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Abstract: Protein arginine methylation is a common post-translational modification that plays
a pivotal role in cellular regulation. Protein arginine methyltransferases (PRMTs) catalyze the
modification of target proteins by adding methyl groups to the guanidino nitrogen atoms of arginine
residues. Protein arginine methylation takes part in epigenetic and cellular regulation and has
been linked to neurodegenerative diseases, metabolic diseases, and tumor progression. Aberrant
expression of PRMTs is associated with the development of brain tumors such as glioblastoma and
medulloblastoma. Identifying PRMTs as plausible contributors to tumorigenesis has led to preclinical
and clinical investigations of PRMT inhibitors for glioblastoma and medulloblastoma therapy. In this
review, we discuss the role of arginine methylation in cancer biology and provide an update on the
use of small molecule inhibitors of PRMTs to treat glioblastoma, medulloblastoma, and other cancers.
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1. Introduction

Arginine methylation is a well-studied post-translational modification that has been
implicated as a transcriptional regulator in many cellular processes including cell signaling,
DNA damage, and pre-mRNA splicing [1]. Methylation of arginine residues is one of
the most common post-translational modifications occurring in mammalian cells. Pro-
tein arginine methyltransferases (PRMTs) catalyze this modification of target proteins by
adding methyl groups to the guanidino nitrogen atoms of arginine residues. Methylation
of arginine residues on proteins modifies protein–protein interactions in various signal-
ing pathways including insulin signaling in glucose metabolism, nongenomic estrogen
signaling, nitrous oxide regulation, and activation of numerous downstream proteins [2].
Aberrant expression of proteins responsible for arginine methylation, namely PRMTs, have
been implicated in tumorigenesis and other pathological processes [3–9]. A variety of
cancers have been linked to alterations in methyltransferase enzyme activity, including the
brain tumors glioblastoma and medulloblastoma. Within the past decade, investigators
have increasingly studied the role arginine methylation plays in brain tumors, partic-
ularly the relationship of PRMT activity to glioblastoma (GBM) and medulloblastoma
development [10–16].

This review will discuss current literature on the role of arginine methylation in the
development of various cancers and the use of arginine methyltransferase inhibitors in
cancer therapy, especially glioblastoma and medulloblastoma.

2. Functional Significance of Arginine Methylation

Arginine methylation can have both activating and repressive effects depending on
the target of the protein methyltransferase [1]. Arginine methylation events that produce ac-
tivating histone marks are involved in a variety of cellular processes, ranging from cellular
differentiation to neural response to stimulatory substances [2,17–19]. Mammals produce
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three main forms of methylarginines: symmetrically dimethylated arginine (SDMA), asym-
metrically dimethylated arginine (ADMA), and monomethylated arginine (MMA). The
three types of PRMTs are categorized by their catalytic activity [20]. Type I PRMTs include
PRMT1, PRMT2, PRMT3, PRMT4/CARM1, PRMT6, and PRMT8, and catalyze the forma-
tion of ADMA or MMA [21]. Type II PRMTs consist of PRMT5 and PRMT9 and produce
MMA and SDMA [21]. The only type III PRMT is PRMT7, which catalyzes the formation of
MMA [22]. It is now widely accepted that these enzymes do not share major redundancy
as multiple experiments have delineated distinct functions [23–26]. Mice knockouts of
these enzymes (primarily Type I PRTMs) can lead to a phenotype that is lethal prior to
or shortly after birth, underlining the importance of PRMTs in normal physiology [2].
PRMT1, PRMT4/CARM1, PRMT5, PRM7, and PRMT8 have all demonstrated a role in the
regulation of neuronal or glial differentiation. The role of certain PRMTs in neural stem
cell differentiation, proliferation, and migration likely explains why the overexpression of
PRMTs is associated with aggressive tumor biology.

2.1. Type I Protein Arginine Methyltransferases
2.1.1. PRMT1

PRMT1 primarily catalyzes ADMA, accounting for more than 80% of cellular PRMT
activity [21]. This is attributed to its wide substrate specificity with a preference for
arginine residues flanked by glycine residues [27]. PRMT1 deposits dimethylarginines on
the H4R3 residues and functions as a transcriptional co-activator [2]. PRMT1 interacts with
a variety of proteins that influence gene expression and cell-cycle progression including
Nuclear Factor Kappa B (NF-KB), Sam68, MLL complex, Btg1/Btg2, type I interferon, and
hCAF1 [2]. Additionally, PRMT1 has a role in DNA damage signaling and epigenetic
regulation of repair pathways that maintain genomic stability [28]. The role of PRMT1 at
the cellular level includes the modulation of thermogenic fat activation, maintenance of
β-cell identity, renal fibroblast activation, maintenance of normal hematopoiesis, and many
other non-neural functions beyond the scope of the present review [29–31]. The catalytic
activity of PRMT1 has been implicated in numerous neurocellular functions such as the
development and monitoring of cells of glial lineage. For example, PRMT1 was found to
play an essential role in the central nervous system (CNS) myelination via oligodendrocyte
differentiation [32]. In a study conducted by Hashimoto et al., PRMT1 knockout mice
displayed significant brain abnormalities with some dying within two weeks of birth [32].
Furthermore, in PRMT1 mutant mice, the number of oligodendrocyte progenitor cells and
pre-myelinating oligodendrocytes was significantly reduced, indicating a critical role of
PRMT1 in oligodendrocyte differentiation, maturation, and viability [32]. Likewise, PRMT1
has been shown to regulate astrocytic differentiation of neural stem cells in mouse embryos
by methylating arginine residues on transcription factor signal transducer and activator of
transcription 3 (STAT3) (Figure 1) [33].

In this experiment, knockdown of PRMT1 inhibited promoter activation of glial fibril-
lary acidic protein (GFAP) in neural stem cells, suggesting its role in positive regulation
of neural stem cells [33]. Recently, PRMT1 was shown to play a role in post-translational
methylation of SCY1 like pseudokinase 1 (SCYL1), a known regulator of Golgi morphol-
ogy [34]. SCYL1 interacts with γ2COP to form coat protein complex I (COPI) vesicles which
regulate Golgi morphology, a process essential for neurite growth. Arginine methylation of
SCYL1 facilitates its interaction with γ2COP. In this study, inhibition of PRMT1 suppressed
both axonal growth and dendritic complexity due to aberrant Golgi morphology [34].

Increased expression of PRMT1 has been implicated in the tumorigenesis of multiple
cancers including progesterone receptor positive breast cancer, hepatocellular carcinoma
(HCC), neuroblastoma, and pancreatic cancer [35–38]. PRMT1 is also a known contributor
to the development of glioblastoma (GBM) [15,39].
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Figure 1. Schematic drawing of the PRMT1-STAT3 axis. JAK = Janus kinase; LIFR = Leukemia inhibitory factor receptor;
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transcription 3. Adapted from “PI3K/Akt, RAS/MAPK, JAK/STAT Signaling”, by BioRender.com (2020). Retrieved from
https://app.biorender.com/biorender-templates.

2.1.2. PRMT2

PRMT2 is one of the less characterized PRMTs due to its low activity. However,
PRMT2 is known to promote apoptosis via NF-κB dependent mechanism in which NF-κB
transcription is inhibited, preventing IκB-α from leaving the nucleus, resulting in increased
levels of nuclear IκB-α and decreased NF-κB binding to DNA [40]. PRMT2 is known
to interact with a multitude of splicing factors and splicing-related proteins, and other
interactions are possible [41]. Hou et al. revealed a role for PRMT2 in dendrite arborization
by promoting methylation of the actin nucleator, Cobl [42]. PRMT2 has been implicated in
the tumorigenesis of breast cancer through interactions with nuclear hormone receptors
and accelerant of hepatocellular carcinoma growth [43,44]. Additionally, enrichment of
asymmetric dimethylation of H3R8 (H3R8me2a) is associated with known activating
histone marks. This finding has implications in GBM tumorigenesis, in that, PRMT2 has
been shown to act as a transcriptional co-activator of genes involved in oncogenesis and
more specifically, GBM development [14]. Overexpression of PRMT2 in GBM pathogenesis
makes it a potential target for tumor therapy but a potent small molecule inhibitor of
PRMT2 has not yet been designed.

2.1.3. PRMT3

The primary function of PRMT3 involves ribosomal protein methylation, which is
critical to ribosomal maturation [45–47]. Studies describing PRMT3 function in the nervous
system are limited to animal models. Mice receiving siRNA oligonucleotides against
PRMT3 mRNA showed deformed dendritic spines [46]. PRMT3 localized in normal mice
to the dendrites, being absent in cell bodies and axons [46,48]. PRMT3 overexpression has
not been associated with brain tumorigenesis but has been implicated in pancreatic cancer
and pediatric acute monoblastic leukemia [49,50]. PRMT3 has also been shown to interact
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with the tumor suppressor DAL-1/4.1B, which inhibits its catalytic activity, promoting
apoptosis of breast cancer cells [51].

2.1.4. CARM1/PRMT4

CARM1/PRMT4 functions as a transcriptional coactivator by directly recruiting tran-
scription factors and methylating H3R17 and H3R26 [1]. It also regulates pre-mRNA
splicing and mRNA decay through its association with UPF1 [52]. CARM1/PRMT4 itself
is regulated by a myriad of microRNAs, including miR-181c, which results in the promo-
tion of human embryonic stem cell differentiation [53]. CARM1/PRMT4 is thought to be
involved in hippocampal and motor neuron development and, like PRMT3, hippocampal
neurons in PRMT4 deficient rats showed abnormal dendritic spine morphology [54].

The CARM1/PRMT4 relationship with the survival motor neuron (SMN) gene, which,
when mutated, promotes spinal muscular atrophy (SMA), has been thoroughly studied [55].
CARM1/PRMT4 was abnormally upregulated in spinal cord tissue from mouse models
with SMA. CARM1/PRMT4 was previously shown to interact with the RNA-binding pro-
tein HuD and influence SMN expression [56]. Additionally, CARM1/PRMT4 is well-known
for producing histone marks that are crucial for astroglial development and differentiation.
Inhibition of CARM1/PRMT4, with subsequent loss of the H3R17me2a mark, diminished
levels of miR-10a and miR-575 which are purported to be essential entities for astrocyte
lineage maintenance [57]. Additionally, CARM1/PRMT4 regulates miR-17-92a production
which modulates genes, such as CIC and HAND2, that influence the differentiation and
production of neuronal and glial cells (Figure 2) [57].
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CARM1/PRMT4 has been well studied in terms of its association with lung and breast
cancer and, more recently, implicated in the development of GBM [58].

2.1.5. PRMT6

PRMT6 is primarily found in the nucleus and possesses specificity for HIV tat, HMGA
1a/b, DNA polymerase beta, and histone H3 [2]. PRMT6 is chiefly responsible for the
asymmetric dimethylation of the H3R2 residue producing the H3R2me2a histone mark
which is associated with transcriptional repression. PRMT6 is further stabilized by its
automethylation properties. The formation of the H3R2me2a histone mark interferes with
the generation of the H3Kme3 histone mark by impeding trimethylation of the H3K4
residue [59]. Furthermore, Stein et al. found that PRMT6 and subunits of Polycomb
repressor complexes 1 and 2 bind regulatory regions of HOXA genes to affect neuronal
differentiation [59]. PRMT6 has also been shown to be a potent coactivator of the androgen
receptor (AR). PRMT6 can enhance the polyglutamate expanded activity of the AR, impli-
cating its role in spinal bulbar atrophy and SMA by increasing AR toxicity in human motor
neurons [60].

2.1.6. PRMT8

PRMT8 is found only in the brain and is localized to the plasma membrane [61].
Increased PRMT8 expression is involved with mouse embryonic stem cells differentiating
into neural progenitors [62]. Solari et al. found that the pluripotency associated transcrip-
tion factors Oct4, Sox2, and Nanog, induced PRMT8 promoter activity in pluripotent stem
cells [62]. Furthermore, PRMT8 mRNA levels were increased during neural precursor
differentiation [62]. Another study examined the role of PRMT8 as a regulator of retinoid
gene expression and cell specification [63]. PRMT8 is a retinoid receptor target gene that is
directly expressed in response to the retinoic acid signal and collaborates with PRMT1 to
potentiate retinoid response. Knockdown of PRMT1 or PRMT8 eliminated neural specifica-
tion [63]. Furthermore, PRMT8 depletion produced incoordination in mice by decreasing
arborization of cerebellar Purkinje dendrites [64]. This occurred because of the absence of
PRMT8 mediated phospholipase activity that normally directly hydrolyzes phosphatidyl-
choline, an essential step in neurite development. Additionally, PRMT8 depletion increased
cellular markers associated with gliomagenesis [63].

2.2. Type II Protein Arginine Methyltransferases
2.2.1. PRMT5

Most SDMA in mammalian cells comes from PRMT5 activity. PRMT5 interacts with
multiple protein partners through MEP50, which is required for its activation in vitro [65].
PRMT5 heterodimerizes with MEP50 and uses S-adenosyl-L-methionine (SAM) as a co-
factor to catalyze the symmetric dimethylation of various histone substrates [66]. Via the
same mechanism, PRMT5 catalyzes the methylation of non-histone substrates such as Sm
proteins, a process regulated by protein pICln [67]. Another non-histone substrate which is
ultimately modified by PRMT5 involves the carboxy terminal domain (CTD) of the RNA
polymerase II (RNAP II) subunit POLR2A [68]. The CTD residue R1810 is symmetrically
dimethylated yielding the R1810me2s modification, which requires PRMT5 and subse-
quently is responsible for the recruitment of the Tudor domain of the SMN protein [68].
As previously mentioned, the SMN protein is mutated in SMA and also interacts with
senataxin, which can harbor mutations associated with amyotrophic lateral sclerosis [69].
The symmetric dimethylation of RNAP II has also shown to be catalyzed by CARM1 [70].

Neural stem cell proliferation and neural stem cell survival are, in part, epigeneti-
cally regulated by the recruitment of PRMT5 to chromatin by Schwann cell factor 1 [71].
PRMT5 modifies histone H4 at arginine 3 through symmetric dimethylation yielding a
modification that is correlated with undifferentiated neural stem cells [15,71]. Therefore,
PRMT5 regulates the cell’s self-renewal capability and cell-cycle advancement, markedly
affecting cellular differentiation and proliferation [71]. In addition to the modification of
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the H4R3 residue, PRMT5 also catalyzes the symmetric methylation of residues H3R2 and
H3R8 producing histone marks H3R2me2s and H3R8me2s [72,73]. Additionally, PRMT5 is
essential to neuronal stem cell survival, and depleting it in transgenic mice results in death
within 14 days [74]. Given its critical role in regulating neural stem cell proliferation, it is
unsurprising that increased expression of PRMT5 has been implicated in tumorigenesis
and is associated with worse GBM prognosis [13,15,16,75–77].

In addition to modulating the proliferation of neural stem cells, PRMT5 has been
implicated in the regulation of oligodendrocyte differentiation. Huang et al. showed that
PRMT5 expression was elevated in myelinating oligodendrocytes and that knockdown of
PRMT5 inhibited oligodendrocytic cellular differentiation [78]. Furthermore, in a glioma
cell line, PRMT5 deficiency induced expression of inhibitors of differentiation (Id) namely,
Id2 and Id4 [78]. The study concluded that PRMT5 activity determines the methylation
status of CpG islands of both the Id2 and Id4 genes. Ultimately this leads to gene silencing
during glial cell proliferation.

2.2.2. PRMT9

The catalytic activity of PRMT9 involves the symmetric dimethylation of spliceosome-
associated protein 145 (SAP145) which functions to regulate alternative splicing activ-
ity [25,79]. The specificity of PRMT9 and PRMT5 is not redundant as their substrates are
distinct. However, the inhibition of PRMT5 in mouse embryos led to almost complete
loss of SDMA suggesting that PRMT5 rather than PRMT9 is likely the primary methylator
among the type II protein methyltransferases [25]. While literature regarding the patho-
physiological contributions made by aberrant expression of PRMT9 is scarce, PRMT9 has
been demonstrated to promote hepatocellular carcinoma invasion and metastasis [80].

2.3. Type III Protein Arginine Methyltransferases
PRMT7

The role of PRMT7 primarily involves transcriptional regulation, generation of snRNPs,
and splicing regulation. Additionally, PRMT7 has a role in DNA damage repair because
cells depleted of PRMT7 caused de-repression of DNA repair genes and cellular resistance
to DNA-damaging agents [81]. This is accomplished by mediating the symmetric dimethy-
lation of H2R3 and H4R3. Furthermore, PRMT7 is involved in stress response and its
inhibition significantly reduced levels of Heat Shock Protein 70 (HSP70) stress-associated
proteins [82]. Discoveries regarding PRMT7 and the nervous system have been reported
recently, with PRMT7 shown to be highly expressed in the hippocampus [83]. Lee et al.
have shown that PRMT7 regulates HCN channels in CA1 hippocampal pyramidal cells,
which could have implications for neuropsychiatric disorders [83]. Additionally, PRMT7
has been shown to interact with the Beta-catenin-C-Myc axis and promote the growth of
renal cell carcinoma (RCC) [84]. The investigators found that overexpressed PRMT7 in
RCC cells behaved as an oncogene promoting tumor growth [84]. PRMT7 is currently not
associated with brain tumorigenesis. However, in a small series of 10 patients with PRMT7
mutations, one had an orbital tumor, and another had nonspecific brain calcifications,
suggesting a role in neuropathogenesis [85].

3. Role of PRMTs in Tumorigenesis
3.1. Role of Arginine Methylation in Oncogenesis

The expression of PRMTs is generally upregulated in cancer, leading to tumor growth
in a variety of organ systems. While many PRMTs have been implicated in cancer devel-
opment, there are some mechanistic aspects of PRMT activity in oncogenesis that remain
unclear. However, the involvement of PRMT5 in metabolic cancer dysregulation has been
well studied. For example, Liu et al. investigated the involvement of PRMT5 in promot-
ing lipogenesis and tumor growth [86]. They demonstrated that PRMT5 symmetrically
methylates the R321 residue of the sterol regulatory element-binding transcription protein
(SREBP), resulting in increased stability. Furthermore, methylation of SREBP by PRMT5
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prevented SREBP degradation by promoting evasion from the ubiquitin-proteasome path-
way. Subsequently, these events increased lipogenesis and advanced cancer cell growth
in both in vivo and in vitro experiments [86]. Since de novo lipogenesis is a vital event
in driving the malignant growth of cancer cells, R321 symmetric dimethylation was also
associated with clinically advanced disease in patients with HCC and independently
predicted a poorer prognosis. In addition to lipogenesis, the ability for cancer cells to
utilize aerobic glycolysis for ATP generation is critical to cancer progression. This occurs
through reprogramming energy metabolism, where the H+-ATP synthase used in oxidative
phosphorylation is inhibited by ATPase inhibitory factor 1 (IF1) [87]. The upregulation
of IF1 in cancer cells drives a need for a consistent supply and cellular uptake of glucose.
In the presence of increased cellular glucose, PRMT5 has been shown to stimulate the
release of cyclin dependent kinase 4 (CDK4) from its inhibitor, promoting G1-S transition in
cancer cells [88]. Additionally, symmetric methylation of the H3R2 residue in the promoter
region of genes involved in gluconeogenesis promotes gene expression of key factors in
hepatic glucose production [89]. These studies show the important role PRMT5 plays in
the metabolic dysregulation of cancer development.

PRMT5 generates most SDMA in mammals and has been implicated in the patho-
genesis of many cancers. PRMT5 expression is increased in leukemia and lymphoma,
attributable to its close interaction with myc. Translocations in the myc gene are known to
promote Burkitt’s lymphoma [90]. Additionally, PRMT5 activity potentiates hematopoietic
stem cell differentiation and hematopoiesis. PRMT5 activity possesses myeloproliferative
effects that stem from its interaction with receptor tyrosine kinase FLT3, a protein often
mutated in acute myeloid leukemia (AML) [91]. A recent study showed that PRMT5
effects depend on its subcellular location, with PRMT5 nuclear expression associated with
prolonged survival and PRMT5 cytoplasmic expression promoting cell growth [92]. This
finding has implications for a wide variety of oncologic disease processes, as PRMT5 has
been implicated in the pathogenesis of lung adenocarcinoma, lung squamous cell carci-
noma, breast cancers, colorectal cancer, and gastric cancer [93–95]. Zhang et al. showed
that PRMT5 has a role in colorectal cancer pathogenesis through its regulation of arginine
methylation of oncogenes eIF4E and FGFR3 [96]. In their experiment, PRMT5 knockdown
led to decreased eIF4E and FGFR3 gene expression while PRMT5 was overexpressed in
colorectal cancer cells, correlating with decreased overall patient survival. The ability of
PRMT5 to act as an oncogene in gastric cancer (GC) cells was described by Kanda et al. [94].
PRMT5 was overexpressed in tumor tissue analysis of 179 patients with GC. Furthermore,
PRMT5 knockdown in a GC cell line reduced cellular proliferation and migration. More
recently, Liu and colleagues reported that c-Myc directly interacts with PRMT5 and reduced
expression of a variety of tumor suppressors [97]. In these experiments, PRMT5 and c-Myc
were upregulated in human gastric cancer tissues.

PRMT1 and CARM1/PRMT4 have been implicated in the development of multiple
cancers. PRMT1 contributes to the progression of non-small cell lung cancer by methylating
the transcription factor Twist1 promoting epithelial-to-mesenchymal transition (EMT) [98].
PRMT1 also regulates EMT in breast cancer cells while CARM1/PRMT4 promotes breast
cancer metastasis by methylating arginine residue R1064 of BAF155, a chromatin remodel-
ing factor [1,99]. PRMT7 has also been shown to contribute to breast cancer progression
through automethylation, which is believed to play a key role in EMT [100].

Increased PRMT activity is implicated in the development of colorectal cancer. It
was recently discovered that type I PRMT inhibition significantly suppressed proliferation
and induced apoptosis of colorectal cancer cell lines [101]. PRMT gene expression was
also implicated in tumorigenesis in a study examining the L-arginine/NO pathway in
esophageal squamous cell carcinoma [102]. In comparison to adjacent healthy tissue,
tumors overexpressed PRMT1, PRMT5, and other genes involved in the L-arginine/NO
pathway. Aberrant PRMT5 activity has also been implicated in oral squamous carcinoma
(OSCC) where nuclear and cytoplasmic expression of PRMT5 correlated with features of
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EMT such as loss of E-cadherin and vimentin upregulation [103]. Their findings suggest the
possible involvement of PRMT5 in early oncogenesis, progression, and invasion of OSCC.

The effect of arginine methylation on various transcription factors underlines its
importance in oncogenesis. It has been reported that PRMT1 associates with MYCN and
regulates its stability [104]. Depletion of PRMT1 in this report reduced the expression
of MYCN and cell viability in primary neuroblastoma tumors [104]. Overexpression of
MYCN is associated with poor outcomes in patients with neuroblastoma and correlates
with a high-risk phenotype [105]. In addition to MYCN, NF-KB is a transcription factor that
plays an important role in oncogenesis. Reintjes et al. found that PRMT1 forms a complex
with NF-KB via interaction with its RelA domain and asymmetrically methylates its R30
residue [106]. This modification can interfere with NF-KB-DNA binding thus affecting
the ability of NF-KB to amplify cancer related genes. Importantly, PRMT5 has also been
implicated in the regulation of p53 response [107]. It was found that a stress response
protein, Strap, recruits PRMT5 to p53 upon DNA damage, facilitating the symmetric
methylation of p53 [107]. PRMT5 was also found to influence the functional outcome of
p53 response, suggesting an important role for PRMT5 and the ability of p53 to function as
a tumor suppressor.

3.2. Role of Arginine Methylation in Brain Tumor Development
3.2.1. Glioma

The notion that PRMT1 is involved in the regulation of glial cells was supported by
Wang et al. who examined the role of PRMT1 in gliomagenesis (Table 1) [39]. In their
experiment, immunohistochemical staining of grade II gliomas showed a strong positive
signal for PRMT1 as compared to a weak signal in normal brain tissue, with more than 76%
of glioma samples having increased PRMT1 expression. Moreover, PRMT1 knockdown
in glioma cells significantly reduced the cell population in the S phase and significantly
decreased proliferation rates. In vivo, PRMT1 knockdown significantly reduced tumor
growth [39]. From a mechanistic standpoint, these study results suggest a possible role for
PRMT1 induction in post-mitotic cellular processes. This was evident by an association of
PRMT1 knockdown with suppression of glioma proliferation through cell cycle arrest in
G1-S. This finding combined with an increased number of apoptotic glioma cells following
PRMT1 depletion suggests a role for PRMT1 not only in cell cycle progression but also in
glioma cell apoptosis [39].

Table 1. Summary of studies associating PRMT activity with brain tumorigenesis. GBM = Glioblastoma; VEGFA = Vascular
endothelial growth factor-A; LncRNA = Long non-coding RNA.

Brain Tumor Type Investigators
(Year) Enzyme Study Conclusions

Glioma

Wang et al. [39]
(2012) PRMT1

PRMT1 was upregulated in glioma tissues compared to
normal cortex tissue. PRMT1 knockdown resulted in G1-S

arrest in four glioma cell lines. RNAi greatly reduced
tumor growth in vivo.

Lu et al. [108]
(2018) PRMT5

LncRNA SNHG16 knockdown inhibited glioma cell
proliferation and induced apoptosis. SNHG16

up-regulated expression miR-4518 targeted gene PRMT5
via sponging of miR-4518.

Tan et al. [109]
(2018) PRMT5

PRMT5 was required for HOXC10-mediated upregulation
of VEGFA. HOXC10 levels and VEGFA expression

correlated significantly in human glioma.

Zheng et al. [110]
(2020) PRMT1

LncRNA NNT-AS1 is significantly up-regulated during
the early stages of glioma in vitro. Inhibition of NNT-AS1
led to positive regulation of PRMT1 via miRNA-494-3p.
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Table 1. Cont.

Brain Tumor Type Investigators
(Year) Enzyme Study Conclusions

Glioblastoma

Yan et al. [77]
(2014) PRMT5

PRMT5 attenuation limited recruitment to the promoter of
tumor suppressor ST7. Chromatin immunoprecipitation
and genetic profiling showed that the ST7 gene is silenced
by PRMT5. PRMT5 overexpression in primary GBM and

cell lines correlated positively with cell growth and
inversely with overall survival.

Han et al. [76]
(2014) PRMT5

Protein expression profiles revealed that PRMT5
expression was low in low grade glial cell controls and

low grade astrocytomas. PRMT5 expression was high in
GBM and increased in parallel with

malignant progression.

Mongiardi et al. [12]
(2015) PRMT5

Myc and Omomyc stimulated PRMT5-mediated
symmetric dimethylation of H4R3 in human GBM cells.

Myc and Omomyc are consistently associated with
PRMT5. PRMT5 interference impaired gene

activation by Myc.

Banasavadi-
Siddegowda et al.

[13]
(2017)

PRMT5

PRMT5 depletion caused senescence and apoptosis in the
patient-derived primary stem-like cells and differentiated

cells respectively. PRMT5 depletion stunted the tumor
growth and increased the survival of mice in the

intracranial GBM tumor model.

Holmes et al. [16]
(2019) PRMT5 PRMT5 inhibition by EPZ015666 and PP42 displayed

synergistic effects in vitro and a mouse model.

Medulloblastoma
Chaturvedi et al.

[111]
(2019)

PRMT5

PRMT5 knockdown significantly decreased
medulloblastoma cell growth. PRMT5 inhibition with

EPZ015666 suppressed cell growth and induced apoptosis
of myc-driven medulloblastoma cells in a

dose-dependent manner.

While there are few studies investigating the role of PRMT1 in gliomagenesis, Zheng
et al. recently published results delineating the role of cancer promoting, long noncoding
RNA NNT-AS1 and its interaction with the miR-494-3p-PRMT1 axis (Table 1) [110]. They
found that NNT-AS1 inhibition by siRNA diminished glioma cell proliferation, migration,
and overall cell viability. Furthermore, miR-494-3p overexpression and PRMT1 inhibition
attenuated both glioma cell proliferation and metastasis [110].

The role of PRMT5 is not only critical to glial cell differentiation but also is important in
human glioma progression [106,107,110]. In a study examining the role of long noncoding
RNA (LINC00515) that exhibits increased expression in human gliomas, Wu et al. found
that LINC00515 activated PRMT5 expression, promoted cell growth, and inhibited apopto-
sis of glioma cells [112]. Another investigation supported the role of long non-coding RNA
in gliomagenesis (Table 1) [108]. LncRNA SNHG16 was highly expressed in glioma cell
tissues and associated with poorer clinical prognosis [108]. Results indicated that SNHG16
can perform as an oncogene by sponging miR-4518 leading to the upregulation of PRMT5
expression in glioma [108]. This experiment revealed a novel SNHG16-miR-4518-PRMT5
pathway and further supports a role for PRMT5 in tumorigenesis. In addition to the propa-
gation of glial cell lineage, PRMT5 is hypothesized to be involved in tumor angiogenesis.
The cardinal study describing this phenomenon found that homeobox C10 (HOXC10)
overexpression increased the ability of glioma cells to migrate and proliferate as well as
increasing neovascularization by binding to the promoter of vascular endothelial growth
factor A (VEGFA) and increasing its expression (Table 1) [109]. Interestingly, PRMT5 was
required for the overexpression of VEGFA mediated by HOXC10 representing a potential
target for anti-VEGF therapy in glioma therapeutics.
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3.2.2. Glioblastoma

Among subcategories of brain tumors, GBM is the most well studied regarding its
association with arginine methylation [12,13,16,75,113–115]. This related to the importance
of GBM as the most common and deadly malignant brain neoplasm [116]. The mainstays
of GBM treatment are maximal surgical resection followed by radiation and administration
of temozolomide or other alkylating chemotherapeutic. Despite this regimen, the 5-year
survival rate is dismal and there is a pressing need to develop more effective treatments, in-
cluding those with new molecular targets. Among the protein arginine methyltransferases
implicated in GBM progression, PRMT5 has emerged as the most suitable target [75]. In-
vestigators, including our group, have demonstrated that an increase in PRMT5 expression
is associated with a worse GBM prognosis; furthermore, studies have reported a direct
correlation between PRMT5 expression and grade of glioma malignancy (Table 1) [76,77]. A
study by Han et al. found PRMT5 expression predominate in the nucleus of all GBM tumor
specimens (Table 1) [76]. Moreover, epigenetic regulation by Myc and its inhibitor Omomyc
have been shown to be associated with PRMT5 expression and influence GBM tumorigene-
sis [12]. Inhibition of PRMT5 rescued Myc inhibition by Omomyc, suggesting a possible
role of PRMT5 in MYC target gene silencing. The consistent association found between
Myc or Omomyc and PRMT5 suggests that Omomyc may interfere with Myc-PRMT5 inter-
actions and therefore explain a potential role for Omomyc in its established anti-oncogenic
properties (Table 1) [12]. Furthermore, Favia et al. demonstrated that PRMT1 and PRMT5
are responsible for the asymmetric and symmetric (respectively) dimethylation of Myc in
GBM cells, which regulates the protein’s stability [15]. The alteration in stability affected
the biological properties of GBM stem cells [15]. Our group investigated and identified
the PRMT5-PTEN pathway for its association with GBM development and proliferation
(Figure 3) (Table 1) [13].
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We further examined the role of PRMT5 concerning stemness and differentiation status
of the patient-derived primary GBM cells (Figure 3); PRMT5 regulates the proliferation and
self-renewal of GBM stem-like cells, while it is required for the survival of differentiated
GBM cells [13]. Additionally, it was found that PRMT5 positively regulates AKT and ERK
activity, while PRMT5 depletion led to increased transcript and protein expression of PTEN
in GBM stem-like cells [13]. PRMT5 has also been demonstrated to play a role in GBM
therapeutic resistance, highlighting an elusive mechanistic aspect that contributes to the
difficulty in long term management of this pathology. This was described in an experiment
by Holmes et al. who investigated the role of PRMT5 in therapy resistance (Table 1) [16].
Inhibition of mTOR stimulated PRMT5 activity whereas PRMT5 knockdown sensitized
GBM cells to therapeutic agents [16]. Taken together, these results indicate an important
role for arginine methylation in glioblastoma tumor biology, particularly driven by the
overexpression of PRMT5.

3.2.3. Medulloblastoma

Medulloblastoma is the only brain tumor other than GBM that has been associated
with increased PRMT activity. Medulloblastoma is the most common type of malignant pe-
diatric brain tumor, comprising 20% of all childhood brain cancers [117]. Medulloblastomas
are classified by their molecular subgroups including Sonic Hedgehog (SHH), wingless
(WNT), Group 3, and Group 4 [118]. Group 3 (more specifically group 3γ) medulloblas-
tomas carry the worst prognosis, with less than 50% survival, and are associated with
MYC amplification [118]. Group 3 medulloblastoma is also associated with aberrant ex-
pression of PRMT5. PRMT5 expression correlates with MYC expression in both primary
medulloblastoma and medulloblastoma cell lines [111]. This was shown by Chaturvedi
et al. who investigated PRMT5-Myc interaction in myc-driven medulloblastoma cells to
determine the functional role of PRMT5 in medulloblastoma [111]. In 491 medulloblastoma
samples, PRMT5 expression was found to be significantly overexpressed on mRNA analy-
sis compared to 9 normal cerebellar controls. Additionally, knockdown of PRMT5 led to a
reduction in MYC expression as well as a statistically significant reduction in cell growth in
medulloblastoma cell lines. Lastly, co-immunoprecipitation from cell extracts showed the
presence of PRMT5 in myc-immunoprecipitated complexes in medulloblastoma cells [111].
This study is the only of its kind to demonstrate an association between PRMT5 and MYC
in medulloblastoma.

4. PRMT Inhibition and Clinical Applications

In 2004, Cheng et al. conducted a landmark study identifying small molecules capable
of regulating PRMT activity [119]. Their experiments led to the discovery of a primary
compound that specifically inhibits arginine methylation, AMI-1. AMI-1 and other AMI
compounds were the first small molecule PRMT inhibitors reported to have activity against
PRMT1, PRMT3, PRMT4, and PRMT6. Because PRMT5 is the predominant type II arginine
methyltransferase, the inactivity of the AMI series against this enzyme limits their effect.
However, since then, numerous small molecule inhibitors have been developed and vali-
dated assays as PRMT5 and PRMT7-specific inhibitors [120]. In this section, we review the
inhibitors specific to each protein arginine methyltransferase.

4.1. Type I Protein Arginine Methyltransferases Inhibitors
4.1.1. PRMT1

Because PRMT1 is the predominant enzyme responsible for asymmetric dimethylation
and has shown robust recombinant enzyme activity in bacteria, it is the most frequently
used enzyme for inhibition testing. While the AMI compounds were among the first
general PRMT inhibitors tested, inhibitors such as Allantodapsone, E84, and DB75 also
possessed PRMT1 specific inhibitory activity (Table 2). DB75 was approved for clinical
use in the U.S. as an antiparasitic treatment and later found to be highly specific PRMT1
inhibitor [120]. Carbocyanine and diamidine compounds have also demonstrated high
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specificity over other PRMT enzymes with high potency [121]. Some of these inhibitors
were efficacious in pre-clinical testing against breast cancer cell lines (Allantodapsone) and
various types of leukemia (E84 and DB75) [122]. Moreover, molecular modeling led to the
discovery of a PRMT1 inhibitor that significantly inhibits the cancer cell lines, HepG2 [123].
PRMT1 inhibitors can target the Asp84 binding site on PRMT1, a finding that can spur
the development of other selective pharmaceutical agents against PRMT1. Most recently,
in vivo studies by Zheng et al. found that a combination of PD-L1 checkpoint inhibition
and a novel PRMT1 inhibitor (PT1001B) upregulated tumor-infiltrating CD8 T-cells in
pancreatic tumors [124]. Furthermore, the inhibitor augmented the anti-tumor effects of
anti-PD-L1 antibodies on tumor cell progression while increasing tumor apoptosis. This is
one of few studies combining arginine methylation inhibition with immunotherapy, which
is likely an area for further investigation.

Table 2. Small molecule inhibitors of PRMT enzymes. CML = Chronic myeloid leukemia; NSCLC = Non-small
cell lung carcinoma; GBM = Glioblastoma; MCL = Mantle cell lymphoma; DLBCL = Diffuse large B-cell lymphoma;
NHL = Non-Hodgkin lymphoma; MM = Multiple myeloma; AML = Acute myeloid leukemia; APL = Acute promyelo-
cytic leukemia.

Enzyme Enzyme Target(s) Inhibitor(s) Pre-Clinical Testing [REF] Clinical Trial

PRMT1 H4R3, H2AR3

Allantodapsone Breast cancer [125]
E84 CML, AML

DB75 CML, AML, APL [121]
PT1001B

Pancreatic cancer [124]GSK3368715 NCT03666988

PRMT3 Ribosomal
protein-RPS2

7
SGC707

PRMT4/CARM1
H3R2, H3R17, H3R26

RNAP II

CMPD-1
CMPD-2

Compound 49
SGC2085
TP-064 AML [126]

TBBD

PRMT5

H3R2,H3R8, H4R3,
H2AR3

Sm proteins
Nuclear/cytoplasmic

proteins
RNAP II

CMP5 GBM [75]

EPZ015666 NHL, MCL, GBM, Breast
cancer, MM [127]

GSK3326595 AML/MDS [128] NCT02783300,
NCT03614728

JNJ64619178 NCT03573310
LLY-283

PF-06939999 NCT03854227
PRT811 NCT04089449

PRMT6 H3R2, H2AR9, H4R3

EPZ020411
6′-methyleneamine
sinefungin (GMS)

MS023
MS049

PRMT7 H4R3, H2AR3, H3R2 DS-437
SGC3027

Currently, there is one clinical trial being conducted which is examining the effect of a
PRMT1 inhibitor on Diffuse Large B-cell Lymphoma (Drug: GSK3368715; NCT03666988).
Results have yet to be reported for this trial.

4.1.2. PRMT3

The first described inhibitor of PRMT3, compound 1, exhibited allosteric binding and
showed promise as an emerging therapy [129]. SGC707 was an analog that demonstrated
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improved selectivity and potency over the parent compound in pre-clinical testing of
adenocarcinoma (Table 2) [45,130].

4.1.3. PRMT4/CARM1

The structure of the first inhibitors of PRMT4/CARM1 described in 2011 and, in 2016
were modified to create a more potent and selective inhibitor, SGC2085 (Table 2) [131,132].
TP-064 was subsequently developed with improved potency but differed in that it was
the first cell-active chemical probe for PRMT4/CARM1 [122]. Pre-clinical testing for
PRMT4/CARM1 has included the use of another inhibitor, TBBD, in non-small cell lung
carcinoma cell lines. Guo et al. also modified the structure of a previously discovered weak
dual PRMT4/PRMT6 inhibitor to develop a novel and highly selective PRMT4 inhibitor
(compound 49), which induced cell cycle arrest and apoptosis in AML cell lines [126].

4.1.4. PRMT6

High potency inhibitors of PRMT6 were discovered through the modification of the
structure of type I PRMT inhibitors. These inhibitors displayed a ~12-fold or greater speci-
ficity for PRMT6 compared to other PRMTs. The first identified inhibitor of PRMT6, named
EPZ020411, was a novel aryl pyrazole that showed good bioavailability in the in vivo
studies (Table 2) [133]. EPZ020411 proved to be 100-fold selective for PRMT6, PRMT8, and
PRMT1 compared to PRMT3, -4, and -5. PRMT6 overexpression has been linked to the de-
velopment of melanoma [122] and breast cancer cell lines have undergone preclinical testing
of PRMT6 inhibitors. An analog of the PRMT4/CARM1 inhibitor 6′-methyleneamine sine-
fungin (GMS) was discovered in 2016 by Wu et al. (Table 2) [134]. GMS inhibited PRMT6
activity significantly better than other cofactor-competitive inhibitors. Subsequently, a
potent PRMT6-specific inhibitor MS023 was developed and served as a framework to create
the dual PRMT4/CARM1 and PRMT6 inhibitor, MS049 (Table 2) [20,135].

4.2. Type II Protein Arginine Methyltransferases
PRMT5

PRMT5 is a major type II protein arginine methyltransferase and overexpressed in
numerous malignancies, making it an attractive therapeutic target. For example, PRMT5
is a potential target for the inhibition of prostate cancer growth as it potentiates prostate
cancer tumorigenesis by methylating AR genes important for tumor progression [136].
The first PRMT5-specific inhibitor, compound 13 (CMP5), and the second, EPZ015666,
was discovered in 2015 (Table 2) [127,137]. EPZ015666 was much more specific to PRMT5
than other PRMTs and more potent [122]. EPZ015666 showed significant antitumor effects
in mice implanted with Z-138 and Maver-1 xenografts and significantly decreased the
symmetric methylation level of these tumors in a dose-dependent fashion [120]. Since
the efficacy of EPZ015666 was established, it has been used in multiple experiments to
potently inhibit PRMT5 in animal models of glioblastoma and medulloblastoma tumorige-
nesis [15,111]. Two studies reported that EPZ015666 significantly suppressed cell growth
and induced apoptosis suggesting a role for this small molecule inhibitor in glioblastoma
and medulloblastoma therapy [15,111]. Previously, our group showed that CMP5 is effica-
cious in inhibiting PRMT5 activity in an in vitro GBM model as well as an in vivo glioma
zebrafish model [75]. Among the four agents tested in our study, CMP5 exhibited consistent
specificity for PRMT5, blocked cell-cycle progression in GBM neurospheres, and drove
GBM neurospheres toward the senescent phenotype [75]. Our study was one of the first
investigations to show that PRMT5 is a druggable target for GBM therapy. More recently,
Zhu et al. evaluated 44 compounds for their inhibitory effects on PRMT5 in vitro [138].
Their top two active inhibitors induced cell cycle arrest and apoptosis in MV4-11 cells [138].
Similarly, Bonday et al. identified a potent PRMT5-specific inhibitor, LLY-283, which dis-
played antitumor activity in mouse xenografts [139]. Five clinical trials examining the
use of PRMT5-specific inhibitors on various malignancies are currently recruiting patients.
These trials include two multicenter, open-label, dose-escalation studies examining the
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effect of PRMT5 inhibition on brain tumors (Table 2). One of these multicenter studies
(NCT04089449) is evaluating the efficacy of the inhibitor PRT811 on advanced solid tu-
mors and GBM while the other multicenter trial (NCT02783300) is evaluating inhibitor
GSK3326595 on solid tumors, including GBM and Non-Hodgkin’s Lymphoma NHL. The
remaining trials are evaluating the safety and efficacy of PRMT5 inhibition are in patients
with advanced/metastatic solid tumors (Drug: PF-06939999; NCT03854227), Myelodys-
plastic Syndrome (MDS) and AML (Drug: GSK3326595; NCT03614728), and NHL/MDS
(Drug: JNJ64619178; NCT03573310).

4.3. Type III Protein Arginine Methyltransferases
PRMT7

Smil et al. designed the first inhibitor of PRMT7 which had an IC50 value of 6 µM
against PRMT7 and PRMT5 [140]. The dual inhibitor, named DS-437, was inactive against
29 human methyltransferases and underwent pre-clinical testing against breast cancer
cells. Recently, a potent and cell-active chemical probe for PRMT7 was discovered [82].
This PRMT7-specific inhibitor, named SGC3027, inhibits in vitro methylation of HSP70
at the R469 residue (Table 2). This modification of a cellular stress-response protein is
typically driven by PRMT7 and inhibition of this process decreases the cell’s ability to
adapt to disruptions in proteostasis. The discovery of this inhibitor added to the increasing
therapeutic options for PRMT inhibition and further outlined the role of PRMT7 in the
stress response [82].

4.4. Future Directions for Arginine Methylation Inhibition in Brain Tumors

PRMT inhibition has emerged as a viable therapeutic strategy in numerous malig-
nancies. In brain cancer, PRMT inhibition is garnering more attention as these enzymes,
specifically PRMT5, are targeted in clinical trials. PRMT5 was the first methyltransferase
to be targeted in clinical trials because its overexpression and role in GBM pathogenesis
was documented more extensively than the other PRMTs. PRMT5 inhibition is also being
tested for medulloblastoma therapy. The Chaturvedi et al. clinical study of patients with
the most aggressive subtype of medulloblastoma used EPZ015666 to inhibit PRMT5 [111].
Further study is needed to evaluate the efficacy of EPZ015666 in inhibiting medulloblas-
toma growth and the role of PRMT5 in medulloblastoma tumorigenesis. Inhibitors of
PRMTs other than PRMT5 will be in clinical trials if they demonstrate potent antitumor
effects in preclinical testing. A promising target is PRMT1 because it is overexpressed
in glioblastoma. Existing PRMT1 inhibitors, E84 and DB75, that are currently used for
non-solid tumors could be tested against GBM.

5. Conclusions

The role of aberrant PRMT expression in the pathogenesis of many malignancies
has garnered increased attention recently. The association between PRMT5 and GBM
has led to multiple in vitro and in vivo studies regarding the role of this enzyme in GBM
pathogenesis and its inhibition in GBM treatment. Additionally, other PRMTs have been
implicated in brain cancer pathogenesis and neural stem cell dysregulation suggesting their
suitability as future therapeutic targets for GBM. In addition to tumors affecting the nervous
system, aberrant PRMT expression has been associated with a variety of solid tumors such
as colorectal cancer and ovarian cancer (among others) as well as hematologic cancers
including AML and NHL. Links between PRMT expression and tumorigenesis continue to
be discovered and some experimental pharmaceutical therapies with small molecule PRMT
inhibitors have completed pre-clinical testing and are now being tested in clinical trials.
PRMTs represent a druggable target for therapies that could improve the treatment of
malignant brain tumors such as glioblastoma and medulloblastoma. Furthermore, PRMTs
may be suitable therapeutic targets for other solid cancers and hematologic malignancies.



Cells 2021, 10, 124 15 of 21

Author Contributions: Conception: Y.K.B.-S.; Writing original draft: J.-P.B. and Y.K.B.-S.; Editing of
manuscript: J.-P.B., J.H., and Y.K.B.-S. All authors have read and agreed to the published version of
the manuscript.

Funding: Supported by Intramural Research Program at the National Institute of Neurological
Disorders and Stroke at the NIH.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Blanc, R.S.; Richard, S. Arginine Methylation: The Coming of Age. Mol. Cell 2017, 65, 8–24. [CrossRef] [PubMed]
2. Bedford, M.T.; Clarke, S.G. Protein arginine methylation in mammals: Who, what, and why. Mol. Cell 2009, 33, 1–13.

[CrossRef] [PubMed]
3. Behera, A.K.; Kumar, M.; Shanmugam, M.K.; Bhattacharya, A.; Rao, V.J.; Bhat, A.; Vasudevan, M.; Gopinath, K.S.; Mohiyuddin, A.;

Chatterjee, A.; et al. Functional interplay between YY1 and CARM1 promotes oral carcinogenesis. Oncotarget 2019, 10, 3709–3724.
[CrossRef] [PubMed]

4. Hong, H.; Kao, C.; Jeng, M.H.; Eble, J.N.; Koch, M.O.; Gardner, T.A.; Zhang, S.; Li, L.; Pan, C.X.; Hu, Z.; et al. Aberrant expression of
CARM1, a transcriptional coactivator of androgen receptor, in the development of prostate carcinoma and androgen-independent
status. Cancer 2004, 101, 83–89. [CrossRef] [PubMed]

5. Liu, F.; Ma, F.; Wang, Y.; Hao, L.; Zeng, H.; Jia, C.; Wang, Y.; Liu, P.; Ong, I.M.; Li, B.; et al. PKM2 methylation by CARM1 activates
aerobic glycolysis to promote tumorigenesis. Nat. Cell Biol. 2017, 19, 1358–1370. [CrossRef]

6. Osada, S.; Suzuki, S.; Yoshimi, C.; Matsumoto, M.; Shirai, T.; Takahashi, S.; Imagawa, M. Elevated expression of coactivator-
associated arginine methyltransferase 1 is associated with early hepatocarcinogenesis. Oncol. Rep. 2013, 30, 1669–1674. [CrossRef]

7. Sarker, R.S.; John-Schuster, G.; Bohla, A.; Mutze, K.; Burgstaller, G.; Bedford, M.T.; Königshoff, M.; Eickelberg, O.; Yildirim,
A. Coactivator-Associated Arginine Methyltransferase-1 Function in Alveolar Epithelial Senescence and Elastase-Induced
Emphysema Susceptibility. Am. J. Respir. Cell Mol. Biol. 2015, 53, 769–781. [CrossRef]

8. Sarker, R.S.J.; Conlon, T.M.; Morrone, C.; Srivastava, B.; Konyalilar, N.; Verleden, S.E.; Bayram, H.; Fehrenbach, H.; Yildirim, A.
CARM1 regulates senescence during airway epithelial cell injury in COPD pathogenesis. Am. J. Physiol. Lung Cell Mol. Physiol.
2019, 317, L602–L614. [CrossRef]

9. Wu, D.; He, J.; Zhang, W.; Wang, K.; Jin, S.; Li, J.; Gao, W. CARM1 promotes non-small cell lung cancer progression through
upregulating CCNE2 expression. Aging 2020, 12, 10578–10593. [CrossRef]

10. Syed, N.; Langer, J.; Janczar, K.; Singh, P.; Lo Nigro, C.; Lattanzio, L.; Coley, H.M.; Hatzimichael, E.; Bomalaski, J.; Szlosarek,
P.; et al. Epigenetic status of argininosuccinate synthetase and argininosuccinate lyase modulates autophagy and cell death in
glioblastoma. Cell Death Dis. 2013, 4, e458. [CrossRef]

11. Takai, H.; Masuda, K.; Sato, T.; Sakaguchi, Y.; Suzuki, T.; Suzuki, T.; Koyama-Nasu, R.; Nasu-Nishimura, Y.; Katou, Y.; Ogawa, H.;
et al. 5-Hydroxymethylcytosine plays a critical role in glioblastomagenesis by recruiting the CHTOP-methylosome complex. Cell
Rep. 2014, 9, 48–60. [CrossRef] [PubMed]

12. Mongiardi, M.P.; Savino, M.; Bartoli, L.; Beji, S.; Nanni, S.; Scagnoli, F.; Falchetti, M.L.; Favia, A.; Farsetti, A.; Levi, A.; et al. Myc
and Omomyc functionally associate with the Protein Arginine Methyltransferase 5 (PRMT5) in glioblastoma cells. Sci. Rep. 2015,
5, 15494. [CrossRef] [PubMed]

13. Banasavadi-Siddegowda, Y.K.; Russell, L.; Frair, E.; Karkhanis, V.A.; Relation, T.; Yoo, J.Y.; Zhang, J.; Sif, S.; Imitola, J.; Baiocchi,
R.; et al. PRMT5-PTEN molecular pathway regulates senescence and self-renewal of primary glioblastoma neurosphere cells.
Oncogene 2017, 36, 263–274. [CrossRef] [PubMed]

14. Dong, F.; Li, Q.; Yang, C.; Huo, D.; Wang, X.; Ai, C.; Kong, Y.; Sun, X.; Wang, W.; Zhou, Y.; et al. PRMT2 links histone H3R8
asymmetric dimethylation to oncogenic activation and tumorigenesis of glioblastoma. Nat. Commun. 2018, 9, 4552. [CrossRef]

15. Favia, A.; Salvatori, L.; Nanni, S.; Iwamoto-Stohl, L.K.; Valente, S.; Mai, A.; Scagnoli, F.; Fontanella, R.A.; Totta, P.; Nasi, S.;
et al. The Protein Arginine Methyltransferases 1 and 5 affect Myc properties in glioblastoma stem cells. Sci. Rep. 2019, 9,
15925. [CrossRef]

16. Holmes, B.; Benavides-Serrato, A.; Saunders, J.T.; Landon, K.A.; Schreck, A.J.; Nishimura, R.N.; Gera, J. The protein argi-
nine methyltransferase PRMT5 confers therapeutic resistance to mTOR inhibition in glioblastoma. J. Neuro-Oncol. 2019, 145,
11–22. [CrossRef]

17. Li, Y.; Zhu, R.; Wang, W.; Fu, D.; Hou, J.; Ji, S.; Chen, B.; Hu, Z.; Shao, X.; Yu, X.; et al. Arginine Methyltransferase 1 in the Nucleus
Accumbens Regulates Behavioral Effects of Cocaine. J. Neurosci. 2015, 35, 12890–12902. [CrossRef]

18. Kim, J.H.; Yoo, B.C.; Yang, W.S.; Kim, E.; Hong, S.; Cho, J.Y. The Role of Protein Arginine Methyltransferases in Inflammatory
Responses. Med. Inflamm. 2016, 2016, 4028353. [CrossRef]

http://doi.org/10.1016/j.molcel.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/28061334
http://doi.org/10.1016/j.molcel.2008.12.013
http://www.ncbi.nlm.nih.gov/pubmed/19150423
http://doi.org/10.18632/oncotarget.26984
http://www.ncbi.nlm.nih.gov/pubmed/31217904
http://doi.org/10.1002/cncr.20327
http://www.ncbi.nlm.nih.gov/pubmed/15221992
http://doi.org/10.1038/ncb3630
http://doi.org/10.3892/or.2013.2651
http://doi.org/10.1165/rcmb.2014-0216OC
http://doi.org/10.1152/ajplung.00441.2018
http://doi.org/10.18632/aging.103280
http://doi.org/10.1038/cddis.2012.197
http://doi.org/10.1016/j.celrep.2014.08.071
http://www.ncbi.nlm.nih.gov/pubmed/25284789
http://doi.org/10.1038/srep15494
http://www.ncbi.nlm.nih.gov/pubmed/26563484
http://doi.org/10.1038/onc.2016.199
http://www.ncbi.nlm.nih.gov/pubmed/27292259
http://doi.org/10.1038/s41467-018-06968-7
http://doi.org/10.1038/s41598-019-52291-6
http://doi.org/10.1007/s11060-019-03274-0
http://doi.org/10.1523/JNEUROSCI.0246-15.2015
http://doi.org/10.1155/2016/4028353


Cells 2021, 10, 124 16 of 21

19. Wolf, S.S. The protein arginine methyltransferase family: An update about function, new perspectives and the physiological role
in humans. Cell. Mol. Life Sci. 2009, 66, 2109–2121. [CrossRef]

20. Eram, M.S.; Shen, Y.; Szewczyk, M.; Wu, H.; Senisterra, G.; Li, F.; Butler, K.V.; Kaniskan, H.; Speed, B.A.; Dela Seña, C.; et al. A
Potent, Selective, and Cell-Active Inhibitor of Human Type I Protein Arginine Methyltransferases. ACS Chem. Biol. 2016, 11,
772–781. [CrossRef]

21. Tewary, S.K.; Zheng, Y.G.; Ho, M.-C. Protein arginine methyltransferases: Insights into the enzyme structure and mechanism at
the atomic level. Cell. Mol. Life Sci. 2019, 76, 2917–2932. [CrossRef] [PubMed]

22. Feng, Y.; Maity, R.; Whitelegge, J.P.; Hadjikyriacou, A.; Li, Z.; Zurita-Lopez, C.; Al-Hadid, Q.; Clark, A.T.; Bedford, M.T.; Masson,
J.Y.; et al. Mammalian protein arginine methyltransferase 7 (PRMT7) specifically targets RXR sites in lysine- and arginine-rich
regions. J. Biol. Chem. 2013, 288, 37010–37025. [CrossRef] [PubMed]

23. Goulet, I.; Gauvin, G.; Boisvenue, S.; Côté, J. Alternative splicing yields protein arginine methyltransferase 1 isoforms with
distinct activity, substrate specificity, and subcellular localization. J. Biol. Chem. 2007, 282, 33009–33021. [CrossRef] [PubMed]

24. Lin, Y.L.; Tsai, Y.J.; Liu, Y.F.; Cheng, Y.C.; Hung, C.M.; Lee, Y.J.; Pan, H.; Li, C. The critical role of protein arginine methyltrans-
ferase prmt8 in zebrafish embryonic and neural development is non-redundant with its paralogue prmt1. PLoS ONE 2013, 8,
e55221. [CrossRef]

25. Hadjikyriacou, A.; Yang, Y.; Espejo, A.; Bedford, M.T.; Clarke, S.G. Unique Features of Human Protein Arginine Methyltransferase
9 (PRMT9) and Its Substrate RNA Splicing Factor SF3B2. J. Biol. Chem. 2015, 290, 16723–16743. [CrossRef] [PubMed]

26. Sakaguchi, N.; Maeda, K. Chapter Four-Germinal Center B-Cell-Associated Nuclear Protein (GANP) Involved in RNA Metabolism
for B Cell Maturation. In Advances in Immunology; Alt, F.W., Ed.; Academic Press: Cambridge, MA, USA, 2016; Volume 131,
pp. 135–186.

27. Lee, J.; Bedford, M.T. PABP1 identified as an arginine methyltransferase substrate using high-density protein arrays. EMBO Rep.
2002, 3, 268–273. [CrossRef] [PubMed]

28. Auclair, Y.; Richard, S. The role of arginine methylation in the DNA damage response. DNA Repair (Amst.) 2013, 12,
459–465. [CrossRef]

29. Zhu, Y.; Yu, C.; Zhuang, S. Protein arginine methyltransferase 1 mediates renal fibroblast activation and fibrogenesis through
activation of Smad3 signaling. Am. J. Physiol. Ren. Physiol. 2020, 318, F375–F387. [CrossRef]

30. Kim, H.; Yoon, B.-H.; Oh, C.-M.; Lee, J.; Lee, K.; Song, H.; Kim, E.; Yi, K.; Kim, M.-Y.; Kim, H.; et al. PRMT1 Is Required for the
Maintenance of Mature β-Cell Identity. Diabetes 2020, 69, 355–368. [CrossRef]

31. Qiao, X.; Kim, D.-i.; Jun, H.; Ma, Y.; Knights, A.J.; Park, M.-J.; Zhu, K.; Lipinski, J.H.; Liao, J.; Li, Y.; et al. Protein Arginine Methyl-
transferase 1 Interacts With PGC1α and Modulates Thermogenic Fat Activation. Endocrinology 2019, 160, 2773–2786. [CrossRef]

32. Hashimoto, M.; Murata, K.; Ishida, J.; Kanou, A.; Kasuya, Y.; Fukamizu, A. Severe Hypomyelination and Developmental Defects
Are Caused in Mice Lacking Protein Arginine Methyltransferase 1 (PRMT1) in the Central Nervous System. J. Biol. Chem. 2016,
291, 2237–2245. [CrossRef] [PubMed]

33. Honda, M.; Nakashima, K.; Katada, S. PRMT1 regulates astrocytic differentiation of embryonic neural stem/precursor cells. J.
Neurochem. 2017, 142, 901–907. [CrossRef] [PubMed]

34. Amano, G.; Matsuzaki, S.; Mori, Y.; Miyoshi, K.; Han, S.; Shikada, S.; Takamura, H.; Yoshimura, T.; Katayama, T. SCYL1 arginine
methylation by PRMT1 is essential for neurite outgrowth via Golgi morphogenesis. Mol. Biol. Cell 2020, 31. [CrossRef]

35. Malbeteau, L.; Poulard, C.; Languilaire, C.; Mikaelian, I.; Flamant, F.; Le Romancer, M.; Corbo, L. PRMT1 Is Critical for the
Transcriptional Activity and the Stability of the Progesterone Receptor. iScience 2020, 23, 101236. [CrossRef] [PubMed]

36. Zhao, J.; O’Neil, M.; Schonfeld, M.; Komatz, A.; Weinman, S.A.; Tikhanovich, I. Hepatocellular Protein Arginine Methyltransferase
1 Suppresses Alcohol-Induced Hepatocellular Carcinoma Formation by Inhibition of Inducible Nitric Oxide Synthase. Hepatol.
Commun. 2020, 4, 790–808. [CrossRef]

37. Hua, Z.Y.; Hansen, J.N.; He, M.; Dai, S.K.; Choi, Y.; Fulton, M.D.; Lloyd, S.M.; Szemes, M.; Sen, J.; Ding, H.F.; et al. PRMT1
promotes neuroblastoma cell survival through ATF5. Oncogenesis 2020, 9, 50. [CrossRef]

38. Song, C.; Chen, T.; He, L.; Ma, N.; Li, J.A.; Rong, Y.F.; Fang, Y.; Liu, M.; Xie, D.; Lou, W. Author Correction: PRMT1 promotes
pancreatic cancer growth and predicts poor prognosis. Cell. Oncol. (Dordr.) 2020, 43, 63–64. [CrossRef]

39. Wang, S.; Tan, X.; Yang, B.; Yin, B.; Yuan, J.; Qiang, B.; Peng, X. The role of protein arginine-methyltransferase 1 in gliomagenesis.
BMB Rep. 2012, 45, 470–475. [CrossRef]

40. Ganesh, L.; Yoshimoto, T.; Moorthy, N.C.; Akahata, W.; Boehm, M.; Nabel, E.G.; Nabel, G.J. Protein methyltransferase 2 inhibits
NF-kappaB function and promotes apoptosis. Mol. Cell. Biol. 2006, 26, 3864–3874. [CrossRef]

41. Vhuiyan, M.I.; Pak, M.L.; Park, M.A.; Thomas, D.; Lakowski, T.M.; Chalfant, C.E.; Frankel, A. PRMT2 interacts with splicing
factors and regulates the alternative splicing of BCL-X. J. Biochem. 2017, 162, 17–25. [CrossRef]

42. Hou, W.; Nemitz, S.; Schopper, S.; Nielsen, M.L.; Kessels, M.M.; Qualmann, B. Arginine Methylation by PRMT2 Controls the
Functions of the Actin Nucleator Cobl. Dev. Cell 2018, 45, 262–275.e8. [CrossRef] [PubMed]

43. Hu, G.; Yan, C.; Xie, P.; Cao, Y.; Shao, J.; Ge, J. PRMT2 accelerates tumorigenesis of hepatocellular carcinoma by activating Bcl2 via
histone H3R8 methylation. Exp. Cell Res. 2020, 394, 112152. [CrossRef] [PubMed]

44. Zhong, J.; Cao, R.X.; Zu, X.Y.; Hong, T.; Yang, J.; Liu, L.; Xiao, X.H.; Ding, W.J.; Zhao, Q.; Liu, J.H.; et al. Identification and
characterization of novel spliced variants of PRMT2 in breast carcinoma. FEBS J. 2012, 279, 316–335. [CrossRef] [PubMed]

http://doi.org/10.1007/s00018-009-0010-x
http://doi.org/10.1021/acschembio.5b00839
http://doi.org/10.1007/s00018-019-03145-x
http://www.ncbi.nlm.nih.gov/pubmed/31123777
http://doi.org/10.1074/jbc.M113.525345
http://www.ncbi.nlm.nih.gov/pubmed/24247247
http://doi.org/10.1074/jbc.M704349200
http://www.ncbi.nlm.nih.gov/pubmed/17848568
http://doi.org/10.1371/journal.pone.0055221
http://doi.org/10.1074/jbc.M115.659433
http://www.ncbi.nlm.nih.gov/pubmed/25979344
http://doi.org/10.1093/embo-reports/kvf052
http://www.ncbi.nlm.nih.gov/pubmed/11850402
http://doi.org/10.1016/j.dnarep.2013.04.006
http://doi.org/10.1152/ajprenal.00487.2019
http://doi.org/10.2337/db19-0685
http://doi.org/10.1210/en.2019-00504
http://doi.org/10.1074/jbc.M115.684514
http://www.ncbi.nlm.nih.gov/pubmed/26637354
http://doi.org/10.1111/jnc.14123
http://www.ncbi.nlm.nih.gov/pubmed/28695568
http://doi.org/10.1091/mbc.E20-02-0100
http://doi.org/10.1016/j.isci.2020.101236
http://www.ncbi.nlm.nih.gov/pubmed/32563156
http://doi.org/10.1002/hep4.1488
http://doi.org/10.1038/s41389-020-0237-9
http://doi.org/10.1007/s13402-019-00480-w
http://doi.org/10.5483/BMBRep.2012.45.8.022
http://doi.org/10.1128/MCB.26.10.3864-3874.2006
http://doi.org/10.1093/jb/mvw102
http://doi.org/10.1016/j.devcel.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29689199
http://doi.org/10.1016/j.yexcr.2020.112152
http://www.ncbi.nlm.nih.gov/pubmed/32574605
http://doi.org/10.1111/j.1742-4658.2011.08426.x
http://www.ncbi.nlm.nih.gov/pubmed/22093364


Cells 2021, 10, 124 17 of 21

45. Kaniskan, H.; Eram, M.S.; Zhao, K.; Szewczyk, M.M.; Yang, X.; Schmidt, K.; Luo, X.; Xiao, S.; Dai, M.; He, F.; et al. Discov-
ery of Potent and Selective Allosteric Inhibitors of Protein Arginine Methyltransferase 3 (PRMT3). J. Med. Chem. 2018, 61,
1204–1217. [CrossRef]

46. Miyata, S.; Mori, Y.; Tohyama, M. PRMT3 is essential for dendritic spine maturation in rat hippocampal neurons. Brain Res. 2010,
1352, 11–20. [CrossRef]

47. Landry-Voyer, A.M.; Bilodeau, S.; Bergeron, D.; Dionne, K.L.; Port, S.A.; Rouleau, C.; Boisvert, F.M.; Kehlenbach, R.H.; Bachand, F.
Human PDCD2L Is an Export Substrate of CRM1 That Associates with 40S Ribosomal Subunit Precursors. Mol. Cell. Biol. 2016,
36, 3019–3032. [CrossRef]

48. Ikenaka, K.; Miyata, S.; Mori, Y.; Koyama, Y.; Taneda, T.; Okuda, H.; Kousaka, A.; Tohyama, M. Immunohistochemical and
western analyses of protein arginine N-methyltransferase 3 in the mouse brain. Neuroscience 2006, 141, 1971–1982. [CrossRef]

49. Xiao, P.F.; Tao, Y.F.; Hu, S.Y.; Cao, L.; Lu, J.; Wang, J.; Feng, X.; Pan, J.; Chai, Y.H. mRNA expression profiling of histone modifying
enzymes in pediatric acute monoblastic leukemia. Pharmazie 2017, 72, 177–186. [CrossRef]

50. Hsu, M.C.; Tsai, Y.L.; Lin, C.H.; Pan, M.R.; Shan, Y.S.; Cheng, T.Y.; Cheng, S.H.; Chen, L.T.; Hung, W.C. Protein arginine
methyltransferase 3-induced metabolic reprogramming is a vulnerable target of pancreatic cancer. J. Hematol. Oncol. 2019, 12,
79. [CrossRef]

51. Singh, V.; Miranda, T.B.; Jiang, W.; Frankel, A.; Roemer, M.E.; Robb, V.A.; Gutmann, D.H.; Herschman, H.R.; Clarke, S.; Newsham,
I.F. DAL-1/4.1B tumor suppressor interacts with protein arginine N-methyltransferase 3 (PRMT3) and inhibits its ability to
methylate substrates in vitro and in vivo. Oncogene 2004, 23, 7761–7771. [CrossRef]

52. Sanchez, G.; Bondy-Chorney, E.; Laframboise, J.; Paris, G.; Didillon, A.; Jasmin, B.J.; Côté, J. A novel role for CARM1 in promoting
nonsense-mediated mRNA decay: Potential implications for spinal muscular atrophy. Nucleic Acids Res. 2016, 44, 2661–2676.
[CrossRef] [PubMed]

53. Xu, Z.; Jiang, J.; Xu, C.; Wang, Y.; Sun, L.; Guo, X.; Liu, H. MicroRNA-181 regulates CARM1 and histone arginine methylation to
promote differentiation of human embryonic stem cells. PLoS ONE 2013, 8, e53146. [CrossRef]

54. Lim, C.S.; Alkon, D.L. Inhibition of coactivator-associated arginine methyltransferase 1 modulates dendritic arborization and
spine maturation of cultured hippocampal neurons. J. Biol. Chem. 2017, 292, 6402–6413. [CrossRef] [PubMed]

55. Sanchez, G.; Dury, A.Y.; Murray, L.M.; Biondi, O.; Tadesse, H.; El Fatimy, R.; Kothary, R.; Charbonnier, F.; Khandjian, E.W.;
Côté, J. A novel function for the survival motoneuron protein as a translational regulator. Hum. Mol. Genet. 2013, 22, 668–684.
[CrossRef] [PubMed]

56. Hubers, L.; Valderrama-Carvajal, H.; Laframboise, J.; Timbers, J.; Sanchez, G.; Côté, J. HuD interacts with survival motor neuron
protein and can rescue spinal muscular atrophy-like neuronal defects. Hum. Mol. Genet. 2011, 20, 553–579. [CrossRef] [PubMed]

57. Selvi, B.R.; Swaminathan, A.; Maheshwari, U.; Nagabhushana, A.; Mishra, R.K.; Kundu, T.K. CARM1 regulates astroglial lineage
through transcriptional regulation of Nanog and posttranscriptional regulation by miR92a. Mol. Biol. Cell 2015, 26, 316–326.
[CrossRef] [PubMed]

58. Wang, F.; Zhang, J.; Ke, X.; Peng, W.; Zhao, G.; Peng, S.; Xu, J.; Xu, B.; Cui, H. WDR5-Myc axis promotes the progression of glioblas-
toma and neuroblastoma by transcriptional activating CARM1. Biochem. Biophys. Res. Commun. 2020, 523, 699–706. [CrossRef]

59. Stein, C.; Nötzold, R.R.; Riedl, S.; Bouchard, C.; Bauer, U.M. The Arginine Methyltransferase PRMT6 Cooperates with Polycomb
Proteins in Regulating HOXA Gene Expression. PLoS ONE 2016, 11, e0148892. [CrossRef]

60. Scaramuzzino, C.; Casci, I.; Parodi, S.; Lievens, P.M.J.; Polanco, M.J.; Milioto, C.; Chivet, M.; Monaghan, J.; Mishra, A.;
Badders, N.; et al. Protein Arginine Methyltransferase 6 Enhances Polyglutamine-Expanded Androgen Receptor Function and
Toxicity in Spinal and Bulbar Muscular Atrophy. Neuron 2015, 85, 88–100. [CrossRef]

61. Park, S.W.; Jun, Y.W.; Choi, H.E.; Lee, J.A.; Jang, D.J. Deciphering the molecular mechanisms underlying the plasma membrane
targeting of PRMT8. BMB Rep. 2019, 52, 601–606. [CrossRef]

62. Solari, C.; Echegaray, C.V.; Luzzani, C.; Cosentino, M.S.; Waisman, A.; Petrone, M.V.; Francia, M.; Sassone, A.; Canizo, J.; Sevlever,
G.; et al. Protein arginine Methyltransferase 8 gene is expressed in pluripotent stem cells and its expression is modulated by the
transcription factor Sox2. Biochem. Biophys. Res. Commun. 2016, 473, 194–199. [CrossRef] [PubMed]

63. Simandi, Z.; Czipa, E.; Horvath, A.; Koszeghy, A.; Bordas, C.; Póliska, S.; Juhász, I.; Imre, L.; Szabó, G.; Dezso, B.; et al. PRMT1
and PRMT8 Regulate Retinoic Acid-Dependent Neuronal Differentiation with Implications to Neuropathology. Stem Cells 2015,
33, 726–741. [CrossRef] [PubMed]

64. Kim, J.D.; Park, K.E.; Ishida, J.; Kako, K.; Hamada, J.; Kani, S.; Takeuchi, M.; Namiki, K.; Fukui, H.; Fukuhara, S.; et al.
PRMT8 as a phospholipase regulates Purkinje cell dendritic arborization and motor coordination. Sci. Adv. 2015, 1, e1500615.
[CrossRef] [PubMed]

65. Wang, M.; Fuhrmann, J.; Thompson, P.R. Protein arginine methyltransferase 5 catalyzes substrate dimethylation in a distributive
fashion. Biochemistry 2014, 53, 7884–7892. [CrossRef] [PubMed]

66. Lin, H.; Luengo, J.I. Nucleoside protein arginine methyltransferase 5 (PRMT5) inhibitors. Bioorg. Med. Chem. Lett. 2019, 29,
1264–1269. [CrossRef]

67. Pesiridis, G.S.; Diamond, E.; Van Duyne, G.D. Role of pICLn in methylation of Sm proteins by PRMT5. J. Biol. Chem. 2009, 284,
21347–21359. [CrossRef]

68. Zhao, D.Y.; Gish, G.; Braunschweig, U.; Li, Y.; Ni, Z.; Schmitges, F.W.; Zhong, G.; Liu, K.; Li, W.; Moffat, J.; et al. SMN and sym-
metric arginine dimethylation of RNA polymerase II C-terminal domain control termination. Nature 2016, 529, 48–53. [CrossRef]

http://doi.org/10.1021/acs.jmedchem.7b01674
http://doi.org/10.1016/j.brainres.2010.07.033
http://doi.org/10.1128/MCB.00303-16
http://doi.org/10.1016/j.neuroscience.2006.05.022
http://doi.org/10.1691/ph.2017.6768
http://doi.org/10.1186/s13045-019-0769-7
http://doi.org/10.1038/sj.onc.1208057
http://doi.org/10.1093/nar/gkv1334
http://www.ncbi.nlm.nih.gov/pubmed/26656492
http://doi.org/10.1371/journal.pone.0053146
http://doi.org/10.1074/jbc.M117.775619
http://www.ncbi.nlm.nih.gov/pubmed/28264928
http://doi.org/10.1093/hmg/dds474
http://www.ncbi.nlm.nih.gov/pubmed/23136128
http://doi.org/10.1093/hmg/ddq500
http://www.ncbi.nlm.nih.gov/pubmed/21088113
http://doi.org/10.1091/mbc.E14-01-0019
http://www.ncbi.nlm.nih.gov/pubmed/25392304
http://doi.org/10.1016/j.bbrc.2019.12.101
http://doi.org/10.1371/journal.pone.0148892
http://doi.org/10.1016/j.neuron.2014.12.031
http://doi.org/10.5483/BMBRep.2019.52.10.272
http://doi.org/10.1016/j.bbrc.2016.03.077
http://www.ncbi.nlm.nih.gov/pubmed/27012206
http://doi.org/10.1002/stem.1894
http://www.ncbi.nlm.nih.gov/pubmed/25388207
http://doi.org/10.1126/sciadv.1500615
http://www.ncbi.nlm.nih.gov/pubmed/26665171
http://doi.org/10.1021/bi501279g
http://www.ncbi.nlm.nih.gov/pubmed/25485739
http://doi.org/10.1016/j.bmcl.2019.03.042
http://doi.org/10.1074/jbc.M109.015578
http://doi.org/10.1038/nature16469


Cells 2021, 10, 124 18 of 21

69. Grunseich, C.; Wang, I.X.; Watts, J.A.; Burdick, J.T.; Guber, R.D.; Zhu, Z.; Bruzel, A.; Lanman, T.; Chen, K.; Schindler, A.B.; et al.
Senataxin Mutation Reveals How R-Loops Promote Transcription by Blocking DNA Methylation at Gene Promoters. Mol. Cell
2018, 69, 426–437.e7. [CrossRef]

70. Sims, R.J., 3rd; Rojas, L.A.; Beck, D.B.; Bonasio, R.; Schüller, R.; Drury, W.J., 3rd; Eick, D.; Reinberg, D. The C-terminal domain of
RNA polymerase II is modified by site-specific methylation. Science 2011, 332, 99–103. [CrossRef]

71. Chittka, A.; Nitarska, J.; Grazini, U.; Richardson, W.D. Transcription factor positive regulatory domain 4 (PRDM4) recruits protein
arginine methyltransferase 5 (PRMT5) to mediate histone arginine methylation and control neural stem cell proliferation and
differentiation. J. Biol. Chem. 2012, 287, 42995–43006. [CrossRef]

72. Saha, K.; Adhikary, G.; Eckert, R.L. MEP50/PRMT5 Reduces Gene Expression by Histone Arginine Methylation and this Is
Reversed by PKCδ/p38δ Signaling. J. Investig. Dermatol. 2016, 136, 214–224. [CrossRef] [PubMed]

73. Migliori, V.; Müller, J.; Phalke, S.; Low, D.; Bezzi, M.; Mok, W.C.; Sahu, S.K.; Gunaratne, J.; Capasso, P.; Bassi, C.; et al. Symmetric
dimethylation of H3R2 is a newly identified histone mark that supports euchromatin maintenance. Nat. Struct. Mol. Biol. 2012,
19, 136–144. [CrossRef] [PubMed]

74. Bezzi, M.; Teo, S.X.; Muller, J.; Mok, W.C.; Sahu, S.K.; Vardy, L.A.; Bonday, Z.Q.; Guccione, E. Regulation of constitutive and
alternative splicing by PRMT5 reveals a role for Mdm4 pre-mRNA in sensing defects in the spliceosomal machinery. Genes Dev.
2013, 27, 1903–1916. [CrossRef] [PubMed]

75. Banasavadi-Siddegowda, Y.K.; Welker, A.M.; An, M.; Yang, X.; Zhou, W.; Shi, G.; Imitola, J.; Li, C.; Hsu, S.; Wang, J.; et al. PRMT5
as a druggable target for glioblastoma therapy. Neuro-Oncology 2018, 20, 753–763. [CrossRef] [PubMed]

76. Han, X.; Li, R.; Zhang, W.; Yang, X.; Wheeler, C.G.; Friedman, G.K.; Province, P.; Ding, Q.; You, Z.; Fathallah-Shaykh, H.M.; et al.
Expression of PRMT5 correlates with malignant grade in gliomas and plays a pivotal role in tumor growth in vitro. J. Neuro-Oncol.
2014, 118, 61–72. [CrossRef]

77. Yan, F.; Alinari, L.; Lustberg, M.E.; Martin, L.K.; Cordero-Nieves, H.M.; Banasavadi-Siddegowda, Y.; Virk, S.; Barnholtz-Sloan, J.;
Bell, E.H.; Wojton, J.; et al. Genetic validation of the protein arginine methyltransferase PRMT5 as a candidate therapeutic target
in glioblastoma. Cancer Res. 2014, 74, 1752–1765. [CrossRef]

78. Huang, J.; Vogel, G.; Yu, Z.; Almazan, G.; Richard, S. Type II arginine methyltransferase PRMT5 regulates gene expres-
sion of inhibitors of differentiation/DNA binding Id2 and Id4 during glial cell differentiation. J. Biol. Chem. 2011, 286,
44424–44432. [CrossRef]

79. Yang, Y.; Hadjikyriacou, A.; Xia, Z.; Gayatri, S.; Kim, D.; Zurita-Lopez, C.; Kelly, R.; Guo, A.; Li, W.; Clarke, S.G.; et al. PRMT9 is a
type II methyltransferase that methylates the splicing factor SAP145. Nat. Commun. 2015, 6, 6428. [CrossRef]

80. Jiang, H.; Zhou, Z.; Jin, S.; Xu, K.; Zhang, H.; Xu, J.; Sun, Q.; Wang, J.; Xu, J. PRMT9 promotes hepatocellular carcinoma invasion
and metastasis via activating PI3K/Akt/GSK-3β/Snail signaling. Cancer Sci. 2018, 109, 1414–1427. [CrossRef]

81. Karkhanis, V.; Wang, L.; Tae, S.; Hu, Y.J.; Imbalzano, A.N.; Sif, S. Protein arginine methyltransferase 7 regulates cellular response
to DNA damage by methylating promoter histones H2A and H4 of the polymerase δ catalytic subunit gene, POLD1. J. Biol. Chem.
2012, 287, 29801–29814. [CrossRef]

82. Szewczyk, M.M.; Ishikawa, Y.; Organ, S.; Sakai, N.; Li, F.; Halabelian, L.; Ackloo, S.; Couzens, A.L.; Eram, M.; Dilworth, D.; et al.
Pharmacological inhibition of PRMT7 links arginine monomethylation to the cellular stress response. Nat. Commun. 2020, 11,
2396. [CrossRef] [PubMed]

83. Lee, S.Y.; Vuong, T.A.; So, H.K.; Kim, H.J.; Bin Kim, Y.; Kang, J.S.; Kwon, I.; Cho, H. PRMT7 deficiency causes dysregulation
of the HCN channels in the CA1 pyramidal cells and impairment of social behaviors. Exp. Mol. Med. 2020, 52, 604–614.
[CrossRef] [PubMed]

84. Liu, F.; Wan, L.; Zou, H.; Pan, Z.; Zhou, W.; Lu, X. PRMT7 promotes the growth of renal cell carcinoma through modulating the
β-catenin/C-MYC axis. Int. J. Biochem. Cell Biol. 2020, 120, 105686. [CrossRef] [PubMed]

85. Birnbaum, R.; Yosha-Orpaz, N.; Yanoov-Sharav, M.; Kidron, D.; Gur, H.; Yosovich, K.; Lerman-Sagie, T.; Malinger, G.; Lev, D.
Prenatal and postnatal presentation of PRMT7 related syndrome: Expanding the phenotypic manifestations. Am. J. Med. Genet. A
2019, 179, 78–84. [CrossRef]

86. Liu, L.; Zhao, X.; Zhao, L.; Li, J.; Yang, H.; Zhu, Z.; Liu, J.; Huang, G. Arginine Methylation of SREBP1a via PRMT5 Promotes De
Novo Lipogenesis and Tumor Growth. Cancer Res. 2016, 76, 1260–1272. [CrossRef]

87. Esparza-Moltó, P.B.; Cuezva, J.M. The Role of Mitochondrial H(+)-ATP Synthase in Cancer. Front. Oncol. 2018, 8, 53. [CrossRef]
88. Yang, H.; Zhao, X.; Zhao, L.; Liu, L.; Li, J.; Jia, W.; Liu, J.; Huang, G. PRMT5 competitively binds to CDK4 to promote G1-S

transition upon glucose induction in hepatocellular carcinoma. Oncotarget 2016, 7, 72131–72147. [CrossRef]
89. Tsai, W.W.; Niessen, S.; Goebel, N.; Yates, J.R., 3rd; Guccione, E.; Montminy, M. PRMT5 modulates the metabolic response to

fasting signals. Proc. Natl. Acad. Sci. USA 2013, 110, 8870–8875. [CrossRef]
90. Koh, C.M.; Bezzi, M.; Low, D.H.; Ang, W.X.; Teo, S.X.; Gay, F.P.; Al-Haddawi, M.; Tan, S.Y.; Osato, M.; Sabò, A.; et al. MYC

regulates the core pre-mRNA splicing machinery as an essential step in lymphomagenesis. Nature 2015, 523, 96–100. [CrossRef]
91. Tarighat, S.S.; Santhanam, R.; Frankhouser, D.; Radomska, H.S.; Lai, H.; Anghelina, M.; Wang, H.; Huang, X.; Alinari, L.;

Walker, A.; et al. The dual epigenetic role of PRMT5 in acute myeloid leukemia: Gene activation and repression via histone
arginine methylation. Leukemia 2016, 30, 789–799. [CrossRef]

92. Lattouf, H.; Poulard, C.; Le Romancer, M. PRMT5 prognostic value in cancer. Oncotarget 2019, 10, 3151–3153. [CrossRef] [PubMed]
93. Kim, H.; Ronai, Z.A. PRMT5 function and targeting in cancer. Cell Stress 2020, 4, 199–215. [CrossRef] [PubMed]

http://doi.org/10.1016/j.molcel.2017.12.030
http://doi.org/10.1126/science.1202663
http://doi.org/10.1074/jbc.M112.392746
http://doi.org/10.1038/JID.2015.400
http://www.ncbi.nlm.nih.gov/pubmed/26763441
http://doi.org/10.1038/nsmb.2209
http://www.ncbi.nlm.nih.gov/pubmed/22231400
http://doi.org/10.1101/gad.219899.113
http://www.ncbi.nlm.nih.gov/pubmed/24013503
http://doi.org/10.1093/neuonc/nox206
http://www.ncbi.nlm.nih.gov/pubmed/29106602
http://doi.org/10.1007/s11060-014-1419-0
http://doi.org/10.1158/0008-5472.CAN-13-0884
http://doi.org/10.1074/jbc.M111.277046
http://doi.org/10.1038/ncomms7428
http://doi.org/10.1111/cas.13598
http://doi.org/10.1074/jbc.M112.378281
http://doi.org/10.1038/s41467-020-16271-z
http://www.ncbi.nlm.nih.gov/pubmed/32409666
http://doi.org/10.1038/s12276-020-0417-x
http://www.ncbi.nlm.nih.gov/pubmed/32269286
http://doi.org/10.1016/j.biocel.2020.105686
http://www.ncbi.nlm.nih.gov/pubmed/31926310
http://doi.org/10.1002/ajmg.a.6
http://doi.org/10.1158/0008-5472.CAN-15-1766
http://doi.org/10.3389/fonc.2018.00053
http://doi.org/10.18632/oncotarget.12351
http://doi.org/10.1073/pnas.1304602110
http://doi.org/10.1038/nature14351
http://doi.org/10.1038/leu.2015.308
http://doi.org/10.18632/oncotarget.26883
http://www.ncbi.nlm.nih.gov/pubmed/31139329
http://doi.org/10.15698/cst2020.08.228
http://www.ncbi.nlm.nih.gov/pubmed/32743345


Cells 2021, 10, 124 19 of 21

94. Kanda, M.; Shimizu, D.; Fujii, T.; Tanaka, H.; Shibata, M.; Iwata, N.; Hayashi, M.; Kobayashi, D.; Tanaka, C.; Yamada, S.; et al.
Protein arginine methyltransferase 5 is associated with malignant phenotype and peritoneal metastasis in gastric cancer. Int. J.
Oncol. 2016, 49, 1195–1202. [CrossRef] [PubMed]

95. Shailesh, H.; Zakaria, Z.Z.; Baiocchi, R.; Sif, S. Protein arginine methyltransferase 5 (PRMT5) dysregulation in cancer. Oncotarget
2018, 9, 36705–36718. [CrossRef] [PubMed]

96. Zhang, B.; Dong, S.; Zhu, R.; Hu, C.; Hou, J.; Li, Y.; Zhao, Q.; Shao, X.; Bu, Q.; Li, H.; et al. Targeting protein arginine
methyltransferase 5 inhibits colorectal cancer growth by decreasing arginine methylation of eIF4E and FGFR3. Oncotarget 2015, 6,
22799–22811. [CrossRef]

97. Liu, M.; Yao, B.; Gui, T.; Guo, C.; Wu, X.; Li, J.; Ma, L.; Deng, Y.; Xu, P.; Wang, Y.; et al. PRMT5-dependent transcriptional
repression of c-Myc target genes promotes gastric cancer progression. Theranostics 2020, 10, 4437–4452. [CrossRef]

98. Avasarala, S.; Van Scoyk, M.; Karuppusamy Rathinam, M.K.; Zerayesus, S.; Zhao, X.; Zhang, W.; Pergande, M.R.; Borgia, J.A.;
DeGregori, J.; Port, J.D.; et al. PRMT1 Is a Novel Regulator of Epithelial-Mesenchymal-Transition in Non-small Cell Lung Cancer.
J. Biol. Chem. 2015, 290, 13479–13489. [CrossRef]

99. Wang, L.; Zhao, Z.; Meyer, M.B.; Saha, S.; Yu, M.; Guo, A.; Wisinski, K.B.; Huang, W.; Cai, W.; Pike, J.W.; et al. CARM1 methylates
chromatin remodeling factor BAF155 to enhance tumor progression and metastasis. Cancer Cell 2014, 25, 21–36. [CrossRef]

100. Geng, P.; Zhang, Y.; Liu, X.; Zhang, N.; Liu, Y.; Liu, X.; Lin, C.; Yan, X.; Li, Z.; Wang, G.; et al. Automethylation of protein arginine
methyltransferase 7 and its impact on breast cancer progression. FASEB J. 2017, 31, 2287–2300. [CrossRef]

101. Lim, Y.; Lee, J.Y.; Ha, S.J.; Yu, S.; Shin, J.K.; Kim, H.C. Proteome-wide identification of arginine methylation in colorectal cancer
tissues from patients. Proteome Sci. 2020, 18, 6. [CrossRef]

102. Bednarz-Misa, I.; Fortuna, P.; Fleszar, M.G.; Lewandowski, Ł.; Diakowska, D.; Rosińczuk, J.; Krzystek-Korpacka, M. Esophageal
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