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Upregulation of nitric oxide (NO) production contributes to the pathogenesis of numerous diseases via S-nitro-
sylation, a post-translational modification of proteins. This process occurs due to the oxidative reaction between
NO and a cysteine thiol group; however, the extent of this reaction remains unknown. S-Nitrosylation of PRMT1,
a major asymmetric arginine methyltransferase of histones and numerous RNA metabolic proteins, was induced
by NO donor treatment. We found that nitrosative stress leads to S-nitrosylation of cysteine 119, located near the
active site, and attenuates the enzymatic activity of PRMT1. Interestingly, RNA sequencing analysis revealed
similarities in the changes in expression elicited by NO and PRMT1 inhibitors or knockdown. A comprehensive
search for PRMT1 substrates using the proximity-dependent biotin identification method highlighted many
known and new substrates, including RNA-metabolizing enzymes. To validate this result, we selected the RNA
helicase DDX3 and demonstrated that arginine methylation of DDX3 is induced by PRMT1 and attenuated by NO
treatment. Our results suggest the existence of a novel regulatory system associated with transcription and RNA

metabolism via protein S-nitrosylation.

1. Introduction

Nitric oxide (NO) is a gaseous molecule produced from r-arginine by
NO synthase (NOS). At low concentrations, NO has physiological func-
tions including vasodilation and neurotransmission, whereas at high
concentrations, such as during inflammatory responses, it has delete-
rious effects on tissues.! S-Nitrosylation by NO is a reversible
post-translational modification of the thiol group of cysteine residues
that alters protein function and acts as a pathogenic mechanism in
cancer and neurodegenerative diseases.? '® The biotin-switch assay is a
method for the detection of protein S-nitrosylation, and multiple sub-
strates have been identified.'* ¢

Even in the absence of gene mutations, changes in physiological
functions have been suggested to cause pathological conditions such as
cancer and neurodegenerative diseases.”” The influence of environ-
mental electrophiles, particularly NO, has attracted attention as an
etiological factor associated with such changes in gene expression.
Recently, we identified DNA methyltransferase 3B (DNMT3B) as a
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substrate for S-nitrosylation and showed that NO affects gene tran-
scription through the regulation of DNMT3B enzyme activity.” Although
the involvement of nitrosative stress in transcriptional regulation via
DNA methylation has been demonstrated, the detailed mechanisms of
NO-sensitive RNA metabolism remain unknown.

Protein arginine methyltransferases (PRMTs) contribute to various
protein functions by changing protein interactions, localization, stabil-
ity, signal transduction, and enzymatic activity through the methylation
and dimethylation of arginine residues.'” ! PRMTs can be classified in
three groups: Type I, which are responsible for asymmetric dimethyla-
tion and monomethylation; Type II, which are responsible for mono-
methylation and symmetric dimethylation; and Type III, which are
responsible only for monomethylation. PRMT1 belongs to Type I and is
responsible for 85 % of total arginine methylation in the cell.?>** Sub-
strates of PRMT1 include histone H4R3, which regulates transcrip-
tion.?»?> Notably, PRMT1 induces methylation of many RNA-binding
proteins, which contribute to almost all pathways of RNA metabolism,
including splicing, transcription, and translation.?*>%%”
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Although the methylation of the PRMT1 substrate increases under
H20,-mediated oxidative stress, the regulatory mechanism of PRMT1
enzymatic activity under stress remains unclear.?® Here, we show that
PRMT1 enzymatic activity is suppressed by S-nitrosylation. Interest-
ingly, RNA sequencing (RNA-seq) analysis revealed similar expression
changes under the influences of NO stress and PRMT1 inhibitors or
knockdown, suggesting a close association between NO and PRMT1. A
comprehensive  search for PRMT1 substrates using the
proximity-dependent biotin identification (BioID) method revealed that
many known and candidate substrates are associated with
RNA-metabolizing enzymes. To validate these results, we selected the
substrate dead-box helicase 3X-linked (DDX3), and found that arginine
methylation of DDX3 is induced by PRMT1 but attenuated by NO
treatment. Our results suggest the existence of a novel redox regulatory
system associated with transcription and RNA metabolism.

2. Materials & methods
2.1. Reagents and antibodies

The following antibodies were purchased from the indicated ven-
dors: anti-PRMT1 antibody (11279-1-AP, Proteintech, Rosemont, IL,
USA), anti-asymmetric dimethyl arginine (ADMA) antibody (07-414,
Sigma-Aldrich, St. Louis, MO, USA; #13522, Cell Signaling, Danvers,
MA, USA), anti-H4R3me2a antibody (A7261, ABclonal, Woburn, MA,
USA), anti-Histone H4 antibody (A1131, ABclonal), anti-mouse HA
antibody (66006-2-1g, Proteintech; #2367, Cell Signaling), anti-rabbit
HA antibody (51064-2-AP, Proteintech), anti-FLAG antibody (A8592,
Sigma-Aldrich). We wused S-nitrosocysteine (SNOC), S-nitro-
soglutathione (GSNO) or NOC-18 (Dojindo, Kumamoto) as NO donor,
MS023 (Selleck, Houston, TX, USA) as PRMT1 inhibitor.

2.2. Cell culture and transfection

Human embryonic kidney (HEK) 293T, human neuroblastoma (SH-
SY5Y), and human cervical carcinoma (HeLa) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 %
(v/v) heat-inactivated fetal bovine serum at 37 °C in a humidified at-
mosphere of 5 % CO2/95 % air. Transfection was conducted using pol-
yethyleneimine MAX (Polysciences Inc., Warrington, PA, USA),
according to the manufacturer’s instructions.

2.3. Plasmids and mutagenesis

Human Myc-DDK-tagged PRMT1 was purchased from Origene
Tecchnologies Inc. (Rockville, MD, USA). The DDX3 plasmid was kindly
provided by Dr. Yasuo Ariumi.”®* Mutation of PRMT1 was performed
with PrimeSTAR GXL DNA polymerase (Takara Bio Inc., Shiga, Japan)
using the following primer pairs: C119S mutant, 5- TCG AGA GCT CGA
GTA TCT CTG ATT ATG CG -3’ and 5'- TAC TCG AGC TCT CGA TCC CGA
TGA CCT TG -3'; C226S mutant, 5'- ACA TGA GTT CCA TCA AAG ATG
TGG CCA T -3'and 5- TGA TGG AAC TCA TGT CGA AGC CAT ACA C-3'.
The polymerase chain reaction (PCR) products were incubated with
Dpnl for 1 h at 37 °C and then transformed into competent Escherichia
coli DH5a cells. The PRMT1-BirA plasmid was generated using EX pre-
mier DNA polymerase (Takara Bio Inc.) with the following primer pair:
BirA, 5- CCC ACG CGT GGA TCC AAG GAC AAC ACC-3' and 5- GGG
CCG CGG CTA TGC GTA ATC CGG TAC-3. The PCR products were
digested with Mlul and Sacll and subcloned into a similarly digested
Myc-DDK-tagged PRMT1 plasmid. The inserted sequences were
confirmed through Sanger sequencing.

2.4. Western blotting analysis

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCI [pH 7.5], 0.15 M NaCl, 1 % Triton X-100, 0.1 % sodium
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dodecyl sulfate [SDS], and 0.5 % sodium deoxycholate) supplemented
with cOmplete protease inhibitor cocktail (11836145001, Roche,
Mannheim, Germany). After protein quantification with a BCA Protein
Assay Kit (Takara Bio Inc.), cell lysates were boiled in laemmli buffer
and subjected to Western blotting as previously described.'®

2.5. Biotin switch assay

The biotin switch assay was performed as previously
described.®'>'* SH-SY5Y or HEK293T cells were prepared in RIPA
buffer supplemented with protease inhibitor cocktail. Cell lysates (800
ug) were subjected to the biotin switch assay. The samples were incu-
bated with blocking buffer (2.5 % SDS and 15 mM or 25 mM methyl
methanethiosulfonate [MMTS] in HEN buffer) for 30 min at 50 °C to
block free cysteine residues. After acetone precipitation to remove
MMTS, 12.5 mM ascorbic acid was added to reduce nitrosothiols and
react with the sulfhydryl-specific biotinylation reagent HPDP-Biotin
(Thermo Fisher Scientific, Waltham, MA, USA). Biotinylated proteins
were pulled down using NeutraAvidin agarose beads (Thermo Fisher
Scientific). The samples were analyzed via Western blotting.

2.6. Histone extraction

Histone extraction was performed as previously described. HEK293T
cells were harvested with phosphate-buffered saline (PBS). Cells were
resuspended in TEB buffer (0.5 % Triton-X, 0.02 % NaNg in PBS) for
washing and then centrifuged to remove the supernatant. The pellets
were resuspended in 0.2 N HCI for histone extraction.

2.7. Immunoprecipitation

HEK293T cells were prepared in immunoprecipitation buffer (50
mM Tris HCl [pH 7.5], 0.15 M NaCl, 1 % NP40, 5 mM ethyl-
enediaminetetraacetic acid [EDTA]) for coimmunoprecipitation, or in
RIPA buffer for immunoprecipitation to analyze ADMA levels, supple-
mented with a protease inhibitor cocktail. Whole-cell lysates were
treated with anti-HA antibody or normal IgG at 4 °C overnight and
conjugated with Protein G Sepharose 4 Fast Flow beads (Cytiva, Tokyo)
for 2 h.

2.8. Helicase assay

Helicase assay was performed as previously described.®’*> The
helicase activity of DDX3 was measured as the conversion of
double-stranded (ds) RNA (18mer 5-6FAM modified, 5'- CCC AAG AAC
CCA AGG AAC-3/, 36mer, 5-ACC AGC UUU GUU CCU UGG GUU CUU
GGG AGC AGC AGG-3") to single strand as a molecular weight change.
An 18 mer RNA without FAM modification was used as a competitor to
reanneal after unwinding. HEK293T cells transfected HA-tagged DDX3
were prepared in NP-40 Lysis buffer (20 mM HEPES-NaOH [pH 7.5], 10
mM EGTA [pH 8.0], 40 mM p-glycerophosphate, 1 % NP-40, 2.5 mM
MgClp, 2 mM orthovanadate, 2 mM NaF, 1 mM DTT, and protease in-
hibitor). Lysates (500 pg) were mixed with 20 pl anti-HA magnetic beads
(88836, Thermo Fisher Scientific) overnight to pull down HA-tagged
DDX3. After overnight incubation, beads were washed with RIPA
buffer 2 times and then washed with TBS-T buffer 2 times to remove the
reaction with the other helicases in the lysate, before washing with
buffer containing 50 mM Tris-HCl (pH 7.5) and 10 mM MgCl, one time.
dsRNA (200 nM) was incubated with pull-down DDX3 and 1 pM
competitor in reaction buffer (50 mM Tris-HCl [pH 7.5], 10 mM MgCly,
1 mM DTT, 0.2 mg/ml BSA, 1 unit/pl RNase inhibitor [Takara Bio Inc.],
and 4 mM ATP) in 50 pl volume for 30 min. The reaction was stopped by
the addition of one-tenth of solution containing 50 mM EDTA (pH 8.0),
40 % glycerol, and bromophenol blue. The supernatants were loaded
onto a 20 % acrylamide gel and detected by Gel Doc EZ Imager (Bio--
Rad). After completion of the reaction, the beads were used to detect
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DDX3 and normalize single-stranded (ss) RNA levels by Western
blotting.

2.9. BiolD

BiolD was performed as previously described.>>** HEK293T cells
were transfected with PRMT1-BirA for 24 h prior to treatment with 50
pM biotin for 24 h. Cells were harvested with lysis buffer (50 mM
Tris-HCI [pH 7.4], 0.5 M NaCl, 0.4 % SDS, 5 mM EDTA, 1 mM dithio-
threitol) supplemented with a protease inhibitor cocktail. Next, 2 %
Triton-X was added to the proteins, followed by 50 mM Tris-HCI. Bir-
A-labeled proteins were pulled down using NeutrAvidin agarose. The
samples were analyzed through liquid chromatography with tandem
mass spectrometry (LC-MS/MS).

2.10. LC-MS/MS

LC-MS/MS was performed as previously described.®® The BioID
samples were subjected to SDS-polyacrylamide gel electrophoresis. Prior
to separation, single bands were excised and digested using trypsin. The
digestion product was subjected to Q-Exactive HF-X Hybrid
Quadrupole-Orbitrap mass spectrometry (MS). MS and tandem MS
(MS/MS) data were acquired using the data-dependent top10 method.
The resulting MS/MS data were searched using MASCOT 2.8 and
quantified using Proteome Discoverer3.0 with various modifications.

2.11. Gene ontology (GO) analysis

GO analysis was performed using Metascape ver.3.5.20230501
(Metascape) with the GO dataset for biological processes.>® Represen-
tative GO terms were visualized using Prism.

2.12. RNA sequencing

SH-SYS5Y cells were treated with 200 pM GSNO for 48 h. Total RNA
was extracted using an RNeasy Mini Kit (Qiagen, Venlo, Netherlands).
The NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, Ipswitch,
MA, USA) and NEBNext Ultra II RNA Library Prep Kit for [llumina (NEB)
were used to create the RNA-seq library. Sequencing was performed on
the lumina Novaseq 6000 platform, and sequence data files were
analyzed using CLC Genomics Workbench 20.0.4 (Qiagen). The
sequence data file has been deposited in the DNA Data Bank of Japan
(DRA017247).

2.13. Gene set enrichment analysis (GSEA)

To explore the association between nitrosative stress and decreased
activity of PRMT1, GSEA was performed in the GSNO group and control
glutathione (GSH) group of RNA sequence data. GSEA was conducted
using GSEA 4.3.2 (GSEA [gsea-rnsigdb.org]).37 Gene sets from
GSE122435 and GSE158625 were used.*®>°

2.14. Statistical analysis

Statistical analysis was performed using one-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparison test. Values are
expressed as mean + standard error of the mean (SEM). Prism version 8
(GraphPad Software, Boston, MA, USA) was used for statistical analysis.
3. Results
3.1. S-nitrosylation of PRMT]1 is induced by NO donors

Although a previously reported proteomic analysis indicated that

PRMTT1 is a candidate factor for S-nitrosylation, '® whether nitrosylation
actually occurs and affects PRMT1 function remains unclear. We first
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examined whether PRMT1 was S-nitrosylated in SH-SY5Y cells treated
with the physiological NO donors S-nitrosocysteine (SNOC) and
S-nitrosoglutathione (GSNO). After exposure to NO, cell lysates were
subjected to the biotin switch assay.'* Immunoblot analysis showed that
endogenous PRMT1 was S-nitrosylated in an NO donor
concentration-dependent manner (Fig. 1A-D).

3.2. The major S-nitrosylation site of PRMT]1 is the cysteine 119 residue

Next, to search for S-nitrosylation sites, we focused on cysteine res-
idues that are important for the function of PRMT1. Cysteines corre-
sponding to residues 119 (C119) and 226 (C226) in human PRMT1 are
under redox control in rats.*’ Three-dimensional structure-based models
predicted that both residues C119 and C226 are located on the surface of
PRMT1, and that C119 is located around the PRMT1 active site and the
binding pocket for S-adenosylhomocysteine (SAH), a metabolite of the
methyl group donor (Fig. 2A and B).*'*° To investigate whether C119
and C226 were S-nitrosylated, mutants in which cysteine was replaced
with serine (designated C119S and C226S, respectively) were generated,
expressed in cells, and treated with SNOC. Biotin switch assays showed
that S-nitrosylation was almost completely abolished in C119S, whereas
in the C226S mutant was not (Fig. 2C and D). These results indicate that
C119 is the dominant S-nitrosylation site of PRMT1.

3.3. S-nitrosylation of PRMT1 suppresses its enzymatic activity

As C119 is located around the catalytic domain of PRMT1, we hy-
pothesized that NO regulates asymmetric arginine dimethylation via
PRMT1. To test this hypothesis, we treated cells for 48 h with the NO
donor NOC-18 and examined the global asymmetric dimethyl arginine
(ADMA) levels of the protein using a specific antibody. Although SNOC
and GSNO are widely used in experiments as physiological NO donors,
they have short half-lives of a few minutes and hours, respectively.*°
Therefore, we used NOC-18, which is also a NO donor and has a long
half-life of 21 h, to examine the effects of PRMT1 activity and physio-
logical functions by NO.*” The PRMT1 inhibitor MS023 inhibited the
formation of ADMA,*® indicating that this system depends on PRMT1
activity. We found that ADMA levels decreased in a NOC-18 concen-
tration-dependent manner (Fig. 3A and B).

To further investigate the NO-mediated effects of PRMT1, we focused
on histone H4R3, a major substrate of PRMT1.2%?> We extracted his-
tones from cells treated with NOC-18 for 48 h and found that the levels
of asymmetric dimethylation of histone H4R3 (H4R3me2a) decreased in
a concentration-dependent manner upon NOC-18 treatment (Fig. 3C and
D). These data suggest that NO regulates the enzymatic activity of
PRMT1.

As PRMT]1 regulates transcription through the methylation of his-
tones and other RNA-binding proteins, we performed transcriptomic
analysis of expression changes induced by excessive NO stress via GSEA
in SH-SY5Y cells. We found that the signatures of genes that were
upregulated with PRMT1 knockdown or PRMT1 inhibitor treatment
were positively enriched in NO-treated cells (Fig. 3E-G).*®*° These data
suggest that NO stress contributes to changes in cellular transcription
through PRMT1 activity.

3.4. DDX3 is a substrate of PRMT1 and its dimethylation is attenuated by
NO treatment

A comprehensive search for PRMT1 substrates was conducted to
elucidate bioactive changes associated with reduced PRMT1 activity
under NO stress using the BioID method.>® In the BioID assay, we con-
jugated PRMT1 with Escherichia coli biotin ligase BirA, which imparts a
biotin label to the surrounding proteins. Cells were transduced with
PRMT1-BirA for 24 h, and biotin was added for 24 h. Cell lysates were
collected, and then biotinylated proteins were reacted with NeutrAvidin
beads and subjected to LC-MS/MS (Fig. 4A). We identified 1349


https://metascape.org/gp/index.html

R. Taniguchi et al. Journal of Pharmacological Sciences 154 (2024) 209-217

A GSNO (uM) c SNOC (uM)

(kpa) 0 50 100 200 (kba) 0 50 100 200
48

—‘ o — -|SNO-PRMT1 48‘] - - |SNO-PRMT1
48“ W| PRMT1 (input) 48‘| -—-— - - - | PRMT1 (input)

B D
sdesfesk

- 607 ek 40 A R

= i .

= =

o < 30 A

& S 401 £

C s sk -5

S5 55 201

o>r o o o

o5 204 oS *

L e * r = 10 A

o O °

& z .

0- 0 -
0 50 100 200 0 50 100 200
GSNO (uM) SNOC (uM)

Fig. 1. S-nitrosylation of PRMT1 in SH-SY5Y cells. (A) SH-SY5Y cells were exposed to the indicated concentrations of GSNO for 5 min. Cell lysates were subjected
to a biotin switch assay. The control samples were treated with GSH. (B) The relative ratio of SNO-PRMT1 in panel (A) was quantified and normalized to input
PRMT1. Statistical analysis was performed using one-way ANOVA with Bonferroni’s multiple comparison test. Values are expressed as mean + SEM. n = 3; *p <
0.05, ***p < 0.001 versus the control sample. (C) SH-SY5Y cells were exposed to various concentrations of SNOC for 10 min. Control samples were treated with 200
1M old SNOC. Cell lysates were subjected to a biotin switch assay. (D) The relative ratio of SNO-PRMT1 in panel (C) was quantified and normalized to input PRMT1.

Values are expressed as mean + SEM. n = 6; *p < 0.05, ***p < 0.001 versus the control sample.
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Fig. 2. The major S-nitrosylation site of PRMT1 is cysteine 119. (A, B) Structures of PRMT1 were reconstructed using pyMOL ver. 2.5.5 (PDB 6NT2). Red in-
dicates mutation, yellow indicates catalysis active site, and pink represents S-adenosyl homocysteine. (C) HEK293T cells transduced with wild-type or C-to-S mutant
PRMT1 were exposed to 200 pM SNOC or old SNOC for 30 min. SNO-PRMT1 was detected using a biotin switch assay with an anti-PRMT1 antibody. (D) The relative
ratio of SNO-PRMT1 in panel (C) was quantified and normalized to input PRMT1. Statistical analysis was performed using one-way ANOVA with Bonferroni’s
multiple comparison test. Values are expressed as mean + SEM. n = 3; **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

biotinylated candidates (>2 fold) and 40 methylated proteins through results of GO analysis, we specifically focused on the effects of PRMT1
LC-MS/MS (Supplementary Table 1). We used 1109 proteins with Na- on RNA metabolism. For this assessment, we focused on DDX3, an RNA
tional Center for Biotechnology Information (NCBI) gene symbols helicase. In the BioID sequence of amino acids 82-93, the MS/MS
among a total of 1349 proteins to construct a Venn diagram.“’ In total, spectrum of the peptides was shifted to the right by a dimethyl group,
2064 PRMT1 substrates were present in the database.”® Interestingly, suggesting that arginine 88 (R88) was dimethylated (Fig. 4D, Supple-
more than half of the protein of this analysis were included in the mentary Fig. S1A). In the sequence of amino acids 604-622, the MS/MS
database as previously known substrates of PRMT1 and many novel spectrum of the peptides was shifted to the right by a methyl or dimethyl
proteins were identified (Fig. 4B). GO analysis revealed that candidate group, suggesting that arginine 617 (R617) is a target of methylation
substrates of PRMT1 are involved in translation, cell division, ribonu- (Fig. 4D, Supplementary Figs. S1B and C).

cleoprotein complexes, and RNA metabolism (Fig. 4C). Based on the To confirm the interaction between PRMT1 and DDX3, we performed
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histones were used for detection of H4R3me2a and total H4 via Western blotting analysis. (D) The level of H4R3me2a was quantified and normalized to the total
histone H4 level. Values are expressed as mean + SEM. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001 versus the control sample. (E-G) GSEA of upregulated genes (>2
fold) in MV4-11 cells, THP-1 cells with PRMT1 knockdown (GSE122435) and A549 cells exposed to MS023 (GSE158625). Analysis was performed for SH-SY5Y cells

treated with GSNO for 48 h compared to GSH-treated SH-SY5Y cells.

coimmunoprecipitation assay using extracted lysates from cells coex-
pressing PRMT1 and DDX3 (Fig. 5A). We confirmed that DDX3 exhibits
asymmetric dimethylation, which decreased under NOC-18 treatment
(Fig. 5B and C). These results suggest that the regulation of DDX3
through PRMT1 is involved in NO stress.

To clarify the effect of decreasing ADMA levels of DDX3, we focused
on its helicase activity. HA-tagged DDX3 were transfected to HEK293T
cells. After treatment with NOC-18 or MS023 for 48 h, DDX3 was
collected using anti-HA magnetic beads for helicase assay. DDX3 was
incubated with dsRNA to check unwinding ability. Unwound ssRNA was
increased when DDX3 was treated with NOC-18 or MS023 (Fig. 5D and
E). This suggests that decreased ADMA levels by NO activates DDX3
helicase activity. Our data suggest that S-nitrosylation of PRMT1 is
involved in the regulation of RNA metabolism through the regulation of
PRMT1 enzymatic activity.

4. Discussion

The present study revealed that PRMT1 is S-nitrosylated, mainly at
C119, under nitrosative stress, attenuating its activity. RNA-seq analysis
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revealed that the changes in gene expression characteristic of NO stress
indicated trace inhibition of PRMT1 activity. To comprehensively
identify PRMT1 targets, we searched for PRMT1 proximate factors using
BioID and identified several known and unknown candidate substrates.
GO analysis showed enrichment of gene expression regulators, including
RNA-metabolizing enzymes. Furthermore, arginine asymmetric dime-
thylation of the known substrate histone H4R3 and DDX3, which is
involved in RNA metabolism through RNA helicase activity, was
inhibited under excessive nitrosative stress. Given that candidate sub-
strates include a number of proteins that regulate RNA metabolism, this
study provides a new perspective on the existence of a regulatory system
concerning RNA metabolism via S-nitrosylation.

C119 is located on the surface of PRMT1 and is expected to be easily
accessible to NO (Fig. 2A). Although the binding site of the methyl group
donor S-adenosyl methionine itself is not clear, S-nitrosylation of
PRMT1 may inhibit the enzyme activity through the inhibition of donor
binding, as C119 is located near the SAH-binding pocket (Fig. 2B). The
mode of inhibition should be investigated in future studies. S-Nitro-
sylation of PRMT1 correlated well with enzymatic activity, and occurred
in a concentration-dependent manner above 50 pM (Fig. 1A-D).
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Fig. 4. Identification of DDX3 through a comprehensive search for PRMT1 substrates. (A) Schematic illustration of the BioID experiment. HEK 293T cells were
transduced with PRMT1-BirA or pcDNA3.1 for 24 h prior to treatment with 50 pM biotin for 24 h. Biotinylated proteins were collected with NeutrAvidin agarose. (B)
Venn diagram showing overlapping genes between biotinylated genes (>2 fold) and genes contained in the database. (C) GO analysis of biotinylated genes (top 500
based on fold change) in the BioID experiment. GO analysis was performed using Metascape against the GO dataset for biological processes. (D) Identification of

DDX3 methylation sites through LC-MS/MS.

Although the NO donors were different, a concentration-dependent
decrease in ADMA levels was observed after treatment with 50 pM
NOC-18 for both global protein and histone H4R3 (Fig. 3A-D). RNA-seq
analysis of gene expression changes caused by NO donor treatment
showed similarities to PRMT1 inhibitor treatment and PRMT1 knock-
down (Fig. 3E-G), suggesting a correlation between PRMT1 activity and
NO stress-induced changes in gene expression.

The BiolD assay performed in this study re-identified many known
PRMT1 substrates, such as fused in sarcoma (FUS), and is considered an
effective method for exploring candidate PRMT1 substrates. Interest-
ingly, among the proteins identified in this study, more than 529
candidate substrates are not included in the database (Fig. 4B), and their
analysis will clarify the NO-induced changes in PRMT1 activity. GO
results indicated that S-nitrosylation of PRMT1 plays a significant role in
RNA metabolism (Fig. 4C). Among substrates identified in the BioID
assays, we focused on DDX3, which exhibits enzymatic activity and
plays an important role in RNA metabolism. DDX3 is an RNA helicase
that regulates many steps of RNA metabolism, including transcription,
pre-mRNA splicing, RNA export, and translation.”' °* DDX3 is involved
in cell biosynthetic processes including cell cycle regulation, cellular
stress responses, and anti-apoptosis activity.”>>>>’ In this study, we
focused on the helicase activity of DDX3 and found that its function is
regulated by arginine asymmetric dimethylation through PRMT1-NO
axis (Fig. 5D and E). In support of this result, a previous report has
shown that DDX3 methylation by PRMT1 regulates y-globulin trans-
lation.”® Interestingly, DDX3 regulates the translation of
repeat-associated non-AUG (RAN), which is associated with the syn-
thesis of toxic aggregating peptides from expanded nucleotide repeat
regions associated with several neurodegenerative diseases. DDX3
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helicase activity is responsible for regulating RAN translation in amyo-
trophic lateral sclerosis (ALS) and Fragile X-associated tremor/ataxia
syndrome.>*%®° Furthermore, FUS, which we identified as a substrate
enzyme, is regulated by PRMT1-mediated arginine methylation and acts
to inhibit the formation of insoluble aggregates associated with ALS
pathology,'®°! highlighting the link between PRMT1 and ALS. These
lines of evidence suggest PRMT1 activities are required to prevent ALS.
However, there is a report suggesting PRMT1 activity promoted ALS
pathology via FUS.? Further study is required to determine the relation
between PRMT1 activity and ALS. We focused on the regulation of
PRMT1 activity by NO, and thus did not examine the effect of NO on the
pathophysiology of the disease. In the future, we will examine in detail
the impact of PRMT1 S-nitrosylation on the pathogenesis of ALS, and
arginine methylation and the activity of these substrates in ALS patients
also requires careful analysis. Although this idea requires further vali-
dation, combined with the interesting recent finding that TDP-43
aggregate formation in ALS pathology is caused by S-nitrosylation, our
study suggests that NO stress or suppressed PRMT1 activity may be
common risk factors for ALS pathology.®’

We developed compounds that inhibited S-nitrosylation without
affecting the activity of DNMT3B.” Similarly, the development of com-
pounds that specifically inhibit PRMT1 S-nitrosylation without affecting
PRMT1 activity would provide a tool for investigating the effects of
PRMT1 S-nitrosylation in ALS and other related pathologies as well as a
promising therapeutic candidate.
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Fig. 5. PRMT1 regulates DDX3 dimethylation, while NO reduces the methylation level. (A) HEK293T cells were transduced with FLAG-tagged PRMT1 and HA-
tagged DDX3 for 24 h. Cell lysates were analyzed through immunoprecipitation using anti-HA antibody or normal IgG and Western blotting with anti-FLAG or anti-
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antibodies. (C) The relative ratio of DDX3 ADMA, as shown in panel (B), was quantified and normalized to immunoprecipitated HA-DDX3. Statistical analysis
was performed using one-way ANOVA with Bonferroni’s multiple comparison test. Values are expressed as mean + SEM. n = 3; *p < 0.05, **p < 0.01, versus the
control sample. (D) HEK293T cells were transduced with HA-DDX3 for 6 h before being treated with 100 pM NOC-18 or 10 pM MS023 for 48 h. Cell Lysates were
analyzed by helicase assay, and samples were subjected to non-denaturing SDS-PAGE. (E) The relative ratio of 18 mer single-stranded RNA as shown in panel (D), was
quantified and normalized to immunoprecipitated HA-DDX3. Statistical analysis was performed using one-way ANOVA with Bonferroni’s multiple comparison test.
Values are expressed as mean + SEM. n = 3; **p < 0.01, ***p < 0.001 versus the control sample.
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