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The immune system protects our body from bacteria, viruses, and toxins and removes malignant cells. Activation of
immune cells requires the onset of a network of important signaling proteins. Methylation of these proteins affects
their structure and biological function. Under stimulation, T cells, B cells, and other immune cells undergo
activation, development, proliferation, differentiation, and manufacture of cytokines and antibodies. Protein arginine
methyltransferases (PRMTSs), a group of methyltransferases with a seven B-strand set, methylate proteins on

arginine residues.

arginine methylation PRMT1 CARM1 PRMT5 PRMT6 protein

| 1. Introduction

Methylation is a post-translational modification (PTM) associated with a variety of cellular functions through
enzymatic modification of proteins. Transmethylation is orchestrated by writers (e.g., methyltransferases), readers
(e.g., binding substrate proteins), and erasers (e.g., demethylases) with distinct roles in adding, recognizing, or
removing these methyl groups. Methyltransferases transfer methyl groups from a donor, generally S-adenosyl-L-
methionine (AdoMet), to different acceptor molecules . At present, the AdoMet-dependent methyltransferases
have been divided into three families [&. The most abundant group (Class I) contains a seven-strand twisted p-
sheet structure B, The methyltransferases in the second group (Class Il) possess a conserved Su(var)3-9,
enhancer-of-zeste and Trithorax (SET) domain structure, which is approximately 130 amino acids long . Class IlI
consists of methyltransferases that are enzymes with multiple membrane-spanning regions . In eukaryotes,
arginine and lysine are multiply methylated and lead to distinct outcomes. Methylation of arginine and lysine

provides significant functional diversity and regulatory complexity 4.

Protein arginine methyltransferases (PRMTs), a group of methyltransferases with a seven B-strand set, methylate
proteins on arginine residues [8l. Arginine-mediated methylation is the most prevalent type of protein methylation in
mammalian cells. It is involved in signal transduction, RNA processing, chromatin stability, and transcriptional
regulation BB The AdoMet-dependent methyltransferases in the PRMT family share four conserved motifs (I,
post-1, Il, and 1I1), as well as a THW loop 2. The AdoMet-binding pocket mainly consists of Motifs I, post-I, and a
THW loop . These motifs are highly conserved in eukaryotes, particularly in a core region that contains ~310
amino acids responsible for catalyzing the enzymatic activity of the group QL2 Three types of arginine
methylation have been identified (Figure 1). PRMTs transfer a methyl group from AdoMet to a guanidino group of

arginine, leading to monomethylarginine and asymmetric dimethylarginine (ADMA) in target proteins L3l The
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addition of two methyl groups to the two w-guanidino nitrogen atoms of arginine forms symmetrically dimethylated
arginine (SDMA) 4. The structural domain of PRMTs is shown in Figure 2.
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Figure 1. Chemistry of arginine methylation. Type | protein arginine methyltransferases catalyze asymmetric

methylation of arginine, whereas Type Il protein arginine methyltransferases catalyze symmetric demethylation in

arginine.
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Figure 2. Characteristic domains of arginine protein methyltransferases. Arginine protein methyltransferases

(PRMTSs) share a common structural domain, the methyltransferase domain. Additionally, some members of PRMTs

feature distinct structural domains, enhancing their functional diversity. These additional domains include Src-
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homology 3 (SH3), zinc-finger (Zn), nuclear translocation (NT), transactivation (TA), dimerization (Dimer), and
tetratricopeptide repeat (TPR). The presence of these characteristic domains contributes to the unique roles and

regulatory functions exhibited by different PRMTs.

To date, the mammalian family of PRMTs is recognized to have nine members. They are grouped into two
categories according to the type of modification they catalyze 13 Type | enzymes are PRMTs that add two methyl
groups to the same terminal nitrogen group of arginine and form ADMA. PRMT1, -2, -3, -4, -6, and -8 belong to this
type [OIEl PRMTS, -7, and -9 are type Il enzymes that transfer a second methyl group to the other terminal
nitrogen, generating SDMA. In Table 1, immunopathological responses, target molecules, and molecular outcomes

of protein arginine methyltransferases are summarized.

Table 1. Regulatory mechanisms of protein arginine methyltransferases (PRMTS) in immunity.

Target
Pathology/Affected Molecules .
PRMTs Field Treatment/Model (Binding Observations Refs.
Partner)
PRMT1 -Decreased ubiquitin
ligase activity of
TRAF6
T_oII-hkg receptor Primary and cultured cells  TRAF6 -Red_uced activation of 17
signaling Toll-like receptor
signaling
-Suppressed basal NF-
KB activation
acronhaces PRMT1 mutation PARP1”  p65 (p50), ;jAeC“eﬁzgtN;KeB' i
phag ~ macrophages PARP1 pendent g
expression
_Inflammatory and Knockdown of PRMT1 RelA, p65 -Increased levels of [19]
immune responses (p50) NF-kB target genes
-Decreased anti-viral 120]
IFN-dependent Methyltransferase inhibitor ~ PIAS1 anq. gntl-prollferatlve (2]
responses abilities of type | 122]
interferons
-Caused a lower
. . . survival rate and
Innate immune MyeI0|d—spe_C|f|c PRMT1 PPARY higher pro- 23]
responses knockout mice . .
inflammatory cytokine
production
Humoral immunity in PRMT1-impaired B cells -Decreased the [24]

B cells

immune system
response to T cell-
dependent antigens
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PRMTs

CARM1

PRMT5

Pathology/Affected
Field

T cells

Th17 cells

Human and mouse T

cells

Immune responses

Macrophages

Thymocytes

T cell-mediated
immune dysfunction

T cells

Treatment/Model

NIP45-impaired mice

Knockdown of PRMT1 by
shRNA, specific PRMT1
inhibitor autoimmune
encephalomyelitis in mice

Transmethylation inhibition

CARM1~~ mouse
embryonic fibroblasts

LPS stimulation

CARML1-deleted embryos

aGVHD mouse model,
inhibitor of PRMT5

Autoimmune
encephalomyelitis (EAE)
mouse model inhibitor of
PRMT5

Target
Molecules
(Binding
Partner)

NIP45
(NFAT)

RORyt

Vavl (Rac)

p160 (ER),
p300
(BRCAL),
p65

RNA-
binding
protein
HuR

ERK1/2,
STAT1

Observations Refs.
-Reduced survival,
proliferation, and
differentiation of B cells
-Deficient expression [25]

of IFN-y and IL-4

-Regulated the

production of Th17

cells and Th17 [26]
differentiation

-Alleviated activation of

EAE in mice

-Reduced methylation 27]
of Vavl and IL-2 28]
production

-Dampened expression [29]
of a group of NF-kB (29
target genes 3]

-Stabilized TNF-a [32]
MRNA

-Reduced the number [33]
of thymocytes

-Improved survival and
reduced disease

incidence and clinical
severity

-Decreased [34]
phosphorylation of

STAT1 and ERK1/2

and transcription of
pro-inflammatory

genes

-Repressed memory T

cell responses
-Downregulated IL-2 [35]
production and

proliferation of recall

Th cells
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Target
Pathology/Affected Molecules .
PRMTs Field Treatment/Model (Binding Observations Refs.
Partner)
-Regulated TP53K372
PRMT5 knockdown by methylz_atl(.)n, cyclin D1 [36]
Lymphoma cells ShRNA transcriptional
activation, BCL3
production
-Developed severe
Conditional knockout of scurfy-like
Tregs PRMTS5 mice, FOXP3 autoimmunity =7
pharmacological inhibition -Reduced human Treg
functions
-Led to peripheral T
cell lymphopenia in
- mice
Natural killer T cells T ceI!-;pecnﬁc PRMTS . -Impaired IL-7- (381
conditional knockout mice . .
mediated survival and
TCR-induced
proliferation in vitro
-Severe deficit in
. . antibody-secreting
Pro-B and pre-B cells COI’]dItIO!’]a| deletion of cells (9]
PRMTS5 in pro-B cells .
-Reduced pre-immune
serum IgG1
Tumor-associated Tamoxifen-inducible lung- -Regulated pro-
macrophages targeted PRMT6 gain-of- ILF2 inflammatory genes: (491
phag function mouse model TNFa and iNOS |
genes
-Enhanced HIV-1
HIV Knockdown of PRMT6 HIV-1 Tat production and faster 41]
viral replication enzyme
Transgenic mice that
PRMT6 ubiquitously express .
'r';fslag‘rgzgory PRMT6 fused to the RelA ;:re%l:m;enci;\n:-xs w2 O
P hormone-binding portion gety ietwork
of the estrogen receptor
-Promoted the TBK1-
Anti-viral innate IRFS interaction
PRMT6-deficient mice IRF3 -Enhanced IRF3 43 astivum

immunity

activation and type |
interferon production

5. Bedford, M.T.; Clarke, S.G. Protein Arginine Methylation in Mammals: Who, What, and Why. Mol.
Cell 2009, 33, 1-13.

6. Bedford, M.T.; Richard, S. Arginine Methylation: An Emerging Regulator of Protein Function. Mol.
Cell 2005, 18, 263-272.
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Acad
arginine residues by CARML1 in inflammation suggests CARML1 as a therapeutic target for inflammatory diseases

524 Helou, Y.A.; Petrashen, A.P.; Salomon, A.R. Vavl Regulates T-Cell Activation through a Feedback
Mechanism and Crosstalk between the T-Cell Receptor and CD28. J. Proteome Res. 2015, 14,
9 7
| 4/PRVITS
53. Charvet, C.; Canonigo, A.J.; Bécart, S.; Maurer, U.; Miletic, A.V.; Swat, W.; Deckert, M.; Altman, A.
AciRnBIrepREs aSceiFesrae@rydiesston bycaikiegiFeRIODZE cdstivRolanon whrbXeligng donated

tisssgmm@@l@gsrgﬁipynm@mngigrzdféb PR TEdms oy identified to play a role in T cell responses in
aGVHD, suglgestlng% it as a target of this dlsease (341 PRMT5 is a mediator in experlmental autoimmune

encer%alomyelltls EAEB a W('effln e?/ré‘éerét Ogrﬁnp ?%éé%PS'fagStr&%'nm%%f%fé‘ég’s%Sr'n”ul'upm SC ero% a& In vivo

nalln mmunol. 2014, 1 %
EAE ouse ode ave shown that’ PRMT5 inhibition potently repressed memory T cell responses. Delayed-type

S5ypeesn¥itivitySsaticinpalhAtiddinirelidesl Biceteia axginitisomiethytaidn TienomibiskonefpPRIRITES ity specific
inhitvamscdpivoreguiegsldtion phdolcEnd eerdnpto@etfioR 3o Aealt 3Bn cells. These results demonstrate the
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NF-kB p52-HDAC1 repressor complexes to the cyclin D1 promoter (28]

57. Stallcup, M.R.; Kim, J.H.; Teyssier, C.; Lee, Y.-H.; Ma, H.; Chen, D. The roles of protein—protein

As iNbgea ctiaihshave proteid, rRemyRtmminatangdep tidhar @xPzation doyen irclfrag s é€é ptbegcénd, thajsecific
blodcaietiva RS/ TE Steroid &ioottanmativioloBral X2G0a)Bardd9-+Hldan Treg functions. Mice with conditional
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a novel su%strate of
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5OR DR StantiresctoudSg Faywaigi, TNceDdaridars| Kndsyanfdiatibrpirongntahaygsiraimunell-specific PRMT5S
corgiiopphahonkpelitisid& A& ) RRNTS (desfontnlitiplascie lokis TM8). BrelofPhatmatiohal édpHsdl, T cell
maib@f@ntd 0dnd early T cell development 28, Consistently, deficient IL-7-dependent survival and TCR-induced
OIS0, DRV SSRGS PSR CERENT o WG, 7 SR REMTRRS RRSAGTR 1 P
R s N RS TR PRI L B BCH RS B FaRsa s =
PRIbAlTeS rﬁ[sKFA] ;PE(S:ISnréwe i%%d ﬁagepr SSI%” §10|pr8§Aa£816re1Eiéeg%g§d dgl}tl}ns apopt05|s of mature B cells

during simultaneous activation via p53-independent pathways . The inhibition of PRMT5 markedly decreases
BdndsERMRARE oMIPATAIARE Srdhs cRRES B BroTiiPhntdtofyigeinds; REIGkIMG AL Gase, FNCy. RaarBRIM,
PRMTG - ifRitRs, Mishuprotegiufnglrategt RSN NYRRIMIRMPRBIBR FRSRANIASHRAYBNGHE leads to
dysheiliaRsG O Ral agtiens Lhitear Mad €elROLZA e Hfdte PRMTS inhibitors as a novel method

69.1g8hhgelydepardamh BiiamMMa YIgRsRSh, H.E.; Neault, M.; Chan, M.; Floyd, Z.E.; Mallette, F.A.;
Perissi, V. Exchange Factor TBL1 and Arginine Methyltransferase PRMT6 Cooperate in

I BrdRRM T Grotein Pathway Suppressor 2 (GPS2) from Proteasomal Degradation. J. Biol.
Chem. 2015, 290, 19044—-19054.

el PIRPRHGS RaREdciBIEBRE Suife RIFRIRTBIIG B WS AR has been discerned between PRMT6 and

interleukin-enhancer binding protein 2 (ILF2). Moreover, macrophage migration inhibitory factor has been shown to

play a role in mediating alternative activation of tumor-associated macrophages. Avasarala et al. have identified the
macrophage migration inhibitory factor as an important downstream molecule of PRMT6-ILF2 signaling 2%, HIV-1
Tat protein is a key player in HIV replication by increasing gene transcription efficiency. HIV-1 is a specific substrate
of PRMT6 in vivo and in vitro that targets Tat R52 and R53 residues for arginine methylation 4. The
overexpression of PRMT6 decreases the level of Tat transactivation of HIV-1 long terminal repeat chloramphenicol
acetyltransferase and luciferase reporter plasmids in a dose-dependent manner, while the knockdown of PRMT6
enhances HIV-1 production and the speed of viral replication 1. Thus, PRMT6 disrupts the transcriptional

activation of Tat and may represent an innate cellular immune form of HIV-1 replication.

PRMT®6 also plays a role in immunity by targeting a series of signaling pathways. PRMT6 has been identified as an
NF-kB coactivator because it can generate transgenic mice that express PRMT6 fused to the hormone-binding
portion of the estrogen receptor 42, PRMT6 engages in a direct interaction with RelA, whereby its overexpression
amplifies the transcriptional activity of an ectopic NF-kB reporter and intrinsically regulates NF-kB target genes 42,
In response to TNF-a stimulation, RelA recruits PRMT6 to specific NF-kB target promoters. Phosphatase and
tensin homolog (PTEN) is recognized as a tumor-suppressor gene, and its mutation has implications in the
progression of various cancers 28, PRMT6 interacts with PTEN and methylated PTEN R159, weakening the PI3K—
AKT cascade 89, G protein pathway suppressor 2 (GPS2) cytoplasmic actions and anti-inflammatory roles are
linked with the regulation of JNK activation as well as TNF-a target genes in macrophages 4. Interaction with the
exchange factor TBL1 is helpful to protect GPS2 from degradation. The methylation of GPS2 by PRMT6 modulates
the interaction with TBL1 and suppresses proteasome-dependent degradation 2, PRMT6 also attenuates anti-
viral innate immunity by blocking TBK1-IRF3 signaling 43!, In PRMT6-deficient mice, the TBK1-IRF3 interaction is

enhanced and activates IRF3 as well as increases the production of type | IFN. A Viral infection not only
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upregulates PRMT6 protein levels, but also promotes the binding between PRMT6 and IRF3 and dampens the
interaction between IRF3 and TBK1 [43],
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