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Curcumin Modulates PTPRZ1 Activity and RNA m6A
Modifications in Neuroinflammation-Associated Microglial

Response

Ninan Zhang, Ruifan Lin, Wenya Gao, Honglin Xu, Yuejia Li, Xiahe Huang,

Yingchun Wang, Xianghong Jing, Wenxiang Meng,* and Qi Xie*

Neuroinflammation is often characterized by an overactive microglial
response. Curcumin, known for its anti-inflammatory and antioxidant
properties, can mitigate microglial hyperactivity following epileptic seizures.
The study delves into the molecular mechanisms underlying curcumin’s
modulation of RNA post-transcriptional N (6)-methyladenosine (m6A)
modification. It is found that curcumin interacts with the Z1-type protein
tyrosine phosphatase receptor (PTPRZ1), maintaining its enzymatic activity
and thus regulating the phosphorylation of the m6A-reader YTH
domain-containing family protein 2 (YTHDF2). This modulation affects the
expression of critical genes, resulting in reduced inflammatory responses.
These findings highlight the importance of post-transcriptional modifications
of RNA in the neuroprotective and anti-inflammatory effects of curcumin,

offering new insights for the treatment of related diseases.

1. Introduction

Neuroinflammation is a central process in the brain’s re-
sponse to injury or disease, with microglia serving as the pri-
mary drivers. These cells are not only vital components of
the brain’s environment but also play a pivotal role in main-
taining the balance of the central nervous system (CNS).[!
The activity of microglia is closely associated with the pro-
gression and outcomes of neurological conditions such as
epilepsy, stroke, and Parkinson’s disease.?] In epilepsy, the
hyperresponsiveness of microglia can alter the extraneuronal

environment, exacerbating symptoms.’!
However, an appropriate response can have
the opposite effect, by limiting seizures,
reducing the excessive release of inflam-
matory factors, and aiding in the repair and
regeneration of damaged neurons. Thus,
a proper microglial response can posi-
tively influence epileptogenesis by limiting
CNS damage and promoting post-seizure
recovery, making it a target of clinical
exploration.[*]

Curcumin, a traditional bioactive com-
pound, has been used for centuries in In-
dia and China to address various health
conditions, including epilepsy.l’) Contem-
porary research suggests that supplemen-
tation with curcumin may potentially miti-
gate seizure symptoms by modulating the
balance of the central nervous system’s
microenvironment, thanks to its anti-inflammatory and antiox-
idant properties.[®/ Despite extensive studies into the molecu-
lar mechanisms of curcumin, particularly its influence on the
expression of various inflammatory factors, the precise direct
targets and intricate molecular mechanisms underpinning cur-
cumin’s effects largely remain a mystery.”]

To explore these mechanisms, we employ a combination of
phosphoproteomics, MeRIP-seq, and RNA-seq analyses to inves-
tigate how curcumin interacts with inflammatory signaling path-
ways post-status epilepticus. We found that curcumin directly
targets the Z1-type protein tyrosine phosphatase receptor (PT-

N. Zhang, X. Jing

Institute of Acupuncture and Moxibustion
China Academy of Chinese Medical Sciences
Beijing 100700, China

N. Zhang, R. Lin, W. Gao

Institute of Basic Research in Clinical Medicine
China Academy of Chinese Medical Sciences
Beijing 100700, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202405263
© 2025 The Author(s). Advanced Science published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202405263

Adv. Sci. 2025, 12, 2405263 2405263 (1 of 16)

N. Zhang, R. Lin, W. Gao, H. Xu, Y. Li, X. Huang, Y. Wang, W. Meng
State Key Laboratory of Molecular Developmental Biology
Institute of Genetics and Developmental Biology

Chinese Academy of Sciences

Beijing 10019, China

E-mail: wxmeng@genetics.ac.cn

Y.Wang, W. Meng

University of Chinese Academy of Sciences

Beijing 100049, China

Y.Wang, W. Meng

Innovation Academy for Seed Design

Chinese Academy of Sciences

Beijing 100101, China

Q. Xie

Wangjing Hospital of China Academy of Chinese Medical Sciences
Beijing 100102, China

E-mail: xieg@cacms.cn

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedscience.com
https://doi.org/10.1002/advs.202405263
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:wxmeng@genetics.ac.cn
mailto:xieq@cacms.cn

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

PRZ1), maintaining its enzymatic activity. This interaction signif-
icantly affects the phosphorylation state of the m6A reader pro-
tein YTH domain containing family protein 2 (YTHDF2), subse-
quently altering gene expression profiles that are crucial in regu-
lating microglial activity and inflammatory responses. These re-
sults not only underscore the potent anti-inflammatory and neu-
roprotective effects of curcumin but also highlight its potential
as a therapeutic agent in the management of neuroinflammatory
diseases.

2. Results

2.1. Curcumin Directly Interacts with PTPRZ1 and Maintains its
Activity

To assess how curcumin influences microglial stability, we uti-
lized a pilocarpine-induced status epilepticus (SE) mouse model,
closely replicating the transition from isolated seizures to chronic
epilepsy and reflecting human inflammatory responses and
seizure patterns.®] Through affinity chromatography coupled
with mass spectrometry, we identified proteins that bind specifi-
cally to curcumin in the brain tissue of epileptic mice (Figure 1A,
Table S1, Supporting Information). This approach enabled us to
pinpoint 53 proteins that showed enhanced binding affinity to
curcumin under disease conditions, facilitating precise protein
quantification (Figure 1B and Figure S1A, Supporting Informa-
tion). In our studies, we observed that PTPRZ1 displayed a pro-
nounced affinity for curcumin in whole-cell lysates derived from
the brains of epileptic mice (Figure 1C and Figure S1B, Support-
ing Information), a finding we corroborated through Western
blot analysis (Figure 1D). This finding is significant, confirming
PTPRZ]1 as a direct target of curcumin and underscoring its po-
tential role in modulating the effects of curcumin on neuronal
and glial populations, particularly microglia.

PTPRZ1, also known as RPTPS and RPTP¢, is a key com-
ponent of the receptor-type protein tyrosine phosphatase fam-
ily, which plays a crucial role in regulating cellular processes
such as proliferation, adhesion, and migration by dephospho-
rylating its substrates.l’! To determine the impact of curcumin
on the enzymatic activity of PTPRZ1, we utilized BV2 cells, a
microglia-like murine glial cell line, which serves as a model
to mimic immune responses in the CNS.[1 These cells were
treated with Pleiotrophin (PTN) both alone and in combina-
tion with curcumin (Figure 1E). PTN, a significant neurotrophic
factor and a natural inhibitory ligand for PTPRZ1, is known
to be upregulated during epileptic activities and in activated
microglia.['!l Our results indicated that curcumin significantly at-
tenuates PTN-induced phosphorylation of G protein coupled re-
ceptor kinase interacting protein 1 (GIT1), a well-established sub-
strate of PTPRZ1,['?! suggesting that curcumin effectively main-
tains the enzymatic action of PTPRZ1 under neuroinflammatory
conditions (Figure 1F). This finding shows that curcumin and
PTPRZ1 interact directly, and this may be linked to neuroinflam-
mation.

Previous research indicated that PTN can respond to neu-
roinflammatory stress by binding to the extracellular domain of
PTPRZ1, thereby inhibiting its activity.['*! We further explored
this interaction under conditions influenced by curcumin. Uti-
lizing co-immunoprecipitation techniques in HEK 293T cells en-
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gineered to express Flag-tagged PTPRZ1 and HA-tagged PTN,
we systematically varied the concentrations of curcumin to as-
sess its impact on this interaction (Figure 2A,B). Our results
demonstrated a dose-dependent decrease in the binding affin-
ity between PTPRZ1 and PTN with increasing concentrations
of curcumin (Figure 2B,C). This observation suggests that cur-
cumin may disrupt the PTN-PTPRZ1 interaction (Figure 2D),
potentially altering the downstream signaling pathways involved
in neuroinflammatory responses. Importantly, additional exper-
iments confirmed that curcumin does not directly bind to PTN
(Figure S2A, Supporting Information), implying that curcumin
may exert its modulatory effects on the PTN-PTPRZ1 complex.
Given the complexity of these interactions and their potential im-
plications, further in vivo studies are essential to validate these
findings and fully elucidate the therapeutic potential of curcumin
in modulating neuroinflammatory pathways.

2.2. Curcumin Modulates LPS-Induced Microglial Responses
Potentially via PTPRZ1

Curcumin’s modulatory effect on microglial response has been
well-documented.['* To investigate its role in neuroinflamma-
tion, we utilized the Lipopolysaccharide (LPS) model, which reli-
ably induces immune responses analogous to those in neuroin-
flammatory conditions, such as epilepsy.[**! The LPS model is
pertinent as it replicates the key features of microglial activation
observed in vivo, providing a valid platform for elucidating cur-
cumin’s effects under neuroinflammatory conditions.

To further explore the interaction between PTPRZ1 and cur-
cumin in modulating neuroinflammatory responses, we trans-
fected BV2 cells with either a PTPRZ1-expressing vector or a con-
trol vector and subsequently exposed them to LPS to induce in-
flammation, which resulted in reduced levels of key inflamma-
tory cytokines like interleukin 6 (IL-6) and interleukin 1 beta (IL1-
p) (Figure 2E and Figure S2B, Supporting Information). How-
ever, tumor necrosis factor alpha TNF-a) levels remained un-
changed (Figure 2F), suggesting a selective regulation of inflam-
matory factors by PTPRZ1. Interestingly, PTPRZ1 overexpres-
sion alone reduced the release of the above cytokines, similar
to the effect of curcumin alone, while the combination of PT-
PRZ1 and curcumin did not lead to further decreases (Figure 2E).
This observation implies that curcumin may share similar mech-
anisms with PTPRZ1 in modulating inflammatory responses,
highlighting the potential role of PTPRZ1 in mediating the ef-
fect of curcumin on neuroinflammation.

2.3. Identification of Substrate Regulated by Curcumin-PTPRZ1
Interaction

There is an abundance of evidence indicating that hyperacti-
vation of protein kinases plays a crucial role in activating mi-
croglial cells, while phosphatases such as PTPRZ1 and its ligand
PTN, which tend to increase during this process, have opposing
effects.[' Our data indicate that both PTPRZ1 and curcumin ef-
fectively suppress LPS-induced cytokine expression (Figure 2E,F;
Figure S2B, Supporting Information), underscoring the signifi-
cant role of PTPRZ1 in regulating microglial responses.
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Figure 1. Affinity chromatography for curcumin target identification. A) Scheme of affinity chromatography. B) Venn diagram displaying four groups of
mass spectrometry data C) Among the 53 candidate targets, PTPRZ1 exhibited a higher binding affinity for curcumin in epileptic mice than in control
mice. D) Western blot results showed that PTPRZ1 strongly interacted with curcumin after status epilepticus. E) BV2 cells were treated with PTN (100 nm)
alone, PTN combined with curcumin (20 um), or DMSO (control) for T minute and 20 min. Immunoprecipitation (IP) was performed to assess tyrosine
phosphorylation (PY) levels of GIT1. Western blotting shows the IP samples of phosphorylated GIT1 (IB: PY) and total GIT1 levels (IB: GITT). The input
panel shows total GIT1 and a-Tubulin as a loading control in BV2 cell lysates. F) Quantification of phosphorylated GIT1 protein levels. Data are the mean
+ SEM. from four independent experiments. *p < 0.05, by Student’s t-test.

To elucidate the downstream effects triggered by the binding  Table S2, Supporting Information). Both PTN and NAZ2329 are
of curcumin to PTPRZ1, BV2 cells were treated with DMSO,  known to bind specifically to PTPRZ1 and inhibit its activity.(*”]
PTN, a combination of curcumin and PTN, and the PTPRZ1 in-  The analysis revealed that PTN and NAZ2329 treatment led to in-
hibitor NAZ2329 for 20 min. We then performed a phosphoryla-  creased phosphorylation levels of specific peptides, affirming the
tion mass spectrometry analysis on the whole cell lysates to as-  role of PTPRZ1 as a tyrosine phosphatase (Figure 3B,C). Con-
sess changes in protein phosphorylation levels (Figure 3A and  versely, curcumin was observed to mitigate the inhibitory effects
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Figure 2. PTPRZ1 as a functional target of curcumin. A,B) Co-immunoprecipitation of HA-PTN and PTPRZ1-Flag (or pCAH-Flag) following overexpres-

sion. The same lysate was used for all curcumin concentration groups (0, 40,

80, and 160 um) to ensure consistent HA-PTN and Flag-PTPRZ1 expression

across conditions. C) Quantification of HA relative to PTPRZ 1-Flag after exposure to different curcumin concentrations (n = 3 biologically independent
experiments. *p < 0.05; ***p < 0.001; ns (not significant), by Student’s t-test. D) Schematic diagram of curcumin maintaining PTPRZ1 activity by com-

petitively blocking PTN. E,F) Elisa analysis of protein levels of IL-6 and TNF-
by treatment with LPS (250 ng mL™"), curcumin (10 um), NAZ2329 (25 um),

n =3 or 4 biologically independent experiments by Student’s t-test.

of PTN on PTPRZ1, with a significant decrease in phosphoryla-
tion, with only approximately 58% (1816/3154) of the phospho-
rylated peptides (Figure 3D). This observation suggests a strong
inhibitory influence of curcumin on PTN-mediated phosphoryla-
tion of PTPRZ1 substrates, reinforcing our hypothesis that cur-
cumin actively antagonizes the PTN-induced inhibition of PT-
PRZ1.

We focused on the downstream targets of PTPRZ1 and identi-
fied 160 phosphopeptides whose average intensity showed sig-
nificant changes in three experiments (PTN versus control,
NAZ2329 versus control, curcumin with PTN versus PTN)
(Figure 3E,F). Our cluster analysis revealed that curcumin can
reverse the inhibitory effect of PTN on PTPRZ1 and promote
the remodeling of the cellular phosphoproteome (Figure 3F). Fur-
thermore, bioinformatics analysis of the 160 identified phospho-
peptides revealed their involvement in pathways crucial for RNA
processing and gene expression regulation (Figure 3G), suggest-
ing a comprehensive role of curcumin in modulating microglial
activation by influencing these key molecular pathways.

Adv. Sci. 2025, 12, 2405263 2405263 (4 of 16)

@ in BV2 cells overexpressing PTPRZ1-Flag or pCAH-Flag for 24 h, followed
or vehicle (control) for 16 h in serum-free medium. Data are mean + SEM.,

2.4. Curcumin Modulates RNA m6A Modification through
YTHDF2 Phosphorylation Mediated by PTPRZ1

Notably, unlike PTN alone, the level of phosphorylation of the
key m6A reader protein YTHDF2 was significantly reduced when
curcumin was combined with PTN (Figure 3H). YTHDF2’s pri-
mary role is to regulate the stability of m6A-modified mRNA
within the cytoplasm, potentially impacting demethylation pro-
cesses within the nucleus." This underscores the significant
role that RNA m6A modification plays in regulating the cellu-
lar environment and homeostasis. Our findings suggest that cur-
cumin’s modulation of YTHDF2 phosphorylation is an essential
mechanism through which curcumin can influence these crucial
biological processes.!""]

To validate the phosphoproteomic findings, primary microglia
(Figure S3A,B, Supporting Information) and BV2 cells were
treated with PTN, PTN combined with curcumin, and the PT-
PRZ1 inhibitor NAZ2329. Phosphate affinity chromatography
was utilized to enrich phosphorylated proteins (Figure 4A-F).
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Figure 3. YTHDF2 has been identified as a pivotal substrate regulated by PTPRZ1 through phosphorylation mass spectrometry analysis. A) Schematic
diagram of phosphorylation mass spectrum groups. BV2 cells were incubated with PTN (100 nm), curcumin (20 pum), NAZ2329 (10 um), or vehicle
(control) for 20 min before processing for mass spectroscopy. B-D) Volcano plots show changes in phosphopeptides in PTN versus control, NAZ2329
versus control, and PTN+curcumin versus PTN. Multiple Student’s t-test (P value) was followed by false discovery rate (FDR) (Q value) analysis. In,
increase; De, decrease. E) Venn diagram of significantly changed phosphopeptides among the three experimental groups, with the number of significantly
changed phosphopeptides in each experiment. F) Cluster analysis of 160 phosphopeptides that are changed in PTN and PTN with curcumin groups. G)
The bioinformatics analysis by IPA used 160 phosphopeptides and their sites. H) Volcano plots showing YTHDF2 is the most likely substrate of PTPRZ1
in the PTN+curcumin versus PTN group among 160 phosphopeptides.

The results indicated that YTHDF2, like GIT1 and p190
RhoGAP, the known substrates of PTPRZ1, exhibited hyper-
phosphorylation in the groups treated with PTN and NAZ2329,

dicated that the second serine (S2) of YTHDF2 undergoes sig-
nificant changes after curcumin administration (Figure 4G). To
examine the function of this phosphorylation, we replaced ser-

compared to the control (Figure 4B,C,E,F and Figure S3C, Sup-
porting Information). Conversely, curcumin treatment signifi-
cantly mitigated the hyperphosphorylation of YTHDF2, GIT1,
and p190 RhoGAP in both types of PTN-treated cells. These find-
ings suggest that curcumin can modulate the phosphorylation of
YTHDF?2 in microglial cells.

Previous studies have established that the phosphorylation of
YTHDEF?2 affects its stability.[?”) Our phosphoproteomics data in-
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ine (S) with alanine (A) or asparanin (D) to mimic correspond-
ing non-phosphorylated or phosphorylated states. We transfected
the constructs into HEK 293T cells and conducted cycloheximide
(CHX) chase experiments to assess the stability of the expressed
proteins (Figure 4H). CHX is used to inhibit protein synthesis,
allowing us to measure the degradation rate of the protein over
time, thereby providing insights into protein stability.?!l As ex-
pected, the phosphorylated mutant (S2D) was more stable than

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Curcumin modulates the stability of YTHDF2 via dephosphorylation of the S2 site and subsequently affects the level of RNA m6A modifi-
cation. A) Phosphate affinity chromatography using Phos-tag™ agarose in Bv2 cells subjected to various conditions: control, PTN, PTN+curcumin,
and NAZ2329. GIT1 is used as a positive control for the PTPRZ1 substrate. The upper panels show the phosphorylated forms of GIT1 and YTHDF2,
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the non-phosphorylated mutant (S2A) in samples collected at the
8 h and 12 h time point during CHX chase (Figure 41). Our find-
ings suggest the phosphorylation of YTHDF?2 at S2 affects its sta-
bility.

YTHDF2, as akey “reader” of m6A-modified mRNA, is crucial
for maintaining RNA homeostasis. To verify the effects of phos-
phorylation at the S2 site of YTHDF2, we conducted functional
assays following a mutation at this site (Figure 4]). Dot blot anal-
ysis of total RNA from cells expressing the non-phosphorylated
mutant YTHDF2-S2A revealed a significant increase in m6A
modification, implicating the phosphorylation state of S2 in reg-
ulating overall mRNA m6A modifications due to the increased
degradation of YTHDF2 (Figure 4H-]).

2.5. Curcumin Regulates RNA m6A Modification and Affects
Gene Expression

Curcumin’s impact on the phosphorylation status of YTHDF2
implicates it in modulating mRNA m6A modification and gene
expression. To investigate this hypothesis, we conducted an in
vivo study using a status epilepticus (SE) model in mice to as-
sess how curcumin affects RNA m6A modification (Figure 5A).
Our findings revealed that curcumin treatment significantly in-
creased m6A modification levels in total RNA extracted from the
hippocampus (Figure 5B), indicating tissue-specific modulation
of m6A modification by curcumin.

To examine the potential impact of this modification on gene
expression, we performed combined MeRIP-Seq and RNA-Seq
analyses to analyze the distribution of m6A modifications and
the corresponding changes in gene expression within the hip-
pocampus (Figure 5C,D; Tables S3 and S4, Supporting Infor-
mation). Our MeRIP-Seq data showed significant enrichment of
RNA m6A peaks, particularly in RGACH motifs (R = G/A; H =
A/C/U), which are critical in regulating mRNA stability (Figure
S4A, Supporting Information). These peaks were predominantly
located in the coding sequences (CDS), 3’ untranslated regions
(UTR), and near-stop codons. This distribution confirms our un-
derstanding of the role of m6A in influencing mRNA translation
and stability, thereby validating our MeRIP sequencing approach
(Figure S4B,C, Supporting Information).

From the MeRIP-Seq analysis, we identified 303 differential
peaks (Figure 5C,E), with 154 peaks notably upregulated solely
in the curcumin-treated group. This pattern suggests that cur-
cumin can intricately modulate the transcriptome through m6A-
dependent mechanisms. Moreover, our RNA-Seq analysis identi-
fied 2234 distinct genes, with 1880 showing upregulation, high-
lighting curcumin’s substantial influence on gene expression
patterns in the hippocampus (Figure 5D,E).

www.advancedscience.com

Further bioinformatics analysis linked these gene expression
changes to biological processes associated with the inflammatory
response (Figure S5, Supporting Information), aligning with the
observed effects of curcumin on microglial activation. These find-
ings not only underscore curcumin’s capacity to influence gene
expression through m6A modifications but also enhance our un-
derstanding of its potential therapeutic impact on neuroinflam-
matory conditions.

2.6. Parp14 as a Regulatory Effector of YTHDF2

Our objective was to find genes that regulate the inflamma-
tory response (Figure S5, Supporting Information). To achieve
this, we observed changes in mRNA levels and enrichment of
RNA m6A modification in epileptic mice treated with curcumin
(Figure 5E,F). We found 11 genes that were consistent with the
expectation that both the total amount of RNA and the m6A mod-
ification level would increase after curcumin administration, and
among these, poly ADP ribosyl polymerase 14 (Parp14) and NOD
like receptor family CARD domain containing 3 (Nlrc3) are re-
ported to be highly associated with the regulation of the inflam-
matory response.??]

To confirm the outcome, we isolated mRNA from the hip-
pocampus and cortex of SE mice and curcumin-treatment SE
mice, respectively. We then utilized MeRIP-IP to concentrate
m6A-modified mRNA. Results showed that the total quantity of
Parpl4 and Nlrc3 mRNA, as well as the m6A modification, was
increased significantly (Figure 5G-I; Figure S4D-G, Supporting
Information). This result suggests a link between curcumin treat-
ment and the mRNA levels of Parp14 and Nlrc3.

2.7. Parp14 is a Crucial Mediator in the Pathway by Which
Curcumin Modifies Microglial Response

Our phosphoproteomics, MeRIP, and RNA-seq data reveal that
curcumin influences many intracellular proteins and pathways
(Figures 3G, 5C,D). Among the various targets identified, we
have focused specifically on Parp14 for further study. This deci-
sion is informed by existing research showing that Parp14 plays
a critical role in mediating microglial activation.[?2¢23] This ap-
proach allows us to illustrate curcumin’s regulatory impact using
Parpl4 as a representative example within a broader context.
First, to confirm whether YTHDF2 also regulates the Parp14 in
microglial cells, we used BV2 cells to knock down YTHDF2 and
studied the mRNA m6A modification level using MeRIP-qPCR
while measuring the protein level. Our results showed that the re-
duction of YTHDF2 significantly increased both the mRNA m6A
modification and protein levels of Parp14 (Figure 6A-D). These

while the lower panels display total GIT1, YTHDF2, and a-Tubulin (loading control) in the input samples. B,C) Phosphorylated protein quantification
of GIT1 and YTHDF2 from (A). Data are the mean + SEM. n = 3 biologically independent experiments. *p < 0.05; **p < 0.01 by Student’s t-test. D)
Phosphate Affinity Chromatography using Phos-tag"™ agarose in primary microglia cells subjected to various conditions. E,F) Phosphorylated protein
quantification of GIT1 and YTHDF2 from (D). Data are the mean + SEM. n = 3 biologically independent experiments. *p < 0.05 by Student’s t-test.
G) The S2 site of YTHDF2 is highly conserved between species (left panel) and a schematic representation of YTHDF2 phosphorylation sites (middle
panel) regulated by PTPRZ 1. The phosphorylation mass spectrometry data for YTHDF2 compare PTN-+curcumin to PTN treatment (right panel). H) The
stability of wild-type (WT) or S2A or S2D mutated Flag-YTHDF2 was measured by CHX (100 ug mL™") chase assay in 2937 cells, CHX (Cycloheximide).
1) Analysis of YTHDF2 protein lifetime of (H). Data are mean + SEM., n = 3 biologically independent experiments. *p < 0.05, ***p < 0.001 by Student’s
t-test. J) Dot blot was used to detect the m6A modification after overexpression of YTHDF2-WT, YTHDF2-S2A, and YTHDF2-S2D in BV2 cells. Methylene
blue staining was used as a loading control (n = 3), MB (Methylene blue).
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Figure 5. Curcumin upregulates Parp14 mRNA m6A and mRNA expression after status epilepticus. A) Experimental timeline for SE, SE + curcumin
mice. B) A dot blot was used to detect the m6A modification in SE and SE + curcumin mice. Methylene blue staining was used as a loading control (n =
3). C) Volcano plots showing difference peaks in MeRIP-seq, Student’s t-test (P value) analysis. Red represents an increase; blue represents a decrease.
D) RNA-seq showing the total gene expression in SE+curcumin versus SE. Red represents increase; blue represents decrease. (Student’s t-test, P <
0.05). E) Schematic workflow of MeRIP-seq combined with RNA-seq data analysis stream. F) Cluster analysis of genes identified by MeRIP-seq and RNA-
seq analyses, of which 11 are upregulated in both expression and mRNA m6A modification. Red represents an increase; blue represents a decrease. G)
Analysis of Parp14 mRNA levels in control, SE, and SE+curcumin mice groups. Data are mean + SEM., n = 4 by Student’s t-test. H) m6A enrichment
in Parp14 between SE and SE+curcumin groups by MeRIP-qPCR. I) Integrative Genomics Viewer (IGV) tracks displaying MeRIP-seq (upper panels) and
RNA-seq (lower panels) read distribution in Parp14 mRNA of SE and SE+curcumin mice.
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Figure 6. Parp14 as a regulatory effector of YTHDF2. A) m6A modification enrichment in Parp14 mRNA in BV2 cells was measured by MeRIP-qPCR B)
Western blotting of Parp14 in BV2 cells transfected with control siRNA or two individual YTHDF2 siRNAs. C,D) Protein quantification of Parp14 and
YTHDF2 after knockdown of YTHDF2. Data are the mean + SEM. n = 3 biologically independent experiments. *p < 0.05 by Student’s t-test. E) Western
blot analyses of iNOS expression in primary microglia exposed to different combinations of LPS (250 ng mL™"), curcumin (10 um), and RBNO12759
(1 um), or vehicle (control) in serum-free medium for 16 h. F) iNOS expression levels under various conditions are shown. Data are mean + SEM., n
= 3 biologically independent experiments by Student’s t-test. G—I) Enzyme-linked immunosorbent assay (ELISA) and a Mouse Proinflammatory V-Plex
Tissue Culture Kit analyses of TNF-a, IL-6 expression in BV2 and primary microglia cells treated with LPS (250 ng mL™") alone or in combination with
curcumin (10 um) and/or RBNO12759 (1 um), or vehicle (control) for 16 h in serum-free medium. Data are mean & SEM., n = 3 biologically independent
experiments by Student’s t-test.
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data suggest that the mRNA of Parpl4 is a regulatory target of
YTHDF?2 in microglial cells.

To investigate the regulation of downstream factors YTHDF2
and Parp1l4 by PTPRZ1, we transfected a PTPRZ1-Flag plas-
mid into 293T cells. Our results showed that overexpressed PT-
PRZ11led to a decrease in YTHDF2 expression and an increase in
Parpl4 expression, suggesting a regulatory relationship consis-
tent with our hypothesis (Figure S6A, Supporting Information).

Next, to evaluate the role of Parpl4 protein in curcumin-
regulated microglial activation, we employed a model where pri-
mary microglia or BV2 cells were stimulated with LPS, LPS
with curcumin, RBN012759 (a Parpl4 inhibitor),?*! or a com-
bination of both (Figure 6E, and Figure S6B, Supporting In-
formation). Our analysis focused on the expression of pro-
inflammatory factors such as inducible nitric oxide sythase
(iNOS), TNF-a, IL-6, and IL-1f, etc. We observed that cur-
cumin significantly reduced the secretion of these inflamma-
tory factors induced by LPS (Figure 6E-I, Figure S6B and
S7A-C, Supporting Information). Interestingly, this inhibitory
effect was substantially diminished when the Parp14 inhibitor
was co-administered, underscoring the critical role of Parpl4
in mediating curcumin’s anti-inflammatory effects on microglia
(Figure GF,I; Figures S6B and S7B,C, Supporting Information).
However, the administration of curcumin and RBN012759 did
not affect the regulation of interferon gamma (IFN-y), inter-
leukin12p70 (IL-12p70), and interleukin 2 (IL-2), suggesting
selective regulation by curcumin (Figure S7D-F, Supporting
Information).

Furthermore, the differential effects between the combina-
tion of curcumin with RBN012759, and the application of the
RBN012759 alone, suggest that while Parpl4 is a significant
downstream modulator in curcumin’s action, curcumin likely op-
erates through additional pathways to regulate microglial activity.
This complexity indicates that curcumin interacts with multiple
targets, with Parp14 being a pivotal but not exclusive player. The
overlapping and distinct pathways influenced by curcumin need
further investigation to fully elucidate its broad regulatory mech-
anisms in microglial cells.

To further clarify the specific role of Parpl4 in curcumin-
regulated microglial activation and to minimize the potential
multi-target effects of inhibitors, we knocked down Parpl4 in
BV2 cells before conducting LPS induction experiments (Figure
S6C, Supporting Information). The results indicated that cur-
cumin administration reduced the LPS-induced increase in iNOS
expression. Interestingly, this inhibitory effect was absent follow-
ing the knockdown of Parp14. (Figure S6D-F, Supporting Infor-
mation). These findings underscore Parp14 as a critical down-
stream mediator in the pathway through which curcumin mod-
ulates microglial response.

2.8. Curcumin May Influence Brain Microenvironment
Homeostasis

Under stress, microglia and astrocytes typically exhibit changes
such as de-ramification and astrogliosis (Figure 7D). These
changes are integral to maintaining brain microenviron-
ment homeostasis and supporting central nervous system
functions.[?) Microglial morphological activation, including
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shortening and thickening of their processes concomitant with
an enlargement of their somata, are consistent with a de-ramified
morphological profile.>%]

To investigate the modulatory effect of curcumin on microglial
immune reactivity through Parp14, we categorized mice into five
groups: control, SE untreated, SE treated with curcumin, SE with
RBN012759, and SE with both curcumin and RBN012759, and
examined the effects of curcumin in epileptic mice, focusing on
the dentate gyrus (DG) region of the hippocampus (Figure 7A,B).

Immunofluorescence staining of microglia and astrocytes in-
dicated that the relative area of IBA1- and GFAP-positive cells
increased in the hippocampal region of SE mice treated with
RBN012759 alone compared to SE mice treated with curcumin.
However, this increase was not significantly different from the
group receiving both RBN012759 and curcumin (p > 0.05). These
results suggest that Parpl4 plays a crucial role in the path-
way through which curcumin modulates microglial activation.
(Figure 7B,C). The same trend also applies to astrocytes and
cytokines such as TNF-a (Figure 7E). Whereas the addition of
RBNO02759 did not significantly reverse IL-6, IL-1f, and growth
regulated alpha (KC/GRO) expression (Figure 7F,G and Figure
S7G, Supporting Information), which was different from the pri-
mary microglia results (Figure 61), this is possible because these
cytokines are regulated by other molecular mechanisms.

These results demonstrate Parp14 as a critical but not solitary
mediator in the pathway through which curcumin modulates mi-
croglial response. It is essential to recognize that while Parp14 is
a significant modulator of curcumin’s effects, curcumin interacts
with multiple targets. This complexity necessitates further inves-
tigation to fully elucidate curcumin’s broad regulatory mecha-
nisms in microglial cells.

3. Discussion

In this study, we have identified that curcumin modulates the
function of microglia through a direct interaction with PTPRZ1,
which subsequently influences mechanisms of protein phospho-
rylation and m6A RNA modification. This interaction aids in reg-
ulating inflammatory responses, thereby expanding our under-
standing of curcumin’s anti-inflammatory mechanisms and of-
fering a novel molecular basis for its effects under neuroinflam-
matory conditions.

PTPRZ1 plays a pivotal role in regulating cell signaling path-
ways that are crucial for various cellular functions, including
cell proliferation, adhesion, and migration.[?*! Notably, within the
nervous system, the activity of PTPRZ1 is essential for regu-
lating neuronal responses and microglial functionality.['*} Our
study revealed that curcumin treatment and PTPRZ1 overex-
pression both attenuated LPS-induced IL-6 release in microglia
(Figure 2E). However, their effects on TNF-«a differed curcumin
significantly suppressed TNF-a levels, while PTPRZ1 overex-
pression caused only a minor decrease that was not statisti-
cally significant (Figure 2F). This suggests that curcumin’s anti-
inflammatory effects involve mechanisms beyond PTPRZ1 acti-
vation, particularly in the regulation of TNF-a. Additionally, fur-
ther optimization of experimental conditions allowed us to bet-
ter evaluate the extracellular interaction between Flag-PTPRZ1
and HA-PTN in response to curcumin treatment (Figure 2A—C).
These results confirm curcumin’s ability to modulate the PTN-
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Figure 7. Parp14 is a vital downstream target of curcumin that maintains microglial homeostasis. A) Schematic diagram of the coronal section of
mouse hippocampus. B) Iba-1 and GFAP immunoreactivity was determined 72 h after intraperitoneal injection of saline or pilocarpine (290 mg kg™')
with or without curcumin (150 mg kg™') and gavaged RBN012759 (100 mg kg™"). Representative images of labeling for IBA-1 and GFAP (DG of the
hippocampus) are shown in the five experimental groups. White arrowheads indicate a representative cell in the enlarged insert, scale bar 100 um. a1’—1
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PTPRZ1 interaction in a dose-dependent manner, but remain
limited to in vitro conditions, reflecting only extracellular inter-
actions.

To further elucidate PTPRZ1’s role, we examined the phos-
phorylation of its downstream targets, such as GIT1 (Figure 4A)
and p190 RhoGAP (Figure S3C, Supporting Information), both
of which are substrates regulated by PTPRZ1.[”] These analy-
ses confirmed that curcumin modulates PTPRZ1 activity, as in-
dicated by altered phosphorylation states of these substrates. Im-
portantly, the changes in GIT1 phosphorylation, which is critical
for cytoskeletal dynamics and cellular responses,?®! align with
the observed effects of curcumin on microglial function. These
findings suggest that while PTPRZ1 plays a role in curcumin’s
actions, additional pathways are likely involved.

Furthermore, the regulatory effects of curcumin on microglial
activity are mediated through alterations in the m6A RNA modi-
fication pathway (Figure 5B—E). m6A modification plays a signifi-
cant role in controlling RNA stability and translation, which is vi-
tal for cellular responses to environmental stimuli.l*’! YTHDF2,
a critical protein that recognizes m6A modification sites, was ob-
served to have altered phosphorylation states under the influ-
ence of curcumin (Figure 4A-G). This alteration potentially af-
fects YTHDF2’s ability to bind m6A-modified RNA (Figure 4]),
thereby modulating the expression of genes associated with in-
flammation (Figure 5C-F). While we highlighted Parp14 as a key
example of curcumin’s regulation within microglial cells, it is es-
sential to emphasize that Parp14 is just one of the many targets
through which curcumin exerts its regulatory effects.

Our study’s insights into curcumin’s interaction with PTPRZ1
and its impact on m6A RNA modification pathways not only
enrich the existing knowledge of its pharmacological actions
but also highlight its ability to exert broad regulatory effects
at the molecular level. This could translate into novel thera-
peutic applications for curcumin in treating neuroinflammatory
diseases.

Despite these promising findings, several limitations might af-
fect the generalizability and interpretation of our results. The re-
liance on in vitro cell models and mouse models does not fully
capture the complexity and heterogeneity of human diseases. The
behavior of microglia in vitro might not accurately reflect their ac-
tivity in more complex in vivo environments, potentially limiting
the clinical relevance of our findings. Moreover, the concentra-
tions of curcumin used in our in vitro experiments were consid-
erably higher than those achievable in vivo, where peak plasma
concentrations following oral administration range between 0.41
and 1.75 um.3% This discrepancy underscores the need for novel
curcumin formulations with improved bioavailability to achieve
therapeutic effects against neuroinflammation.

Moving forward, it is important to further explore the poten-
tial of curcumin in treating neuroinflammatory diseases. High-
resolution structural biology techniques should be employed to
provide a detailed view of the curcumin-PTPRZ1 interaction and

www.advancedscience.com

explore ways to modify the chemical structure of curcumin to
enhance its stability and bioavailability. It is also important to ex-
pand research to include other models of neuroinflammation to
help assess the broader applicability of curcumin. Furthermore,
considering the potential synergistic effects of curcumin with ex-
isting drugs could open new avenues for combination therapies
and enhance overall treatment strategies for neuroinflammatory
conditions. By addressing these points, future research can lead
to the development of new curcumin-based drugs with higher
bioavailability and enhanced therapeutic effects, tailored specifi-
cally to manage and treat neuroinflammatory disorders more ef-
fectively.

4. Experimental Section

Antibodies and Reagents: Anti-GIT1 (Santa Cruz, sc-365084, 1:1000),
anti-PTPRZ1 (Santa Cruz, sc-33664, 1:500), anti-PTPRZ1 (BD, 610179,
1:1000), anti-YTHDF2 (Cell Signaling Technology, 71283, 1:1000), anti-
m6A (Active Motif, 91262, 1:1500), anti-m6A (SYSY, 202003, 1:2000), anti-
iNOS (Abcam, ab15323, 1:1000), anti-Phosphotyrosine (4G10) (Milipore,
05-321X, 1:1000), anti-IBA1 (WAKO, 019-19741, 1:1500), anti-IBAT (asis
Biofarm, OB-PGP049, 1:500), anti-GFAP (Abcam, ab4674, 1:1000), anti-
Flag (Sigma Aldrich, F3165), anti-HA (MBL, M132-3, 1:3000), anti-a-
tubulin (Sigma, T9026, 1:10000), anti-#-actin (Sigma, A5441, 1:3000), anti-
Parp14 (Santa Cruz, sc-377150, 1:1000).

Curcumin (Solarbio, C7090), Recombinant Human Pleiotrophin (Ray-
Bio, 230-00618), RBN012759 (Alwei, 291347480), NAZ2329 (MedChem-
Express, HY-103693), Pilocarpine (Cayman, 14487), Scopolamine (Mack-
lin, 6106-46-3), LPS (Sigma, 0111: B4 serotype, 14391), Phos-tag agarose
(WAKO, 308-93563), DYKDDDDK-Nanoab-Agarose (Lablead, FNA-2-40),
Recombinant RNase Inhibitor (TaKaRa, 2313A), Recombinant Mouse
beta-NGF (Solarbio, P00114), Murine FGF-basic (PEPROTECH, 450-33-
10), Papain (Macklin, P6321), Dynabeads mRNA (Invitrogen, 61006), A
Mouse Proinflammatory V-Plex Tissue Culture Kit (Meso Scale Discov-
ery, K15048D-X), TNF-a (Neobioscience, EMC102a.96), and IL-6 (Neobio-
science, EMC004.96).

Animals:  Male ICR mice weighing 30 + 2 g were from Beijing Vital
River Laboratory Animal Technology Co., Ltd. All mice were housed ac-
cording to the Laboratory Animal Center, Institute of Genetics and De-
velopmental Biology, Chinese Academy of Sciences guidelines. Mice were
maintained in specific pathogen-free conditions in the animal facility and
housed on a 12-h light/12-h dark cycle with ad libitum access to food and
water.

The pilocarpine-induced SE model was developed by Turskis's
group.l?" In these experiments, pilocarpine (290 mg kg~', i.p.) was in-
jected intraperitoneal, and 30 min before that, scopolamine (1.5 mg kg™")
was injected into adult male ICR mice. After pilocarpine injection, the mice
that developed status epilepticus (SE) was chosen that lasted up to 90 min,
then injected diazepam (10 mg kg™"), which was given to terminate the
seizures. Mice with seizures greater than or equal to grade IV were used
in the study, which was treated with or without intraperitoneal injection
curcumin (150 mg kg™') and gavaged RBN012759 (100 mg kg™').

The progressive evolution of seizures was similar to that classified by
Racine in the kindling model.3?] Mice were sacrificed 72 h after SE for
research.

Affinity Chromatography and Mass Spectrometry—Immobilization of Cur-
cumin on Epoxy-Activated Sepharose 6B:  The establishment of stationary

to al’—5 represent a microglia stack of confocal images (6 um apart) from al’ in the control group. C) Proportional area of IBA-1 and GFAP in the
DG of the hippocampus. Data are mean + SEM., n = 4, *p < 0.05, **p < 0.01, ***p < 0.001, by Student’s t-test. D) Schematic diagram of microglia
and astrocytes in homeostasis and activation. E-G) A Mouse Proinflammatory V-Plex Tissue Culture Kit analyses of TNF-a, IL-6, IL-1j expression in
hippocampus and cortex from different groups. Data are mean + SEM., n =4 or n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. H) Flow

chart of the research.
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phases for coupling curcumin to epoxy-activated Sepharose 6B (EAS6B)
was done according to previous methods.[*3] 1 g of EAS6B was washed in
50 ml of cold distilled water for five cycles, with each cycle including cen-
trifugation at 1500 g for 5 min, and then approximately 3.5 mL of swollen
EAS6B was collected in 20% ethanol and stored at 4 °C for backup. Cur-
cumin was dissolved in a coupling buffer containing 100 mm Na,COs,
10 mm NaOH, and 50% dimethylformamide to a final concentration of
20 mm. Two volumes of the Curcumin coupling buffer were mixed with
one volume of swollen beads and shaken overnight at 30 °C in the dark.
The next day, the curcumin-sepharose suspension was washed five times
with coupling buffer and the remaining non-specific binding sites were
blocked by incubation with 1 m glycine overnight at 30 °C. Control beads
were prepared by incubating the epoxy-activated Sepharose 6B with 1 m
glycine. The control beads and curcumin-coupled beads were applied to
the drip column. Subsequent washing steps were performed according to
the manufacturer’s instructions.

Preparation of Mouse Brain Lysates: Mice were anesthetized perfused
with saline on ice via the heart, and the brain was stripped from the skull
and the brain stem was removed. The brain was flushed with PBS on ice,
and a lysis buffer containing 50 mm HEPES (pH 7.45), 50 mm NaCl, 1 mm
EDTA, 2 mm DTT, 1 mm PMSF, and 1%PIC was added at a mass-to-volume
ratio of 1: 4. Tissue homogenization was accomplished with a tissue dis-
perser and then a glass homogenizer. Samples were loaded into a pre-
chilled centrifuge and spun at 600 g for 20 min, and the supernatant was
subjected to ultracentrifugation at 4 °C, 150 000 g for 60 min.

Desalination and Decontextualization of Protein: Desalting buffer con-
taining 20 mm HEPES (pH 7.45), 150 mm CH;COOK, 1 mm EDTA, 1 mm
PMSF, 2 mM DTT, and 5 mm MgSOy,, was diluted 1000 times for protein
samples, and samples were then concentrated with 3 KD ultrafiltration
tubes. 100 mm cellobiose, 0.1% Sarcosine, and 1% PIC were added to
the desalted sample and then stored on ice. To prepare the decontextual-
ization column, it was filled with 10 mL of Sepharose 6B, washed 5 times
with one column volume of cold ultrapure water, and then replaced 3 times
the column volume of desalting buffer to equilibrate the column. The de-
salted sample flowed through the decontextualization column to remove
non-specific binding sites. The column was washed with desalting buffer,
and the flow-through solution was collected, using the Bradford assay to
check the protein concentrations. The flow-through solution was concen-
trated with a 3 KD ultrafiltration tube to 800 uL and 100 mm cellobiose,
0.1% sarcosine, and 1% PIC was added, and the final protein concentra-
tion was determined by BCA. The final sample was divided into two parts
and stored on ice until use.

Protein Purification From Stationary Phases: The column was equili-
brated with 5 times the column volume of the desalting buffer, and when
the liquid was finished flowing, the final sample was added. The column
was rinsed with 8 times the column volume desalting buffer and washing
was stopped when Bradford detected no further protein in the flow-thru.
Protein was eluted by a gradient of 2 times the column volume of 0.3 m
NaCl, 0.6 m NaCl, 2 m NaCl, and 2 m NaHS. 10% SDS was added to make
a final concentration of 1%, and the sample was heated at 95 °C for 5 min.
Silver staining was used to check the sample, and then samples were an-
alyzed by mass spectrometric detection.

Immunofluorescence: Mice were anesthetized and subjected to tran-
scardial perfusion with PBS followed by 4% paraformaldehyde (PFA).
Brains were postfixed in 4% PFA for 24 hours and submerged in 30% su-
crose in PBS for 48 hours. Preserved brains embedded in OCT media were
stored at —80 °C and sectioned (30 um) using a LEICA CM 1950 cryostat.
Brain sections were identified by the stereotaxic mouse brain atlas.3# The
sections were washed with PBS thrice at room temperature and then in-
cubated with the blocking solution (0.1% Triton X-100 in PBS with 3.5%
goat serum) for an hour before incubating them with primary antibodies
overnight at 4 °C with rocking. After washing with PBST, the sections were
incubated with secondary antibodies for 1.5 hours and then washed thrice
with PBST for 5 min each. Finally, the sections were mounted using a cover
glass.

Fluorescent images were examined using an Olympus FV3000 micro-
scope for the assessment of microglia and astrocyte phenotypic changes
in the hippocampal dentate gyrus (DG) region via Iba-1 and GFAP
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staining, respectively. For each mouse, 6-8 representative images in
the dentate gyrus regions were captured. Fiji software was utilized to
establish the positive threshold, which included cell bodies and pro-
cesses while excluding background staining. The average area percent-
age of positive threshold staining across all representative images was
reported.

Cell Culture:  The immortalized mouse glial cell line BV-2 was a gen-
erous gift from Dr. Weixiang Guo. The HEK293T cell lines were from our
laboratory. These cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% P/S at 37 °Ciin 5% CO2.

Plasmid Construction: The full length of the pCAH-PTPRZ 1-flag plas-
mid (human accession number: NM_002851.3), was chemically synthe-
sized and cloned into vector pCAH-flag using the EcoRI and BamHI sites.
The FLAG was inserted before the stop codon of the putative open reading
frame (ORF). The homologous recombination strategy was adopted.

Forward primer: cgtacggttcggatcgatatcatgcgaatcctaaagegtttec,

Reverse primer: gtccttgtagtcgacgeggecgeaaactaaagactctaagetctcage-
tatatt.

pCDNA3.1-PTN-TurbolD-HA plasmid (human accession number:
NM_001321386.2) was cloned into the vector pPCDNA3.1-HA (-) using the
Nhel and Kpnl sites fusing insert sequence TurbolD behind the PTN cod-
ing sequence.

Forward primer: atagggagacccaagctgatgcaggctcaacagtaccagcageag,

Reverse primer: agtattgtctttgctagcatccagcatcttctectgtttcttge.

pCMV-YTHDF2-WT, pCMV-YTHDF2-S2A, and pCMV-YTHDF2-S2D
plasmids (mouse accession number: NM_145393.4), were cloned into
the vector pCMV-Tag2B using the BamHI and EcoRI sites. The second
serine (Ser, S) of YTHDF2 was mutated to alanine (Ala, A) for non-
phosphorylated activity or aspartic acid (Asp, D) for phosphorylated ac-
tivity.

Forward primer: aagagcccgggcggatccatgtcggecageagectc,

Reverse primer: aagcttgatatcgaattcctatttcccacgaccttg.

RNA Interference and Plasmid Transfection: For RNA interference in
BV2 Microglial Cells via Lipofectamine 2000, BV2 cells were cultured to 50—
60% confluency before transfection. On the day of transfection, the manu-
facturer's instructions were followed. Nucleotide sequences of siYTHDF2-
1: 5’- GCACAGAGCAUGGUAACAATT —3’; siYTHDF2-2: GGACGUUCC-
CAAUAGCCAATT; siPARP14: 5'- CAGCAAUAGGAACGGGAAATT; siCon-
trol: 5’

UUCUCCGAACGUGUCACGUTT-3".

For DNA overexpression, HEK293T cells or BV2 cells were transfected
using Lipofectamine 2000 reagent according to the manufacturer’s in-
structions when the cells had reached 70%—80% confluency.

Cytokines Assay:  To examine whether PTPRZ1 regulates microglial re-
sponse, an enzyme-linked immunosorbent assay (ELISA) was performed.
Briefly, BV2 cells overexpressed PCAH-PTPRZ1-Flag plasmid and vector
PCAH-Flag plasmid for 48 h. The cells were treated with LPS (250 ng
mL~1), LPS (250 ng mL™") + curcumin (10 um), LPS (250 ng mL™") +
NAZ2329 (25 um), or vehicle (PBS with 1%0 DMSO) in serum-free medium
for 16 h. The levels of TNF-a (EMC102a.96) and IL-6 (EMC004.96) in the
collected culture medium were analyzed using a commercial ELISA kit
(Neobioscience, Shenzhen, China) according to the manufacturer’s in-
structions.

To explore the influence of Parp14 on microglia-mediated inflammation
response, the BV2 cells were subjected to serum starvation for 24 h in 0.1%
FBS, then treated with Tpum RBN012759, a Parp14 inhibitor (CAS:2360851-
29-0, 291347480), or with DMSO as the vehicle (0.1% final concentration
in each well) 6 h before stimulation with 250 ng mL™" LPS for an additional
16 h. The cytokines TNF-a and IL-6 were measured using an ELISA kit as
described above.

To detect proinflammatory cytokine secretion in primary microglia, cul-
ture medium was collected and centrifuged in the LPS (250 ng mL™"), LPS
(250 ng mL™") + curcumin (10 um), LPS (250 ng mL~") + curcumin (10
um) + RBNO12759 (1 um), LPS (250 ng mL~1) + RBNO12759 (1 um), and
vehicle group. A Mouse Proinflammatory V-Plex Tissue Culture Kit (Meso
Scale Discovery, Rockville, MD) was used to measure IFN-y, IL-18, IL-2,
IL-4, IL-5, IL-6, IL-10, IL-12p70, KC/GRO, TNF-a concentrations according
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to the manufacturer’s instructions. All experiments were repeated at least
three times in biological replicates.

RNA mGA Dot Blot Assays:  To detect the effect of curcumin phospho-
rylation sites on the level of m6A (N6-methyladenosine) RNA modifica-
tions, the total m6A levels in RNA were measured by dot blot assays, ac-
cording to previous methods.[>] Total RNA extracted from BV2 cells or
mice hippocampus was adjusted to 50 ng/uL with 36 uL RNase-free wa-
ter. After removing the RNA secondary structure, samples were chilled on
ice and then loaded onto an N* membrane (GE Health) optimized for
nucleic acid transfer. It was cross-linked by ultraviolet radiation (1200 mi-
crojoules, 30 sec), stained by methylene blue (Sigma-Aldrich), and then
incubated with an m6A antibody.

MeRIP-seq and Data Analysis:  To investigate the effect of curcumin
on the RNA m6A modification fragments, MeRIP-seq was performed
by SeqHealth Technology Co., Ltd. (Wuhan, China) following previous
methods.3¢] Briefly, total RNA from the hippocampus of the mouse was
extracted with TRIzol (Invitrogen, cat. NO. 15596026). Using a NanoDrop
ND-1000 to assess RNA quality through 1.5% agarose gel electrophoresis
to confirm RNA integrity, finally qualified RNAs by QubitTM RNA Broad
Range Assay kit with the Qubit3.0. 50 pg of total RNA were enriched
for polyadenylated RNA using VAHTS mRNA Capture Beads (VAHTS, cat.
NO. N401-01/02). mRNA was incubated at 95°C for 5min-10 min until
the fragments were mainly distributed in 100-200 nt, of which 10% was
retained as input sample, while the rest was subjected to a specific anti-
m6A antibody (Synaptic Systems, 202203) for m6A immunoprecipitation
(IP). Alibrary was constructed using the KC-DigitalTM Stranded mRNA Li-
brary Prep Kit for Illumina (Cat. NO. DR08502, Wuhan Seghealth Co., Ltd.
China), following the manufacturer’s instructions, and finally sequenced
on DNBSEQ-T7 sequencer (MGl Tech Co., Ltd. China). Low-quality reads
were eliminated with Trimmomatic (version 0.36), and the high-quality
clean reads were aligned to the reference genome (UCSC GRCm38) with
STAR software (version 2.5.3a). The peak calling was done with the ex-
omePeak software (Version 3.8). The m6A peaks were annotated with bed-
tools (Version 2.25.0), and a peak distribution analysis was performed with
deepTools (Version 2.4.1). Sequence motifs enriched in m6A peak regions
were identified using Homer (version 4.10) with a corrected p-value cutoff
of 0.05 as the threshold for statistical significance.

MeRIP-gPCR:  Mice brain or BV2 cells were used for total RNA extrac-
tion. Intact poly-A RNA was purified from total RNA and subjected to frag-
mentation at 94 °C for 30 s, the mRNA was collected by ethanol precip-
itation. Then, the mRNA was incubated with m6A antibody, and RNase
inhibitor in IPP[4142] buffer (10 mm Tris-HCl, PH = 7.4, 150 mm NaCl,
0.1% NP-40) and complexes were captured using Sepharose Protein A
(GE Healthcare, 17-5280-01) at 4 °C for 3 h with rotation. The Sepharose
beads captured m6A mRNA complexes were washed twice with IPP buffer,
and then, mRNA was extracted by TRIzol. Precipitated mRNA was reverse-
transcribed and quantified by qPCR for m6A enrichment.

RNA-seq and Data Analysis: High-throughput sequencing of RNA
from the hippocampus of the mouse was performed by the Beijing Ge-
nomics Institute (BGI, China). Briefly, total RNA from the hippocampus
of the mouse was extracted with TRIzol (Invitrogen, 15596026). follow-
ing the manufacturer’s instructions. RNA libraries were constructed by
using a Hieff NGS Ultima Dual-mode RNA Library Prep Kit for MGl ac-
cording to the manufacturer’s instructions. Library sequencing was per-
formed on an Illlumina NovaSeq 6000 instrument with 150 bp paired-
end reads. Paired-end reads were harvested from the lllumina NovaSeq
6000 sequencer and were quality-controlled by Q30. After 3’ adaptor trim-
ming and removal of low-quality reads with SOAPnuke (v1.5.2), the high-
quality clean reads were aligned to the reference genome (UCSC GRCm39)
with HISAT2 software (v2.0.4). Data analyzed and visualized with Dr.Tom
(https://biosys.bgi.com/# [report/login)

LC-MS/MS Analysis and Data Analysis: Proteins were digested
using the filter-aided sample preparation (FASP) method with slight
modifications.l3’] After reduced and alkylated with DTT and iodoac-
etamide, the lysates were transferred to the Microcon YM-30 centrifugal
filter units (EMD Millipore Corporation, Billerica, MA) to replace the buffer
with 200 ul UA (8 m Urea, 100 mm Tris-Cl pH8.5) twice, and then replace
with 0.1 m triethylammonium bicarbonate (TEAB, Sigma-Aldrich, Saint
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Louis, MO). After the buffer was replaced, the proteins were digested with
sequencing grade trypsin (1:50 (w: w)) at 37°C overnight. The resultant
tryptic peptides were desalted by StageTips,[33] and completely dried with
a SpeedVac concentrator, and stored at —20 °C for later analysis. For MS
analyses, peptides were resuspended in 0.1% FA (Formic acid) and ana-
lyzed by LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific)
coupled online to an Easy-nLC 1000 (Thermo Fisher Scientific) in the
data-dependent mode. The peptides were separated by reverse phase LC
with a 150 um (ID) X250 mm (length) analytical column packed with C18
particles of 1.9 um diameter. The mobile phases for the LC contain buffer
A (0.1% FA) and buffer B (100% ACN, 0.1% FA), and a non-linear gradient
of buffer B from 3%—30% for 90 min was used for the separation. Pre-
cursor ions were measured in the Orbitrap analyzer at 240 000 resolution
(at 400 m/z) and a target value of 106 ions. The twenty most intense ions
from each MS scan were isolated, fragmented, and measured in the linear
ion trap. The CID normalized collision energy was set to 35.

Phosphoproteomic Analysis and Data Analysis:  The cells were lysed in
a buffer containing 4% SDC and 100 mm Tris-HCI (pH 8.5). Proteins were
reduced and alkylated by Tris (2-carboxyethyl) phosphine (TCEP) and
2-Chloroacetamide (CAA), and digested with sequencing grade trypsin
(1:50 w/w) at 37 °C overnight. After digestion, the phosphopeptides were
enriched using titanium dioxide beads (TiO2; GL Sciences, 5010-21315)
following EasyPhos workflow.3°! For data analyses, the resuspended
peptides were analyzed by Orbitrap Fusion Lumos Tribrid mass spec-
trometer (Thermo Fisher Scientific) coupled online to an Easy-nLC 1000
(Thermo Fisher Scientific) in the data-dependent mode. The peptides
were separated by reverse phase LC with a 150 um (ID) X250 mm
(length) analytical column packed with C18 particles of 1.9 um diameter.
The mobile phases for the LC contain buffer A (100% H,O, 0.1% FA)
and buffer B (100% ACN, 0.1% FA), and a 110-min non-linear gradient
was used for the separation. All MS measurements were performed in
the positive ion mode. Precursor ions were measured in the Orbitrap
analyzer at 240 000 resolution (at 200 m/z) and a target value of 10°
ions. The twenty most intense ions from each MS scan were isolated
and fragmented by high-energy collisional dissociation and measured in
the linear ion trap. The database search was performed for all raw MS
files using the software MaxQuant (version 1.6.3.4). The Mus musculus
proteome sequence database from UniProt was applied to search the
data. Serine, threonine, and tyrosine phosphorylation, protein N-terminal
acetylation, and methionine oxidation were included in the search as the
variable modifications. Cysteine carbamidomethylation was set as stable
modifications.

Quantitative PCR with Reverse Transcription: Total RNA was extracted
from BV2 cells and mice using TRIzol reagent (YTHX biotech, YD003) or
RNA kit (TRAN, ER101-01). RNA was isolated according to the manufac-
turer’s instructions. Reverse transcription was performed according to the
manufacturer’s instructions for the HiScript 111 1st Strand cDNA Synthesis
Kit (+gDNA wiper) (Vazyme, R312-01/02). Gene expression levels were de-
termined by real-time PCR using Taq Pro Universal SYBR qPCR Master Mix
(Vazyme, Q712) and CFX384 Real-Time System (Bio-Rad). The sequences
of primers used for the detection of mRNA transcripts were listed below:

Actin-F: AAGGCCAACCGTGAAAAGAT
Actin-R: GTGGTACGACCAGAGGCATAC
GAPDH-F: AGGTCGGTGTGAACGGATTTG
GAPDH-R: TGTAGACCATGTAGTTGAGGTCA
IL-15-F: GCCCATCCTCTGTGACTCAT
IL-15-R: TTGTCGTTGCTTGGTTCTCC
NLRC3-F: GTGGACCGGATGACTGAGAT
NLRC3-R: TACAAGTGACCCAGAGCCAG
Parp14-F CTTTCCCACACAGCTTTCCC
Parp14-R CACAATGGCATGGGTCGTAG
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Data were analyzed using the Sequence Detection Software according
to the ACt method. All results were normalized to the corresponding val-
ues for Actin or Gapdh quantified in parallel amplification reactions. In
each experiment, at least three biological samples were analyzed.

Western Blotting and Quantification: The sample was separated by
SDS-PAGE, followed by semidry electroblotting onto a polyvinylidene diflu-
oride membrane (PVDF). After blocking with 5% nonfat dry milk with 0.1%
Tween 20 in TBS, membranes were incubated overnight with the respec-
tive primary antibodies. After incubation with appropriate secondary anti-
bodies conjugated with horseradish peroxidase at room temperature for
1.5 h, the immunoreactive proteins were visualized using the ECL method
according to the manufacturer’s instructions.

Protein levels were quantified using Fiji software (NIH, Bethesda, USA).
The bands corresponding to the respective proteins were manually de-
lineated, and the signal intensity was measured. The total gray signal in
each band was quantitated and normalized to the intensity of a-Tubulin or
Actin. The intensities were also measured using Fiji. The graphs display
the intensities as values relative to each experiment’s maximum intensity
(100%).

Cycloheximide (CHX) Chase Analysis: To study the effect of phospho-
rylation level at the YTHDF2-S2 (WT) site on its stability, 293T cells over-
expressed pCMV-Tag2B-fused plasmids for 24 h. YTHDF2-WT, YTHDF2-
S2A, and YTHDF2-S2D overexpressing cells cultured without FBS were
then incubated with 100 ug mL™" of cycloheximide at various times. Cell
lysates were prepared using RIPA buffer and subjected to western blots.

Co-immunoprecipitation (co-IP): To investigate the effect of curcumin
on PTN-PTPRZ 1 interaction. 293T cells were transfected with pCMV-Tag2B
or pCMV-Tag2B-fused plasmids, and pCDNA3.1-PTN-TurbolD-HA plas-
mid for 18 h. Then cells were lysed for 30 min at 4 °C in a buffer con-
taining 50 mm Tris-HCl, pH 8.0; 150 mm NaCl; 1 mm EDTA; 1% NP-40,
phosphatase Inhibitor Cocktail (Roche, 04906837001), and protease in-
hibitors (Mei5bio, MF182-plus). The lysates were centrifuged for 15 min at
12,000 rpm, and the supernatants were collected and incubated with 10 pL
of anti-FLAG M2 affinity gel (GE Healthcare) at 4 °C. After incubating for
1.5 h, the lysates were centrifuged for 5 min at 3,000 rpm, 4 °C. After which,
the beads were collected and washed three times in wash buffer contain-
ing 20 mm Tris-HCI, pH 8.0; 150 mm NaCl; T mm EDTA; 0.1% NP-40. The
beads were evenly divided into 4 parts in PBS, and different concentra-
tions of curcumin were added and incubated at 37 °C for 30 min, and then
beads were washed three times in the wash buffer. The collected protein
complexes were boiled in 1 x sample buffer containing 50 mM Tris-HCl
(pH 6.8), 100 mm DTT, 2% (w/v) SDS, 0.1% (w/v) Bromoxylenol blue,
and 10% (v/v) glycerol, and detected using western blotting.

Immunoprecipitation (IP): To explore the effect of curcumin on PT-
PRZ1 enzyme activity. GIT, the substrate of PTPRZ1, was selected to reflect
the enzyme activity of PTPRZ1 through its phosphorylation. 293T stable
and BV2 cells were lysed for 30 min at 4 °C in the buffer containing 50 mm
Tris-HCI, pH 8.0; 150 mm NaCl; 1 mm EDTA; 1% NP-40, phosphatase In-
hibitor Cocktail (Roche, 04906837001), and protease inhibitors (Mei5bio,
MF182-plus). The lysates were centrifuged for 15 min at 12,000 rpm, and
the supernatants were collected and incubated with GIT1 antibody 5 ul
for 1.5 h, then incubated with 8 pL Protein G Sepharose (GE Healthcare)
for 1.5 h. The lysates were centrifuged for 5 min at 3,000 rpm, 4 °C. After
this, the beads were collected and washed three times in the wash buffer,
and the collected protein complexes were boiled in 1 x sample buffer and
detected using western blotting.

Phosphate Affinity Chromatography using Phos-tag Agarose: To verify
phosphorylation mass spectrometry data, BV2 cells were plated in 6 wells
at a cell density of 5 x 10° per well, and primary microglia were plated
in 12 wells at a cell density of 5 x 10° per well. After 12 h, when cells lie
on the bottom, cells were subjected to serum starvation for 12 h, treated
with PTN (100 nm), curcumin (20 pum), NAZ2329 (10 pm), or vehicle (con-
trol) in DMEM without FBS for 20 min. Cells were lysed for 30 min at 4
°C in a buffer containing 50 mm Tris-HCl, pH 7.5; 150 mm NaCl; 1 mm
EDTA; 1% NP-40, 0.25% SOD, 1 mm PMSF, 1 mm Na3;VO,, 1 mm NaF,
phosphatase Inhibitor Cocktail, and protease inhibitors (Mei5bio, MF182-
plus). The lysates were centrifuged for 15 min at 12 000 rpm, the super-
natants were collected, and protein concentration was determined using
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a BCA kit (Solarbio, PC0020) to ensure that the protein content was equal
between groups. Then the manufacturer’s instructions were followed.

Biological Information Analysis:  The Venn analyses were completed us-
ing an online tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html).
The cluster, scatter plots, and volcano plots analyses used other online
tools (https://hiplot.com.cn/home/index.html). The QIAGEN Ingenuity
Pathway Analysis (IPA) platform was used to evaluate the upstream and
downstream relationship of phosphorylation mass spectrometry results.
KEGG pathway and GO analyses were conducted using the Metascape
database (http://metascape.org/). When p<0.01, the minimum number
of annotated genes was 3 as the condition for screening.

Primary Cultures of Microglia: ~ Microglia were isolated from postnatal
day 0 to day 1 mice according to a protocoll“°! with slight modifications.
Briefly, all pups were decapitated with surgical scissors, and the skull was
cut along with the medulla oblongata, the cerebellum, and olfactory bulbs
were cut off and the meninges were carefully removed, the remaining brain
tissue was transferred to a new chilled 6-well plate containing 2 mL of
pre-chilled HBSS (Hanks’ balanced salt solution). Two brain tissues were
placed in a 2 mL tube with 1T mL digestion buffer (containing 8 U/ mL
papain and 125 U mL~" DNase to HBSS) and the brain tissue was fully
minced into small pieces (approximate 1 mm?) with the help of spring
scissors. The tube was placed in the 5% CO2, 37 °C humidified incubator
for 20 min, and was swirled every 10 min. The digestion was terminated
by adding a 1 mL culture medium (DMEM with 10% FBS and 1% P/S) to
each tube. To remove big clumps and cell debris, the cell suspension was
carefully passed through a 70 pm cell strainer and the flow-through was
collected in a 50 mL collection tube and then transferred to a 15 mL tube.
Cells were then centrifuged at 1000 rpm for 5 min at room temperature
and resuspended in 4 mL culture medium in a T25, this was Day 0. The
culture medium was changed on the next day (Day 1) to microglia medium
(DMEM with 20% FBS, 1% P/S, 10 ng/uL FGF, 10 ng/uL NGF), and 3—4
days later, the culture medium was changed again and at about a week after
that, the microglia were harvested by shaking the flasks on a laboratory
shaker at 180 rpm for 30 min.

Statistical Analyses: ~ Statistical tests were performed using GraphPad
Prism 9 software. The two-tailed student’s t-test was used to compare the
two groups. All conditions were statistically different from the control indi-
cated (*p < 0.05, **p < 0.01, ***p < 0.007; N.S., not significant, p > 0.05).
All experiments were performed with at least three biological replicates as
was also described in each figure legend.

Ethical Approval:  All animal experiments were approved by the Animal
Center of the Institute of Genetics and Developmental Biology (IGDB),
Chinese Academy of Sciences, and by the Institutional Animal Care and
Use Committee (IACUC) and were conducted in accordance with the
IACUC guidelines at IGDB.
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