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Abstract

Background PRMTS is a type II protein arginine methyltransferase that methylates histone or non-histone proteins. Arginine
methylation by PRMTS5 has been implicated in gene transcription, ribosome biogenesis, RNA transport, pre-mRNA splicing and
signal transduction. High expression of PRMTS has been observed in various cancers and PRMTS5 overexpression has been
reported to improve cancer cell survival, proliferation, migration and metabolism and to inhibit cancer cell apoptosis. In addition,
PRMTS has been found to be required for cancer stem cell survival, self-renewal and differentiation. Several microRNAs have
been shown to regulate PRMTS expression. As PRMTS has oncogene-like properties, several PRMTS5 inhibitors have been used
to explore their efficacy as potential drugs for different types of cancer, and three of them are now being tested in clinical trials.
Conclusions In this review, we summarize current knowledge on the role of PRMTS5 in cancer development and progression,
including its functions and underlying mechanisms. In addition, we highlight the rapid development of PRMTS inhibitors and
summarize ongoing clinical trials for cancer therapy. By affecting both tumor cells and the tumor microenvironment, PRMTS

inhibitors may serve as effective anti-cancer agents, especially when combined with immune therapies.
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1 Introduction

A common mechanism for cancer occurrence and development
is epigenetic dysregulation. Epigenetic regulation involves the
modification of DNA or histones via methylation, acetylation,
phosphorylation, ubiquitination and alterations in chromatin re-
modeling, thereby affecting gene expression and function while
retaining the intact DNA sequence [1]. Among these, arginine
methylation is a key post-translational modification, first reported
in 1971, which adds methyl groups to the nitrogen atoms of
arginine residues in the polypeptide [2, 3]. The major regulators
of arginine methylation include the nine members of the PRMT
family, which have recently been found to be highly expressed in
various solid and hematological tumors. Elevated PRMT expres-
sion correlates with a poor prognosis, although PRMT mutations
are rare in tumors [4].
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In eukaryotes, methylated arginines can be classified into
three main forms, monomethylarginines (MMAs), asymmetric
dimethylarginines (ADMAs) and symmetric dimethylarginines
(SDMAs). In the PRMT family, type I PRMTs (PRMT1, 2, 3, 4,
6 and 8) catalyze MMA and ADMA synthesis, type Il PRMTs
(PRMTS and PRMTY9) catalyze MMA and SDMA synthesis,
and type IIl PRMT (PRMT?7) is capable of monomethylation.
In fungi, there is another type IV PRMT that generates 5-N°-
monomethylarginine [5]. Recently, with the development of
structural biology and an increasing understanding of cancer bi-
ology, novel inhibitors of PRMT1 and PRMTS5 have been de-
veloped, some of which are now entering phase I clinical trials
[4]. In this review, we provide a summary of the structure, func-
tion and regulation of PRMTS in cancer and describe how
PRMTS can be employed as a potential target for cancer therapy.

2 PRMTS5 is a type Il protein arginine
methyltransferase

PRMTS is the primary type Il protein arginine methyltransfer-

ase that catalyzes MMA and SDMA synthesis. It is also re-
ferred to as histone synthetic lethal 7 (HSL7), Janus binding
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protein 1 (JBP1), Schizosaccharomyces pombe Shk1 kinase-
binding protein 1 (SKB1), Capsuleen, or Drosophila arginine
methyltransferase 5 (DARTS). The PRMT5 gene was cloned
from Saccharomyces cerevisiae and human in 1996-1999,
and its catalytic domain was found to be highly conserved,
though multiple PRMTS splice variants can be found in hu-
man cells [6, 7]. PRMTS is a two-domain protein. The N-
terminal domain adopts a triosephosphate isomerase barrel
structure and binds methylosome protein 50 (MEP50) as a
requirement for its full methyltransferase activity, whereas
the C-terminal domain is a catalytic domain containing all
methyltransferase motifs and is required for plasma membrane
association. Vertebrate PRMTS is usually depicted as a tetra-
mer and to be complexed with its partner WD repeat protein
MEP50, also known as WD Repeat Domain 77 (WDR77) or
androgen co-activator p44, to form a heteroctomeric complex.
This complex has a much higher methyltransferase activity
than PRMTS alone [8, 9].

PRMTS is an epigenetic modifier that can regulate gene
expression by methylating histones. Histone H2A has been
reported to be methylated by PRMTS on Arg3 as
H2AR3me2s, while histone H3 can be methylated by
PRMTS on both Arg2 and Arg8 as H3R2me2s and
H3R8me2s. PRMTS5 can also methylate histone H4 on Arg3
as H4R3me2s (Fig. 1) [10—12]. By modifying these residues
in histone tails, PRMTS functionally activates or represses
gene transcription and expression. For example, PRMTS, to-
gether with MEP50, has been found to methylate H2AR3
(H2AR3me2s) to repress gene expression and inhibit embry-
onic stem cell differentiation [13]. PRMTS can also regulate
the function of breast cancer stem cells via recruitment to the
forkhead box protein 1 (FOXPI) promoter, methylation of
H3R2 (H3R2me2s), facilitation of H3K4me3 and activation
of FOXPI gene expression [14]. The symmetric
dimethylation (me2) of H3R8 and H4R3 has been shown to
result in both transcriptional repression and activation.
PRMTS has been reported to interact with specificity protein
1 (SP1) to form a transcriptional repressor complex and to
silence miR-29b via H4R3 methylation (H4R3me2) [15].
PRMTS has also been found to increase the methylation of
H3R8 (H3R8me2s) and H4R3 (H4R3me2s) in lymphoid can-
cer cells and to repress the expression of suppressor of tumor-
igenicity 7 (ST7), thereby promoting lymphoid cancer cell
proliferation [11, 16]. In colorectal cancer cells, H4R3me2s
and H3R8me2s methylation levels were found to be reduced
upon PRMTS5 knockdown, resulting in decreased FGFR3 and
elF4E transcription and expression [17].

PRMTS can also methylate non-histone proteins and there-
by regulate cellular processes, including transcription, prolif-
eration, apoptosis, metabolism, cellular integrity, genome sta-
bility and immune responses (Fig. 1) [18]. PRMTS, as a com-
ponent of the methylosome complex, acts as the enzymatic
machinery. MEP50 is an adaptor molecule in the
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methylosome complex that connects PRMTS to its substrates.
This methylosome is crucial for spliceosome assembly and
activity and directly methylates multiple components of the
splicing machinery to regulate RNA splicing [19]. PRMTS
also methylates the well-known tumor suppressor protein
p53 to regulate cell proliferation, cell cycle progression and
cell death [20]. Furthermore, B-cell lymphoma 6 protein
(BCL6) methylation via PRMTS5 has been found to be neces-
sary for germinal center formation and cell survival in lym-
phoma [21]. Recently, some novel PRMTS targets have been
identified by global proteomics profiling, which may refine
our knowledge of the function of PRMTS [22].

3 Regulation of PRMTS5 is critical in cancer

Over the last 50 years, ample studies have consistently
shown PRMTS to be an oncoprotein that regulates a range
of important cellular processes involved in cancer devel-
opment via cross-talk with several signaling pathways
[23, 24]. The majority of these studies focused on the
function of PRMTS in different cancers and addressed
how PRMTS5 can promote cancer cell proliferation,
whereas others found that PRMTS can also regulate other
aspects of cancer development (Fig. 2).

3.1 Regulation of cancer cell survival, proliferation
and apoptosis

In cancer cells, alternative mRNA processing may alter
proteomic diversity, leading to dysregulated cellular pro-
cesses [25]. PRMTS plays important roles in mRNA splic-
ing by methylating spliceosomal (Sm) proteins, such as D1,
D3 and B/B’ [26]. In B-cell lymphoma, PRMTS transcrip-
tion was found to be upregulated by the MYC gene, and to
be required for maintaining splicing fidelity, since it could
methylate Sm proteins. PRMTS deletion ex vivo has been
found to lead to alternative splicing, reduced tumor cell
viability, increased apoptosis, G1 cell cycle arrest and de-
creased tumor cell proliferation [27]. In glioblastoma,
PRMTS5 knockdown or inhibition was found to impair
detained intron (DI) splicing, which led to downregulated
proliferation-related gene transcription, resulting in tumor
cell growth defects [28]. In breast cancer, PRMTS5 along
with WDR77 symmetrically dimethylates zinc finger pro-
tein 326 (ZNF326). Loss of PRMTS5 and methylation of
ZNF326 generates defects in alternative splicing of many
genes that regulate cell proliferation and, finally, inhibit
tumor cell proliferation [29]. In several hematologic and
solid tumors, use of the PRMT5 inhibitor GSK3326595
has been found to attenuate tumor cell growth and survival.
Many methylated PRMTS5 substrates have been identified



Protein arginine methyltransferase 5: a potential cancer therapeutic target

35

Methylation

N0

Non-
histone
protein

Histone

protein

Transcription /
activation

Transcription
repression

\_

Cell biological \
@ function regulation

Spliceosome @

Sm proteins el
Nucleoplasmin

Piwi

proteins @ @

Fig. 1 Major PRMTS methylated substrates. PRMTS is a type Il arginine
methyltransferase that catalyzes monomethylarginine (MMA) and
symmetric dimethylarginine (SDMA) formation. Most substrates that
are methylated by PRMTS5 can be divided into two major groups. One
group contains histone proteins, including H3R2 (activates gene
transcription), H2AR3 (represses gene transcription), as well as H3R8
and H4R3 (activate or repress gene transcription). The other group

using mass-spectrometric analysis, including those in-
volved in RNA splicing and processing. In addition,
RNA-sequencing (RNA-Seq) has revealed induction of

contains non-histone proteins that can regulate different cell functions,
such as transcription (spliceosome Sm proteins, nucleoplasmin and
nucleolin), proliferation (EGFR, FEN1 and RAF), apoptosis (p53),
metabolism (SREBP1), cellular integrity (MBP and GM130), genome
stability (Piwi proteins) and immune responses (HOXA9, BCL6 and
NF-kB/p65)

PRMTS inhibition via alternative splicing of murine double
minute 4 (MDM4), which can subsequently activate the
well-known tumor suppressor p53 [30].
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Fig. 2 PRMTS5 functions in cancer cells and the tumor
microenvironment. PRMTS5 functions as a key regulator of cancer
development. The expression levels of PRMTS5 are regulated by
microRNAs, and its overexpression in cancer cells has been found to
improve cell survival, proliferation, migration and metabolism, and to

inhibit cell apoptosis. PRMTS5 is also required for cancer stem cell
survival, self-renewal and differentiation. In addition, in the tumor
microenvironment, PRMTS inhibition in Treg cells causes
downregulation of Treg inhibitory functions
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Repair of DNA damage ensures genome integrity.
Mutation or dysregulation of genes that regulate DNA repair
are commonly observed in cancer, resulting in uncontrolled
cell proliferation [31]. In the peritumoral skin of melanoma,
overexpression of PRMTS and other genomic regulators has
been observed. In addition, overexpression of genes that reg-
ulate histone dimethylation, cell cycle progression, DNA re-
pair and nuclear protein import has been observed in melano-
ma, indicating that epigenetic modifications in peritumoral
skin may be involved in melanoma development [32]. A po-
tential mechanism could be that PRMTS functions as a key
regulator of homologous recombination (HR)-mediated
double-strand break (DSB) repair. Since PRMTS has been
shown to symmetrically dimethylate RuvB-like 1 protein
(RUVBLI1), it may trigger acetylation of H4K16 by Tat-
interactive protein-60KDa (TIP60) and facilitate p53 binding
proteinl (53BP1) displacement from DSBs [33]. Moreover, in
response to camptothecin, PRMTS can directly bind tyrosyl-
DNA phosphodiesterase 1 (TDP1) and dimethylate it, thus
stimulating TDP1 repair function and promoting cell survival
[34]. In acute myeloid leukemia (AML) cells, PRMTS inhibi-
tion correlates with DNA damage, and its depletion has been
found to cause DNA damage accumulation and cell cycle
arrest. The reason behind this could be that PRMTS? silencing
induces alternative splicing of histone-modification and
DNA-repair factor TIP60/KATS, leading to impaired HR-
DNA repair [35]. Though data explaining the mechanism un-
derlying the association between PRMTS5 and DNA repair in
cancer are scarce, together these results indicate that protein
methylation, regulated by PRMT?, plays an important role in
DNA repair processes.

DNA repair and cell cycle progression are tightly connect-
ed, i.e., p53 activated by DNA damage can cause cell cycle
arrest and, ultimately, apoptosis. Since p53 is a major sub-
strate of PRMTS5 methylation, PRMTS may regulate p53-
mediated cell cycle arrest and apoptosis [20]. Another factor
that promotes cell cycle progression and induces apoptosis is
E2F transcription factor 1 (E2F-1), which has also been found
to be directly methylated by PRMTS [36]. In cancer, PRMTS5
may also methylate Kruppel-like factor 4 (KLF4), leading to
KLF4 ubiquitination inhibition. Elevated KLF4 protein levels
lead to p21 upregulation, Bel-2-associated X (BAX) down-
regulation, cancer cell genome stability impairment, increased
cancer cell growth and survival and, finally, cancer progres-
sion [37]. In hepatocellular carcinoma cells, PRMTS has been
found to induce ERK phosphorylation to downregulate
BTG2, whereas overexpression of B-cell translocation gene
2 (BTG2) in these cells caused cell cycle arrest in the G1 phase
[38]. In lymphoma, PRMTS has been found to promote cell
cycle progression and proliferation by regulating the WNT/[3-
catenin and AKT/GSK3{ pathways through increased tran-
scription of their downstream target genes, including cyclin
D1, ¢-MYC and survivin [39]. In glioblastoma, PRMTS5
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activity has been found to be required for the internal ribo-
some entry site activity of cyclin DI and c-MYC via a hetero-
geneous nuclear ribonucleoprotein A1 (hnRNPA1)-depen-
dent pathway. When using a mTOR inhibitor to treat glioblas-
toma, PRMTS activity was found to be upregulated, indicating
a potential of using both mTOR and PRMTS inhibitors to treat
glioblastoma [40]. Similarly, in melanoma combinations of
cyclin-dependent kinase 4/6 (CDK4/6) and PRMTS inhibitors
may provide an efficient therapeutic strategy, since in CDK4/
6 inhibitor-resistant melanoma cells PRMTS inhibition sensi-
tivity is increased. This increase is dependent on MDM4,
since PRMTS regulates the splicing of MDM4 mRNA and
MDM4 is a negative regulator of p53, which in turn regulates
the cell cycle [41].

One characteristic of cancer cells is excessive proliferation,
caused by evasion of apoptosis. Several reports have shown
PRMTS to play vital roles in this process. As mentioned ear-
lier, E2F-1 is a substrate of PRMTS5, and the PRMT5-E2F-1
pathway has been found to regulate Dicentrarchus labrax
fucose-binding lectin (DIFBL)- and Strongylocentrotus
purpuratus thamnose-binding lectin (SpRBL)-induced cancer
cell apoptosis [42]. Programmed cell death protein 4 (PDCD4)
has been reported to promote apoptosis. In breast cancer,
PRMTS5 methylates PDCD4 and promotes PDCD4 expres-
sion. High expression of both PRMTS5 and PDCD4 correlates
with a worse outcome for patients with breast cancer [43].
Arginine methyltransferase inhibitor 1 (AMI-1), a PRMTS5
inhibitor, has been found to strongly inhibit colorectal cancer
growth in a mouse model via H4R3me2s and H3R8me2s
methylation of fibroblast growth factor receptor 3 (FGFR3)
and eukaryotic translation initiation factor 4E (elF4E) gene
promoters. AIM-1-induced cancer cell apoptosis via an in-
creased BAX/Bcl-2 ratio was also observed in the same
mouse model [17]. In bladder cancer, it has been found that
PRMTS5 enhances NF-«kB activation, inhibits the expression
of the anti-apoptotic B-cell lymphoma-extra large (BCLXL)
and baculoviral IAP repeat-containing protein 1 (c/API)
genes and, in addition, decreases cancer cell death [44].

3.2 Regulation of cancer cell migration

Cancer is difficult to cure, primarily due to metastasis.
Previous studies have shown that PRMTS5 can repress
SNAIL-dependent gene expression, such as that of E-
cadherin [45]. PRMTS5 mRNA levels have also been found
to correlate with lymph node metastasis in patients with gas-
tric cancer, and in a gastric cancer cell line PRMTS knock-
down inhibited its proliferation, invasion and migration [46].
PRMTS was also found to regulate epithelial-mesenchymal
transition (EMT) and esophageal cancer cell migration [47].
More recently, PRMTS5 has been reported to be guided by
Cbp/p300-interacting transactivator 2 (CITED2) to nucleolin,
thereby promoting prostate cancer cell migration through
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EMT induction [48]. Also, in prostate cancer miR-1266 has
been found to target PRMTS5 and, thereby, to inhibit cancer
cell growth and metastasis [49]. Though most of the studies
regarding PRMTYS in cancer cell migration have been per-
formed in vitro, it is very well possible that PRMTS5 may
regulate cancer cell migration in vivo through EMT-
correlated gene expression alterations via histone methylation.
The exact role of PRMTS5 in cancer metastasis needs, howev-
er, further confirmation and the underlying mechanisms need
to be resolved to finally prevent cancer metastasis.

3.3 Regulation of cancer cell metabolism

Considering their high proliferative capability, cancer cells
need to acquire nutrients from the tumor microenvironment
while competing with normal cells. A common feature of
cancer cells is the reprogramming of their metabolism, includ-
ing metabolic changes in glucose, amino acids and fatty acids
[50]. Through a phenomenon called the Warburg effect, can-
cer cells increase their rates of aerobic glycolysis, increase the
rate of glucose uptake and secrete high levels of lactic acid
[51]. Pioneering work showed that PRMTS methylates
H3R2me2, thereby enhancing chromatin accessibility to pro-
mote CREB phosphorylation, and increasing hepatic glucose
production and gluconeogenic gene expression [52]. Further
work in hepatocellular carcinoma has shown glucose induc-
tion to increase PRMTS and CDK4 binding, activate CDK4-
pRB-E2F-mediated transcription and promote cell prolifera-
tion and tumor growth. A recent study has shown that PRMTS5
knockdown in a pancreatic cancer cell model reduced glucose
intake, as well as lactate levels. 18F-fluorodeoxyglucose
(18F-FDG) measurements by PET/CT scans have shown that
patients with higher PRMTS5 expression levels exhibit en-
hanced glycolytic capacity. In a xenograft mouse model,
PRMTS silencing concordantly decreased 18F-FDG uptake.
Mechanistically, PRMTS5 was found to inhibit F-Box and WD
repeat domain containing 7 (FBW7) via the suppression of
FBW?7 gene promoter activity, leading to increased c-Myc ex-
pression and enhanced aerobic glycolysis in pancreatic cancer
cells [53].

Due to the rapid proliferation of cancer cells, there is an
increased requirement of amino acids [54].
Methylthioadenosine phosphorylase (MTAP) is an enzyme
acting in the methionine salvage pathway that converts
methylthioadenosine (MTA) back to methionine and adenine.
In a variety of tumors, MTAP has been found to be lost due to
deletion of the MTAP gene or methylation of its promoter. In
2016, two reports showed that in MTAP-deleted cancer cells,
MTA is accumulated, leading to reduced PRMTS5 enzymatic
activity. Furthermore, these MTAP-deficient cancer cells were
selectively sensitized during PRMTS inhibition, thus indicat-
ing that PRMTS inhibitors are potentially applicable to drug
development for the treatment of MTAP-deficient tumors [55,

56]. Not long thereafter, researchers found this vulnerability to
extend to decreases in MAT2A (a PRMTS5 substrate) and
RIOK1 (a PRMTS interacting protein), although it could not
increase the sensitivity to RIOK1 inhibition alone [57, 58]. A
wider range of experiments was subsequently performed in
more cancer cell lines, and the results showed that MTAP
deficiency may also serve as a predictive marker for the ability
of PRMT inhibitors to treat tumors, since PRMT?5 inhibitors
were found to synergize with PRMT1 inhibitors to inhibit
tumor cell growth [59].

Tumor cells show altered lipid metabolism that reactivates
de-novo lipid synthesis. They also show a strong lipid and
cholesterol avidity. Currently, higher lipid droplet and
stored-cholesteryl ester contents have become hallmarks of
cancer aggressiveness [60]. In tumors, one of the factors trig-
gering de-novo lipogenesis is the excessive activation of sterol
regulatory element-binding proteins (SREBPs), which can up-
regulate lipogenic enzymes. PRMTS symmetrically
dimethylates SREBP1a at R321 and prevents the phosphory-
lation of SREBP1a at S430, subsequently leading to its disas-
sociation from FBW?7 to avoid protein degradation, so that
stabilized SREBP1a can increase de-novo lipogenesis and
promote cancer cell growth [61]. In addition, in clear cell renal
cell carcinoma, PRMTS5 was found to interact with
LINCO01138, thereby regulating SREBP1 methylation and
protein stability [62]. Together, these data indicate that
PRMTS may be important for the regulation of glucose, ami-
no acid and fatty acid metabolic pathways in cancer.

3.4 Regulation of cancer stem cell survival, self-
renewal and differentiation

Another reason as to why cancer is difficult to cure is the
existence of cancer stem cells (CSCs), which have the ability
to differentiate into all types of cells in the tumor, and self-
renew and sustain for a long time. Several reports have shown
that PRMTS activity regulates CSC survival, self-renewal and
differentiation. In chronic myelogenous leukemia (CML), the
survival and self-renewal capacities of leukemic stem cells is
one of the causes of therapeutic resistance. Silencing PRMTS
or blocking PRMTS activity disrupts this ability by epigenet-
ically inhibiting dishevelled segment polarity protein 3
(DVL3) expression and downregulating Wnt/[3-catenin sig-
naling [63]. In solid tumors such as breast cancer, PRMT5
has been found to facilitate H3R2me2s methylation and to
activate FOXP1 expression to regulate the proliferation and
self-renewal of breast cancer stem cells [14]. In glioblastoma,
PRMTS has been found to be required for the self-renewal
ability of undifferentiated stem cell-like populations of cells
[64]. In hepatocellular carcinoma, PRMTS has been found to
promote the self-renewal and differentiation abilities of cancer
stem cells by facilitating H4R3me2s methylation and
repressing HNF4 o gene expression [65]. In line with this, loss
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of PRMTS function is known to be embryonically lethal, since
PRMTS5 methylates H2AR3me2s, represses differentiation-
related gene expression and, finally, inhibits embryonic devel-
opment [13]. In adults, loss of PRMTS5 leads to rapid hemato-
poietic stem cell exhaustion via apoptosis, which is triggered
by PRMT5-induced p53 activity [66]. Although the PRMTS5
methylation targets are different in these processes, functional
loss of PRMTS inhibits CSC activity, suggesting the possibil-
ity that when PRMTS inhibitors are used to treat cancer, they
may be effective since they can target both cancer cells and
CSCs.

3.5 Regulation of immune cell function

The tumor immune microenvironment not only includes tumor
cells and stromal cells, but also many kinds of immune cells, such
as T-cells, natural killer cells (NK cells), B-cells, macrophages,
neutrophils and others. Immunotherapies that have recently shown
positive results in cancer treatment are those that help the immune
system to recognize and kill tumor cells. Due to the complexity
and diversity of the tumor microenvironment, immunotherapy
may not always lead to a positive response [67]. To date, there is
only one report clearly showing that a PRMTS inhibitor may be
applicable to immunotherapy based on a mouse model. The au-
thors of this study found that peripheral regulatory T-cells (Tregs)
exhibit limited suppressive functions in a Treg-specific PRMTS5
knock-out (KO) mouse model and that a PRMTS inhibitor could
reduce human Treg functions. Mechanistically, PRMTS5 has been
found to symmetrically dimethylate FOXP3 at R48/R51 and in-
hibit Treg suppressive functions, thereby reducing breast cancer
tumor growth [68]. PRMTS has also been found to regulate CD4*
T-cell expansion and to promote IL-2 production [69]. T-cell-
specific deletion of PRMTS5 causes a decrease in the number of
peripheral CD4" and CD8"* T-cells and in the number of thymic
NK cells [70]. Recently, another group also showed T-cell survival
and proliferation, of which the maintenance by cytokine signaling
was dependent on PRMTS expression [71]. As yet, no T-cell-
specific PRMT5 KO tumor model has been tested but, based on
current findings, we predict that PRMTS silencing in T-cells may
promote tumor growth. As the ratios of T-cell infiltration are di-
verse in different tumors, studies regarding the use of PRMTS
inhibitors should clarify their potential as drugs in different tumor
models.

3.6 Regulation of PRMT5 expression by microRNAs

PRMTS methylates histone or non-histone proteins to pro-
mote cancer. In cancer cells, the PRMTS5 expression level
has been found to be regulated by several microRNAs.
MicroRNAs are small non-coding RNAs that regulate gene
expression via RNA silencing or post-transcriptional regula-
tion. They have been confirmed to play prominent roles in
tumor development and progression [72]. In B-cell
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lymphoma, downregulation of miR-92b and miR-96 has been
found to enhance the translation of PRMT5 mRNA and to
increase PRMTS protein expression [16]. In another
lymphoma-related study, PRMT5-specific microRNAs 19a,
25, 32, 92, 92b and 96 were found to upregulate PRMTS5
expression in the tumor cells [73]. In glioma, PRMTS has
been found to act as a miR-4518 target [74]. Interestingly, in
B-cell lymphoma, PRMTS was found to enhance the expres-
sion of itself by repressing miR-96 via a PRMTS5/p65/HDAC3
complex feedback loop [75]. Further studies are recommend-
ed to explore whether these miRNAs, or other miRNAs that
downregulate PRMTS5 expression, may serve as therapeutic
targets.

4 PRMTS5 inhibitors and (pre-)clinical trials

PRMT5 " mice show early embryonic lethality at E6.5, con-
ditional PRMTS5 knockout (cKO) in Treg cells causes severe
scurfy-like autoimmunity, and PRMT5 cKO in neurons
causes balance disorders, tremors, akinesis and
hypomyelination. In a model of experimental hematology,
PRMTS cKO was found to cause aberrant erythroid differen-
tiation and T-cell development. In a model to study develop-
ment and germ cell fate, PRMTS5 cKO caused disruption of
primordial germ cell formation [12, 13, 68, 76-78]. All these
phenotypes indicate that PRMTS is an important factor during
normal development and homeostasis. Moreover, PRMTS5 has
often been found to be highly expressed in tumors, with
oncogene-like properties, owing to its ability to repress tumor
suppressor gene expression. Therefore, several PRMTS inhib-
itors have been used to explore potential cancer therapy ap-
proaches (Table 1).

The first PRMTS5-specific compound, EPZ015666 (also
known as GSK3235025), was reported in 2015 to treat a mod-
el of mantle cell lymphoma (MCL). EPZ015666, which is an
orally administered inhibitor, showed significant and dose-
dependent antitumor activity in xenograft MCL models [79].
To date, several PRMTS inhibitors (non-specific), including
EPZ004777, DS-437, LLY-283, CMP5, HLCL-61 and PR5-
LL-CMO01, have been used to treat different types of tumors.
Some of the inhibitors exhibited high ICs, values and may,
therefore, not be suited for future application. Some, however,
have shown higher anti-tumor efficacies than EPZ015666,
such as for example PR5-LL-CMOI in both pancreatic ductal
adenocarcinoma and colorectal carcinoma. EPZ015666 binds
to a complex composed of PRMTS, MEP50 and S-
adenosylmethionine (SAM). DS-437, LLY-283, EPZ004777
and CMP5 are SAM competitive inhibitors. HLCL-61 and
PR5-LL-CMO01 were designed in silico to bind to the
PRMTS catalytic site, although not functioning as SAM-
competitive inhibitors. Some of these inhibitors have only
been tested in vitro in tumor cell line models and not in vivo
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Table 1 PRMTS inhibitors used

in cancer studies Inhibitor Mode of action Cancer type(s) tested References
EPZ015666 Competitive (substrate) Mantle cell lymphoma [79]
EPZ004777 Competitive (SAM) Lineage leukemia cells [80, 81]
DS-437 Competitive (SAM) Breast cancer [81]
LLY-283 Competitive (SAM) Melanoma [82]
CMP5 Competitive (SAM) Glioblastoma [64, 83]
HLCL-61 Competitive (catalytic site) ~ Acute myeloid leukemia [15]
PRS5-LL-CMO1  Competitive (catalytic site) ~ Pancreatic ductal adenocarcinoma and [84]

colorectal cancer

SAM, S-adenosylmethionine

yet. Overall, the modes of action of the different PRMT5
inhibitors still need to be better understood, and their effica-
cies to be pursued and verified in vivo.

Based on advances in the design of inhibitors and pre-
clinical studies using mouse models, three PRMTS5 inhibitors
(GSK3326595, INJ-64619178 and PF-06939999) are current-
ly being used in four clinical trials (Table 2) for the treatment
of both hematologic and solid tumors, including primary and

metastatic tumors.
GSK3326595 is a substrate competitive inhibitor of

PRMTS. There are two clinical trials going on of this inhibitor,
and both of them are in phase I, tested as oral treatments. The
purpose of the NCT03614728 study is to evaluate the safety,
tolerability and clinical activity of this inhibitor in patients
with relapsed and refractory myelodysplastic syndrome,
chronic myelomonocytic leukemia and hypo-proliferative
AML. If the result of this evaluation meets the pre-specified
criteria, this clinical trial will be expanded to a phase II eval-
uation of this inhibitor. Another study of the PRMTS inhibitor
GSK3326595 (NCT02783300) aims to evaluate the safety,
pharmacokinetics, pharmacodynamics and clinical activity
of the inhibitor for patients with advanced or recurrent solid

tumors and those with selected solid tumors and non-Hodgkin’s
lymphomas. In this clinical trial, pembrolizumab will be used
together with GSK3326595 for some patients. GSK3326595
has been found to inhibit tumor cell growth both in vivo and
in vitro. Siu et al. showed that GSK3326595 monotherapy is
active for relapsed and refractory solid tumors. In addition,
GSK3326595 monotherapy has been found to significantly in-
hibit SDMA levels in patient plasmas and tumors. Clinical re-
sponses were observed at 200 mg QD (four times a day), and
400 mg QD was selected for dose expansion based on safety,
efficacy, pharmacokinetic (PK), and pharmacodynamic (PD)
data. Adverse events were common for patients receiving
GSK3326595, but were effectively manageable with dose mod-
ifications, and even reversible with dose interruption. In ade-
noid cystic carcinoma, GSK3326595 treatment resulted in du-
rable partial responses and prolonged stable disease [85, 86].
The PRMTS inhibitor INJ-64619178 is orally active and
also in a phase I clinical trial. The purpose of this study is (1)
to identify the maximum-tolerated dose in participants with
relapsed/refractory B-cell non-Hodgkin’s lymphoma or ad-
vanced solid tumors, (2) to identify the recommended phase
I dose(s) for non-Hodgkin’s lymphoma and other advanced

Table 2 PRMTS5 inhibitors used
in clinical trials

Inhibitor Phase  Mode of action Cancer type(s) tested Trial number

GSK3326595 1 Competitive (substrate) MDS and AML NCT03614728
Solid tumors and NCT02783300
non-Hodgkin’s lymphoma

INJ-64619178 1 Competitive (SAM and substrate) ~ Neoplasms NCT03573310
Solid tumors, adult
non-Hodgkin’s lymphoma
MDS

PF-06939999 I N/A Advanced solid tumors NCT03854227

Metastatic solid tumors

AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; SAM, S-adenosylmethionine
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solid tumors and (3) to evaluate inhibitor tolerability in partic-
ipants with lower risk myelodysplastic syndromes. JNJ-
64619178 has high potency, oral PK and safety properties.
As its mode of action, it binds to the SAM- and protein
substrate-binding pockets of the PRMTS/MEP50 complex.
INJ-64619178 has been found to inhibit growth in many dif-
ferent cancer cell lines and in mouse xenograft models of
human non-small cell lung cancer and small cell lung cancer
[87-90].

PF-06939999 is also in phase I for oral administration. This
study was started in 2019 and aims to evaluate the safety, PKs
and PDs in subjects with advanced or metastatic non-small cell
lung cancer, head and neck squamous cell carcinoma, esophageal
cancer, endometrial cancer, cervical cancer and bladder cancer.
PF-06939999 is an inhibitor with potential inhibitory effects on
proliferative and neoplastic activities.

The status of these ongoing clinical trials and preliminary
data give us some hints for considering when and how to use
these PRMTS inhibitors. (1) Different PRMTS inhibitors may
be suitable for different cancer cell types. In lung cancer, for
example, JNJ-64619178 may serve as a suitable selective
PRMTS5 inhibitor. Whether all the different inhibitors have
specificities for certain cancer types needs further exploration.
(2) PRMTS5 depletion is known to be embryonic lethal and,
thus, lack of selectivity of PRMTS inhibitors in cancer and
other cell types may induce toxicity later in clinical trials, as
shown by the preliminary results using GSK3326595. (3) To
date, little is known about how PRMTS5 inhibitors affect im-
mune cells in the tumor microenvironment and how this will
affect the human immune system. This could be a potential
source of side effects. (4) Resistance is a serious threat to
targeted therapies, as PRMTS5 has been shown to regulate
proliferation and self-renewal in some types of cancer stem
cells. Clinical trial results may help to evaluate the therapeutic
benefit for recurrence rates. Since PRMTS plays crucial roles
in both healthy and cancer states, better designs of PRMTS5
inhibitors are required to selectively reduce cancer-associated
high PRMTS activities, with minimal side effects. Thus,
PRMTS may be a viable target for therapeutic strategies, pro-
vided that clinical trials obtain encouraging (efficacy, tolera-
bility) results.

5 Conclusions and perspectives

PRMTS methylates histone or non-histone proteins to regulate
gene expression, promote cancer cell proliferation and migra-
tion, activate or repress signal transduction, regulate
cancer cell metabolism, and promote the self-renewal and dif-
ferentiation abilities of cancer stem cells. PRMTS inhibitors
may add to the efficacy of immunotherapy. However, why
PRMTS overexpression elicits different effects in
different tumor types still needs to be resolved. Additional
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mouse or cell line models exhibiting PRMTS5 up- or downreg-
ulation need to be studied, and more PRMTS5 substrates to be
discovered. Since PRMTS regulation occurs in either the nu-
cleus or the cytoplasm, it is difficult to use PRMTS5 expression
as a biomarker to predict cancer status before obtaining tumor
tissue. Technical tools for drug development are evolving rap-
idly, and exploratory studies on specific PRMTS inhibitors
are improving. Also, mechanistic studies of the processes un-
derlying the therapeutic potentials of PRMTS5 inhibitors will
be a promising area of research. Several PRMTS inhibitors
have shown positive results in mouse models and are
currently tested in clinical trials. PRMTS5 inhibitors may show
promise for cancer treatment either alone, or in combination
with other currently used or future therapeutic modalities.
Finally, PRMTS5 inhibitors may show benefit for people with
tumors that do not respond to checkpoint inhibitor therapy.
Through their concerted actions on both tumor cells and tumor
microenvironmental components, PRMTS inhibitors may turn
out to be highly effective in cancer therapy.
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