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Abstract

Protein arginine methyltransferase (PRMT) enzymes play a crucial role in RNA splicing, DNA 

damage repair, cell signaling, and differentiation. Arginine methylation is a prominent post-

transitional modification of histones and various non-histone proteins that can either activate or 

repress gene expression. The aberrant expression of PRMTs has been linked to multiple 

abnormalities, notably cancer. Herein, we review a number of non-histone protein substrates for all 

nine members of human PRMTs and how PRMT-mediated non-histone arginine methylation 

modulates various diseases. Additionally, we highlight the most recent clinical studies for several 

PRMT inhibitors.
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1. INTRODUCTION

Epigenetic modifications, including methylation, ubiquitination, phosphorylation, and 

acetylation, are crucial for regulating gene expression, cellular differentiation and function in 

a heritable fashion without changing the DNA code [1]. Targeting epigenetic abnormalities 

represents a feasible approach for treating various diseases, notably cancer [2]. Four histone 

deacetylase enzyme (HDAC) inhibitors are currently utilized as anticancer drugs [3], such as 

vorinostat (SAHA) which is used for the treatment of the cutaneous T-cell lymphoma 

(CTCL) [4], romidepsin (FK228) for CTCL [5], belinostat (PXD101) for peripheral T-cell 

lymphoma (PTCL) [6], and panobinostat for multiple myeloma [7]. Recently, several 

PRMT1 and PRMT5 inhibitors have entered clinical trials for hematological and solid 

tumors.
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Arginine methylation is a prevalent post-translational modification that plays crucial roles in 

transcriptional regulation, RNA splicing, DNA damage repair, cell differentiation, and 

apoptosis [8]. Protein arginine methyltransferases (PRMTs) are responsible for arginine 

methylation by transferring the methyl group from S-adenosylmethionine (AdoMet or SAM) 

to the guanidinium nitrogen atoms of the arginine residue. Based on their product specificity, 

PRMTs are divided into three types: type I includes PRMT1, 2, 3, 4, 6 and 8; type II 

includes PRMT5 and 9; and type III includes only PRMT7 (Figure 1). All PRMTs are able 

to catalyze the monomethylation of arginine, but type I and II can further proceed to 

introduce a second methyl group asymmetrically and symmetrically on the guanidino group 

of the arginine, respectively. Enhanced levels of PRMTs are detected in cancer, 

cardiovascular diseases, inflammatory diseases, metabolic disorders, and diabetes [9–15]. 

Consequently, emerging efforts have been pursued to modulate PRMTs as new approaches 

to interrogate numerous abnormalities. A myriad of arginine methylation sites on histones 

have been characterized. Depending on the site of methylation and the effector protein, the 

methylated histone can either activate or repress transcription. Besides histones, PRMTs also 

methylate various functionally important non-histone proteins. This review will focus on the 

non-histone protein substrates of PRMTs and the function of arginine methylation on non-

histone proteins.

2. PRMT ENZYMES AND NON-HISTONE SUBSTRATES

PRMTs share a conserved seven-stranded Rossmann-fold domain that interacts with SAM 

and a ß-barrel domain that supports substrate binding [16]. The formation of homodimers is 

essential for the catalytic activities of most PRMTs except for PRMT7. Although PRMT7 

acts as a monomer, it does contain two SET domains that are capable of forming a pseudo 

dimer [17]. Recently, more evidence has pointed to the formation of PRMT oligomers 

between different PRMT members. Type II PRMT5 and most type I PRMT enzymes except 

PRMT4 methylate substrates containing glycine and arginine (GAR) [18,19]. The residues 

distal to the GAR motif can modulate the methylation efficiency, which has been shown in 

both PRMT1 and 5 [20,21]. The other PRMTs recognize their own unique substrate 

recognition motifs. For example, PRMT4 specifically methylates arginine residues in 

proline, glycine, and methionine (PGM) rich motifs [22]. In addition, PRMT7 shows 

specificity for substrates that are enriched in RXR sequences (X is any amino acid) [23], 

while PRMT9 binds specifically to the FKRKY sequence of Splicing Factor 3b Subunit 2 

(SF3B2) [24]. With the exception of PRMT7 as a monomethylase, all other PRMTs involve 

a sequential two-step mechanism to introduce two methyl groups on the arginine side chain. 

A multiple step methylation reaction undergoes either a processive or distributive 

mechanism. The dimethylation of arginine catalyzed by most PRMT enzymes proceeds in a 

distributive manner, where the mono-methylated intermediate is released after the first 

turnover [25–27]. Then, monomethylated arginine can subsequently rebind to the enzyme to 

liberate the dimethylated product. Arginine methylation does not change the charge state of 

the arginine residue, nor does it affect the ability to form electrostatic interactions. However, 

methylation does increase the size and hydrophobicity of arginine, and decreases the 

capacity of arginine as a hydrogen bond donor. Thus, arginine methylation has profound 

impacts on protein-DNA/RNA and protein-protein interactions, consequently modulating 
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innumerable biological pathways. Applications of bioorthogonal profiling of protein 

methylation and global proteomic profiling have greatly advanced the identification of the 

physiological substrates of individual PRMT isoforms [18,28–30]. However, the functional 

study of specific arginine methylation remains underexplored. Below we will discuss the 

non-histone protein substrates for each PRMT enzyme (Table 1).

2.1 Type I PRMTs

2.1.1 PRMT1—PRMT1 is the most extensively studied PRMT enzyme, as it was the first 

member identified within this family. PRMT1 mediates more than 85% of the reported 

arginine methylation events [30]. The active form of PRMT1 is either a homodimer or 

oligomer [31]. Residues M48, E100, E144, E153, M155, and H293, located in the PRMT1 

active site, are essential for substrate and cofactor binding [32,33]. Mutation of these 

residues can decrease the catalytic activity or binding of PRMT1 to its substrates. For 

example, the M48A and M155A mutants reduce the catalytic efficiency about 350-fold and 

10-fold compared to the wild type PRMT1, respectively [32,33]. Similarly, the mutation of 

E144 and E153 to Ala decreased the catalytic efficiency for the AcH4–21 peptide substrate 

by 14- and 190-fold, respectively. In addition, the single mutation M48F can alter the 

product specificity of PRMT1 to generate both SDMA and ADMA, while the M155A 

mutant decreased enzyme processivity, with a slower formation of ADMA relative to wild 

type [34].

PRMT1 methylates a myriad of non-histone proteins. Based on their molecular functions, 

these substrates are categorized into four classes. Class 1 are transcriptional factors 

including TWIST 1 [35], TAF15 [36], Runt-related transcription factor 1 (RUNX1) [37], 

forkhead box other (FOXO) proteins [38], E2F1 [39], CCAAT/enhancer binding proteins (C/

EBP) [40], SMAD6 [41] and SMAD7 [42]. Class 2 are RNA-binding proteins including 

eukaryotic initiation factor 4A1 (eIF4A1) [43], poly(A)-binding nuclear protein 1 (PABPN1) 

[44], heterogeneous nuclear ribonucleoprotein R (hnRNPR) [45], and the viral replication 

modulator ICP27 [46]. Class 3 are involved in DNA damage repair, like the p53-binding 

protein 1 (53BP1) [47], the double-strand break repair protein MRE11 [48], breast cancer 

type 1 susceptibility protein (BRCA1) [49], and DNA topoisomerase 3 beta (TOP3B) [50]. 

Class 4 are proteins that play roles in signal transduction and other functions, including 

estrogen receptor α (ERα) [51], epidermal growth factor receptor (EGFR) [52], the 

chromatin-associated proteins high-mobility group AT-hook 1 (HMGA1) [53], SMAD 

ubiquitination regulatory factor 2 (SMURf2) [54], the structural maintaining protein 

desmoplakin (DP) [55], and FMS-like tyrosine kinase 3 (FLT3) [56] (Figure 2). Among the 

aforementioned substrates, the site of arginine methylation is currently unknown for SMADs 

and hnRNPR [41,42]. Although PRMT1-mediated arginine methylation sites of eIF4A1 

(R368), HMGA1 (R23 and R25) and SMURF2 (R232, R234, R237, and R239) have been 

identified [43,53,54], the function of this methylation remains unclear.

2.1.1.1 Transcription Factors TWIST 1, TAF15, C/EBPα, RUNX1, and FOXO as 
PRMT1 Non-histone Protein Substrates: The transcription factor TWIST1 plays an 

important role in cancer metastasis by repressing E-cadherin and upregulating N-cadherin, 

which are characteristic of epithelial-mesenchymal transition (EMT) [57]. PRMT1-mediated 
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methylation of TWIST1 at R34 led to the decrease in E-cadherin expression and increased in 

N-cadherin expression seen in the epithelial-mesenchymal transition (EMT), implying the 

regulating role of PRMT1 in cancer progression and metastasis [35]. Knockdown of PRMT1 

was able to reduce cell migration and invasion in lung cancer cells [35], indirectly 

confirming the downstream effects of targeting PRMT1-mediated TWIST1 methylation as 

an attractive approach for NSCLC treatment.

TAF15, a nuclear RNA-binding protein, is also subject to PRMT1-mediated methylation. 

TAF15 also binds to RNA targets, notably RNA polymerase II, to initiate transcription. This 

protein contains both an RNA recognition motif and multiple Arg-Gly-Gly (RGG) repeats at 

its C-terminal end. PRMT1 selectively methylated the R203, R525, R532, and R567 

residues of TAF15 on the C-terminal RGG motifs [36]. The methylation of TAF15 affects its 

cellular localization between the nucleus and cytoplasm, and positively regulates the 

expression of TAF15-targeted genes [36]. RUNX1, also known as acute myeloid leukemia 1 

(AML1), is essential for hematopoiesis and lymphocyte growth [37]. Methylation of the 

R206 and R210 residues in RUNX1 enhanced the transcription activity for several gene 

promotors that are important for the maintenance of a proper peripheral T cell count in mice 

[37].

C/EBPα belongs to a family of basic leucine zipper DNA-binding proteins and acts as a 

tumor suppressor by inhibiting cell proliferation [40]. Three arginine residues (R35, R156, 

and R165) are methylated by PRMT1, which exerts a negative impact on the interaction 

between C/EBPα and its corepressor HDAC3 to promote cyclin D1 expression [40]. The 

FOXO proteins are pioneering factors that can directly bind to condensed chromatin, and 

play important roles in regulating cellular differentiation, growth, survival, and metabolism. 

The FOXO forkhead box subunit, which contains around 100 amino acids, is essential for 

DNA binding. Arginine methylation of both FOXO and DP proteins demonstrated a negative 

impact on the phosphorylation of their respective serine residues [38,55]. PRMT1 

methylates the highly conserved R248 and R250 of FOXO1 [38]. The methylation on R248 

and R250 blocked the Akt-dependent phosphorylation of the neighboring residue S253, 

which consequently enhanced cell apoptosis and gluconeogenesis in mouse models [38,58]. 

The crosstalk between R248/R250 methylation and S253 phosphorylation is possibly caused 

by the steric hindrance imposed by arginine methylation, which interferes with the 

recognition of S253 by Akt kinase.

2.1.1.2 RNA-binding Proteins (eIF4A1, ICP27, and PABPN1) as PRMT1 Non-histone 
Protein Substrates: A substrate profiling study indicated that the R368 residue of the 

eIF4A1 protein is selectively methylated by PRMT1, while the other eIF4A isoforms 

(eIF4A2 and eIF4A3) are not methylated by PRMT1 despite over 80% similarity of their 

sequences to that of eIF4A1 [43]. However, the biochemical significance of eIF4A1 

methylation remains ambiguous. The ICP27 protein plays a vital role in the gene expression 

and replication of herpes simplex virus type-1 (HSV-1) [46]. The PRMT1-catalyzed arginine 

methylation of ICP27 on R138, R148, and R150 residues is responsible for the nuclear foci-

like structure formation, RNA-binding affinity, and SRPK interactions of ICP27. 

Hypomethylation of ICP27 significantly inhibited the replication of HSV-1 [46], which 

implies the potential of PRMT inhibitors in HSV-1 treatment. The R289 residue of PABPN1 
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is preferably methylated by PRMT1 [59]. RNA and transportin are known to compete for 

binding to PABPN1. Methylation on R289 of PABPN1 reduces the binding between 

PABPN1 and transportin by about 10-fold and consequently promotes the PABPN1-RNA 

interaction [59].

2.1.1.3 DNA Damage Repair: Arginine methylation has demonstrated a central role in 

regulating early response to the DNA damage repair pathway. MRE11, 53BP1, and BRCA1 

are three identified protein substrates that exemplify the role of PRMT1-mediated 

methylation in DNA damage repair. MRE11 is the component of one of the early DNA 

repair complexes that is recruited at DNA double-strand breaks [48]. The R587 residue of its 

C-terminal GAR domain is subject to PRMT1 methylation, which is important for its 

exonuclease activity and association with nuclear structures [48]. Knockdown of PRMT1 

resulted in MER11 hypomethylation and consequently induced the intra-S-phase checkpoint 

defect. 53BP1 is another important DNA damage response factor, which contains a 

canonical GAR motif in its kinetochore-binding domain that is methylated by PRMT1 [47]. 

The arginine methylation of 53BP1 is required for its interaction with single and double-

stranded DNA, although it did not affect the relocalization to the DNA damage sites [47]. 

The 504–802 region of tumor suppressor protein BRCA1 is also subject to PRMT1 

methylation. Arginine methylation in this region influences the interaction of BRCA1 to 

specific promoters or proteins [49].

2.1.1.4 DP, ERα, EGFR, and FLT3 as PRMT1 Non-histone Protein Substrates: The 

aforementioned negative impact of arginine methylation on serine phosphorylation in FOXO 

was also observed in DP. The most abundant component of desmosomes, DP functions to 

provide strong adhesion for intercellular links and mechanical strength to tissues like skin 

and heart [60]. There are four arginine residues (R2826, R2834, R2838, and R2846) on the 

C-terminus of DP that undergo methylation. Among them, PRMT1-mediated R2834 

methylation impedes the adjacent S2849 phosphorylation that is dependent on the glycogen 

synthase kinase 3, and results in cardiomuscular atrophy in mice [55]. Additionally, 

cooperative effects between arginine methylation and phosphorylation have been observed in 

signaling events mediated by ERα, EGFR, and FLT3. PRMT1 specifically methylates R260 

in the DNA-binding domain of ERα upon estrogen stimulation [51]. This arginine 

methylation of ERα activates the cytoplasmic signaling events by forming the Src-ERα-p85 

or Src-ERα-PI3K complex in breast cancer cells [51,61]. Although the molecular 

mechanism of how ERα methylation recruits Src and assemble the complex remains elusive, 

arginine methylation of ERα plays an important role in triggering its non-genomic signaling 

cascades in breast cancers. EGFR, a receptor tyrosine kinase, is activated by forming a dimer 

to mediate numerous signal transduction pathways. Methylation of the R198 and R200 

located at the extracellular domain of EGFR promotes its binding to EGF and subsequent 

dimerization, thus activating the signal pathway in both colorectal and triple-negative breast 

cancers [52,62]. On the contrary, the arginine methylation at R972 and R973 in FLT3 is 

dependent on PRMT1 [56,63], which has a positive effect to facilitate the phosphorylation of 

Y969. In addition, this methylation also induces progression of mixed-lineage leukemia-

rearranged Acute Lymphoblastic Leukemia (MLL-r ALL) through an alternative mechanism 

[56].
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2.1.2 PRMT2—PRMT2, also called human arginine methyltransferase (HRMT1L1), 

primarily localizes in the nucleus. The SH3 domain at the N-terminal of PRMT2 is essential 

for the interaction with its substrate E1B-AP5, which is a heterogeneous nuclear 

ribonucleoprotein and interacts with adenovirus early protein E1B [64]. PRMT2 is an 

underexplored member of the PRMT family and its physiological substrates need to be 

systematically investigated. PRMT2 is reported to interact with few regulatory proteins, as 

well as to form an oligomer with PRMT1. PRMT2 directly interacted with retinoblastoma 

(RB) via its cofactor binding subunit (Figure 2). The interaction between PRMT2 and RB 

downregulated the activity of E2F through several mechanisms, including histone 

methylation, transcription factor methylation, and RNA splicing [65].

2.1.3 PRMT3—PRMT3 is abundantly located in the cytoplasm [66]. Its structural 

features include a catalytic core domain in its central region, and a single zinc-finger domain 

at its N-terminus that binds to Zn2+ at a 1:1 ratio [67]. The zinc-finger domain contributes 

not only to the recognition of RNA-associated substrates, but also serves to modulate the 

catalytic activity of PRMT3 through the recruitment of a different interacting partner, such 

as the tumor suppressor DAL-1/4.1B [28]. Besides 40S RPS2 [68], the validated non-histone 

protein substrates of PRMT3 also include HMGA1 proteins [53], PABPN1 [44], hnRNPA1 

[69], treacle ribosome biogenesis factor 1 (TCOF1), myosin-XVIIIb (MYO18B), keratin 6A 

(KRT6A) [28], tubulin alpha 1C (TUBA1C), tubulin beta 4A (TUBB4A), triosephosphate 

isomerase 1 (TPI1) [28], cleavage stimulation factor 64 kDa subunit (CSTF-64) [45], and 

DNA topoisomerase 3B (TOP3B) [50] (Figure 2). Among them, arginine methylation sites 

have been identified, such as the R23 and R25 residues of HMGA1 [53]. PRMT3-mediated 

arginine methylation at the R31 residue of hnRNPA1 reduces its RNA binding activity to 

ATP-binding cassette subfamily G member 2 (ABCG2) mRNA, which consequently results 

in the upregulation of ABCG2 and chemoresistance in pancreatic cancer [69]. However, a 

deep understanding of the function of arginine methylation on PRMT3 substrates remains 

lacking, as the elucidation of its biological significance and identification of methylation 

sites are still under-explored, which delays a deep understanding of the function of PRMT3-

mediated arginine methylation.

2.1.4 PRMT4 (CARM1)—PRMT4, also known as CARM1 (coactivator-associated 

arginine methyltransferase 1), is predominantly located in the nucleus and normally has a 

positive impact on transcription. PRMT4 consists of a unique N-terminal EVH1 domain 

(residues 28–140) that can bind to proline-rich sequence [18], which is necessary to 

substrate recognition and catalytic activity of PRMT4. This also explains why PRMT4 

preferentially recognizes arginine residues in PGM-enriched sequences. Based on their 

known functions, PRMT4-mediated non-histone proteins can be categorized into two 

classes: class 1 substrates are involved in chromatin remodeling, such as histone 

acetyltransferase p300/CREB-binding protein [70], critical component of SWI/SNF 

chromatin remodeling component BAF155 [71], steroid receptor coactivator-3 (SRC-3) [72], 

and PRMT4 itself at the C-terminal R551 residue; class 2 substrates are involved in RNA 

processing, such as splicing factors CA150, SAP49, SmB, and U1C [22], R1899 of mediator 

complex subunit 12 (MED12) [73], the RNA-binding proteins PABP1 [74], HuR, and HuD 

[22,75] (Figure 2).
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PRMT4-mediated methylation has demonstrated diverse functions in gene expression and 

glucose metabolism. PRMT4-mediated methylation on R580 and R604 residues of the CBP 

KIX domain [70] selectively diminished cAMP-induced transcription. Methylation of 

CA150 and MED12 facilitates their interaction with the tudor domain of the survival of 

motor neurons protein (SMN) to promotes exon skipping, and the tudor domain-containing 

protein 3 to activate long noncoding RNAs [22], respectively. PRMT4 methylates the R234 

residue located in the catalytic pocket of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Methylation of R234 may affect the interaction of coenzyme to GAPDH, which 

consequently inhibits its catalytic activity [76]. Both R455 and R460 residues of PABP1 

were efficiently methylated by PRMT4, but the molecular function of these two arginine 

methylation on PABP1 remains obscure [74]. The methylation of the R217 residue of HuR 

is solely dependent on PRMT4 [75]. Since R217 locates in the hinge region of HuR between 

tandem RNA recognition motif domains, methylation is likely to affect its interaction with 

RNA or cellular localization through its shuttling mechanism.

2.1.5 PRMT6—PRMT6 is able to automethylate its R35 residue, which increases the 

stability of PRMT6 and inhibits human immunodeficiency virus type 1 (HIV-1) replication 

[77]. PRMT6 is found predominantly in the cell nucleus [78], and is known as a 

transcriptional repressor. Besides its ability to methylate H2A protein on its R11 and R29 

residues [79], TAT [80], FOXO3 [81], HMGA1 [53], and PABPN1 [44] have been reported 

to be non-histone protein substrates for PRMT6 (Figure 2). For example, the PRMT6-

dependent methylation at R52 and R53 residues of the TAT protein impairs the interaction of 

TAT with the Tat transactivation region of human immunodeficiency virus type 1 (HIV-1), as 

well as cyclin T1-dependent TAT transcriptional activation [80]. Hence, overexpression of 

wild-type PRMT6 reduced TAT transactivation of HIV-1, and the knockdown of PRMT6 

elevated viral replication [80]. In this context, PRMT6 activators would be beneficial to 

combat HIV replication.

Additionally, PRMT6 methylates the R57 and R59 residues of chromatin protein HMGA1 in 

the second AT-hook [53], which may perturb the HMGA1-involved protein-DNA and 

protein-protein interactions. PRMT6-mediated FOXO3 methylation at R188 and R249 

residues can activate the activity of FOXO3 to induce protein degradation and result in 

muscle atrophy [81]. However, PRMT6 expression can be negatively regulated by PRMT1, 

which consequently serves an important role in skeletal muscle metabolism regeneration 

[81]. Therefore, the side effects of PRMT1 inhibitor on skeletal muscle need to be 

monitored.

2.1.6 PRMT8—PRMT8 shows a high tissue-specific expression pattern in brain and 

neuron tissues [82]. Although PRMT1 and PRMT8 share over 80% homology similarity 

[82], the recent tetrameric structure of PRMT8 in solution implies the regulatory role on 

substrate selectivity by an allosteric beta strand [83]. The PRMT8 N-terminal region 

supports the association of PRMT8 to the plasma membrane [82]. Additionally, the N-

terminus contains the substrate binding site and is essential for PRMT8 methylation activity. 

Besides histone proteins, PRMT8 can automethylate its N-terminal R108 and R182 residues 

[84], as well as the R244 residue of Nucleolar protein interacting with an RNA-binding 
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protein, the forkhead-associated domain of Ki-67 (NIFK) [83], and the C-terminal RGG 

region of pro-oncoprotein Ewing sarcoma (EWS) [85] (Figure 2). However, the impact of 

those methylation events is still obscure. As a less characterized member, PRMT8 has been 

suggested to involve in PI3K/AKT-dependent Sox2 induction through its interaction with the 

p85 subunit of PI3K in human embryonic stem cells [86]. In addition, knockout of PRMT8 

in mice resulted in progressive muscle atrophy, axonal transport impairment, γ-H2AX 

accumulation, and reduced level of cAMP response-element-binding protein 1 (CREB1) 

[87].

2.2 Type II PRMTs

2.2.1 PRMT5—PRMT5 is a founding member of type II PRMT, which interacts with 

various proteins. PRMT5 was initially named Janus kinase-binding protein 1 (JBP1) because 

of its binding to the Janus Kinase [88]. Recent studies manifest the role of PRMT5 as a 

master epigenetic regulator in various cellular processes. PRMT5 consists of four major 

domains: a N-terminal TIM-barrel domain, the Rossmann-fold in the middle, a ß-barrel 

subunit at the C-terminal end, and a dimerization arm that contains around 60 residue that is 

close to the ß-barrel domain [89]. The conserved F379 residue in the PRMT5 active site 

governs the product specificity of PRMT5 to produce the symmetric di-methylated arginine. 

The F379M mutation not only increased methylation activity of PRMT5, but also altered the 

product specificity by producing both symmetric and asymmetric di-methylation of H4R3. 

Conversely, both F379G and F379A mutation reduced the PRMT5 activity significantly 

[89]. Specific methylation on H4R3 instead of R17 or R19 on a 21-mer H4 peptide 

(SGRGKGGKGLGKGGAKRHRKV) corroborated that PRMT5 preferably methylates 

substrates containing GRG motifs. In addition, the reduction of H4R3 methylation by 40–50 

fold was caused by the H41–21 (R17A) or (H18Q) mutation, further exemplifying the 

contribution of the distal residues to the substrate recognition through the electronic and 

spatial changes in the peptide structure [21]. PRMT5 interacts with various partners, 

including cooperator of PRMT5 (COPR5) [90], methylosome protein 50 (MEP50/WDR77) 

[91], transcriptional factor Sp1, and ATP-dependent chromatin remodeler BRG1, to regulate 

the substrate recognition and methylation activity [92].

PRMT5 has been implicated in several cellular processes such as RNA processing, 

signaling, and gene regulation. PRMT5 modulates gene transcription through the 

methylation of H2AR3, H3R8, and H4R3. Besides histones and well-known Sm protein 

substrates, PRMT5 also methylates several non-histone proteins, including p53 [93], nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-kB) [94], Krüppel-like factor 

(KLF4) [95], E2F1 [96], CFLARL [97], and DEAD-box helicase 5 (DDX5) [98] (Figure 2).

PRMT5 is implicated in DNA damage response through installation of methylation on p53, 

DDX5, and KLF4. PRMT5 negatively regulates DNA damage-induced apoptosis through 

the modulation of the tumor suppressor protein, p53 [93]. The PRMT5-dependent 

methylation of p53 at residues R333, R335 and R337 represses the p53-DNA interaction. 

Hence the p53 methylation alters the promoter specificity and leads to functional outcome 

impairment. Knockdown of PRMT5 induced p53-dependent apoptosis in U2OS cells [93], 

which infers the application of PRMT5 inhibitors in activation of the p53 pathway. The 
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DDX5 is an ATP-dependent RNA helicase that is involved in the suppression of the 

formation of a DNA:RNA hybrid to minimize the DNA damage. Recently, PRMT5 has been 

shown to upregulate DDX5 through methylation at the R520 residue, within the C-terminal 

GRG-rich region of DDX5 [98]. Therefore, repression of PRMT5 led to the accumulation of 

DNA:RNA hybrid and subsequent DNA double-strand damage. The transcription factor 

KLF4 regulates DNA damage response, inflammation, apoptosis, stem cell renewal, and 

genome integrity maintenance. Three arginine residues (R374, R376, and R377) of KLF4 

can be methylated by PRMT5 [95]. KLF4 has a short half-life at about 4 hours [95]. The 

arginine methylation leads to the conformation change of KLF4, which subsequently affects 

the recognition by von Hippel-Lindau (VHL)/VBC E3 ligase and counteracts the 

ubiquitination to increase the stability of KLF4 [95]. The accumulated and defective KLF4 

results in attenuation of DNA damage response, inhibition of apoptosis, and breast tumor 

progression [95]. The KLF4 arginine methylation demonstrates an interesting interplay 

between arginine methylation and ubiquitylation, where arginine methylation plays a 

negative role in ubiquitination.

In addition to KLF4, NF-kB transcription factors involved in inflammation, immune 

responses, and malignancies also undergo arginine methylation by PRMT5 [94]. Aberrant 

expression of PRMT5 promotes the arginine methylation on the R30 residue of p65 subunit 

of NF-kB and increases the NF-kB activity in immune responses and tumorigenesis. PRMT5 

knockdown or the p65 subunit R30A mutation results in NF-kB repression [94], which 

further highlights the importance of PRMT5-mediated methylation in NF-kB activity.

PRMT5-mediated SDMA and PRMT1-mediated ADMA can exert disparate effects on the 

same protein. One example is the transcription factor E2F, which plays a master role in 

controlling the cell cycle progression. The disparate effects resulted from two different 

methylation states on E2F1 illustrate the importance of specific methylation events. The 

R111 and R113 residues of E2F1 are subject to symmetric dimethylation by PRMT5, while 

its R109 is modified by PRMT1 to introduce asymmetric dimethylation on the R109 site 

[39,96]. PRMT5-dependent methylation of E2F promotes cell growth and regulates 

alternative splicing of E2F target genes [39,96]. On the other hand, PRMT1-mediated 

arginine methylation has distinct effects on stimulating apoptosis in DNA damaged cells. 

Another example is CFLARL, an essential anti-apoptotic protein that represses the activity 

of caspase 8 [99]. In this case, PRMT1 and PRMT5 methylate the same R122 residue of 

CFLARL, but produce opposite impacts on the CFLARL protein level in NSCLC cells. 

Specifically, PRMT5-mediated symmetric dimethylation of CFLARL elevates the expression 

level of CFLARL by reducing its ubiquitination [97]. Such crosstalk between symmetric 

arginine methylation and ubiquitination has also been observed in KLF4 as discussed above. 

In contrast, asymmetric dimethylation of R122 by PRMT1 downregulated CFLARL levels 

through the elevation of CFLARL ubiquitination and degradation [97]. The distinct 

downstream effects that are caused by different methylation states on the same arginine 

residue is another example to clearly demonstrate the need to develop selective modulators 

for each PRMT isoform.

2.2.2 PRMT9—The latest identified member of the PRMT enzymes, PRMT9, was 

initially known as FLJ12673 or FBXO11 [100]. PRMT9 methylates fewer substrates than 
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the other type II PRMT, PRMT5 [24]. Like PRMT7, PRMT9 also contains two MTase 

domains and forms a pseudodimer for substrate binding. The FKRKY motif is essential for 

PRMT9 substrate recognition at the N-terminal domain [101]. PRMT9 barely exhibited any 

activity on histones, but methylates the R508 residue of intact spliceosome-associated 

protein SAP145 (SF3b2) to produce MMA and SDMA [101] (Figure 2). This arginine 

methylation is important for the interaction of SAP145 to the survival motor neuron protein 

[24].

2.3 Type III PRMT7

PRMT7 was originally identified as a type II PRMT to methylate both MMA and SDMA 

[102], but established its uniqueness as the only type III PRMT as PRMT7 strictly 

monomethylates its substrates, including H4R17 [103]. This specific monomethylation may 

be caused by a more constricted substrate-binding site pocket in PRMT7 compared to other 

types of PRMT [17]. PRMT7 plays important roles in transcriptional regulation, DNA 

damage response, RNA splicing, cell differentiation, and metastasis [104]. PRMT7 has been 

reported to methylate eukaryotic translation initiation factor 2 alpha (eIF2α) and p38 

mitogen-activated protein kinase (p38MAPK) [105,106] (Figure 2).

The eIF2α arginine methylation at R54 has been implied as the methylation site for PRMT7, 

which can affect stress-induced phosphorylation on serine 51 (Ser51) and block translation 

initiation [105]. The p38MAPK is a class of mitogen-activated protein kinases that is 

essential for myogenic differentiation, immune modulation, and inflammatory reactions 

[107]. PRMT7-mediated methylation of p38MAPK on its R70 residue promotes the 

activation of p38MAPK and MyoD-mediated myoblast differentiation. The p38MAPK 

mutation A70R or PRMT7 deficiency resulted in a decrease in myogenic differentiation and 

a retardation of muscle regeneration in mice [106].

3. THE ROLE OF PRMTS IN DISEASES

The dysregulation of various PRMT subtypes is implicated in various diseases, including 

cancer, metabolic dysfunction, inflammation, and cardiovascular diseases. Compared with 

the pharmacological roles of PRMTs in cancer, the information is sparse in other diseases. 

Here, this review mainly focuses on cancers involved the arginine methylation on non-

histone proteins.

The overexpression of type I PRMTs leads to the enhancement of asymmetric 

dimethylarginine levels and is associated with several malignancies. For example, PRMT1 

overexpression has been reported in melanoma, leukemia, lymphoma, breast and lung 

cancers. Additionally, PRMT4 is upregulated in lung cancer and osteosarcoma (OS) [108]. 

The overexpression of PRMT8 in breast, cervical, and ovarian malignancies is well-known 

[109]. Either depletion or inhibition of those PRMTs has exhibited anticancer activities. In 

non-transformed lung epithelial cells, PRMT1 has been shown to trigger the epithelial-

mesenchymal transition (EMT), a process integral to cancer progression, through the 

upregulation of N-cadherin and the repression of the tumor suppressor E-cadherin [35]. The 

knockdown of PRMT1 is correlated with the upregulation of E-cadherin levels and results in 

the reversal of EMT. PRMT1 overexpression is also common in human melanoma, where it 
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regulates growth and metastasis by interaction with the activated leukocyte cell adhesion 

molecule (ALCAM). The reduction of ALCAM levels upon PRMT1 knockdown in A375 

and Hs294T melanoma cell lines resulted in the suppression of tumor cell growth 

suppression and reduced metastatic ability [110]. These results suggest that PRMT 

inhibition may have antiproliferative effects that can be exploited in the development of 

future cancer treatments.

PRMT5 plays an important role in governing cancer cell proliferation and tumorigenesis 

through activating some proliferative signaling including WNT/β-CATENIN, AKT-involved 

pathway. Aforementioned PRMT5-mediated KLF4 methylation has been proposed as a 

targeted therapy for triple negative breast cancers. Indeed, specific disrupting the PRMT5 

and KLF4 interaction suppresses tumor progression and stimulates tumor cell death in both 

cell-based and animal studies in triple negative breast cancer [111]. Elevated levels of 

PRMT5 are observed in hepatocellular carcinoma (HCC) tissues. PRMT5 knockdown 

inhibits the growth of HCC cells and selectively abrogates their proliferation, with no effect 

on the growth of normal liver cells. Additionally, PRMT5 silencing significantly 

downregulated the HCC-associated signaling protein β-catenin, which suggests that PRMT5 

is a regulator of HCC tumor growth and proliferation [112]. PRMT9 suppression by 

miR-543 promotes the proliferation of osteosarcoma cells [113]. Conversely, the 

overexpression of the type I PRMT4 has been shown to promote osteosarcoma cell 

proliferation by increasing the phosphorylation of GSK3β to activate β-catenin/cyclin D1 

signaling [114]. PRMT7 expression is markedly upregulated in breast cancer cells and 

elevates the expression of the breast cancer metastasis mediator matrix metalloproteinase 9 

(MMP9). The inhibition of PRMT7 with siRNA is correlated with the reduction of breast 

cancer cell invasion, metastasis, and progression. Targeting PRMT7 may support the 

development of selective therapies for breast cancer and prevent the possibility for 

metastasis and recurrence [115].

Both type I and II PRMT mainly methylate substrates containing GAR motifs, like E2F1. 

Thus, it is not surprising about the crosstalk existing between these two types of PRMTs. 

Recent study identified PRMT1 as a significant hit to function synergistically with PRMT5 

inhibitor through a combination screening with a CRISPR/Cas9 library [116]. Combination 

of both PRMT1 and 5 inhibitors display a strong anti-tumor activity in a synergistic manner. 

The knockdown of PRMT1 and PRMT6 resulted in the suppression of bladder and lung 

cancer proliferation [117]. Meanwhile, the interplay between arginine methylation and other 

modifications have been observed, including phosphorylation and ubiquitination. Thus, dual 

inhibition of both PRMT5 and AKT by their respective inhibitors exhibited lethal effects on 

diffuse large B cell lymphoma cells [118]. Dual inhibition of both PRMT1 and FLT3 

inhibitors enhanced abolishment of MLL-r ALL cells in patient-derived mouse xenografts 

[64]. Such synergistic effect has also been observed in PRMT1-FLT3 involved pathway in 

acute myeloid leukemia [119].

4. PRMT INHIBITORS IN CLINICAL TRIALS

The physiological and pharmacological functions of PRMTs imply their potentials as novel 

therapeutic targets. As such, there exists a pressing need for the development of selective, 
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potent, and cell-active PRMT inhibitors. Hence, a plethora of PRMT inhibitors have been 

developed in order to target different PRMT-involved abnormalities. As discussed earlier, 

different arginine methylation states (ADMA or SDMA) on the same residue may have 

dichotomic downstream effects, accentuating the importance of the discovery of isoform-

specific inhibitors to target each PRMT. Recent progress on the elucidation of the substrate 

recognition and molecular pathways has greatly advanced the development of specific 

inhibitors for PRMTs except PRMT2, PRMT8, and PRMT9. Currently, multiple clinical 

trials are ongoing for the PRMT1 and 5 inhibitors JNJ46419178, GSK3368715 [120], 

GSK3326595 [121], and PF-06939999 (Figure 3, Table 2). Moreover, several PRMT3, 

PRMT4 and PRMT6 selective inhibitors [122–125] have shown superior activity in 

preclinical studies. Phase I trials are underway for a potent and selective type I PRMT 

inhibitor, GSK3368715, for the targeting of several tumors including the refractory 

pancreatic, NSCLC, and bladder solid tumors, and the hematologic tumor of diffuse large B-

cell lymphoma (DLBCL). The goal of these trials is to assess the therapeutic activity and the 

maximally tolerated oral dose for GSK3368715 in the treated patients [120,126]. Currently, 

the competition in the development of PRMT5 inhibitors is intensive, with three different 

inhibitors under clinical investigation. The SAM analog PRMT5 inhibitor, JNJ46419178, 

was developed by Janssen Research & Development, LLC. Phase I studies are currently 

being conducted to evaluate the safety, pharmacokinetics, and pharmacodynamics of 

JNJ46419178 in patients with refractory B cell non-Hodgkin lymphoma (NHL) or advanced 

solid tumors [127]. Meanwhile, two clinical studies are currently ongoing for a selective 

substrate competitive PRMT5 inhibitor, GSK3326595. Solo safety, pharmacokinetics, and 

pharmacodynamics phase I trials are being conducted on subjects with recurrent solid 

tumors and NHL to investigate the maximally tolerated oral dose for further clinical studies 

[128]. Another phase II study for GSK3326595 is being carried out in combination with 5-

azacitidine to treat AML and myelodysplastic syndrome (MDS) [129]. In addition, phase I 

trials for the PRMT5 inhibitor PF-06939999 (structure not disclosed) are underway to 

evaluate the safety, pharmacokinetics, and pharmacodynamics of PF-06939999 in patients 

with advanced or metastatic solid tumors [130].

5. OPPORTUNITIES

PRMT enzymes regulate the activity of histones and a wide spectrum of non-histone 

proteins that are essential for cellular regulation, including RNA binding proteins, signal 

transduction modulators, and transcription factors. Depending on the site of modification, 

PRMTs either act as coactivators or repressors for the effector proteins. Protein arginine 

methylation modulates protein-protein, protein-DNA, and protein-RNA interactions. PRMT 

enzymes interact with a huge number of macromolecules including themselves in the form 

of dimers and oligomers to profoundly regulate the substrate recognition and enzymatic 

activity. Recently, a new array of non-histone protein substrates and interacting partners has 

been unveiled, expanding the scope and complexity of arginine methylation to a different 

dimension. For example, the substrate specificity of PRMT5 varies in presence of different 

cofactors. Additionally, oligomers display different activity and sensitivity to recognize 

histones versus non-histone proteins. These additional complexities must therefore be taken 

into consideration throughout any new investigations. The elucidation of each PRMT 
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involved-network is imperative to pave the road to develop selective and cell-potent 

inhibitors as novel therapeutic agents.

Many reports on the aberrant levels of various PRMT enzymes have been implicated in 

several pathological conditions such as cancer, diabetes, cardiovascular and inflammatory 

diseases. However, the mechanisms and roles of the dysregulation of PRMT enzymes in 

specific diseases are still poorly understood. Highly subtype-selective inhibitors may have a 

high impact on deciphering the underlying functions and network control of PRMT-related 

diseases. On the other hand, emerging links to cellular dysfunction strengthen that PRMTs 

are attractive targets for a number of diseases. Significant efforts have been applied with 

multiple clinical trials ongoing for PRMT1 and 5 inhibitors. Future directions of inhibitor 

discovery should include but not be limited to specifically targeting newly identified and 

unique pathways.
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Figure 1. 
Arginine methylation
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Figure 2. 
The Interaction Between PRMT Enzymes with Various Non-Histone Proteins.
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Figure 3. 
The Chemical Structure for PRMT Inhibitors in Clinical Trials
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Table 1.

PRMT Enzymes and Their Substrates

PRMT 
enzyme Type Arginine 

methylation
Cellular 
location

Histone 
substrate Non-histone substrates

PRMT1 I MMA and ADMA Cytoplasm and 
nucleus

H4R3, H3R3, 
H2AR11

TWIST1 [35], TAF15 [36], RUNX1 [37], FOXO1 
[38], E2F1 [39], C/EBP [40], SMAD6 [41], SMAD7 
[42], eIF4A1 [43], PABPN1 [44], hnRNPR [45], 
ICP27 [46], 53BP1 [47], MRE11 [48], BRCA1 [49], 
TOP3B [50], ERα [51], EGFR [52], HMGA1 [53], 
SMURF2 [54], DP [55], FLT3 [56].

PRMT2 I MMA and ADMA Nucleus H3R8 RB [65].

PRMT3 I MMA and ADMA Cytoplasm H4
RPS2 [68], HMGA1 [53], PABPN1 [44], hnRNPA1 
[69], TCOF1, MYO18B, KRT6A, TUBA1C, 
TUBB4A, TPI1 [28], CSTF-64 [45], TOP3B [50].

PRMT4 I MMA and ADMA Nucleus H3R2, R17, 
R26, R42

p300/CREB-binding protein [70], BAF155 [71], 
SRC-3 [72], CA150, SAP49, SmB, U1C, HuD [22], 
MED12 [73], PABPN1 [74], HuR [22,75], CBP KIX 
[70], GAPDH [76].

PRMT5 II MMA and SDMA Cytoplasm and 
nucleus

H2AR3, H3R2, 
H3R8, H4R3

p53 [93], NF-kB [94], KLF4 [95], E2F1 [96], 
CFLARL [97], DDX5 [98].

PRMT6 I MMA and ADMA Nucleus H3R2, H2AR11, 
H2AR29

TAT [80], FOXO3 [81], HMGA1 [53], PABPN1 
[44].

PRMT7 III MMA Cytoplasm H3R2, H4R3, 
H4R17 eIF2α [105], p38MAPK [106].

PRMT8 I MMA and ADMA Plasma 
membrane - NIFK [83], EWS [85], SOX2 [86], γ-H2AX [87].

PRMT9 II MMA and SDMA Cytoplasm and 
nucleus - SAP145 [101].
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Table 2.

PRMT Inhibitors in Clinical Trials.

Name Target Company Starting 
date Phase Treated cancer Clinical trial identifier

JNJ46419178 PRMT5 Janssen Jul-18 Phase I Solid tumor, adult NHL, and 
myelodysplastic syndromes NCT03573310 [127]

GSK3368715 Type I 
PRMTs GlaxoSmithKline Oct-18 Phase I Solid tumors and DLBCL NCT03666988 [126]

GSK3326595 PRMT5 GlaxoSmithKline Aug-16 Phase I Solid tumors and NHL NCT02783300 [128]

GSK3326595 PRMT5 GlaxoSmithKline Oct-18 Phase II Myelodysplastic syndrome and 
acute myeloid leukemia NCT03614728 [129]

PF-06939999 PRMT5 Pfizer Mar-19 Phase I Advanced solid tumors NCT038544227 [130]
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