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while PRMT1 overexpression protected against I/R injury by suppressing RIPK1 activation. Our findings

revealed the molecular regulation of RIPK1 activation and demonstrated PRMT1 would be a potential
therapeutic target for the treatment of ischemic stroke.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Stroke is the second leading reason of death and physical
disability among adults worldwide'?. Ischemic stroke which is
caused by the occlusion of carotid or cerebral arteries is the most
common type of stroke®. Although the endovascular treatment, the
only currently available therapeutic method, restores the blood
supply and rescues the dying nerve cells, secondary
ischemia—reperfusion (I/R) injury will further aggravate brain
damage®. Hence, it is of great necessity to develop novel strategies
to improve outcomes after cerebral I/R injury onset.

Receptor-interacting protein kinase 1 (RIPK1) plays an
essential role in regulating cell death and neuroinflammation in
cerebral I/R injury™®. Necroptosis and apoptosis, 2 alternative
programmed cell death, can be mediated by the activation of
RIPK1. Under apoptosis-deficient or caspase-inhibited conditions,
activated RIPK1 interacts with RIPK3 and promotes its activation,
which in turn phosphorylates pseudokinase MLKL to execute
necroptosis’”®. Under apoptosis-proficient conditions, the activa-
tion of RIPK1 promotes apoptosis by mediating the formation of
complex Ila with FADD and caspase-8. Necroptosis seemed to be
the earliest manner of programmed cell death during the cerebral
I/R onset. In the middle cerebral artery occlusion (MCAO) model,
it was noticed that the activation of RIPK1 sequentially promoted
necroptosis followed by apoptosis in a temporally specific manner
resulting from the degradation of TAK1°. Necrostatin-1 (Nec-1),
the specific inhibitor of RIPK1 kinase activity, protects against
neurological damage in ischemic stroke'®. Meanwhile, a great
deal of damage-associated molecular patterns were released due to
RIPK1-mediated cell death, leading to inflammatory reactions and
exacerbating I/R injury’. Therefore, regulating the kinase activity
of RIPK1 has become an important strategy to alleviate cerebral
I/R injury.

So far, the post-translational modifications of RIPK1 have been
extensively studied which are vital in modulating RIPKI1
signaling''. Autophosphorylation at ser166 is commonly used as
a biomarker for RIPK1 activation'?. Many E3 ligases and deubi-
quitinases including cIAP1/2, linear ubiquitin chain assembly
complex, A20 and CYLD have been reported to regulate RIPK1
ubiquitination and then affect the downstream signaling''S.
However, it remains largely unknown how the kinase activity of
RIPK1 is regulated after cerebral I/R injury.

Arginine methylation modification catalyzed by protein argi-
nine methyltransferases (PRMTs) is another common post-
translational modification. Methylarginine has 3 main types,
mono-methylarginine (MMA), asymmetric dimethylarginine
(ADMA) and symmetric dimethylarginine (SDMA)'"'°. Notably,
PRMT1 is the crucial member of type I methyltransferases that
carry out the formation of MMA as an intermediate before the
establishment of ADMA?®. Accumulating studies have shown the
relevance between PRMT1 and neurological disorders recently.
PRMT1-specific depletion in the central nervous system impaired

oligodendrocyte differentiation and remyelinationzl'zz. SCY1-like
pseudokinase 1 was methylated by PRMT1 which facilitated the
formation of axon and dendrite structures®. PRMT1-mediated
methylation of Fused in Sarcoma RNA-binding protein (FUS)
was demonstrated to regulate its nucleus-cytoplasm shuttling,
which was associated with aggregation of FUS in amyotrophic
lateral sclerosis®*. PRMT1 ablation in motor neurons caused age-
related motor neuron degeneration with muscle loss>>. However,
whether PRMT]1 is involved in cerebral I/R injury by regulating
RIPK1 is unknown.

Here, we proved PRMT1 directly interacted with RIPK1 and
catalyzed its ADMA, which then blocked RIPK1 homodimeriza-
tion and kinase activation. Furthermore, we investigated the
expression and biological function of PRMT1 in the cerebral I/R
injury both in vivo and in vitro. We detected down-regulated
PRMT1 and activated RIPK1 (p-S166 RIPK1) in neurons after
acute ischemic insult. PRMT1 protects against I/R injury by
blocking necroptosis and apoptosis by suppressing RIPK1 acti-
vation. Thus, PRMT1 would be a potential therapeutic target for
the treatment of ischemic stroke.

2. Materials and methods
2.1.  Animals

Male wild-type (WT) C57BL/6 mice (8—10 weeks, 23 £+ 3 g,
animal approval number: SCXK (Jing) 2019-0010) were purchased
from SPF Biotechnology Ltd. (Beijing, China) PrmtI™1°* mice
were obtained from Professor Chengjiang Gao. Thyl-Cre mice
with the mouse Thy-1 promoter-driven Cre recombinase was a gift
from Dr. Bo Su. Prmt1™1°% mice were crossed with Thyl-Cre
mice to generate PrmtI™* Tpy]-Cre mice. Littermate
Prmt]™% mice were used as WT controls. The genotyping of
Prmt1"1% was confirmed by PCR using the following primers:
forward 5'-GTGCTTGCCATACAAGAGATCC-3' and reverse
5'-ACAGCCGAGTAGCAAGGAGG-3'. The primers for Thyl-Cre
transgenic mice genotyping were forward 5'-GCGGTCTGGCAG
TAAAAACTATC-3" and reverse 5-GTGAAACAGCATTGCTG
TCACTT-3’ and the primers for internal positive control were
forward 5'-CTAGGCCACAGA ATTGAAAGATCT-3' and reverse
5'-GTAGGT GGAAATTCTAGCATCATCC-3'. All in vivo exper-
iments were approved by the Ethics Committee of Shandong
University and performed in accordance to the principles outlined
in the Institutional Animal Care and Use Committee of Shandong
University (Jinan, China).

2.2.  Brain adeno-associated virus delivery

Adeno-associated virus (AAV) 9 vectors encoding PRMT1 and
corresponding empty vector (EV) were constructed by WZ Bio-
sciences Inc. The neuron-specific promoter, human Synapsin I,
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was utilized in the AAV-PRMT1 construct for high expression of
PRMTI1. WT mice were anesthetized and then placed on a
stereotaxic apparatus. The left cortical injection of 2 pL of
AAV-PRMT1 or AAV-EV suspension (1.0 x 1013 vg/mL) was
carried out at a rate of 0.4 pL/min. The following coordinates
were practiced: point 1, 0.3 mm anterior to the bregma, 2.3 mm
lateral to the midline, 2 mm ventral to the dura; point 2, 1.8 mm
posterior to the bregma, 2 mm lateral to the midline, 2 mm ventral
to the dura.

2.3.  Generation of cerebral I/R injury

Middle cerebral artery occlusion (MCAO) was executed upon WT
mice to generate the cerebral I/R injury as described previ-
ously’®?’. A substantial decrease to <20% of the baseline in the
regional cerebral blood flow was determined as a successful oc-
clusion. The mice subjected to 2 h of MCAO and indicated time
reperfusion were euthanized. Animals in the sham group were
subjected to the same procedure except for MCAO.

2.4.  Neurological function and infarct volume assessment

To determine the outcome after MCAO, a 4-tiered neurological
scoring system was employed in a blinded way as previously
described®®. The brains were sliced into 2 mm thick coronal
sections. 2,3,5-Triphenyltetrazolium chloride (TTC) (Sigma, St.
Louis, MO, USA) staining was used to determine the brain infarct
size. Subsequently, the slices were incubated with 0.2% TTC
(dissolved in PBS) for 30 min at a temperature of 37 °C and kept
in 4% paraformaldehyde (Sigma). Every slice was photographed
and infarct volumes were calculated across each section and
presented as a percentage relative to the area of the contralateral
hemisphere.

2.5.  Corner tests

The corner test was performed as described previously”. In brief,
the experimental corner setup was composed of 2 boards arranged
to form a 30° corner, and a small opening was left along the joint
between the 2 boards. The mouse was allowed to walk into the
corner so that the vibrissae on both sides of the animal’s
face contacted the 2 boards simultaneously. Each mouse took part
in 10 trials, after which we calculated the percentage of turns to
each side.

2.6. Rotarod test

The motor coordination ability of mice was performed with
rotarod apparatus (Panlab Harvard Apparatus, USA). In the
training session, mice were placed towards the inside of the
rotarod device at a constant 10 rpm for 200 s. In the test session,
mice were placed on the rotarod device at an accelerating speed
(starting from O to 45 rpm in 450 s). Speed and the duration until
mice fell onto the base were recorded and only one trial was
conducted™.

2.7.  Primary neuronal culture

The primary neuronal culture was performed as described previ-
ously’'. E15 embryos in mice were collected and washed with
D-Hanks buffer in dishes. Primary neuronal cells were plated on
poly-p-lysine hydrobromide-coated glass coverslips in 12-well

plates at a density of 600,000 cells/well in Neurobasal medium
(Gibco Life Technologies, Grand Island, CA, USA) supplemented
with B27 (Gibco Life Technologies) and GlutaMax (Gibco Life
Technologies).

2.8.  Histopathology

Mice brains were fixed in 4% paraformaldehyde and embedded in
paraffin. Brain sections of 3 pum thickness were cut and stained
with HE staining (Solarbio, Beijing, China) for visualization of
the neuronal morphology in the cerebral cortex and hippocampus.

2.9.  Cell culture, transfection, oxygen-glucose deprivation, and
reoxygenation (OGD/R) procedure

HEK 293T cells and PC12 cells purchased from the Cell Center of
Chinese Academy of Sciences (Shanghai, China) were cultured in
DMEM (Meilunbio, Dalian, China) with 10% FBS. Lipofectamine
2000 (Invitrogen, Waltham, MA, USA) was utilized to transfect
the indicated cells with plasmid or siRNA. The Reagents are listed
in Supporting Information Table S1. The plasmids encoding GFP-
PRMTI, Flag-PRMT1, Flag-PRMT1(VLD-AAA) and HA-
ubiquitin were provided by Prof. Chengjiang Gao*>. The Flag-
His-RIPK1 expression plasmids were generated by WZ Bio-
sciences Inc. (Jinan, China). The Myc-RIPK1 expression plasmids
were obtained from Miaoling Biology (Wuhan, China). siRNAs
were listed in Supporting Information Table S2. PC12 cells were
incubated with EBSS solution for 3 h under 5% CO, and 95% N,
at 37 °C for the deprivation of oxygen and glucose (OGD) and
then switched back to indicated time reoxygenation.

2.10.  Immunofluorescence staining

The slides of cells or frozen brain sections (10 um) were double
labeled with indicated primary antibodies at 4 °C overnight, and
then incubated with the secondary antibodies for 2 h at room
temperature. DAPI (Beyotime, Beijing, China) was used for nu-
clear labeling. Antibodies and dilution ratio used in immunoflu-
orescence staining were listed in Supporting Information Table S3.

2.11.  Cell viability measurement

The cell counting kit-8 (Beyotime) was used to determine the
viability of PC12 cells.

2.12.  TUNEL staining and PI staining

TUNEL staining was performed by an in situ cell death detection
kit (KeyGen Biotech, Nanjing, China). Cell death analysis was
also performed by propidium iodide (PI) (MedChem Express,
Monmouth Junction, NJ, USA) staining. The number of TUNEL-
positive or Pl-positive cells was counted in 3 non-overlapping
microscopic fields of view by a blinded researcher under high-
power magnification (200x) and displayed as a percentage.

2.13.  Measurement of apoptosis by flow cytometry

Flow cytometry was performed by the Annexin V-APC/PI
apoptosis detection kit (Vazyme, Nanjing, China) according to
the manufacturer’s instructions. Cells in the Q1-UR and QI1-LR
quadrant were determined as apoptotic cells.
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2.14.  Western blot and immunoprecipitation

Western blot analysis was performed as previously described™.
For immunoprecipitation (IP), cells were collected and lysed with
NP40 buffer for 30 min on the ice. Cell lysates were centrifuged
and the supernatants were collected. The indicated antibodies and
corresponding IgG controls were added into the supernatants and
incubated for 4 h at 4 °C. Then protein A + G agarose (Santa
Cruz, Dallas, TX, USA) was mixed rotarily overnight at 4 °C.
Finally, the beads were washed and eluted in SDS—PAGE sample
loading buffer. Antibodies and dilution ratio used in Western blot
and IP assay were listed in Table S3.

2.15. Quantitative real-time PCR

RNA-quick purification kit (ES Science, Shanghai, China) was
used to extract total RNA. 1 pg of total RNA was reverse-
transcripted into c¢DNA using Hiscript I Q RT SuperMix
(Vazyme). The PCR reaction was carried out using SYBR green
qPCR mix (CWBio, Taizhou, China) on StepOne real-time PCR
system. Primers were listed in Supporting Information Table S4.

2.16.  Statistical analysis

Data were represented as mean =+ standard deviation (SD) and
analyzed using Prism software (Version 8.0) (GraphPad Software
Inc, San Diego, CA, USA). Mean data between 2 experimental
groups were compared using unpaired #-test. One-way or two-way
ANOVA with post hoc Tukey’s test was used to determine sta-
tistical differences among multiple groups. P < 0.05 was
considered statistically significant.

3. Results

3.1.  The protein level of PRMTI was downregulated after
cerebral I/R injury, which negatively correlated with p-RIPK1
(S166)

Previous studies indicated that arginine methylation extensively
participated in neurological disorders. To investigate whether
arginine methylation was involved in the cerebral I/R injury, we
first monitored total ADMA, SDMA, and MMA levels. Surpris-
ingly, the total ADMA level rather than SDMA or MMA signif-
icantly decreased in the brain tissues subjected to MCAO/R
(Fig. 1A). Furthermore, the downregulation of ADMA alteration
was also confirmed in PC12 cells stimulated by OGD/R (Fig. 1B).
PRMT1 is the most predominant type I PRMTs in mammalian
cells accounting for 85% of cellular PRMT activity>*. Next, we
evaluated the protein expression of PRMT1 in the brain of WT
mice subjected to 2 h of MCAO followed by reperfusion for
indicated time. The results showed that the protein level of
PRMT1 was markedly decreased from 6 h till 48 h after reper-
fusion (Fig. 1C), and there was no alteration in the mRNA level of
Prmtl at 6 h of reperfusion (Supporting Information Fig. S1).
Meanwhile, the downregulation of PRMT1 was confirmed by
immunofluorescence (Fig. 1D). Moreover, PRMT1 was mainly
detected in NeuN-positive neurons (Fig. 1D) rather than Ibal-
positive microglia (Supporting Information Fig. S2A) or GFAP-
positive astrocytes (Fig. S2B). RIPKI1 is a pivotal regulator of
necroptosis and apoptosis in cerebral I/R injury, then we examined
RIPK1 kinase activity and two major downstream cell death

pathways mediated by activated RIPK1. p-RIPK1(S166), the
biomarker of RIPK1 activation, was rapidly elevated at 3 h after
reperfusion and reached a peak around 12 h in the ischemic brain
tissue of WT mice (Fig. 1E). p-MLKL(S345) protein levels in I/R
brain tissues were elevated from 3 h until 12 h after reperfusion
(Fig. S2C). Cleaved-caspase 3 was obviously increased at 24 and
48 h after reperfusion (Fig. S2D). The results were in line with the
previous study that the activation of RIPK1 sequentially promoted
necroptosis followed by apoptosis after cerebral I/R°. Notably, the
PRMT1 expression negatively correlated with p-RIPK1(S166)
protein level in ischemic brain tissues (Fig. 1F). In addition, the
protein level of PRMT1 was also greatly decreased in PC12 cells
subjected to 3 h of OGD and 3, 6, 12, and 24 h of reoxygenation
(Fig. 1G) while p-RIPK1(S166) (Fig. 1H), p-MLKL(S345)
(Fig. S2E) and cleaved-caspase 3 (Fig. S2F) were elevated at
varying time. Consistently, PRMT1 protein level was decreased in
cultured primary neurons after OGD/R treatment (Supporting In-
formation Fig. S3). Similarly, there was a negative correlation
between PRMT1 and p-RIPK1(S166) protein levels in PC12 cells
stimulated by OGD/R (Fig. 1I). These results suggested that
PRMT1 may participate in cerebral I/R injury and be linked to the
kinase activity of RIPK1. Hence, we further explored the role of
PRMT1 on the kinase activity of RIPK1. It was demonstrated that
the kinase activity of RIPK1 was greatly enhanced by PRMT1
knockdown (Fig. 1J). Consistently, PRMT1 overexpression
dampened the phosphorylation level of RIPK1 at Serl66 dose-
dependently (Fig. 1K).

3.2.  Pharmacological inhibition of type I methyltransferase and
genetic knockdown of PRMTI enhanced necroptosis and
apoptosis of PCI2 cells induced by OGD/R

Based on our results that PRMT1 was altered in ischemic brain
tissues and efficiently inhibited the kinase activity of RIPK1, we
then investigated the role of PRMT1 in cerebral I/R injury. MS023
was used to inhibit the catalytic activity of PRMT1 and reduce
ADMA modification®. The results showed that MS023 signifi-
cantly suppressed cell viability of PC12 cells after 3 h of OGD and
reoxygenation for 24 h (Supporting Information Fig. S4). More-
over, MS023 further increased the percentage of TUNEL-positive
cells (Fig. 2A) and the ratio of apoptotic cells (Fig. 2B). Consis-
tently, PRMT1 knockdown further exacerbated cell death induced
by OGD/R evidenced with the reduction of cell viability (Sup-
porting Information Fig. S5) and the increment of apoptosis
(Fig. 3A). To uncover the PRMTT1 effects on the kinase activity of
RIPK1, we chose 6 h after reoxygenation as the optimal timing to
examine p-RIPK1(S166) and p-MLKL(S345) and 24 h after
reoxygenation for cleaved-caspase 3 examination according to our
aforementioned data (Fig. 1). Notably, both MS023 and PRMT1
knockdown further elevated the protein levels of p-RIPK1
(S166), p-MLKL(S345) and cleaved-caspase 3 compared with the
control group after OGD/R in PC12 cells (Figs. 2C—E, 3B—D).
Moreover, we performed gene silencing for PRMT1 by lentiviral
vectors (shPRMT1 sequence GCCUACUUCAACAUCGAGU) in
cultured primary neurons, and similar results were obtained
(Supporting Information Fig. S6).

To verify whether PRMT1 protected PC12 cells against OGD/
R injury by regulating the kinase activity of RIPK1, we used a
selective inhibitor of RIPK1 kinase Nec-1. Results revealed that
Nec-1 restrained the increment of p-RIPK1 (S166), p-MLKL
(S345), and cleaved-caspase 3 induced by PRMT1 silence in
OGD/R-treated PC12 cells (Fig. 3E—G). Moreover, Nec-1 rescued



4018 Tengfei Liu et al.

Figure 1  The protein level of PRMT1 was downregulated after cerebral I/R injury, which negatively correlated with p-RIPK1(S166). (A)
Western blot analysis of the total ADMA, SDMA, and MMA in brain tissues from wild-type (WT) mice subjected to middle cerebral artery
occlusion (MCAO) for 2 h and reperfusion for 24 h. (B) Western blot analysis of the total ADMA in PC12 cells subjected to OGD/R. Western blot
analysis of PRMT1 (C), p-RIPK1 (S166), and RIPK1 (E) in brain tissues from WT mice after MCAO for 2 h and reperfusion for 3, 6, 12, 24, and
48 h, n = 6 mice per group. (D) Double immunofluorescence of PRMT1 (green) and NeuN (neuron marker, red) was performed in mouse
ischemic cortex after 2 h MCAO and 12 h reperfusion. Scale bar, 20 pm. Western blot analysis of PRMT1 (G), RIPK1, and p-RIPK1 (S166) (H) in
PC12 cells subjected to OGD for 3 h and reoxygenation for 1, 3, 6, 12, and 24 h. (F, I) Pearson correlation analyses showing the correlations
between PRMT1 and p-RIPK1 (S166) expression in the brain of WT mice subjected to MCAO/R (F) or PC12 cells subjected to OGD/R (I),
P < 0.01 for all of these correlations. (J) Western blot analysis of PRMT1, p-RIPK1 (S166), and RIPK1 in PC12 cells transfected with siPRMT1
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the cell death induced by PRMT]1 silence markedly in OGD/R-
treated PC12 cells as shown by the cell viability test and PI
staining (Fig. 3H and I). Hence, these data suggested that inhi-
bition of PRMT1 aggravated necroptosis and apoptosis in
PC12 cells induced by OGD/R by promoting RIPK1 activation.

3.3.  PRMTI overexpression inhibited RIPKI1-mediated
necroptosis and apoptosis in PC12 cells subjected to OGD/R

The plasmid encoding PRMT1 was transfected into PC12 cells
subjected to OGD/R to further confirm the function of PRMT1 in
cerebral I/R. It was demonstrated that PRMT1 overexpression
increased the cell viability of PC12 cells after OGD/R (Supporting
Information Fig. S7). In addition, TUNEL staining results revealed
that PRMT 1 overexpression markedly reduced the ratio of TUNEL-
positive cells induced by OGD/R (Fig. 4A). Cell apoptosis induced
by OGD/R was greatly suppressed by PRMT1 overexpression as
shown by flow cytometry analysis (Fig. 4B). Meanwhile, PRMT1
overexpression efficiently inhibited the protein levels of p-RIPK1
(S8166), p-MLKL (S345) and cleaved-caspase 3 after OGD/R
stimulation (Fig. 4C—E). Taken together, these data suggested that
PRMT1 alleviated OGD/R-induced necroptosis and apoptosis in
PC12 cells by inhibiting RIPK1 activation.

3.4.  PRMTI interacted with RIPKI directly

PRMT1 alleviated OGD/R injury by inhibiting RIPK1 activation,
then we investigated the underlying mechanism by which PRMT1
regulated RIPK1 activity. The co-immunoprecipitation (Co-IP)
results clearly showed that PRMT1 interacted with RIPK1
(Fig. 5A and B). Meanwhile, immunofluorescence results sug-
gested obvious co-localization between PRMT1 and RIPKI1
(Fig. 5C). Consistently, the interaction between endogenous
PRMT1 and RIPK1 was observed in PC12 cells and reduced after
OGD/R (Fig. 5D). Furthermore, we purified recombinant proteins,
and the pull-down experiment in vitro confirmed the direct inter-
action between PRMT1 and RIPK1 (Fig. SE). Overall, these data
indicated that PRMT1 directly targeted RIPK1.

3.5.  PRMT]I inhibited RIPKI autophosphorylation by
promoting its methylation at R658

Given that PRMT1 is the most predominant methyltransferase in
mammalian cells, we determined whether PRMT1 regulated the
arginine methylation of RIPK1. The plasmids encoding WT
PRMTI or the activity mutant PRMT1 (VLD-AAA)*S were
transfected into PC12 cells and the protein level of p-RIPK1
(S166) was detected. Notably, the overexpression of WT PRMT1
rather than PRMT1 (VLD-AAA) led to a significant reduction in
RIPK1 phosphorylation (Fig. 6A). These data indicated that the
methyltransferase activity of PRMT1 was required for regulating
the kinase activity of RIPK1. Then we assessed whether PRMT1
could promote the asymmetric arginine methylation of RIPK1 and
found that the methylation of RIPK1 was readily detected, espe-
cially the ADMA modification (Fig. 6B). Besides, ADMA
modification of RIPK1 was reduced in PC12 cells subjected to
OGD/R (Fig. 6C). Notably, the formation of ADMA in RIPKI

was significantly dampened in PCI12 cells treated by MS023
(Fig. 6D) and PRMT1 knockdown (Fig. 6E). Consistently, we
observed that RIPK1 arginine methylation was upregulated in the
presence of Flag-PRMT1 (WT), but not in the presence of its
mutant Flag-PRMT1 (VLD-AAA) (Fig. 6F). The homodimeriza-
tion of RIPK1 is vital for the autophosphorylation of RIPK1 and
its downstream signaling necroptosis and apoptosis®’. To further
confirm the role of arginine methylation in the formation of
RIPK1 dimers, we transfected Flag-RIPK1 and Myc-RIPK1
plasmids into HEK 293T cells in the presence or absence of
GFP-PRMT1. Co-IP analysis showed that PRMT]1 attenuated the
dimerization of RIPK1 (Fig. 6G). Consistently, confocal micro-
scopy analysis revealed that RIPK1 exhibited obvious aggregated
punctate staining, while PRMT1 overexpression markedly
reduced the dots (Fig. 6H), suggesting that PRMT1 likely regu-
lated the RIPK1 aggregation. Previous studies demonstrated the
ubiquitination of RIPK1 plays an essential part in the formation of
complex I and regulating RIPK1 kinase activity as well''. How-
ever, our results indicated that PRMT1 overexpression did not
harbor any change in the ubiquitination of RIPK1 (Fig. 6I).

To identify the arginine residue(s) that is methylated by
PRMTI1, we analyzed the protein sequence of RIPK1 using
methylation prediction tools GPS-MSP*. Three arginine residues
ranked top scores were selected for further analyses (Supporting
Information Fig. S8A and S8B). We substituted R71, R371, and
R658 residues in Myc-RIPK1 with lysine (K) individually and the
methylation status of RIPK1 was examined. The result showed that
the substitution of R658 to K (R658K) completely blocked ADMA
modification of RIPK1 induced by PRMTI1(Fig. 6J). Next, we
detected whether PRMT1 regulated the kinase activity of RIPK1
by catalyzing its arginine methylation at R658. Myc-RIPK1™T
and Myc-RIPK1R®%®¥ plasmids were transfected into HEK 293T
cells together with GFP-PRMT1. The IP results showed that
PRMT1 overexpression decreased the p-RIPK1 (Ser166) level of
RIPKIW™T rather than Myc-RIPK1R®*®¥ (Fig. 6K). Moreover, we
further investigated whether PRMT1 protected neurons against I/R
injury by regulating ADMA modification of RIPK1 at R658 res-
idue. Previous studies reported that RIPK1 deficiency did not affect
cell survival obviously under normal conditions>*°, Thus, we
silenced the endogenous RIPK1 expression using siRNA
(Fig. S8C) and then transfected the resistant Myc-RIPK1™T or
Myc-RIPK 178K plasmids into PC12 cells subjected to OGD/R in
the presence or absence of GFP-PRMT1. The results showed that
PRMT1 overexpression obviously increased cell viability, reduced
the rate of PI* cells, and inhibited p-RIPK1 (S166) protein level
and its downstream signals in PC12 cells transfected with Myc-
RIPKIWT after OGD/R, while it did not affect the cells trans-
fected with Myc-RIPK1R38K (Rig. S8D—S8H). These data indi-
cated that PRMT1 displayed its neuroprotective effects by
catalyzing RIPK1 arginine methylation at R658.

3.6.  Pharmacological inhibition or genetic ablation of PRMTI
aggravated brain injury in mice subjected to MCAO/R

To further investigate the potential role of PRMT1 in cerebral I/R
injury in vivo, MS023 was intraventricularly administered to mice
30 min before MCAO and reperfusion. Pretreatment with MS023

or negative control. (K) Western blot analysis of GFP-PRMT1, p-RIPK1 (S166), and RIPK1 in HEK 293T cells transfected with GFP-PRMT|1
plasmid or empty vector. Results are representative of 4 independent experiments. Data are presented as mean & SD. Multiple comparisons were
evaluated by one-way ANOVA (C, E, G, H) followed by Tukey’s test. *P < 0.05, **P < 0.01 compared with control group.
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Figure 2

MSO023, an inhibitor of type I protein arginine methyltransferase (PRMT), enhanced necroptosis and apoptosis of PC12 cells after

OGD/R. PC12 cells were subjected to OGD for 3 h and reoxygenation for 24 h, 5 pmol/LL MS023 or vehicle was administered during reox-
ygenation. TUNEL assay (A), flow cytometry analysis (B) and the protein levels of cleaved-caspase 3 and caspase 3 (E) were assessed. Western
blot analysis of p-RIPK1 (S166) and RIPK1 (C), p-MLKL (S345) and MLKL (D) was determined in PC12 cells subjected to 3 h OGD and 6 h
reoxygenation with MS023 treatment. Scale bars, 20 um. Results are representative of 3 or 4 independent experiments. All data are shown as
mean + SD. Multiple comparisons were evaluated by two-way ANOVA followed by Tukey’s test, *P < 0.05, **P < 0.01 compared with the

indicated group.

obviously increased neurological deficit score (Fig. 7A) and
infarction volume (Fig. 7B and C) induced by MCAO/R. More-
over, MS023 aggravated neuronal morphological lesions in the
hippocampus and cortex visualized by H&E staining (Fig. 7D)
and increased the TUNEL-positive cells substantially at 24 h after
reperfusion (Fig. 7E). Subsequently, we found that MS023 further
increased the protein levels of p-RIPK1 (S166), p-MLKL (S345)
and cleaved-caspase 3 in I/R brain tissues (Fig. 7F, Supporting
Information Fig. S9). Focal cerebral I/R triggers a robust inflam-
matory response involving the activation of microglia and

astrocytes and the production of cytokines. Molecules released
from cells undergoing necrosis also amplify the inflammatory
response*'. Our qPCR results revealed that MS023 significantly
upregulated the mRNA levels of the proinflammatory cytokines
including IL-18, IL-6 and TNF-« in ischemic brain tissues after
MCAO/R (Fig. 7G).

To strengthen the function of PRMTT1 in cerebral I/R injury, we
breed Prmt1™1*Thy]-Cre mice to conditionally knockout
(CKO) PRMTI1 in neurons (Fig. 8A and B). Littermate
Prmt]™¥1°% mice were used as WT controls. We found Prmtl
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Figure 3 PRMT1 silence exacerbated RIPK1-mediated necroptosis and apoptosis of PC12 cells induced by OGD/R. PC12 cells transfected
with siPRMT1 or NC were subjected to OGD for 3 h and reoxygenation for 24 h. In rescue experiments, PC12 cells were treated with 10 umol/L
Nec-1 during siPRMT1 transfection and OGD/R process. Flow cytometry analysis (A), PI staining (I), cell viability (H), and the protein levels of
cleaved-caspase 3 and caspase 3 (D, G) were assessed. p-RIPK1 (S166) and RIPK1 (B, E), p-MLKL (S345) and MLKL (C, F) in PC12 cells
subjected to 3 h of OGD and 6 h of reoxygenation were determined by Western blot. Results are representative of 3 or 4 independent experiments.
All data are shown as mean £+ SD. Multiple comparisons were evaluated by two-way ANOVA followed by Tukey’s test, *P < 0.05, **P < 0.01,
##%P < 0.001 compared with the indicated group.
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Figure 4

PRMT1 protected PC12 cells against OGD/R injury by inhibiting necroptosis and apoptosis. PC12 cells transfected with Flag-

PRMTI1 or empty vector (EV) were subjected to OGD for 3 h and reoxygenation for 24 h. TUNEL assay (A), flow cytometry analysis of
Annexin V and PI (B), and the protein levels of cleaved-caspase 3 and caspase 3 (E) were assessed. p-RIPK1 (S166) and RIPK1 (C), p-MLKL
(S345) and MLKL (D) in PC12 cells subjected to 3 h of OGD and 6 h of reoxygenation were determined by Western blot. Scale bars, 20 pum.
Results are representative of 3 or 4 independent experiments. All data are shown as mean & SD. Multiple comparisons were evaluated by two-way
ANOVA followed by Tukey’s test, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the indicated group.

CKO mice were viable at birth and moved normally, but the body
weight was approximately 13.1% less than that of littermate WT
mice (Supporting Information Fig. S10). Then we performed 2 h
MCAQO and 24 h reperfusion on Prmtl €KO mice and WT controls.
It was observed that PRMT1 deficiency increased neurological
deficit score (Fig. 8C), infarction volume (Fig. 8D and E), and the
ratio of TUNEL-positive cells (Fig. 8F). Consistently, PRMT1
ablation further elevated the expression of p-RIPK1 (S166), p-
MLKL (S345) and cleaved-caspase 3 (Fig. 8G—I). Collectively,
these data indicated that pharmacological inhibition or genetic
ablation of Prmtl exacerbated the cerebral I/R injury.

3.7.  Overexpression of PRMTI ameliorated the brain injury
induced by MCAO/R

Based on the obvious downregulation of PRMT1 in neurons, we
overexpressed PRMT1 by injecting AAV-PRMTT1 into the brain of
WT mice (Fig. 9A). The neuron-specific promoter, human syn-
apsin I, was utilized in the AAV-PRMT1 construct for high
expression of PRMT1. The efficiency of PRMT1 overexpression
was evaluated by GFP fluorescence in brain sections (Fig. 9B) and
Western blot analysis in cortical tissues (Fig. 9C). Results showed
that PRMT1 overexpression significantly attenuated the cerebral
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Figure 5

PRMT]1 interacted with RIPK1 directly. (A, B) Co-IP analysis of the exogenous interaction of PRMT1 with RIPK1. HEK 293T cells

were transfected with plasmids expressing GFP-PRMT1 and Flag-RIPK1. (C) Representative images of laser scanning confocal microscopy for
GFP-PRMT]1 (green) and Flag-RIPK1 (red) in HEK 293T cells. Scale bar, 5 pm. (D) Co-IP analysis of the endogenous interaction of PRMT1 with
RIPK1 in PC12 cells subjected to 3 h of OGD and 6 h of reoxygenation. (E) Co-IP analysis of the interaction between recombinant protein Flag-

PRMT1 and His-RIPK1 incubated in vitro.

I/R injury in mice subjected to MCAO/R (Fig. 9D—H, Supporting
Information Fig. S11). Moreover, the ratio of TUNEL-positive
cells was less in mice injected with AAV-PRMT1 than in mice
injected with AAV vectors after MCAO/R (Fig. 9I). Meanwhile,
PRMT1 overexpression restrained the activation of RIPK1 and its
downstream signaling p-MLKL (S345) and cleaved-caspase 3 in
I/R brain tissues (Fig. 9J, Supporting Information Fig. S12).
Consistently, PRMT1 overexpression greatly downregulated the
mRNA levels of the proinflammatory cytokines in ischemic brain
tissues after MCAO/R (Fig. 9K).

4. Discussion

Accumulating studies highlighted the important role of RIPK1 as
a central mediator of apoptosis and necroptosis following acute
ischemic neuronal injury9'10'42. However, the regulation of RIPK1
kinase activity in ischemic stroke remains largely unknown. In this
study, we proved that PRMT1 directly interacted with RIPK1 and
catalyzed its ADMA modification, which then inhibited the
dimerization and phosphorylation of RIPK1. The cerebral I/R
injury triggered the downregulation of PRMT1, which promoted
the activation of RIPK1 and exacerbated the brain damage.
Furthermore, we provided evidence that PRMT1 protected against
cerebral I/R injury by inhibiting RIPK1-mediated apoptosis and
necroptosis.

RIPK1 is activated through autophosphorylation, especially at
Ser166 residue'?. RIPK1 phosphorylation by IKK1/2**, MK2*,
and TAK1* was shown to prevent autophosphorylation and
induce phosphorylation at other residues. Ubiquitination is
another critical regulatory mechanism of RIPK1. K63-linked
ubiquitination of RIPK1 by cIAP1/2 promoted complex I forma-
tion by facilitating the recruitment of TAK1, LUBAC, NEMO,
IKK1/2, etc'*!'*. Deubiquitinase CYLD removed K63-linked and

M1-linked ubiquitin chains from RIPK1 and promoted necroptosis
onset'®*. E3 ligase PELI1 mediated K63-linked ubiquitination of
RIPK1 at K115 residue which is required for the formation of
necrosome*’. Here, we provide the first proof that the phosphor-
ylation of RIPK1 rather than its ubiquitination was suppressed by
PRMT1-mediated arginine methylation. RIPK1 consists of an
N-terminal kinase domain (KD), an intermediate domain (ID)
containing a receptor-interacting protein homotypic interaction
motif (RHIM) and a C-terminal death domain (DD)’. Previous
structural studies showed that RIPK1-DD-mediated homodimeri-
zation promoted the autophosphorylation and activation of
RIPK1¥. We found that PRMT1 significantly reduced the
dimerization of RIPK1 and inhibited the phosphorylation of
RIPK1 at Ser166. It was reported that mutating K599R in human
RIPK1 (K584 in murine RIPK1), a lysine located on the surface of
the DD, blocked RIPK1 homodimerization and its kinase activa-
tion. The defect of K584R can be rescued by forced dimerization,
which indicated that K599/K584 might be subject to modification,
e.g., methylation, and the modification was likely to affect RIPK1
dimerization®’. Additionally, arginine methylation has been re-
ported to contribute to the conformational changes®®. Importantly,
we demonstrated that PRMT1 regulated the kinase activity of
RIPK1 by catalyzing its arginine methylation at R658 residue.
Therefore, we proposed that arginine methylation of RIPK1%¢*
induced by PRMT1 would affect the DD-mediated RIPK1
homodimerization by changing its conformation. However, the
exact spatial conformation changes caused by methylation need to
be explored further.

PRMT1 is the leading member of type I PRMT which accounts
for over 90% of ADMA®*. The Human Protein Atlas (https://
www.proteinatlas.org/) database showed that PRMTI is exten-
sively distributed in the nervous system. Previous studies revealed
that PRMT1 played a dominant role in the development of the
nervous system”? and neurodegenerative diseases?”. However,
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Figure 6 PRMT!I inhibited RIPK1 auto-phosphorylation by promoting its methylation. (A) Western blot analysis of Flag-PRMT1, p-RIPK1
(§166), and RIPK1 in PCI12 cells transfected with Flag-PRMT1 plasmid (WT or VLD-AAA). (B) Co-IP analysis of arginine methylation types
(ADMA, SDMA, MMA) of RIPK1 in HEK 293T cells transfected with plasmids expressing Flag-RIPK1. (C) Co-IP analysis of the endogenous
RIPK1 asymmetric dimethylation in PC12 cells subjected to 3 h of OGD and 6 h of reoxygenation. (D) IP analysis of the ADMA level of RIPK1
in PC12 cells treated with vehicle or MS023 for 24 h. (E) IP analysis of the ADMA level of RIPK1 in PC12 cells transfected with siPRMT1 or
NC. (F) IP analysis of the ADMA level of RIPK1 in HEK 293T cells transfected with Flag-PRMT]1 plasmid (WT or VLD-AAA) and Myc-RIPK1.
(G) HEK 293T cells were transfected with Flag-RIPK1, Myc-RIPK1 and GFP-PRMT1 plasmids. The interaction between differently tagged
proteins was determined by Co-IP analysis. (H) Representative images of laser scanning confocal microscopy for GFP (green) and Myc (red) in
HEK 293T cells transfected with Myc-RIPK1 and GFP-PRMT1 or GFP-vector plasmids. Scale bar, 5 um. (I) IP analysis of RIPK1 ubiquitination
in HEK 293T cells transfected with plasmids expressing Flag-PRMT 1, His-RIPK1, and HA-ubiquitin (HA-Ub). (J) IP analysis of the ADMA level
of RIPK1 in HEK 293T cells transfected with plasmids expressing GFP-PRMT1, Myc-RIPK1™7, or corresponding mutants. (K) IP analysis of the

phosphorylation level (Ser166) of RIPK1 in HEK 293T cells transfected with plasmids expressing GFP-PRMT1, Myc-RIPK1™T, or Myc-
RIPKRO¥K,
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Figure 7 MSO023 aggravated the cerebral I/R injury. Wild-type mice were subjected to MCAO for 2 h and reperfusion for 24 h. MS023 was
intraventricularly administered to mice 30 min before MCAO. (A) Neurological deficit scores. n = 10 mice per group. (B) Representative
photographs of coronal brain sections stained by TTC. Scale bar, 1 cm. (C) The infarct volume was expressed as the percentage of the
contralateral hemispheric area. n = 6 mice per group. (D) Representative photomicrographs of H&E staining in the cortex and hippocampus. (E)
Representative images and quantification of TUNEL staining in brain tissue. Scale bars, 20 um. n = 6 mice per group. (F) Western blot analysis
of p-RIPK1 (S166) and RIPK1, p-MLKL (S345) and MLKL, cleaved-caspase 3 and caspase 3 protein levels in I/R brain tissues. n = 6 mice per
group. (G) The relative mRNA levels of 111b, 116, and Tnfa in brain tissues of mice subjected to ischemia—reperfusion injury. » = 6 mice per
group. Results are shown as mean + SD. Multiple comparisons were evaluated by two-way ANOVA followed by Tukey’s test, *P < 0.05,
**P < 0.01, ¥**P < 0.001 compared with indicated group.
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Figure 8 PRMTI1 deficiency exacerbated the cerebral I/R injury. (A) Prmt1™V1% mice were crossed with Thyl-Cre mice to generate
Prmt1%°1°% Thy ] -Cre mice. (B) Genotyping was confirmed by tail preparation and PCR at 3 weeks of age. (C) Neurological deficit scores.
n = 10 mice per group. (D) Representative photographs of coronal brain sections stained by TTC. Scale bar, 1 cm. (E) The infarct volume was
expressed as the percentage of the contralateral hemispheric area. n = 6 mice per group. (F) Representative images and quantification of TUNEL
staining in brain tissue. Scale bars, 20 pm. n = 6 mice per group. (G—I) Western blot analysis of p-RIPK1 (S166) and RIPK1 (G), p-MLKL
(S345) and MLKL (H), cleaved-caspase 3 and caspase 3 (I) protein levels in I/R brain tissues. n = 6 mice per group. Results are shown as
mean = SD. Multiple comparisons were evaluated by two-way ANOVA followed by Tukey’s test, *P < 0.05, **P < 0.01, ***P < 0.001
compared with the indicated group.
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Figure 9  Overexpression of PRMT1 by AAV-PRMTT1 injection ameliorated the cerebral I/R injury. Adeno-associated virus (AAV) containing
PRMT1 (AAV-PRMT1) was injected into the left brain of WT mice for 3 weeks. Then the mice were subjected to MCAO for 2 h and reperfusion
for 24 h. (A) The injection coordinates. The AAV-PRMT1 efficiently infected mouse brain (B) and the protein expression of PRMT1 (C) was
elevated in the AAV-PRMT 1-injected mice. (D) Corner test results of indicated mice subjected to MCAO/R or sham treatment in the left section of
the brain. n = 6 mice per group. (E) Neurological deficit scores. n = 10 mice per group. (F) Representative photographs of coronal brain sections
stained by TTC. Scale bars, 1 cm. (G) The infarct volume was expressed as the percentage of the contralateral hemispheric area. n = 6 mice per
group. (H) Representative photomicrographs of H&E staining in the cortex and hippocampus. Scale bars, 20 pm. (I) Representative images and
quantification of TUNEL assay in brain tissue. Scale bars, 20 pum. n = 6 mice per group. (J) Western blot analysis of p-RIPK1 (S166), RIPK1,
p-MLKL (S345), MLKL, cleaved-caspase 3 and caspase 3 protein levels in I/R brain tissues. n = 6 mice per group. (K) The relative mRNA levels
of 1l1b, 116 and Tnfa in brain tissues of mice subjected to I/R injury. n = 6 mice per group. Results are shown as mean + SD, multiple com-
parisons were evaluated by two-way ANOVA followed by Tukey’s test, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the indicated group.
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whether PRMT]1 is linked to the cerebral I/R injury is not clear.
The present study showed that the total ADMA level and PRMT1
protein level were significantly decreased in the brain tissues
subjected to MCAO/R, which was consistent with the results
obtained in PC12 cells and cultured primary neurons. The details
that the PRMT1 protein level was reduced after cerebral I/R injury
were interesting and worth investigating. We found that PRMT]1
mRNA levels barely changed in brain tissues of mice subjected
to MCAO/R and it suggested the decrease of PRMTI1 protein
levels after cerebral I/R was not due to its transcriptional alter-
ation. The ubiquitin-proteasome pathway is involved in the
regulation of PRMT1 protein stability. The E3 ubiquitin ligases
TRIM48, CHIP, E4B, and FBXO7 were all reported to poly-
ubiquitinate PRMT1 and promote its degradation by the protea-
some pathway*®>°. Therefore, the downregulation of PRMTI
protein levels after cerebral I/R injury was possibly caused by
its ubiquitin—proteasomal degradation. However, the specific E3
ligase mediated the degradation of PRMT1 in ischemic stroke
needs further exploration. Notably, ADMA modification of RIPK1
was reduced in PCI2 cells subjected to OGD/R. Moreover,
p-RIPK1(S166), p-MLKL (S345), and cleaved-caspase 3 were
upregulated at varying time points that are consistent with the
previous report’. Based on the fact that PRMT1 mediated the
ADMA modification of RIPK1 and inhibited its activation. Thus,
we speculated that PRMT1 may be involved in cerebral I/R injury
by regulating the kinase activity of RIPK1. Indeed, our results
showed pharmacological inhibition of PRMT1 or PRMT1 defi-
ciency notably facilitated the phosphorylation of RIPK1, accel-
erated the onset of apoptosis and necroptosis, and finally
exacerbated the cerebral I/R injury. Inhibition of RIPK1 kinase
activity by Nec-1 rescued the cell death induced by PRMT1
silence in OGD/R-treated PC12 cells. Hence, we demonstrated
that PRMT1 was critical for both apoptosis and necroptosis by
regulating the kinase activity of RIPK1 in cerebral I/R injury.

5. Conclusions

In this study, we identified PRMT1 as a regulator of RIPKI-
dependent apoptosis and necroptosis after cerebral I/R injury. We
provided evidence for the first time that PRMT1 directly targeted
RIPK1 and mediated its ADMA modification, which inhibited the
dimerization and phosphorylation of RIPK1, thus attenuating the
RIPK1-dependent apoptosis and necroptosis. The cerebral I/R
injury triggered the downregulation of PRMT1 which promoted
the activation of RIPK1 and exacerbated the brain damage. Given
the critical role of PRMT1 in cerebral I/R injury, PRMT1 would
be an attractive therapeutic target for the treatment of stroke.
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