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Abstract

Protein arginine methyltransferase 5 (PRMT5) was discovered two decades ago. The first decade 

focused on the biochemical characterization of PRMT5 as a regulator of many cellular processes 

in a healthy organism. However, over the past decade, evidence has accumulated to suggest that 

PRMT5 may function as an oncogene in multiple cancers via both epigenetic and non-epigenetic 

mechanisms. In this review, we focus on recent progress made in prostate cancer, including 

the role of PRMT5 in the androgen receptor (AR) expression and signaling and DNA damage 

response, particularly DNA double-strand break repair. We also discuss how PRMT5-interacting 

proteins that are considered PRMT5 cofactors may cooperate with PRMT5 to regulate PRMT5 

activity and target gene expression, and how PRMT5 can interact with other epigenetic regulators 

implicated in prostate cancer development and progression. Finally, we suggest that targeting 

PRMT5 may be employed to develop multiple therapeutic approaches to enhance the treatment of 

prostate cancer.

Introduction

Protein arginine methyltransferase 5 (PRMT5) is a type II enzyme of the emerging 

family of protein arginine methyltransferases (PRMTs) that can methylate arginine 

residues of histones and non-histone substrates [1]. Arginine methylation is a ubiquitous 

posttranslational modification across species [2]. Nine arginine methyltransferases have been 

described to date, and their function has been reviewed elsewhere [1,3]. However, PRMT5 

is the most widely studied type II enzyme and PRMT9 is the only other type II enzyme. 

Biochemical and structural studies suggest that PRMT5 forms an octameric complex with 

the methylosome protein 50 (MEP50) for its catalytic activity [4–6]. In general, PRMT5 is 

considered an epigenetic repressor of target gene transcription via symmetric dimethylation 
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of histones H4R3 (H4R3me2s), H3R8 (H3R8me2s), and H2AR3 (H2AR3me2s) [4–6]. 

However, several studies suggest that symmetric dimethylation of histones may activate 

gene transcription via dimethylation of H3R2 (H3R2me2s), H3R8me2s, and H4R3me2s 

[7–9]. Other than epigenetic regulation of gene transcription, PRMT5 post-translationally 

methylates many signaling molecules such as NF-κB, EGFR, p53, and others [6]. As a 

result, PRMT5 is a critical regulator of cellular proliferation, differentiation, cell cycle 

progression, DNA damage response (DDR), and cell death [4–6]. As a critical regulatory 

protein, PRMT5 is overexpressed in multiple cancers [4]. Mechanistic studies have 

suggested that PRMT5 may function as an oncogene through (1) epigenetic repression 

of tumor suppressor genes or cell cycle regulators or (2) post-translational regulation of 

signaling molecules. In this review, we will focus on recent progress in prostate cancer. We 

present evidence that PRMT5 functions as an epigenetic activator to promote transcription 

of DDR genes and androgen receptor (AR) in prostate cancer cells. Further, we discuss 

the identification of pICln as a novel cofactor of PRMT5 to activate transcription of these 

target genes independent of MEP50. These novel findings suggest potential PRMT5-based 

targeting approaches for prostate cancer treatment.

PRMT5-driven regulation of AR signaling in prostate cancer

Androgen/AR signaling is the major driver of the normal prostate function and prostate 

cancer growth and progression [10]. Due to the critical role of AR signaling in prostate 

cancer, AR remains the primary therapeutic focus for this disease. Indeed, androgen 

deprivation therapy (ADT) suppresses the production of androgens or inhibits AR signaling 

and is the standard of care for metastatic prostate cancer [11]. However, AR signaling 

plasticity leads to the emergence of the therapeutic resistance and the development of 

castration-resistant prostate cancer (CRPC) via multiple mechanisms of AR reactivation, 

including emergence of gain-of-function mutations, AR gene amplification, and expression 

of ligand-independent splice variants [12]. Thus, understanding the regulatory mechanisms 

of AR expression and activity is necessary to develop novel approaches for prostate cancer 

treatment.

Epigenetic regulation of AR transcription.—Epigenetic mechanisms mediate both 

positive and negative regulation of AR transcription [13]. As early as 2000, it was 

demonstrated that the level of AR promoter DNA methylation negatively correlates with 

AR expression [14]. Since then, multiple mechanisms such as histone methylation and 

expression of non-coding RNAs were identified to contribute to AR transcription [13]. 

One of the first reports indicating the potential implication of histone methylation on AR 
transcription was published in 2012 [15]. In this study, treatment of LNCaP cells with the 

inhibitor of multiple methyltransferases adenosine dialdehyde caused downregulation of AR 

expression, decrease of H3K9 methylation, and inhibition of cell growth. However, that 

study did not address the effect of general methyltransferases inhibition on other methylation 

marks.

In 2017, it was shown that PRMT5 binds to the AR promoter and symmetrically 

dimethylates H4R3 at the AR promoter in hormone-naïve prostate cancer cell line LNCaP 

[16] (Fig. 1A). Targeting PRMT5 via either pharmacological inhibition or short hairpin 
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RNA (shRNA)-mediated knockdown caused decrease of AR mRNA and protein expression 

accompanied by the decrease of cell proliferation in both cell culture and in LNCaP 

xenograft model. It was demonstrated that transcription factor Sp1 recruits PRMT5 to the 

AR promoter as PRMT5 does not have a DNA binding domain. Furthermore, later it was 

shown that PRMT5 similarly promotes AR transcription in CRPC cells in pICln-dependent 

manner [17]. Targeting PRMT5 in CRPC cells with different mechanisms of AR reactivation 

decreased cell proliferation and downregulated AR, AR splice variants, and AR target genes. 

As PRMT5-driven methylation of histones can also promote deposition of transcription 

activation marks such as H3K4me3 [7,9,18], the potential interplay between arginine 

methylation and other chromatin modification marks in the context of AR transcription 

regulation requires further investigation.

Regulation of transcription factor-mediated AR transcription.—In addition to 

direct regulation of AR transcription by methylation of histones at the proximal AR 
promoter, PRMT5 may also control AR transcription indirectly via modulation of AR-

regulating transcription factors (Fig. 1B). For example, Sp1 is a major transcription factor 

to activate expression of AR [19]. In acute myeloid leukemia, PRMT5 downregulation 

causes downregulation of Sp1 expression likely via de-repression of miRNA miR-29b [8]. 

Interestingly, Sp1 recruits PRMT5 to the AR proximal promoter region to activate AR 
transcription in prostate cancer cells [16]. Given that expression of miR-29b is significantly 

lower in prostate cancer compared to normal tissues [20], future studies are needed to 

investigate if this positive feedback loop plays an essential role in the regulation of AR 

expression in prostate cancer cells.

Like Sp1, c-Myc is another positive regulator of AR transcription and a prominent 

oncogene in prostate cancer [21]. c-Myc can also recruit PRMT5 to its target genes in 

glioblastoma [22]. Interestingly, c-Myc has been shown to upregulate PRMT5 transcription 

[23], and, vice versa, PRMT5 has been shown to upregulate c-Myc expression in 

lymphoma [24], suggesting another potential positive feedback loop mechanism. N-Myc, 

another transcription factor of Myc family, was implicated in progression of prostate 

adenocarcinoma to neuroendocrine prostate cancer (NEPC) [25]. Importantly, N-Myc 

simultaneously interacts with AR and EZH2 to promote transcriptional repression of AR 

target genes during prostate cancer neuroendocrine differentiation [26]. In neuroblastoma, 

PRMT5 functions as a key regulator of N-Myc protein stability [27]. With the prominent 

role of N-Myc in NEPC, further studies are needed to investigate if PRMT5 also regulates 

N-Myc stability in prostate cancer and if targeting PRMT5 can suppress the growth of 

NEPC via down-regulation of N-Myc expression.

Another transcription factor implicated in regulation of AR transcription in prostate cancer 

is NF-κB. It was shown to be capable of both transcriptional activation and repression of 

AR, indicating the context-dependent role of this protein [28,29]. In several models, NF-κB 

is activated by PRMT5 methylation enhancing NF-κB binding to target genes [30,31]. Thus, 

it is likely that in prostate cancer with PRMT5 overexpression [16], PRMT5 promotes 

AR expression via NF-κB activation. Interestingly, p53 is implicated in regulation of AR 

expression as transcriptional repressor [32], while PRMT5-mediated methylation inactivates 

p53 in lymphoma model [33]. However, several studies show that PRMT5 activates p53 in 
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the context of DNA damage which we discuss below. In summary, PRMT5 is involved in 

regulation of AR expression at several levels, including direct transcription activation via 

association with AR promoter and modulation of AR-regulating transcription factors.

Regulation of AR transcriptional activity and target gene expression.—Apart 

from regulating AR expression, PRMT5 can regulate AR activity directly by interacting 

with AR protein and modulating AR function as a transcription factor (Fig. 1C, D). 

The study by Hosohata et al. [34] suggested that PRMT5 may function as an AR co-

activator independently of PRMT5 methyltransferase activity. Overexpression of either wild-

type PRMT5 or the catalytically inactive PRMT5(R368A) mutant in PC3 cells enhanced 

luciferase activity of an androgen-responsive element (ARE)-containing luciferase reporter 

(Fig. 1C). However, later report by Mounir et al. [35] indicated that in VCaP cells, PRMT5-

mediated methylation of AR attenuated AR binding to a subset of AR target genes (Fig. 

1D). This methylation led to the repression of genes associated with prostatic epithelium 

differentiation and promoted VCaP cell proliferation. The interaction of PRMT5 and AR 

was mediated by ERG and only occurred in TMPRSS2-ERG-positive cell lines such as 

VCaP but not TMRSS2-ERG-negative cell lines such as 22Rv1. However, PRMT5 may 

also interact with AR in TMRSS2-ERG-negative PC3 via the PRMT5-interacting protein 

MEP50, which was also reported to act as AR co-activator [36,37]. Taken together, these 

studies demonstrate that PRMT5 can regulate AR activity via non-epigenetic mechanisms in 

a context-dependent manner.

PRMT5-mediated regulation of the DDR in prostate cancer

The genome is constantly exposed to both endogenous and environmental stresses that cause 

damage to DNA. DDR is an evolutionarily conserved cellular response which maintains 

genome integrity through coordinated regulation of cell cycle arrest, DNA damage repair, 

and apoptosis [38]. DNA double-stranded breaks (DSBs) are the most cytotoxic DNA 

lesions. Incorrect or incomplete repair of DSBs promotes accumulation of mutations and 

cancer development. Conversely, cancer therapies such as radiation therapy (RT) and 

chemotherapy kill cancer cells by inducing extensive DSBs and apoptosis. Thus, mutations 

in DDR proteins contribute to increased incidence of cancer whereas therapeutic agents 

targeting DDR regulators are used as anti-cancer agents alone or in combination with 

chemotherapy and RT.

Regulation of the cell cycle.—p53 is a critical transcription factor of cell cycle arrest 

and apoptosis in response to DNA damage. However, how p53 can selectively activate 

these cellular responses remained a central question in the field. In 2008, Jansson et 

al demonstrated that PRMT5 can methylate p53 at arginine residues 333, 335 and 337 

to activate transcription of p21 and promote G1 cell cycle arrest in response to DNA 

damaging agent etoposide (Fig. 2A). This finding represented the first report to demonstrate 

a direct role for PRMT5 in DDR [39]. Since then, multiple studies have demonstrated that 

PRMT5 plays a pivotal role in DDR (Fig. 2A-D). In most cancer cells, including prostate 

cancer, PRMT5 knockdown induces G1 arrest, suggesting a positive regulatory role of G1 

progression by PRMT5.

Beketova et al. Page 4

Cancer Gene Ther. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the case of DNA damage, PRMT5 plays a different role in the regulation of the cell 

cycle. In prostate cancer cells, PRMT5 is required for DNA damage-induced G2 arrest due 

to epigenetic activation of WEE1 [40]. In other cancer cells, PRMT5 regulates G2 arrest 

via methylation of RAD9 [41] and accumulation of KLF4 [42]. These mechanisms may 

contribute to G2 arrest in prostate cancer cells as well. Future studies will further define the 

role of PRMT5 in cell cycle arrest in prostate cancer cells.

Epigenetic regulation of DSB repair gene expression.—One major discovery 

regarding the role of PRMT5 in DDR is that PRMT5 functions as a master epigenetic 

activator of DSB repair genes in prostate cancer cells (Fig. 2C) [40]. PRMT5 is required 

for the repair of ionizing radiation (IR)- and etoposide-induced DSBs and activation of 

both homologous recombination (HR) and non-homologous enjoining (NHEJ). Interestingly, 

knockdown of PRMT5 increased spontaneous DSBs independent of external DNA damage 

inducers, indicating that PRMT5 is required to prevent or repair endogenous DSBs. 

Subsequent analysis identified several PRMT5 target genes involved in the DDR, including 

genes involved in HR (RAD51, RAD51D, RAD51AP1, BRCA1, and BRCA2) and NHEJ 

(NHEJ1/XLF and DNAPKcs/PRKDC). Upon DNA damage, PRMT5 was upregulated and 

recruited to the promoters of DDR genes to promote transcription. Surprisingly, PRMT5-

mediated activation of these genes was independent of the canonical cofactor MEP50 but 

dependent on pICln. Upon recognition of DSBs, repair proteins (such as RAD51, BRCA1, 

and BRCA2) are transiently upregulated to facilitate repair through HR or NHEJ. Although 

this transient upregulation is required for cell survival following genotoxic stresses, little 

is known how proteins are quickly upregulated to promote repair of DNA damage [43]. 

Upregulated PRMT5 expression by DNA damage and subsequent activation of DSB repair 

genes likely contribute significantly to DSB repair at the protein level as well.

PRMT5-regulated DSB repair genes appear to be conserved in multiple cancer and normal 

human cells [40]. However, PRMT5 may be particularly critical to DSB repair in prostate 

cancer cells given its regulatory role in transcription of AR [16], due to the fact that 

AR transcriptionally regulates expression of several target genes involved in NHEJ (Fig. 

2B) [44–46]. Targeting PRMT5 in prostate cancer cells decreased expression of AR and 

AR-target genes involved in NHEJ (Ku80/XRCC5, XRCC4, and DNAPKcs/PRKDC). 

Furthermore, PRMT5-mediated regulation of Ku80/XRCC5, XRCC4, and DNAPKcs/

PRKDC was stronger in AR-expressing prostate cancer cells compared to cells of other 

origins (such as breast cancer or glioblastoma). Therefore, in prostate cancer cells, PRMT5 

can regulate the expression of DDR genes directly as well as indirectly through regulating 

AR expression. Indeed, the correlation between PRMT5 and AR target genes involved in 

NHEJ was stronger in prostate cancer compared to most other cancers [40]. Interestingly, 

DNAPKcs/PRKDC is both an AR and PRMT5 target gene in prostate cancer cells [40]. As 

PRMT5 does not contain any DNA binding domain, it remains to be determined whether AR 

also recruits PRMT5 to the promoter of DNAPKcs/PRKDC.

Splicing regulation of DDR genes.—PRMT5 methylates several spliceosome proteins 

and is a critical regulator of alternative splicing [47]. In 2017, Braun et al. demonstrated that, 

at least in malignant glioma cells, PRMT5 could modulate gene expression by regulating 
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the splicing out of detained-introns (DIs) [48]. Additionally, in 2019 Tan et al. reported 

that in hematopoietic stem cells, PRMT5 maintains appropriate splicing activity to prevent 

aberrant intron retention and exon skipping [49]. Further, genes annotated as “DNA repair” 

were enriched when functional enrichment analysis was performed on alternative splicing 

events upon PRMT5 knockdown in hematopoietic stem cells [49]. Although there was 

little overlap between these differentially spliced genes in hematopoietic stem cells [49] 

and the validated PRMT5 target genes involved in DDR in prostate cancer cells (RAD51, 

RAD51AP1, RAD51D, BRCA1, BRCA2, NHEJ1, DNAPKcs, and WEE1) [40], RNA-seq 

analysis also identified many other genes involved in DDR in prostate cancer cells. Future 

research is needed to determine if PRMT5 may also regulate the expression of DDR genes 

in prostate cancer cells via splicing.

Regulation of DSB repair pathways.—DSBs can be efficiently repaired regardless 

of pathway choice. However, pathway choice affects the speed and accuracy of the repair 

[50]. HR and NHEJ are the two major pathways for DSB repair. Acetylation of H4K16 

(H4K16Ac) catalyzed by Tip60 can relax local chromatin and facilitate the displacement 

of 53BP1 from DSBs, enabling BRCA1 binding, RPA filament formation, and subsequent 

DSBs repair via HR.

Recently, it was discovered that in osteosarcoma cells, PRMT5 might promote the DSBs 

repair via promoting HR over NHEJ by methylating R205 on RUVBL1, a member of 

the Tip60 complex (Fig. 2D). Mechanistically, the methylation of RUVBL1increases the 

Tip60’s acetylase activity resulting in increased H4K16ac. Additionally, PRMT5 is required 

for appropriate splicing of Tip60, which promotes Tip60 acetyltransferase activity, demotes 

the binding of 53BP1 to DSBs, and promotes HR [51]. PRMT5-deficient hematopoietic 

progenitor cells have reduced levels of full-length Tip60, reduced Tip60 acetyltransferase 

activity, and defective HR.

Although it remains to be determined if PRMT5 also regulates the appropriate splicing 

of Tip60 or methylates RUVBL1in prostate cancer cells, PRMT5 may likely have distinct 

roles in DSB repair choice in a cell type-dependent manner. For example, knockdown of 

RUVBL1 had no effect on IR-induced 53BP1 foci in hematopoietic cells [51], suggesting 

that the role of PRMT5 in DSB repair choice may be different in various cell types. 

In prostate cancer cells, PRMT5 activates transcription of RAD51, and targeting PRMT5 

causes downregulation of RAD51 protein [40]. However, in osteosarcoma cells, depletion 

of PRMT5 impaired HR without affecting the expression of RAD51 [52]. Future studies 

may elucidate if PRMT5 regulates DSB repair choice via methylation of RUVBL1 or Tip60 

splicing in prostate cancer cells.

In summary, it is clear that PRMT5 is a critical regulator of DDR in prostate cancer. 

PRMT5 regulates the function of other proteins associated with DDR (p53 [39,53], E2F1 

[54,55], FEN1 [56], RAD9 [41], KLF4 [42], and TDP1 [57]). Future characterization of 

these PRMT5 substrates and identification of additional substrates and target genes will shed 

new light on both the epigenetic and non-epigenetic roles of PRMT5 in the DDR in prostate 

cancer cells.
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Regulation of PRMT5 activity and target gene expression by interacting proteins

PRMT5 can interact with several proteins in addition to MEP50, and these interacting 

proteins may regulate the enzymatic activity and substrate specificity [58–62]. Studies 

utilizing purified recombinant proteins suggest that MEP50 is an obligate cofactor of 

PRMT5 required for methyltransferase activity while proteins such as RioK1 and pICln 

alter substrate specificity [59,62]. However, in the context of prostate cancer, pICln [17,40] 

but not MEP50 [16] mediates PRMT5 activity towards histones at the promoters of AR and 

DDR genes.

Recently, we demonstrated that PRMT5 and pICln bind to the promoters of multiple 

DNA damage response genes to symmetrically dimethylate histone H4R3, and this 

recruitment of PRMT5/pICln and histone methylation is enhanced upon DNA damage 

[40]. Mechanistically, while overall expression of pICln and MEP50 did not change upon 

DNA damage, subcellular distribution of pICln and MEP50 changed oppositely: pICln 

accumulated in the nucleus while MEP50 localized in the cytoplasm. As pICln and MEP50 

can both enhance PRMT5 activity and H4R3 methylation is involved in both activation 

and repression of target gene expression [4–6,40], the selection of its interacting proteins 

may likely determine the activation or repression of PRMT5 target gene expression. 

Indeed, MEP50, pICln, and PRMT5 all bound to the promoter of PRMT5-repressed gene 

involucrin [63] and mediated repression of involucrin transcription. The transcriptional 

activation of target gene expression by PRMT5/pICln was also demonstrated in activation 

of AR transcription in CRPC cells [17]. It is also interesting to note that whereas only 

H4R3me2s was observed at the proximal promoters of AR and DDR genes, all H4R3me2s, 

H3R2me2s, H3R8me2s and H2AR3me2s were all detected at the proximal promoter of IVL 
[17, 40]. Thus, the composition of PRMT5-centered complexes and the types of histone 

arginine methylations will likely determine transcriptional activation versus repression of 

target genes. Genome-wide analysis of PRMT5 target genes and their relationship with its 

cofactors as well as histone modifications is needed in future studies.

Interplay of PRMT5 with epigenetic regulators in prostate cancer cells

PRMT5 and other arginine methyltransferases.—Out of nine protein arginine 

methyltransferases, four were shown to monomethylate and asymmetrically dimethylate 

the same histone residues as PRMT5: H2AR3 by PRMT7, H3R2 by PRMT6, H3R8 by 

PRMT2, H4R3 by PRMT1, PRMT6, and PRMT7.

While PRMT1 and PRMT5 deposit different types of methylation marks (asymmetrical 

vs symmetrical dimethylation) and possibly act in the opposite ways [64,65], inhibition of 

both PRMT5 and PRMT1 had synergistic effect in lung and pancreatic cells [66]. However, 

their potential competition was not explored in the context of prostate cancer. It remains 

to be established if inhibition of both enzymes is a better therapeutic approach, especially 

in methylthioadenosine phosphorylase (MTAP)-deficient prostate cancer [67]. There is no 

direct evidence suggesting interplay between PRMT2 and PRMT5, and their relationship 

remains to be investigated. PRMT6 was suggested to be an oncogene in prostate cancer 

via activation of PI3K/Akt pathway, possibly by increasing asymmetrical dimethylation 

of H3R2 on the target gene promoters [68]. Interestingly, PRMT6 knockdown increased 
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AR expression in prostate cancer cells, though whether PRMT6 directly regulates AR 
transcription via asymmetrical dimethylation of H3R2 or H4R3 remains to be determined 

[16]. However, PRMT5-driven symmetrical dimethylation of H3R2 enhanced the binding of 

H3R2 by the epigenetic reader WDR5 [18,69], while asymmetrical dimethylation of H3R2 

(mark that is catalyzed by PRMT6) prevented the binding of WDR5 in biochemical assay 

[70]. These observations suggest that PRMT5 and PRMT6 may play opposite roles via 

regulation of target gene expression by depositing different types of arginine methylation, at 

least on H3R2 in prostate cancer cells.

Role of PRMT7 was not explored in the context of prostate cancer. However, PRMT7 

expression is detected in prostate cancer (Protein Atlas), and PRMT7-mediated H4R17 

monomethylation can allosterically promote PRMT5-mediated H4R3 dimethylation [71]. 

Additionally, multiple evidences suggest at least partial overlap of PRMT7 with PRMT5 

function [18] while retaining unique substrates [72]. Future research elucidating genome-

wide differential binding of PRMT5 and PRMT7 and their substrates in prostate cancer cells 

may establish whether co-targeting PRMT5 and PRMT7 is a better approach than targeting 

single enzyme.

Apart from functional overlap in the epigenetic regulation, other arginine methyltransferases 

might interact with PRMT5 via post-translational modification of non-histone substrates. 

PRMT4 (also known as co-activator-associated arginine methyltransferase 1, CARM1) is 

an established co-activator of androgen receptor [73]. A 2006 study demonstrated that 

in hormone-naïve LNCaP cells, PRMT4 binding increased AR transcriptional activity 

and promoted cell proliferation and survival. Since PRMT5 may also function as AR co-

activator, as discussed above [34], it will be beneficial to explore the possible combinational 

effect of PRMT4 and PRMT5 targeting on AR signaling.

PRMT5 and lysine methylation.—Histone lysine methylation is a histone post-

translational modification that has been linked to a variety of cellular processes such 

as transcription regulation, DNA replication, and DNA repair [74]. In prostate cancer, 

polycomb repressive complex 2 (PRC2) and its enzymatic component EZH2 is an 

established oncogene [75]. Importantly, EZH2 functions as an oncogene in prostate cancer 

both as a part of PRC2 and in PRC2-independent manner. Notably, independently of PRC2, 

EZH2 may function as a co-activator of AR-mediated transcription in LNCaP-abl model 

[76] and as an epigenetic activator of AR transcription in LNCaP cells [77] while in 

NEPC models EZH2 suppressed AR expression and signaling [78]. Thus, targeting EZH2 

could be an effective approach to either repress AR signaling in AR-dependent prostate 

cancer or restore AR signaling in AR-independent prostate cancer. In fact, dual targeting 

of AR and EZH2 was explored in CRPC cell models [79]. While direct PRMT5/PRC2 

or PRMT5/EZH2 interaction was not investigated in prostate cancer, in leukemia model, 

PRMT5 colocalized with PRC2 at the promoters of tumor suppressors RBL2 and ST7, and 

PRMT5/PRC2 interaction was mediated by BRD7. This interaction was associated with 

transcriptional repression of RBL2 and ST7 [80]. Additionally, in lymphoma cells PRMT5 

promotes expression of PRC2 through epigenetic repression of RBL2 [81], which possibly 

can lead to even further suppression of genes co-regulated by PRMT5 and PRC2. Based 

on in vitro evidence, it was suggested that SUZ12 directly interacts with MEP50 to recruit 
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PRMT5 to histone H2A substrate [82]. However, contrary to the evidence that PRMT5 

cooperates with PRC2 to repress gene transcription, observation in AML cells demonstrated 

that PRMT5-driven histone H3R8 symmetric dimethylation prevented methylation of 

H3K27 by PRC2 and activated multiple gene expression [83]. Taken together, these 

observations suggest that interaction of PRMT5 and PRC2, and transcriptional outcome 

of this interaction is highly context-dependent. Given the importance of PRC2 and EZH2 in 

prostate cancer, it is imperative to investigate this interaction in detail. EZH2 also functions 

as an AR co-activator outside of PRC2 [84], thus exploring the effect of co-targeting 

PRMT5 and EZH2 on AR signaling is warranted.

In addition to research on PRC2/PRMT5 axis, significant research effort was devoted to 

investigating the interplay of WDR5 and PRMT5. WDR5 recruits H3K4 methyltransferase 

complexes MLL1–4 to chromatin and functions as an oncogene in prostate cancer to 

promote AR recruitment to its target genes [85]. Despite well-characterized functional 

interaction of PRMT5 and WDR5, this interaction has not been investigated in prostate 

cancer. It was demonstrated that PRMT5-driven methylation of H3R2 in vitro [70], in 

lymphoma [18], lung cancer [9], and ovarian cancer [86] cells enhances binding of WDR5 

to promote H3K4 trimethylation and activation of target gene transcription. On the contrary, 

in erythroleukemia cells and bone marrow, PRMT5-driven recruitment of WDR5 lead 

to transcriptional repression of γ-globin gene expression [69] again suggesting context-

dependent outcome of PRMT5-driven histone methylation. Elucidation of composition of 

PRMT5-containing protein complexes at the regulatory elements of target genes may shed 

light on this discrepancy.

PRMT5 and lysine acetylation.—The connection between histone acetylation and gene 

expression modulation was discovered as early as 1964, and since then, a variety of histone 

acetyltransferases and histone deacetylases was described [87]. p300/CBP is a well-known 

co-activator of AR transcriptional activity and was shown to be a potential driver of prostate 

cancer progression [88]. In prostate cancer cells, PRMT5 was present in the same complex 

with p300/CBP and nucleolin, and this interaction was facilitated by p300/CBP-interacting 

transactivator with E/D-rich carboxy-terminal domain-2 (CITED2) [89]. The formation of 

the complex promoted methylation and acetylation of nucleolin by PRMT5 and p300/CBP, 

respectively, and subsequent nucleolin nuclear export to promote AKT-mediated EMT and 

prostate cancer metastasis via increased translation of AKT mRNA. Interestingly, PRMT5- 

and p300/CBP-containing complex also included both RioK1 and MEP50, though their 

functional involvement remains to be determined.

Another lysine acetyltransferase demonstrated to interact with and be regulated by PRMT5 

is TIP60, as discussed above. Notably, both TIP60 and p300/CBP acetylate H4K5. In 
vitro, acetylation of H4K5 enhances methylation of H4R3 by PRMT5/MEP50 complex 

[90]. However, another study suggested that non-acetylated histone H4 was methylated by 

purified PRMT5 in complex with Brg1 or hBrm more efficiently than H4K5-acetylated 

H4 [91]. The same study also found that PRMT5 was present in a complex containing 

c-Myc, histone deacetylase (HDAC) 2, and Brg1 on the two Myc target gene promoters to 

repress gene transcription, demonstrating the interplay between PRMT5-mediated histone 

methylation, histone acetylation/deacetylation, and chromatin remodeling. As Brg1 and 
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PRMT5 bind to the AR promoter and catalyze H4R3 dimethylation to activate AR 
transcription [16], the status of H4K5 acetylation on the AR promoter requires further 

investigation.

Support for the interplay between histone methylation and acetylation also comes from 

a recent study demonstrating that in lymphoma, PRMT5-mediated H3R8 symmetric 

dimethylation is coupled with HDAC2- or 3-mediated deacetylation at H2BK12, H3K9, 

H3K14, and H4K8 on the promoter regions of three target miRNAs [24], which regulate 

expression of cyclin D1 and c-Myc. Interestingly, methylation of H4R3 by PRMT5/MEP50 

may also impact the acetylation of H4K5 by TIP60, at least in vitro [92]. In short, interplay 

between PRMT5-mediated methylation and other marks has been explored extensively; 

future research will likely provide more insight into complex epigenetic regulation. 

However, biochemical evidence from in vitro studies must be cautiously taken as epigenetic 

regulation is heavily dependent on chromatic status and protein complex composition in 

cells.

PRMT5 and DNA methylation.—DNA methylation, mediated by DNA 

methyltransferases (DNMTs), is essential for the maintenance of various cellular processes 

such as DNA repair, recombination, replication, and gene expression [93]. In cancer, 

including prostate cancer, alterations of DNA methylation often lead to promoter hypo- 

and hypermethylation at oncogenes and tumor suppressor genes, respectively [93]. 

Although changes of DNA methylation status were well described in prostate cancer, and 

accumulating evidence suggests connection between PRMT5 activity and such alterations, 

this relationship has not been explored in prostate cancer specifically.

The direct relationship between PRMT5-driven histone methylation and DNA methylation 

was first observed in erythroid cells [94]. In this study, H4R3 methylation by PRMT5 at 

the γ-globin promoter caused recruitment of DNMT3a to the same region via interaction 

of H4R3me2s with DNMT3a. Methylation of CpG islands in this region was PRMT5-

dependent, a phenomenon also observed in gastric cancer [95]. However, it was not 

elucidated whether DNMT3a interacted with methylated histones or directly with PRMT5. 

In addition to potentially recruiting DNA methylases to its target regions, PRMT5 can also 

be recruited to already methylated DNA regions. In breast cancer cells, PRMT5/MEP50 was 

recruited to methylated DNA via interaction with methyl CpG binding domain 2 (MBD2) 

protein and coincided with increased methylation of histone H4R3 [96]. If both mechanisms 

are active in prostate cancer, it suggests a possible DNA methylation – histone H4R3 

methylation positive feedback loop. Future research needs to investigate the relationship 

between other histone methylation marks mediated by PRMT5 and DNA methylation status.

Therapeutic potential of PRMT5 targeting for prostate cancer treatment

Although prostate cancer is well managed with a 10-year survival of over 90% [97], 

localized high-risk prostate cancer and metastatic prostatic cancer remain the major clinical 

challenge. The gold standard treatment for localized high-risk prostate cancer is RT in 

combination with ADT whereas metastatic hormone-naïve prostate cancer (HNPC) patients 

are treated with the first line ADT, and CRPC patients are treated with the second generation 
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of AR signaling inhibitors (ASI) abiraterone and enzalutamide [97]. Unfortunately, 30–50% 

of high-risk prostate cancers recur and can eventually progress to metastatic disease [97]. 

Despite the initial positive response of most HNPC to ADT, almost all HNPC cases progress 

to CRPC within 2 years. Further, evidence has emerged that nearly 20% of CRPC progress 

to NEPC after ASI [98]. NEPC is an aggressive cancer with a median survival of one year. 

Currently, NEPC is considered the end-stage of the disease with no effective treatment 

option. Additionally, significant adverse effects are associated with RT and ADT/ASI, 

diminishing the quality of life. Thus, there is an urgent need to develop novel treatment 

strategies or improve the existing treatment efficacy. Given the importance of PRMT5 

in regulation of radiation-induced DSB repair and AR signaling in prostate cancer cells, 

targeting PRMT5 may be explored as a novel AR targeting approach for treatment of 

metastatic prostate cancer or as a radiosensitization approach for treatment of localized 

prostate cancer.

Targeting PRMT5 as a monotherapy for prostate cancer treatment.—AR is the 

major driver of prostate cancer development and progression, and targeting AR remains 

the mainstay of treatment for metastatic prostate cancer. Recent findings that PRMT5 

regulates AR signaling at multiple levels discussed above suggest that targeting PRMT5 

may be used as a novel approach to treat prostate cancer. Several inhibitors for PRMT5 

have been developed by multiple labs [99–101]. Currently, five inhibitors are in clinical 

phase I trials in the US: GSK3326595, JNJ-64619178, PF06939999, PRT543, and PRT811 

(clinicaltrials.gov). GSK3326595 and JNJ-6461917 are catalytic inhibitors of PRMT5, 

with GSK3326595 competing with peptide substrates in the substrate binding pocket and 

JNJ-64619178 binding competitively with both the SAM and substrate binding pockets. 

These trials enroll patients with hematological malignancies and solid tumors and are 

expected to be complete in 2021 – 2023.

Given that knockdown of PRMT5 significantly inhibited prostate cancer cell growth and 

suppressed xenograft tumor growth in mice [16,17], it is possible that catalytic PRMT5 

inhibitors may phenocopy the effect of PRMT5 knockdown in preclinical models. As 

PRMT5 not only regulates AR transcription but also regulates AR activity and target gene 

expression [34,35], targeting PRMT5 with these inhibitors may likely offer additivity or 

synergy to current ADT and ASI therapies. As HNPC/CRPC growth and survival are 

dependent on AR signaling, targeting PRMT5 may similarly suppress the growth of CRPC 

cells via down-regulation of the AR signaling. Interestingly, MTAP deletion, which renders 

cells heavily dependent on PRMT5, may represent a particularly useful patient stratum 

for PRMT5-specific therapy [102]. As 10–70% of prostate cancer tissues have decreased 

MTAP expression [67], this subset of patients may be effectively treated with PRMT5 

inhibitors alone. Future preclinical evaluation of these PRMT5 inhibitors should include 

prostate cancer cells with and without MTAP deletion. If these preclinical studies validate 

and confirm the therapeutic potential of PRMT5 inhibition, future clinical trials will enable 

evaluation of the therapeutic effect of these PRMT5 inhibitors to treat metastatic prostate 

cancer.
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PRMT5 targeting as a radiosensitization approach.—RT is used to treat more 

than 50% of human cancers, and the clinical efficacy is limited by adverse toxicity to 

surrounding tissues. Co-administration of an effective radiosensitizer would decrease the IR 

dose required for the same therapeutic effect. For prostate cancer, ADT has been used as 

such a radiosensitizer, and several large clinical studies confirmed the clinical benefit of 

RT in combination with adjuvant or neoadjuvant ADT for localized high-risk disease when 

compared with RT or ADT alone [97]. Although the mechanism was initially unclear, recent 

studies suggest that AR transcriptionally activates several genes involved in NHEJ and HR 

[44–46].

Because PRMT5 epigenetically activates AR transcription in prostate cancer cells [16], 

Owens et al. recently evaluated whether targeting PRMT5 can radiosensitize prostate cancer 

cells and discovered that PRMT5 functions as a master epigenetic activator of multiple 

DDR genes in an AR-independent manner as discussed above [40]. Significantly, targeting 

PRMT5 by either knockdown or inhibition with their PRMT5 inhibitor BLL3.3 increased 

radiation-induced DSBs and increased cell death. Further, PRMT5 expression correlates 

positively with most of its DDR target genes in prostate and other cancers. Because PRMT5 

regulates expression of DSB repair genes (HR, NHEJ, G2 arrest) and the expression of 

AR, PRMT5 may be a more effective radiosensitization target as opposed to ADT for 

treatment of localized high-risk prostate cancer patients. Preclinical studies utilizing mouse 

models to mimic localized, high-risk prostate cancer could assess PRMT5 inhibition as a 

radiosensitization approach. If successful, PRMT5 targeting would represent a novel mode 

of action for control of this disease stage.

Concluding remarks and future perspectives

The cloning of the human PRMT5 gene was reported in 1999 [103]. However, the role 

of PRMT5 in human cancers has only been reported in recent years. Results from our lab 

and several others have clearly suggested that PRMT5 plays a critical role in DDR and 

the AR signaling in prostate cancer. Notably, PRMT5 expression is significantly higher in 

prostate cancer tissues compared to benign hyperplasia, and expression of PRMT5 highly 

correlated with AR at both protein and mRNA level [16]. While PRMT5 was generally 

considered an epigenetic repressor of tumor suppressors and cell cycle regulators in human 

cancers, we have provided compelling evidence that PRMT5 also functions as an epigenetic 

activator of DDR genes and AR [16,17,40]. Consistent with our findings, several recent 

RNA-seq studies have also identified comparable number of genes that are activated or 

repressed by PRMT5 knockdown [83,104], although whether these genes are direct targets 

of PRMT5 remains to be determined. Another surprising finding is identification of pICln, 

but not MEP50, as a potential cofactor of PRMT5 to transcriptionally activate DDR gene 

expression.

As activation of AR transcription by PRMT5 requires the participation of Sp1 and 

Brg1 [16,17], PRMT5 may likely form higher-order complexes with other transcriptional 

regulators such as transcription factors and chromatin remodelers to determine the 

transcriptional output, and in a locus-specific manner. Additionally, the interplay between 

PRMT5 and other epigenetic regulators (e.g., other PRMTs, HDACs, KMTs, DNMTs, 
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Fig. 3) should have a similarly important role in controlling the transcription of PRMT5 

target genes. Future research focusing on the analysis of PRMT5-centered and locus-

specific complexes and the functional relationship with other transcriptional and epigenetic 

regulators will shed new light on the epigenetic role and mechanisms of PRMT5 in 

prostate cancer. Additionally, it remains to be investigated whether and how PRMT5 

promotes prostate cancer growth and progression by regulating key prostate cancer 

modulators (Rb, p53, N-Myc, and EZH2 [4–6]) in the nucleus or through regulating other 

unidentified signaling molecules in the cytoplasm in prostate cancer [105]. Importantly, 

these mechanistic studies will likely offer new avenues for development of novel 

therapeutics. This may be particularly important given that targeting PRMT5 with the 

catalytic inhibitors may cause some unwanted side effects due to its many normal cellular 

roles [4–6]. Although targeted delivery of PRMT5 inhibitors could potentially circumvent 

this problem, identification of pICln as a novel cofactor of PRMT5 to activate transcription 

of AR and DDR genes suggests that targeting the interaction of PRMT5 with pICln may 

offer a specific and unique approach to treat prostate cancer as a monotherapy or as a 

radiosensitizer.

As our understanding of prostate cancer biology and pathology continues to evolve and 

new therapies are developed, exploration of PRMT5’s role in the context of prostate 

cancer development and progression is warranted. One emerging clinical challenge is the 

development of ASI-induced NEPC. As most NEPC cells lose the expression or activity 

of AR [98], it would be essential to determine if PRMT5 targeting may promote NEPC 

development via AR down-regulation. Conversely, targeting PRMT5 in combination with 

the current platinum chemotherapy may offer a better treatment approach for NEPC. 

Likewise, co-targeting AR expression (PRMT5 inhibitors) and AR activity (e.g., abiraterone, 

enzalutamide, and darolutamide) may offer additive or even synergistic effect on the 

suppression of CRPC and prevention of progression to NEPC.

In conclusion, the role of PRMT5 in prostate cancer is beginning to emerge. The evidence 

discussed above clearly suggests that targeting PRMT5 may be explored as a novel AR 

targeting approach and as a radiosensitization approach. Future effort in elucidating the role 

and the underlying mechanism of PRMT5 in the context of prostate cancer development, 

progression, and therapeutic intervention will likely lead to development of novel and 

specific therapeutic approaches for prostate cancer management.
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Fig. 1: Mechanisms of PRMT5-driven regulation of AR signaling in prostate cancer.
PRMT5 is implicated in the regulation of AR signaling at multiple steps: (A) PRMT5 is 

recruited to the AR promoter by Sp1 to symmetrically dimethylate H4R3 thus promoting 

AR transcription. (B) PRMT5 can modulate activity of transcriptions factors that regulate 

AR expression. (C) PRMT5 can function as an AR co-activator independently of its 

methyltransferase activity to enhance activation of AR target gene expression. (D) PRMT5 

can methylate AR in an ERG-dependent manner leading to decreased recruitment of 

AR to AR target gene promoters of differentiation-promoting genes and increased cell 

proliferation. *mechanism (C) is independent of PRMT5 enzymatic activity.
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Fig. 2: Role of PRMT5 in DNA damage response in prostate cancer.
(A) PRMT5 can regulate cell cycle progression via methylation of p53 or (C) epigenetic 

activation of Wee1 transcription. (B) PRMT5 activates AR expression which can promote 

both HR and NHEJ. (C) PRMT5 functions as a master epigenetic regulator for a number 

of DSBs repair genes promoting both HR and NHEJ. (D) PRMT5 to regulate DSB repair 

pathway choice and promote HR through symmetrically demethylating RUVBL1 or through 

modulating splicing of Tip60.
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Fig. 3: Potential interplay of PRMT5 with other epigenetic regulators.
PRMT5 can interact with and regulate multiple epigenetic regulatory molecules leading to 

various cellular effects in various types of cancer cells. Investigation of these interplays in 

the context of prostate cancer will shed new light on the roles and mechanisms of PRMT5 in 

prostate cancer.
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