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Abstract

Arginine methylation is an influential post-translational modification occurring on histones, 

RNA binding proteins and many other cellular proteins affecting their function by altering their 

protein-protein and protein-nucleic acid interactions. Recently, a wealth of information has been 

gathered implicating the protein arginine methyltransferases (PRMTs), the enzymes that deposit 

arginine methylation, in transcription, pre-mRNA splicing, DNA damage signaling and immune 

signaling with major implications for cancer therapy, especially immunotherapy. This review will 

summarize this recent progress and the current state of PRMT inhibitors, some in clinical trials, as 

promising drug targets for cancer.
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I. Protein Arginine Methyltransferases (PRMTs)

In mammals, a family of nine sequence-related protein arginine methyltransferases 

(PRMT1-9) modifies a wide variety of proteins using the cofactor S-adenosylmethionine 

(AdoMet) to generate ω-NG,monomethyl-arginines (MMA), ω-NG,NG asymmetric 

dimethyl-arginines (aDMA) and ω-NG,N′G-symmetric dimethyl-arginines (sDMA) (Figure 
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1A). Type I PRMTs catalyze the formation of MMA and aDMA (PRMT1, 2, 3, CARM1/

PRMT4, 6, and 8). Type II PRMTs (PRMT5 and PRMT9) catalyze the formation of MMA 

and sDMA, while the type III PRMT (PRMT7) catalyzes only the formation of MMA 

(Bedford and Clarke, 2009). The core structure of PRMTs is similar forming two domains 

(Antonysamy et al., 2012; Cheng, 2014), an N-terminal Rossmann-fold where AdoMet 

binding occurs and a C-terminal β-barrel domain (Tewary et al., 2019). As a prototype of 

type I, PRMT1, is a ring-shaped head-to-tail homodimer (Zhang and Cheng, 2003). The type 

II PRMT5 has the Rossmann-fold, a β-barrel domain for dimerization and a TIM (triose 

phosphate isomerase) barrel for interaction with substrate adaptor proteins (Antonysamy et 

al., 2012; Ho et al., 2013). The type III PRMT7 monomer adopts a pseudodimer structure 

reminiscent of type I enzymes (Cura and Troffer-Charlier N, 2014; Hasegawa and Toma­

Fukai S, 2014). However, structural data, amino acid substitutions of the PRMT7 active site, 

and enzymatic analysis point to a restrictive and narrow active site for PRMT7, which is 

uniquely able to generate MMA (reviewed in (Jain and Clarke, 2019)).

It is important to state that there is no dedicated arginine demethylase, in contrast to 

lysine demethylases (Pedersen and Helin, 2010). Thus, methylarginines are thought to 

be a post-translational modification that is long-lasting rather than a rapid ‘ON’ and 

‘OFF’ signal generated by phosphorylation, for example. The enzymatic mode of action 

for arginine demethylation would be similar to lysine demethylation and it seems likely 

that JmjC proteins may demethylate methylarginine. JmjD6 was wrongly identified as a 

demethylase for arginine later to be reported as a lysine hydroxylase (Webby et al., 2009). 

Lysine demethylases (KDM3A, KDM4E, KDM5C) also possess lower methylarginine 

activity in vitro with unknown physiological importance (Walport et al., 2016). The protein 

arginine deiminase (PAD) family convert positively charged arginine residue to a neutral 

citruilline (Thompson and Fast, 2006). Monomethylarginine is a much poorer substrate than 

unmodified arginine for the PAD enzymes, suggesting it is not of physiological relevance 

(Thompson and Fast, 2006). The PAD enzymes are therefore antagonistic with the PRMTs 

for arginines (Guo et al., 2011). We still await the identification of enzyme components 

necessary to reverse methylated arginines.

II. Biochemical properties of methylated arginines

The guanidinium moiety of arginine is known to carry a positive charge and has the potential 

to form five hydrogen bonds and π-stacking interactions. Thus, it is not surprising to 

find arginines proximal to protein-protein, protein-RNA or protein-DNA interfaces. The 

methylation of the guanidinium moiety increases the level of hydrophobicity of the arginine 

and provides a bulkier side group without modifying the charge (Evich et al., 2016). 

The presence of methyl groups can block hydrogen bonds involving a N-H donor, but 

potentially adds hydrogen bonds formed from carbon hydrogen donors of the methyl group 

itself (Horowitz and Trievel, 2012). Methyl-arginines are recognized by Tudor domains, 

although some PHD and WD40 domains also bind methylarginines (reviewed in (Gayatri 

and Bedford, 2014)). Specifically, methylated arginines interact with the aromatic cage of 

the Tudor domain where π-stacking interactions occur (Selenko et al., 2001). There are >35 

Tudor domain containing proteins but only a subset are currently validated methyl-arginine 
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interactors, including SMN (Survival of motor neuron), SPF30 (Splicing factor 30), and 

TDRD1/2/3/6/9/11 (Tudor domain-containing protein) (Chen et al., 2011).

III. Overview of the PRMT classes

The methylation of arginines is required to fulfill numerous physiological functions 

during development, adult homeostasis, and aging. Mouse conditional alleles have been 

instrumental in defining the tissue-specific requirements of arginine methylation including 

in the nervous system, skeletal muscle, and the immune system (Blanc and Richard, 2017; 

Jackson-Weaver et al., 2020). In humans, it is striking to see elevated PRMT expression in 

cancer (Yang and Bedford, 2013). In addition, PRMT7 has been linked to a genetic disorder: 

inactivating mutations have been identified for the human PRMT7 gene which results in 

intellectual disability syndrome termed SBIDDS (Short Stature, Brachydactyly, Intellectual 

Developmental Disability, and Seizures) (Agolini E, 2018; Poquerusse et al., 2021).

PRMT1 is the main type I enzyme with roles in transcription, RNA metabolism, DNA 

damage signaling, protein stability, protein localization and receptor signaling pathways. 

PRMT1 has a strong preference for intrinsically disordered sequences, namely the RGG/RG 

motif commonly found in RNA binding proteins (RBPs) (Thandapani et al., 2013) (Figure 

1B). The methylation of RBPs regulates protein-RNA and protein-protein interactions 

(Guccione and Richard, 2019). Histones represent another major class of PRMT1 substrates 

and the methyl-mark H4R3me2a located in gene promoter regions serves to activate gene 

expression (Wang et al., 2001). PRMT1 has many other substrates especially in signaling 

pathways mediated by DNA damage, growth factors, metabolites, and the immune response. 

PRMT1 inactivation in cancer cells with type I PRMT inhibitors or genetic depletion 

causes RNA metabolism defects mainly due to hypomethylation of the RBP RGG/RG motif 

(Thandapani et al., 2013). Type I PRMT inhibitors also reduce the expression of cell cycle 

genes because of the loss of the histone activating marks which halts cell proliferation and 

manifests as hallmarks of DNA damage (Yu et al., 2009). Interestingly, the cellular loss of 

type I PRMT activity causes a compensatory increase in MMA and sDMA, especially at 

RGG/RG motifs by type II enzymes (Dhar et al., 2013). Substrate scavenging by PRMT5 

after PRMT1 inhibition is thought to be due to PRMT1 being responsible for the majority of 

arginine methylation in cells, and that PRMT1 inhibition then makes substrates amenable for 

PRMT5 methylation (Dhar et al., 2013). The outcome of harboring either aDMA or sDMA 

often has opposing functional implications. For example, histone H4 arginine 3 (H4R3) 

methylated asymmetrically leads to gene activation, while sDMA causes gene repression 

(see Figure 2).

PRMT5 is the main type II enzyme that methylates histones and many other substrates 

including other RBPs, transcription factors, DNA repair proteins, and signal transduction 

components (for review (Stopa et al., 2015)). Unlike type I PRMTs, PRMT5 forms a 

complex with MEP50 (WDR77), its obligate binding partner, and one of numerous substrate 

adaptors which includes pICln, the kinase RioK1, COPR5, Menin, OXR1A, SHARPIN and 

FAM47E (Chakrapani et al., 2021; Fu et al., 2017; Mulvaney et al., 2021; Stopa et al., 2015; 

Yang et al., 2020). These PRMT5 substrate adaptors regulate substrate specificity especially 

at GRG sequences (Musiani et al., 2019) within RGG/RG motifs and this occurs via the 
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PRMT5 TIM barrel (Krzyzanowski et al., 2021; Mulvaney et al., 2021). Note of caution for 

PRMT5 as it is immunopurified non-specifically with the anti-FLAG M2 antibody (Nishioka 

and Reinberg, 2003) and thus is falsely found in many proteomic datasets (Mellacheruvu et 

al., 2013). PRMT5 is also found in many preparations wrongly concluding that different 

Flag-tagged enzymes have methylation activity when in reality it is PRMT5-mediated 

activity.

PRMT7, the type III enzyme functions in transcription, DNA damage signaling, stress 

response and antiviral response (Haghandish et al., 2019; Jain and Clarke, 2019; Szewczyk 

et al., 2020; Zhu et al., 2021). PRMT7 methylates histones within an RxR consensus (Feng 

et al., 2013). Interestingly, despite its role in monomethylation, loss of PRMT7 decreases 

H4R3me2s marks (Blanc et al., 2016), which is explained by allosteric regulation of PRMT5 

after the methylation of H4R17me1 by PRMT7 (Jain et al., 2017).

IV. PRMT inhibitors

There are now several clinical-grade small molecule inhibitors for PRMTs and these provide 

unique tools to study arginine methylation. Specific inhibitors have been identified for 

PRMT3 (SGC707), CARM1 (TP-064, GSK3359088), PRMT5 (EPZ015666, GSK3326595 

(clinical trials NCT02783300, NCT03614728, NCT04676516), JNJ-64619178 (clinical trial 

NCT03573310), LLY-283, PRT543, PRT811, PF-06939999 (clinical trial NCT03854227)), 

PRMT6 (EPZ020411, SGC6870) and PRMT7 (SGC3027). Certain inhibitors target multiple 

PRMTs such as type I PRMTs (MS023, GSK3368715 (clinical trial NCT03666988)), 

CARM1 and PRMT6 (MS049) and PRMT5 and PRMT7 (DS-437) (for review (Wu et 

al., 2021)). Using a proteolysis targeting chimera (PROTAC), a PRMT5 degrader was 

generated confirming this new approach in the PRMT field as another valid therapeutic 

strategy (Shen et al., 2020). Recently, PRMT5-substrate adaptor interaction inhibitors have 

been developed, representing a new approach to target PRMT5-mediated methylation events. 

BRD0639 disrupts the PRMT5-RIOK1 complex and inhibits methylation of some substrates 

(McKinney et al., 2021).

The availability of PRMT inhibitors has allowed the research community to define tumor 

type vulnerability (for review (Guccione et al., 2021)). p53 wild type cancer cells are more 

sensitive to PRMT5 inhibition (Bezzi et al., 2013; Gerhart et al., 2018). Cells with defective 

splicing machinery have increased sensitivity to type I PRMT and PRMT5 inhibitors 

(Fedoriw et al., 2019; Fong and al., 2019). The MTAP (methylthioadenosine phosphorylase) 

gene deficiency creates a vulnerability for cells depleted of PRMT5 protein (Kryukov et 

al., 2016; Marjon et al., 2016; Mavrakis et al., 2016), inhibited by type I PRMT inhibitors 

(Dominici et al., 2021; Fedoriw et al., 2019; Gao et al., 2019), and MAT2a inhibitors (Kalev 

et al., 2021). Inhibition with type I PRMTs increases the MMA/sDMA levels and combined 

with a PRMT5 inhibitor this brings the methyl-arginine levels below a threshold, causing 

cytotoxicity (Fedoriw et al., 2019). Cancer cells with high levels of R-loops, as seen in 

BRCA1 and BRCA2 mutated cells, are sensitive to PRMT5 inhibition (Mersaoui et al., 

2019), yet whether there is specificity for certain cancer types, such as breast and ovarian 

cancer, remains to be defined.
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V. Transcriptional Regulation

Epigenetic functions are one of the most well-characterized roles of PRMTs 

(Figure 2). PRMTs methylate H2AR3(me2a,me2s), H3R2(me2a,me2s), H3R8(me2s), 

H3R17/26/42(me2a), H4R3(me2a,me2s), and H4R17/19(me1). PRMT1-mediated 

H4R3me2a is known to facilitate the recruitment of histone acetyltransferases including 

p300 and subsequent lysine acetylation on H3 and H4 (An et al., 2004). H4R3me2a 

is also recognized by the Tudor domain-containing protein TDRD3 (Yang et al., 2010), 

which recruits methyl-USP9X to promote proliferation (Narayanan et al., 2017). Pull­

down experiments identified SMARCA4, an ATPase subunit of the SWI/SNF chromatin 

remodeling complex, as a binder of PRMT1-mediated H4R3me2a for epidermal growth 

factor receptor expression in colorectal cancer (Yao et al., 2021). PRMT1 and H4R3me2a 

cooperate with Mixed Lineage Leukemia (MLL) transcriptional complex for hematopoietic 

cell self-renewal (Cheung et al., 2007; Cheung et al., 2016). PRMT1-mediated H4R3me2a 

activation mark is critical for cancer cell proliferation, migration, and stemness (reviewed 

in (Blanc and Richard, 2017)), as well as cell proliferation in multiple developing organs 

(Gou et al., 2018; Hashimoto et al., 2021) and roles in differentiation such as mature β-cell 

identity (Kim et al., 2020b) (Figure 2A).

PRMT5-mediated H4R3me2s is found on promoters of tumor suppressor and CDK inhibitor 

genes to silence their expression and promote cancer cell proliferation (Kaushik et al., 

2018; Pal et al., 2004; Yang et al., 2021). One suppression mechanism is the recognition 

of H4R3me2s by the PHD or ADD domain of DNMT3a to methylate DNA and silence 

gene expression (Zhao et al., 2009). PRMT5-mediated H4R3me2s also silences epithelial 

junctional genes to promote cancer cell invasion (Chen et al., 2017). H4R3me2s is also 

recognized by the PHD finger protein 1, PHF1, which recruits the CUL4B-Ring E3 ligase 

complex via a PHD finger to silence E-cadherin and FBXW7 expression for cell growth and 

migration (Liu et al., 2018). PRMT5-mediated histone methylation represses keratinocyte 

and osteoblasts differentiation genes (Kota et al., 2018; Moena et al., 2020) and regulates 

the PIWI pathway during germ cell development (Dong et al., 2019; Huang et al., 2021) 

(Figure 2B). Additionally, PRMT5 deposits activation marks H3R2me1/me2s to recruit 

the WDR5/MLL complex to promote H3K4me3 deposition for transcriptional activation, 

a mechanism further demonstrated in SHARPIN-activated cancer cell proliferation and 

invasion, FOXP1-mediated breast cancer stem cell renewal, the genotoxic stress response 

and growth hormone production (Cao et al., 2019; Chiang et al., 2017; Lorton et al., 

2020; Tamiya et al., 2018; Yang et al., 2020). PRMT7 H4R17me1 enhances allosteric 

PRMT5-mediated H4R3me2s which represses subsequent H3K4me3, H3Ac and H4Ac (Jain 

and Clarke, 2019) (Figure 2B).

PRMT2-catalyzed H3R8me2a was identified at promoters (e.g. Bcl2) and enhancers for 

growth and survival (Dong et al., 2018; Hu et al., 2020). CARM1 functions as a 

coactivator by methylating H3R17, H3R26 and H3R42, which are recognized by readers 

including TDRD3 (Yang et al., 2010) (Figure 2C). CARM1 also methylates coactivators and 

corepressors to regulate transcription (for review (Suresh et al., 2021)). PRMT6 methylates 

H3R2me2a thus preventing readers of H3K4me3 from binding (reviewed in (Guccione and 

Richard, 2019)). The H3S10 mediated phosphorylation by Aurora B kinase during mitosis 
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is regulated by PRMT6-mediated H3R2me2a (Kim et al., 2020c) (Figure 2C). PRMT6 

also methylates H2AR29 in vitro and accumulates at promoters of PRMT6 repressed genes 

(Waldmann et al., 2011).

VI. Pre-mRNA splicing

Arginine methylation of RBPs is known to be required for pre-mRNA splicing (reviewed 

in (Guccione and Richard, 2019)). Type I PRMT inhibitors reduce the methylation of RBPs 

mainly at RGG/RG sequences (Fedoriw et al., 2019) implying that this RGG/RG disordered 

region, represents a methyl-arginine reservoir (Thandapani et al., 2013). RNA-seq following 

type I PRMT inhibition showed profound changes in splicing affecting exon usage and 

this effect was exacerbated with the treatment of PRMT5 inhibitors (Fedoriw et al., 2019). 

Inhibition of PRMT5 and type I PRMTs resulted in preferential killing of acute myeloid 

leukemia (AML) cells harboring mutations within the splicing factor SRSF2 over wild type 

counterparts (Fong and al., 2019). EZH2 null cells were significantly more resistant to type 

I PRMT inhibition, suggesting that the effect of the PRMT inhibitor is, in part, mediated by 

restoration of EZH2 levels (Fong and al., 2019). The differential cassette exon inclusion and 

intron retention observed in MS023-treated MC38 murine colon adenocarcinoma cells were 

shown to encode MHC I presented neopeptides that may play a role in influencing tumor 

immunity (Lu et al., 2021).

The PRMT5/ MEP50/ pICln complex is known to methylate Sm proteins in the cytoplasm 

for the assembly into mature small nuclear ribonucleoproteins (snRNPs) required for 

splicing (Guccione and Richard, 2019). The levels of Sm protein sDMA inversely 

correlates with intron retention and reduction of Sm sDMA is associated with accumulated 

polyadenylated RNA containing introns in the A549 lung adenocarcinoma cell line (Maron 

et al., 2020). Cells with reduced PRMT5 activity, either due to genetic manipulation or 

inhibitor treatment, have many splicing defects. One splicing event that is particularly 

sensitive to PRMT5 inhibition is MDM4, where a short isoform is generated with a 

premature stop codon resulting in non-sense mediated decay and reduced protein levels 

of MDM4, a repressor of p53 (Bezzi et al., 2013) (Figure 3A). SRSF1, a splicing 

regulator, is a PRMT5 substrate and effector (Cai et al., 2021a; Radzisheuskaya et al., 

2019). Knockdown of PRMT5 causes a differential binding of SRSF1 to its alternatively 

pre-mRNA spliced targets with reduced SRSF1 protein-protein interactions (Radzisheuskaya 

et al., 2019) (Figure 3A). The methylation of the RBMX RGG/RG motif by PRMT5 

regulates higher-order complexes with SRSF1 within nuclear membraneless organelles to 

generate the short isoform of MDM4 by alternative splicing (Cai et al., 2021a) (Figure 

3A). Interestingly, the link between RBMX methylation and p53 activation has clinical 

significance, as Shashi-XLID syndrome patients have a genetic deletion of 23bp causing 

a frameshift encoding a truncated RBMXΔRGG/RG protein inducing defects in neuronal 

differentiation (Cai et al., 2021a). In B cell lymphomas, MYC regulated transcripts are mis­

spliced and PRMT5 inhibition induces apoptosis (Koh et al., 2015). CARM1 and PRMT9 

also regulate alternative splicing and these roles were reviewed previously (Guccione and 

Richard, 2019).

Xu and Richard Page 6

Mol Cell. Author manuscript; available in PMC 2022 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



VII. DNA damage repair

Arginine methylation of DNA damage proteins by PRMT1 including MRE11, 53BP1, 

hnRNPUL1 and BRCA1 is essential to maintain genomic stability and to ensure DNA repair 

by homologous recombination repair (HR) and non-homologous end joining (NHEJ) (Figure 

3B–D). The double stranded break (DSB) sensor protein MRE11 is methylated by PRMT1 

at its RGG/RG motif and this methylation event is required for association with its DNA 

template for processive exonuclease activity during resection required for HR (Boisvert et 

al., 2005) (Figure 3B). This methylation event is enhanced in T cells by the GFI1 chaperone 

protein (Vadnais et al., 2018) and by USP11 in epithelial cells with deubiquitylation of 

PRMT1 regulating its ability to bind and methylate MRE11 (Sanchez-Bailon et al., 2021). 

Converting the MRE11 RGG to KGG in mice (R-K) causes them to be hypersensitive to IR 

and their cells exhibit genomic instability due to failure to activate the ATR-CHK1 pathway 

(Yu et al., 2012). The methylation of MRE11 is a conserved event, as Drosophila MRE11 

methylation by DART1 is required to maintain genomic stability (Yuan et al., 2018). DNA 

damage by ultraviolet (UV) light increases the association and methylation of p14ARF by 

PRMT1 favoring its nucleolar export to fulfill its proapoptotic role as a tumor suppressor 

(Repenning et al., 2021) (Figure 3B). APE1 (Apurinic/apyrimidinic endonuclease 1) is a 

major enzyme of the base excision repair (BER) pathway and its methylation by PRMT1 

influences its mitochondrial localization (Zhang et al., 2020b).

PRMT1 methylates components of the N6-methyladenosine (m6A) methyltransferase 

complex to regulate UV irradiation DNA repair. The m6A RNA modification is an 

epitranscriptomic mark that regulates DNA repair (Xiang et al., 2017). m6A accumulates 

on RNA at DSBs forming RNA/DNA hybrids or R-loops recruiting RAD51 and BRCA1 

for HR (Abakir et al., 2020; Zhang et al., 2020a). m6A is deposited by a methyltransferase 

complex consisting of METTL3, METTL14, and WTAP and METTL14 has a C-terminal 

RGG/RG motif that is methylated by PRMT1 (Wang et al., 2021) (Figure 3C). Genetic 

knockout and inhibition of PRMT1, which dampens METTL14 arginine methylation, 

sensitizes mouse embryonic stem cells to mitomycin C and cisplatin-induced cell death 

(Wang et al., 2021). In another study, METTL14 was shown to be monomethylated on R255 

affecting interaction with WTAP (Liu et al., 2021).

CARM1 and PRMT1 limits accumulation of R-loops by recruiting topoisomerase TOP3B 

to them by methylating histones which are then bound by the TDRD3/TOP3B complex 

(Yang et al., 2014) (Figure 3C). Recently, it was shown that elevated CARM1 expression 

causes an increase in NHEJ repair by increasing the expression of MAD2L2, a component 

of the Shieldin complex, a repressor of HR (Karakashev et al., 2020) (Figure 3D). CARM1 

methylation of the SWI/SNF complex BAF155 at R1064 creates a vulnerability to EZH2 

inhibition. The upregulation of NHEJ in HR-proficient high-grade serous ovarian cancers 

by EZH2 inhibition creates sensitivity to poly (ADP-ribose) polymerase (PARP) inhibitors 

(Karakashev et al., 2020). Notably, CARM1 has been shown to localize at the DNA 

replication fork and function in replication fork speed regulation in a methyltransferase­

independent manner. It functions to regulate PARylation by PARP1/2 and prevent ssDNA 

gaps from triggering ATR activation, thereby increasing replication stress tolerance (Genois 

et al., 2021). Thus, CARM1 is emerging as an attractive cancer therapeutic target.
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PRMT5-deficient HeLa cells are hypersensitive to ionizing radiation (IR) and accumulate 

DNA damage (Clarke et al., 2017; Hamard et al., 2018; Mersaoui et al., 2019; Pastore 

et al., 2020; Wei et al., 2020). PRMT5 methylation of the TIP60 subunit, RUVBL1, a 

AAA+ ATPase, on R205 affects the activity of TIP60 (Clarke et al., 2017) (Figure 3D). In 

hematopoietic progenitor cells, the alternative splicing of TIP60 by PRMT5 affects the levels 

of full-length TIP60 (TIP60α) (Hamard et al., 2018). Genome-wide assessment of R-loops 

shows that methylation of DDX5 by PRMT5 facilitates the resolution of the DNA/RNA 

hybrids at specific genomic loci (Villarreal et al., 2020; Yu et al., 2020). DDX5 recruitment 

and activity at DSBs is regulated by BRCA2 (Sessa et al., 2021) (Figure 3C).

A CRISPR/Cas9 screen identified sgRNAs targeting PRMT5 as creating conditional 

lethality with the nucleoside analog Gemcitabine in pancreatic ductal adenocarcinoma 

(PDAC) (Wei et al., 2020). PRMT5-deficient PDAC cells have replicative catastrophes and 

HR defects with reduced replicative protein A (RPA) protein levels (Wei et al., 2020). In 

the prostate cancer cell line LNCaP, it was shown that PRMT5 and pICln epigenetically 

upregulate genes involved in the DDR pathway and the targeting of either PRMT5 or pICln 

sensitizes these cells to IR (Owens et al., 2020). In hematopoietic stem cells, PRMT5 

regulates the splicing of DNA damage genes involved in HR (RAD52) and interstrand 

crosslink (FANCA, FANCG, RTEL1) repair to maintain genomic stability (Tan et al., 2019). 

Depletion of PRMT5 activates the p53 pathway and sensitizes stem cell factor-dependent 

lympho-hematopoietic progenitor cells to the DNA crosslinking agent, mitomycin C (Tan et 

al., 2019). PRMT5 also epigenetically regulates the expression of the E3 ligase RNF168, a 

key component of the DDR pathway, to regulate H2AX proteostasis (Du et al., 2019).

Myeloproliferative neoplasms with the common mutation, JAK2V617F, express high levels 

of PRMT5 (Liu et al., 2011). Synergistic efficacy was obtained by inhibiting PRMT5 

and the JAK1/2 inhibitor Ruxolitinib (Pastore et al., 2020). PRMT5 inhibition reduced 

methylation of E2F1 increasing the affinity for the tumor suppressor Rb and leading to 

decreased expression of E2F1 downstream targets including DDR genes (Pastore et al., 

2020). PRMT5 also methylates FEN1 (flap endonuclease 1) (Guo et al., 2010), RAD9 (DNA 

repair protein 9) (He et al., 2011), TDP1 (tyrosyl-DNA-phosphodiesterase 1) (Rehman et al., 

2018), and KLF4 (Krüppel-like factor 4) (Hu et al., 2015) required for DNA repair.

VIII. Tumor immunity and anti-viral responses

The immune system uses toll-like receptors (TLRs) and RIG-I-like receptors (RLRs) to 

activate the TBK1/IRF3 pathway inducing type I interferons (IFNs) and pro-inflammatory 

cytokines in response to pathogens. PRMTs regulate the activation of TLR and IFN at 

multiple levels to modulate immune responses (Kim et al., 2016; Sengupta et al., 2020). 

Herein we discuss recent advances involving PRMT function in anti-tumor and anti-viral 

immunity.

PRMTs have been identified as regulators of cancer immunity. CRISPR/Cas9 knockout 

of PRMT1 in MC38, a murine colon adenocarcinoma cell line, improved anti-PD-1 

immunotherapy effectiveness when inoculated in syngeneic C57BL/6 mice (Hou et al., 

2021). In another study, a type I PRMT inhibitor (PT1001B) combined with anti-PD-L1 
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inhibition was most effective in reducing tumor growth in pancreatic ductal adenocarcinoma 

(Panc2)-derived tumors in syngeneic C57BL/6 mice (Zheng et al., 2020). MS023 treatment 

significantly improved immunotherapy to anti-PD1 therapy in MC38-injected C57BL/6 

mice and the long-term survivors had enhanced immune memory and improved tumor 

killing response when rechallenged with MC38 cells 6 months later (Lu et al., 2021). 

Interestingly, a PRMT1 polymorphism, rs975484, regulates the levels of PD-L1 and PD-L2 

and may serve as a predictor of immune checkpoint blockade efficiency in hepatocellular 

carcinoma (Schonfeld et al., 2020). A CRISPR/Cas9 screen delivered in CD8+ T cells 

identified CARM1 as a negative regulator of tumor-specific T cells using B16F10 

melanoma-bearing C57BL/6 mice (Kumar et al., 2021).

PRMT5 inhibition sensitized unresponsive melanomas to anti-PD1 immunotherapy in 

melanoma (Kim et al., 2020a). PRMT5 contributes to the anti-tumor immune response by 

methylating interferon-γ-inducible protein 16 (IFI16), a repressor of the DNA sensor cGAS/

STING pathway, and also transcriptionally downregulates NLRC5 (nucleotide-binding 

oligomerization domain-like receptor family caspase recruitment domain containing), a 

regulator of the major histocompatibility complex class I (MHCI) antigen presentation 

pathway (Kim et al., 2020a) (Figure 4A). PRMT5 also suppresses the cGAS/ STING 

pathway by directly associating with and methylating cGAS on R124, inhibiting its DNA 

binding activity (Ma et al., 2021) (Figure 4A). A CRISPR/Cas9 genetic screen identified 

PRMT7 as enhancing anti-tumor responsiveness to immune checkpoint blockade (Manguso 

et al., 2017). PRMT7 inhibition combined with immune checkpoint inhibitors triggers a 

strong anti-tumor T cell immunity with reduced B16F10 melanoma growth in syngeneic 

C57BL/6 mice (Srour et al., 2021). PRMT7-deficiency in B16F10 melanomas increased 

dsRNA repetitive element expression accumulation or ‘viral mimicry’ which led to an 

increase in IFN genes (Srour et al., 2021) (Figure 4B). Taken together, inhibition of 

PRMT1-, CARM1-, PRMT5- and PRMT7-regulated cancer immunity is gaining traction 

and thus PRMT inhibitors provide exciting new options for enhancing the effectiveness of 

immune checkpoint inhibitors.

Further roles of PRMTs in the antiviral response have been documented. In zebrafish, 

PRMT3 or PRMT7 deficiency/inhibition activates IRF-3-mediated IFN production, and the 

mutant fish are more resistant to viral infections (Zhu et al., 2020a; Zhu et al., 2020b). 

Moreover, in mammals PRMT7-mediated monomethylation of MAVS negatively regulates 

the antiviral response (Zhu et al., 2021) (Figure 4B). PRMT6 prevents activation of IRF3­

mediated IFN production by associating with IRF3 and sequestering it (Jiang et al., 2019; 

Zhang et al., 2019) (Figure 4B). Additionally, PRMTs methylate viral proteins necessary for 

their life cycle. Recently, PRMT1 was shown to methylate SARS-CoV-2 nucleocapsid (N) 

protein at R95 and R177 to facilitate N-mediated suppression of stress granules and viral 

replication. Type I PRMT inhibitors reduced viral titers of SARS-CoV-2 and may represent 

a new therapeutic application for these inhibitors (Cai et al., 2021b).

IX. Challenges Ahead

Notably in this review, we highlight many cellular processes regulated by PRMT1 and 

PRMT5, as these PRMTs are at the forefront of the field. This has been fueled by 1) their 
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major contributions to the levels of cellular methyl-arginines and, 2) the availability of 

specific inhibitors of type I PRMTs and PRMT5 as well as the striking cellular phenotypes 

induced by these inhibitors. CARM1 is another well-characterized methyltransferase with 

new specific inhibitors positioning it as an attractive therapeutic target. We know very 

little about certain methyltransferases such as PRMT7 and PRMT9. Why is the activity 

of PRMT7 important when type I and type II PRMTs also generate MMA? Does the 

function of PRMT7-mediated RxR MMA differ from PRMT5 RGRG MMA, for example? 

We know that the major role for PRMT7 is not to prime for dimethylation by type I 

and type II PRMTs (Jain and Clarke, 2019). This is further highlighted by differences in 

mouse phenotypes: whole body knockout of PRMT1 or PRMT5 leads to early embryonic 

lethality, while PRMT7 null mice are viable (Blanc and Richard, 2017). Also, the roles of 

type II PRMT9 and its substrates remain to be further defined. PRMT9 is not redundant 

with PRMT5, the major type II enzyme. PRMT9 displays tissue and subcellular distribution 

that is distinct from PRMT5, and has specific functions, as observed in splicing with the 

methylation of spliceosome associated protein SAP145 (Yang et al., 2015).

The interplay between different PRMT types (I, II, III) and their substrate ‘sharing’ or 

‘scavenging’ observed especially during PRMT inhibition needs to be better understood. 

For example, with the large number of substrates already known for most of the PRMTs, 

especially PRMT1 and PRMT5, how might the regulation of these enzymes affect the 

myriad activities of the methyl-accepting proteins. Specifically, how are the roles of arginine 

methylation in transcriptional activation/repression, pre-mRNA splicing, DNA damage 

repair, and tumor immunity and anti-viral responses coordinated? Although some PRMTs 

are thought to be constitutive enzymes which methylate a wide range of substrates, the 

activity of some PRMTs has been shown to be regulated in response to precise cellular 

responses and other types of post-translational modifications (Blanc and Richard, 2017; Wu 

et al., 2021).

Also, it will be pivotal to comprehend if a single arginine within an RGG/RG motif, 

for example, is always available to both type I and II of PRMTs or if this only occurs 

in the absence/inhibition or the overexpression of a PRMT. What is known, by studying 

methylation at H4R3 in the triple negative breast cancer cell line MDA-MB-468, is that the 

stoichiometry is 0.2% MMA and 0.015% DMA with only aDMA being present (Zappacosta 

et al., 2021). In this system, sDMA on H4R3 was only observed when PRMT5 and MEP50 

were overexpressed (Zappacosta et al., 2021). Thus, perturbation of PRMT expression or 

inhibition is required to have H4R3me2s and H4R3me2a coexist in MDA-MB-468. In 

addition to the regulation of arginine methylation by several types of PRMTs, the possibility 

of the existence of a true dedicated arginine demethylase influences our understanding of the 

dynamics of methylarginines.

The greatest advancement in recent years has been the use of small molecules to define 

cancer vulnerabilities to PRMT inhibition, and this has led to exciting clinical trials for 

cancer therapy. The combination of PRMT inhibitors with DNA damaging agents, and the 

vulnerability of cells with splicing defects, are valuable discoveries for therapeutic efficacy. 

This is in line with previous reports that DNA damage signaling and pre-mRNA splicing 

are the major pathways regulated by PRMT1 and PRMT5. However, the stratification based 
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on p53 levels, is surprising and raises the interesting question ‘why is the p53 pathway 

via MDM4 splicing a strong indication of PRMT inhibition?’ i.e. why does this specific 

splicing event prevail functionally over the other splicing events in some cells? Another 

unexpected finding is the anti-viral and anti-tumor effects of ablation or inhibition of 

type I PRMTs, CARM1, PRMT5, and PRMT7, and their synergistic effect with immune 

checkpoint inhibitors for immunotherapy. The generation of neoantigens, the regulation of 

immune ligands such as PD-L1 and the modulation of interferons and cytokines with PRMT 

depletion or inhibition is promises that exciting times are ahead in the field, as light is shed 

on the molecular details.
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Figure 1. Classification of the types of methyl-arginines and protein arginine methyltransferases.
A. Type I and II PRMTs generate monomethyl-arginine (Rme1, MMA) from arginine as a 

first step, followed by asymmetrical dimethyl-arginine (Rme2a, aDMA; Type I, PRMT1, 

PRMT2, PRMT3, CARM1, PRMT6 and PRMT8) and symmetrical dimethyl-arginine 

(Rme2s, sDMA; Type II, PRMT5 and PRMT9) on the guanidino nitrogen atoms using 

S-adenosylmethionine (AdoMet) converting it to S-adenosylhomocysteine (AdoHcy). The 

Type III PRMT7 generates only Rme1 (MMA). The guanidinium moiety is shown as a 

triangle with its H-bonding and π-stacking properties. An arginine demethylase is not 

known.

B. The known preference of arginine motifs for the PRMTs. PRMT7 has a preference 

for arginines within the RxR sequences; CARM1 prefers to methylate arginines with 

neighboring prolines, glycines, and methionines (PGM); PRMT1, PRMT3, PRMT5 and 

PRMT6 have preference for arginines with neighboring glycines within RGG/RG motifs.

Xu and Richard Page 20

Mol Cell. Author manuscript; available in PMC 2022 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Arginine methylation as a regulator of transcriptional activity.
A. PRMT1 methylates H4R3me2a to facilitate p300-mediated acetylation on histones H3 

and H4. H4R3me2a is recognized by TDRD3, which recruits methyl-USP9X and binds 

SMARCA4, which promotes H3 acetylation. PRMT1-MLL (mixed-lineage leukemia) fusion 

protein deposits H4R3me2a and recruits KDM4C for H3K9me3 demethylation.

B. PRMT5 methylates H4R3me2s which inhibits the deposition of H4K5me3, H4Ac 

and H3Ac. H4R3me2s is recognized by PHF1 (PHD finger protein 1), which recruits 

CRL4B (Cullin4B-E3 ligase complex) and transcriptionally represses genes encoding tumor 

suppressors. PRMT7 methylates H4R17, which enhances H4R3me2a by PRMT5.

C. PRMT5-catalyzed H3R2me2s is recognized by WDR5/MLL complex, which promotes 

H3K4me3. PRMT5-mediated H3R2me2s promotes transcription activation during anti-viral 

immunity and cancer progression. PRMT2-catalyzed H3R8me2a and CARM1-catalyzed 

H3R17me2a/H3R26me2a are also associated with transcriptional activation and cancer 

progression. PRMT6 methylates H3R2me2a and blocks H3K4-methylwriters including 

the WDR5/MLL complex and to facilitate AurB (Aurora kinase B)-mediated H3S10 

phosphorylation.
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Figure 3. Protein arginine methyltransferases regulate the p53 and DNA damage response 
pathways.
A. PRMT5 methylates Sm proteins, SRSF1 (Serine and arginine rich splicing factor 1), and 

RBMX (RNA binding motif protein X-linked), to regulate MDM4 alternative splicing (AS) 

and p53 protein levels. SRSF1 and RBMX can coexist in a membraneless nuclear organelle 

and this is regulated by the methylation of RBMX by PRMT5.

B. The MRE11-RAD50-NBS1 sensor complex at DSBs (double stranded breaks) activates 

the ATM (Ataxia telangiectasia mutated) kinase to phosphorylate the histone variant H2AX 

(γH2AX) and many other proteins to trigger DSB repair. PRMT1 methylation of MRE11 

regulates its resection activities. The methylation of RNA binding protein hnRNPUL1 

regulates interaction with NBS1. GFI1 is a transcription factor that enhances the PRMT1­

mediated methylation of MRE11 in T cells and USP11 regulates the activity of PRMT1 by 

deubiquination. Circled ‘U’ denote ubiquitin. The methylation of the DSB repair proteins 

53BP1, BRCA1, APE1 (apurinic/apyrimidinic endonuclease 1) is mediated by PRMT1, but 

the role of these methylation events remain unknown. Methylation of p14ARF (alternative 

reading frame tumor suppressor product of the CDKN2A locus) allows its nucleolar export 

from NPM (nucleophosmin) to promoter apoptosis.

C. DDX5 (DEAD-box helicase 5) is methylated by PRMT5 and this regulates association 

with XRN2 (5’−3’ exonuclease 2) for R-loop (RNA/DNA hybrid) resolution. DDX5 

recruitment to DNA breaks is regulated by BRCA2 (Breast cancer gene 2). PRMT5 also 

methylates the RNA polymerase II C-terminal domain which lead to the recruitment of the 

helicase SETX (Senataxin) and XRN2 by SMN to resolve R-loops. CARM1 and PRMT1 

methylates histones which attract the methyl-reader protein TDRD3 via its Tudor domain 

to recruit topoisomerase TOP3B (DNA topoisomerase III beta) to resolve R-loops. The 
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resolution of R-loops prevents endogenous DNA damage and maintains genome stability. 

The RNA of the RNA/DNA hybrid of R-loops harbors m6A (N6-methyladenosine) and this 

event is regulated by PRMT1 methylation of the m6A methyltransferase (WTAP, METTL3, 

METTL14) component METTL14.

D. PRMT5 methylates RUVBL1 (RuvB like AAA ATPase) activating TIP60α which 

acetylates H4K16 to block 53BP1 recruitment favoring HR (homologous recombination) 

over NHEJ (non-homologous end-joining). The alternative splicing (AS) of TIP60α is 

regulated by PRMT5 to promote HR. CARM1 methylation of the SWI/SNF complex 

subunit BAF155 at R1064 increases EZH2 (Enhancer of zeste 2 polycomb repressive 

complex 2 subunit) H3K27me3 methylation repressing NHEJ Shieldin component 

MAD2L2. The upregulation of NHEJ in HR-proficient high-grade serous ovarian cancers 

by EZH2 inhibition creates sensitivity to poly (ADP-ribose) polymerase inhibitors. PRMT5 

also methylates FEN1, RAD9, TDP1, and KLF4 to maintain genomic stability.
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Figure 4. Arginine methylation negatively regulates the anti-viral response.
A. Methylation of IFI16 (interferon gamma inducible protein 16) and cGAS (Cyclic GMP­

AMP synthase) by PRMT5 inhibits the cGAS/STING (Stimulator of Interferon genes) 

pathway. PRMT5 also negatively regulates the transcription of NLRC5 (NLR family CARD 

domain containing 5), a crucial transactivator of MHC (major histocompatibility complex) 

class genes.

B. PRMT7 inhibits RIG-I-like receptors (retinoic acid-inducible gene-I-like receptors, 

RLRs), MDA5 (melanoma differentiation-associated gene 5), MAVS (mitochondrial 

antiviral signaling protein) and dsRNA ERV (Endogenous retrovirus) repetitive sequences 

to inhibit RIG-I signaling. PRMT3 and PRMT6 also inhibit this pathway preventing IRF-3 

(Interferon regulatory factor 3) induced type I interferons.
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