Transfection of pre-miR-129, anti-miR-129, and GW182
	Bioinformatic analysis
	3′-UTR luciferase reporter assay
	mRNA stability assay
	RNA immunoprecipitation
	Bisulfite sequencing
	Intracerebroventricular injection of CD200R1 siRNA and anti-miR-129
	Detection of cytokine
	Statistical analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


