
Frontiers in Oncology | www.frontiersin.org

Edited by:
Simona Kranjc Brezar,

Institute of Oncology Ljubljana,
Slovenia

Reviewed by:
Donghang Cheng,

University of Texas MD Anderson
Cancer Center, United States

Lin Shan,
Capital Medical University, China

*Correspondence:
Hongbo Zhao

zhaohongbo01@sina.com
Congjian Xu

xucongjian@gmail.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cancer Molecular Targets
and Therapeutics,

a section of the journal
Frontiers in Oncology

Received: 22 December 2021
Accepted: 09 February 2022
Published: 04 March 2022

Citation:
Chen Z, Gan J, Wei Z, Zhang M,

Du Y, Xu C and Zhao H (2022) The
Emerging Role of PRMT6 in Cancer.

Front. Oncol. 12:841381.
doi: 10.3389/fonc.2022.841381

REVIEW
published: 04 March 2022

doi: 10.3389/fonc.2022.841381
The Emerging Role of
PRMT6 in Cancer
Zhixian Chen1,2†, Jianfeng Gan1,2†, Zhi Wei1,2, Mo Zhang1,2, Yan Du1,2, Congjian Xu1,2*
and Hongbo Zhao1,2*

1 Shanghai Key Laboratory of Female Reproductive Endocrine Related Diseases, Obstetrics and Gynecology Hospital, Fudan
University, Shanghai, China, 2 Department of Obstetrics and Gynecology of Shanghai Medical School, Fudan University,
Shanghai, China

Protein arginine methyltransferase 6 (PRMT6) is a type I PRMT that is involved in
epigenetic regulation of gene expression through methylating histone or non-histone
proteins, and other processes such as alternative splicing, DNA repair, cell proliferation
and senescence, and cell signaling. In addition, PRMT6 also plays different roles in various
cancers via influencing cell growth, migration, invasion, apoptosis, and drug resistant,
which make PRMT6 an anti-tumor therapeutic target for a variety of cancers. As a result,
many PRMT6 inhibitors are being utilized to explore their efficacy as potential drugs for
various cancers. In this review, we summarize the current knowledge on the function and
structure of PRMT6. At the same time, we highlight the role of PRMT6 in different cancers,
including the differentiation of its promotive or inhibitory effects and the underlying
mechanisms. Apart from the above, current research progress and the potential
mechanisms of PRMT6 behind them were also summarized.
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INTRODUCTION

Epigenetic regulation includes modification of DNA or histones to affect gene expression and
function through methylation, acetylation, phosphorylation, ubiquitination, and chromatin
remodeling, while restoring complete DNA sequences. Therefore, epigenetic disorders have
become a common mechanism in the occurrence and development of cancer (1). Arginine
methylation was first reported in 1971 (2) and was viewed as a key epigenetic regulation of post-
translational modification by adding methyl groups to nitrogen atoms of arginine residues in
polypeptides, and participating in the regulation of various cellular processes, including splicing,
transcription, translation, and signaling (3, 4). It changes the metabolic landscape of cells and
further leads to cancer metastasis (5), DNA damage (6), and parasitic infection (7). But interests in
the post-translational modification (PTM) did not expand until PRMT1 was cloned in the mid-
1990s. Compared with other PTMs, the research progress of arginine methylation is relatively slow
mainly due to the lack of reliable arginine-methyl antibodies and effective small-molecule inhibitors.
In eukaryotes, there are three distinct forms of arginine methylation, monomethylarginines
(MMAs), asymmetric dimethylarginines (ADMAs) and symmetric dimethylarginines (SDMAs).
The production of larger and more hydrophobic residues during methylation may influence the
interactions with other proteins or nucleic acids (8–10).
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A large number of recent reports have confirmed that protein
arginine methyltransferases (PRMTs) are a family of enzymes
that methylate arginine residues of substrate proteins, and the
main mechanism of PRMTs affecting cell activity is epigenetic
regulation. Much of this activity can be attributed to their ability
to methylate histone tails. However, at the same time, the PRMT
family can also methylate non-histone proteins in transcription
(11, 12). To sum up, the role of PRMT family can be reflected in
many aspects, such as the major regulators of epigenetic-
mediated gene expression, mRNA splicing, DNA damage
responses, stem cell function, and immune responses (11, 13).
PRMTs can be subdivided according to their methylation pattern:
type I PRMTs (PRMT1, 2, 3, 4, 6 and 8) mainly catalyze the
synthesis of MMA and ADMA; type II PRMTs (PRMT5 and
PRMT9) catalyze the synthesis of MMA and SDMA; and type III
PRMT (PRMT7) regulates monomethylation. There is another type
IV PRMT that produces d-NG-monomethylarginine in fungi (14,
15). PRMTs are recruited to target genes by transcription factors
and act as a part of multicomponent transcription complexes.
Although cancer-related mutations in PRMTs are uncommon,
PRMTs expression levels are usually elevated in patients and are
associated with poor prognosis (16, 17). These findings have led to a
widespread interest in PRMTs as new cancer drug targets.

Protein arginine methyltransferase 6 (PRMT6) is a type I
PRMT that asymmetrically dimethylates protein substrates on
arginine residues and has functions in epigenetic regulation of
gene expression (18–21), alternative splicing (13, 22),
development and differentiation (23–25), DNA repair (26), cell
proliferation and senescence (27–29), DNA methylation (30),
mitosis (31, 32), inflammation (33–35), congenital antiviral
immunity (36), spermatogenesis (37), transactivation of
nuclear receptors (13, 38) and cell signaling (39, 40). In
addition, the dysregulation of PRMT6 is also associated with
viral diseases (41, 42), cancer (43) and cardiac dystrophy (44). At
the same time, PRMT6 plays a role in a variety of hitherto
unidentified cellular functions (45). PRMT6 is predominantly
located in the nucleus, in sharp contrast to PRMT3 and PRMT5,
which are predominantly present in the cytoplasm. Other
members of the PRMT family are present in both the nucleus
and cytosol. PRMT6 is expressed in a variety of tissues, and
significantly increased in kidney and testes (21). Moreover, it also
exists in regulatory DNA regions of important cell cycle
regulators such as CDKN1A, CDKN1B, CDKN2A and p53,
thus acts as a transcription inhibitor in these regions (28, 29,
46, 47). It produces asymmetric dimethylation in histone 3 at
arginine 2, arginine 17, arginine 42 (H3R2me2a, H3R17me2a,
and H3R42me2a) (18–20, 48, 49), arginine 26 (H2AR26me2a)
(50) and is involved in epigenetic regulation of gene expression.
In addition, PRMT6 can methylate a variety of non-histone
proteins and regulate a variety of biological functions.

Since PRMT6 was identified more than 20 years ago, many
studies have been performed to identify the characteristics and
molecular functions of PRMT6 in cancer (Figure 1). Asymmetric
dimethylation of histone H3 at arginine 2 (H3R2me2a) was
catalyzed by protein arginine methyltransferase 6 (PRMT6).
PRMT6-dependent H3R2me2a can be detected on active genes
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at promoters and enhancer sites. That is, PRMT6 interferes with
the deposition of adjacent histone markers through H3R2me2a
and regulates the activity of important differentiation-related
genes through reverse transcriptional effects. Depending on its
genomic location, H3R2me2a can exhibit either inhibitory or
activating properties: transcriptional inhibition at promoters and
transcriptional activation at enhancers, respectively. Therefore,
PRMT6 can promote or inhibit cancer development, and its
effect is not single and fixed (51). For example, PRMT6
knockdown can significantly inhibit the growth of bladder
cancer and lung cancer cells (43). In addition, PRMT6
knockdown results in upregulation of tumor suppressor genes
p21 and p27 (28, 29, 46). Therefore, PRMT6 promotes cell growth
and prevents senescence, thus becoming an anti-tumor
therapeutic target for various types of cancer. Furthermore,
PRMT6 is involved in regulating gene expression of TSP-1, a
potent natural inhibitor of angiogenesis (52, 53), RUNX1, a group
of target genes involved in hematopoietic stem/progenitor cell
differentiation (54), and genes participated in maintaining
embryonic stem cell characteristics (24). In addition, studies
have confirmed that PRMT6 is involved in regulating drug
resistance of tumor cells. p21CDKN1A, as an effective inhibitor of
cyclin-dependent kinase (CDK), regulates the cell cycle in a p53-
dependent manner in response to a variety of stimuli, including
DNA damage. PRMT6 methylates p21 at arginine 156 and
promotes phosphorylation of threonine 145 on p21, resulting in
the increased cytoplasmic localization of p21. The cytoplasmic
presence of p21 makes cancer cells more resistant to cytotoxic
drugs (55). PRMT6 can also act as a limiting factor of viral
repl icat ion, act ing on the pathogenesis of human
immunodeficiency virus through methylation of TAT and other
HIV proteins (41). In this review, we will summarize some recent
studies on PRMT family, and focus on the different roles of
PRMT6 in tumor. We will also note that PRMT6 is a potential
target for cancer therapy.
TUMOR PROMOTING ROLES OF PRMT6
IN CANCERS

Endometrial Cancer
Endometrial carcinoma (EMC) ranks the fourth most frequently
diagnosed cancer among women. In 2020, 130,051 newly
diagnosed cases and 29,963 EMC-related deaths were
estimated (56). In vitro and in vivo studies showed that
PRMT6 was up-regulated at mRNA and protein levels in
EMC. PRMT6 exerts carcinogenic activity by activating the
AKT/mTOR pathway, promoting cell proliferation and
migration in EMC. Data showed that the expression of
PRMT6 in EMC was controlled by miR-372-3p, which targeted
the 3’UTR of PRMT6 promoter to inhibit its expression. Down-
regulation of miR-372-3p and its inhibitory effect on
proliferation and migration of endometrial cancer cells have
been reported (57). MiR-372-3p functions through the AKT/
mTOR pathway, studies have shown that PHLPP2 was the
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theoretical target gene of miR-372. PHLPP2 belongs to a novel
Ser/Thr protein phosphatase family that negatively regulates
AKT, PKC, MAPK, and Mst1-activated signaling pathways and
plays a central role in maintaining cell survival inhibition. This
was confirmed by the fact that miR-372 gene knockout inhibited
the phosphorylation levels of major components of the PI3k/
AKT pathway, including AKT, mTOR, and P70S6K (58).
Therefore, it can be inferred that miR-372-3p/PRMT6/AKT/
mTOR axis can serve as both a prognostic factor and therapeutic
target for EMC (59).

Breast Cancer
Breast cancer is one of the most widespread invasive cancers,
accounting for 25-30% of new cancers in women, ~15% of
cancer-related deaths in women, and ~6.5% of all cancer-
related deaths (60). In previous studies on the relationship
between PRMTs family and breast cancer, PRMT1 is verified
overexpressed in breast cancer tumor samples, and its expression
degree is related to tumor grade (43, 61). Meanwhile, CARM1
was found to methylate a large number of proteins with a variety
of biological functions, including regulation of intracellular
estrogen receptor-mediated signaling, chromatin organization
and chromatin remodeling. CARM1 can recruit the coactivator
protein tumor-domain-containing protein 3 (TDRD3) to its
binding enhancer through hypermethylation of these proteins
to activate the estrogen/ERa-target genes. Therefore, CARM1
can promote the proliferation of ERa -positive breast cancer cells
and tumor growth in mice in vivo (62). PRMT1 is also
Frontiers in Oncology | www.frontiersin.org 3
overexpressed in breast cancer tumor samples, and its
expression degree is related to tumor grade (43, 61).

Since the role of CARM1 in estrogen-dependent breast cancer
was confirmed (62), PRMT6-siRNA-1 assay showed that PRMT6
also played a role in estrogen signaling, and the survival rate of
MCF-7 cells was significantly reduced, participating in estrogen-
stimulated ERa-expressing breast cancer cell proliferation (13).
Since PRMT6 and CARM1 can play a synergistic role in estrogen
signal transduction, when they are knocked out together, a
synergistic effect is observed in the regulation of estrogen-
induced proliferation (13). PRMT6 has also been shown to
regulate alternative splicing of different subsets of genes in
MCF-7 cells in hormone-independent way. For example, in
VEGF genes, whilst reduction of PRMT6 transcription
increases the ratio of VEGF189 to VEGF165 by more than 2
times. In Syk genes, PRMT6 knockout will lead to a significant
increase in the ratio of Syk [L]: Syk [S] (22). Therefore, it can be
concluded that PRMT6 is an essential component of estrogen
signaling pathway in breast cancer cells. In addition to regulating
transcription initiation in estrogen signaling pathway, it can also
affect various aspects of RNA progression, especially alternative
splicing (13). Meanwhile, PRMT6 negatively regulates DNA
methylation, and the upregulation of PRMT6 contributes to
global DNA hypomethylation in cancer. Depletion or
inhibition of PRMT6 could restore global DNA methylation of
MCF7 cells. Mechanistically, PRMT6 overexpression impairs
chromatin binding of UHRF1, a cofactor of DNMT1, leading
to passive DNA demethylation. This effect may be due to
FIGURE 1 | Timeline of PRMT6 research. A brief history of functional and pharmacological studies of PRMT6.
March 2022 | Volume 12 | Article 841381

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. PRMT6
elevated H3R2me2a, which inhibits the interaction between
UHRF1 and histone H3 (30). PRMT6 can also directly inhibit
the p21 promotor. PRMT6 gene knock-down (KD) results in a
p21 derepression in breast cancer cells, which is p53-
independent, and leads to cell cycle arrest, cellular senescence
and reduced growth in soft agar assays, and severe combined
immune deficiency (SCID). Bypassing the p21-mediated arrest
rescues PRMT6 KD cells from senescence and restores their
ability to grow on soft agar. And it directly inhibits p21 Waf1/
Cip1 expression by targeting the promoter gene region (29, 46).
It has also been found that K5-driven conditional overexpression
of PRMT1, CARM1 and PRMT6 leads to breast ducts and
epithelial hyperplasia to varying degrees at different time
points. In the context of Neu-induced carcinogenesis,
overexpression of PRMT1 and PRMT6 significantly accelerated
breast tumor onset, while CARM1 increased tumor progression
only at tumorigenesis. These results suggest that all three type I
PRMTs have carcinogenic activity that predisposed mouse
mammary gland to tumorigenesis, and support the targeting of
these PRMTs for breast cancer patients (63). PRMT6
methylation of H3R2 promotes transcriptional inhibition of
HoxA10 (52), a protein whose upregulation promotes
increased p53 expression and reduced invasive potential in
breast cancer (64).

In addition, Affymetrixexon microarray (Santa Clara, CA)
was used to demonstrate that PRMT6-dependent gene signature
influences long-term survival in breast cancer patients, which
included (i) reduced level of the tumor inhibition, PTEN in
breast cancer patient samples and increased PTEN mRNA
expression after loss of PRMT6 in breast cancer cells, and (ii)
differential splicing of genes involved in centrosome targeting,
cell invasion, apoptosis, p21-interacting proteins, and other
genes which involved in cell cycle regulation. In addition, they
demonstrated that abnormal expression of PRMT6 and PRMT6-
dependent gene signature is associated with poorer clinical
prognosis in patients with ER+ breast cancer (22). Experiments
have also observed that PRMT6 mRNA expression level in the
invasive ductal carcinoma (IDC) breast cancer is significantly
lower than that in normal breast tissues. When PRMT6 is
knocked down in the MCF-7 cell lines, the expressions of
PTEN and IGFBP3 are increased. PTEN is a tumor suppressor
gene that inhibits the PI3K pathway (65). Loss of PTEN leads to
the activation of many kinases and subsequent cell cycle
progression (66), and IGFBP3 has an anti-proliferative
effect and induces apoptosis of breast cancer cells (67). This
suggests that lower PRMT6 expression may lead to increased
expressions of PTEN and IGFBP3, decreased cell cycle
progression and increased apoptosis of breast cancer cells (22).
Therefore, PRMT6 plays an essential role on the development,
metastasis, treatment, drug resistance and many other aspects of
breast cancer.

Prostate Cancer
Prostate cancer (PCa) is the fourth most frequently diagnosed
malignant tumor in men and the second leading cause of cancer-
related mortality worldwide which just behind lung cancer (56).
Because intracellular CARM1 levels are important for estrogen
Frontiers in Oncology | www.frontiersin.org 4
and androgen receptor signaling, it has previously been shown to
be altered in breast and prostate cancer tissues (68, 69). PRMT6
was also found to be overexpressed in prostate tumor tissue,
which was distinguishable from normal prostate tissue (70).
Overexpression at the transcription and protein levels was
associated with poorer disease-free survival in PCa, suggesting
a carcinogenic effect. Stable PRMT6 knockdown attenuated the
malignant phenotype in PC-3. At the molecular level, PRMT6
silencing was associated with decreased H3R2me2a levels and
increased expression of the MLL complex and SMYD3. PRMT6
silencing increased p21, p27 and CD44, decreased the expression
of MMP-9, which was associated with downregulation of PI3K/
AKT/mTOR and increased androgen receptor (AR) signaling
pathway (71). The potential clinical relevance of restoring AR
expression in Sh-PRMT6 PC-3 suggests that PRMT6 inhibition
may re-sensitize androgen-insensitive tumor cells to ADT,
providing a new approach for the treatment of castration-
resistant prostate cancer (CRPC) (71).
Lung Cancer
Lung cancer is the leading cause of cancer-related deaths
worldwide (18% of the total cancer deaths) with an estimated
1.6 million deaths each year and imposes a heavy burden on
health care system (56, 72). Previous studies have proved that
PRMT1, PRMT5 and PRMT7 in the PRMT family are all highly
expressed in lung cancer tissues (43, 73–76). It was confirmed
that PRMT6 is upregulated in lung cancer and can promote the
growth of tumor cells (43). Depletion of PRMT6 can reduce cell
proliferation, cell migration and anchorage-independent growth
of NSCLC cells. There is a protein-protein interaction (PPI)
between PRMT6 and interleukin-enhancer binding protein 2
(ILF2), and the PRMT6-ILF2 signaling axis is a novel regulator of
macrophage migration inhibitor factor (MIF). Therefore,
PRMT6 promotes lung tumor progression by modulating the
alternate activation of tumor-associated macrophages (TAMs).
Targeting the newly identified PRMT6/ILF2/MIF axis may open
new possibilities for lung cancer intervention (77). PRMT6 can
also interact with p16, overexpression of PRMT6 can counteract
the cell cycle arrest at G1 phase caused by p16 in NSCLC A549
cells and decrease the association intensity of p16-CDK4,
suggesting that PRMT6 probably achieves its cell apoptosis
restraint role in NSCLC through p16 arginine methylation and
provide a new idea for NSCLC treatment (78). Besides, it was also
found that PRMT6 gene knockdown can significantly increase
the enrichment of H3K4me3 in the p18 promoter in lung
adenocarcinoma (LUAD) tissues, which leads to upregulation
of p18, thus mediating G1/S phase cell cycle arrest and inhibiting
the proliferation of LUAD cells in vitro and in vivo. This negative
correlation between PRMT6 and p18 suggests that p18 may be a
downstream target of PRMT6, which acts as an oncogene in the
disease and epigenetically inhibits the expression of p18 and
interferes with G1/S phase transition of LUAD cells (79). In
terms of treatment, a study has identified the combination of
PARP inhibitors and type I PRMT inhibitors offers new
therapeutic opportunities for MTAP-negative NSCLC and
cancers that are resistant to PARP inhibitors (80).
March 2022 | Volume 12 | Article 841381
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Colorectal Cancer
Colorectal cancer (CRC) is one of the most commonly diagnosed
cancers in the world and a leading cause of cancer death, among
men, colorectal cancer ranks third in both incidence and
mortality (56). Previously, overexpression of three major types
of type I PRMTs has been observed in CRC, including PRMT1
(81) and CARM1 (82, 83). PRMT6 is observed up-regulated in
CRC tissues, its activity plays a key role in tumor cell
differentiation. PRMT6 gene knockdown (KD) promotes CRC
cells apoptosis by upregulating the tumor suppressor p21 protein
in CRC cells. It also increases the expression of the cleavage
forms of caspase 3 and PARP, thereby inhibiting the growth and
colony formation of CRC cell lines, which indicated that PRMT6
played an important role in promoting the proliferation and
progression of CRC (84). Recently, the protein arginine methyl
transferase (PRMT) type 1 inhibitor MS023 was found to be an
effective inducer of alkaline phosphatase (ALP) activity
promoting cell differentiation phenotype, significantly delaying
the growth of CRC cells. Therefore, it was selected as a probe
with the potential to modulate the CRC phenotype. PRMT1 has
been confirmed as a target of MS023, and PRMT6, as a member
of type 1 PRMT family, is also promising as a new anticancer
target (85).

Osteosarcomas
Osteosarcoma is the most common malignant primary bone
tumor in children and adolescents, characterized by the
formation of immature bone or osteoid tissue from the
sarcoma cells that develop mainly in the long bones (86, 87).
It has been confirmed that overexpression of CARM1 in the
PRMT family promotes human osteosarcoma cell proliferation
through the PGSK3b/b -catenin/cyclin D1 signaling pathway
(88). In PRMT6-deficient osteosarcoma cells U2OS cells, the
expression of TSP-1 gene promoter was increased and the loss of
H3R2me2a and the corresponding increase of H3K4me3 were
observed at the TSP-1 promoter, inhibiting the migration of
U2OS cells. These results suggest that PRMT6 regulates the
expression of TSP-1 in osteosarcoma cells by regulating
epigenetic markers at the TSP-1 promoter level (52). It has
been found that down-regulation of PRMT6 leads to up-
regulation of p21 and p27, two members of the cyclin-
dependent kinase (CDK) inhibitor CIP/KIP family, and
accumulation of human osteosarcoma cell line U2OS at the G2
checkpoint. PRMT6 also involves the methylation of arginine-2
of histone H3, so PRMT6 can regulate the cell cycle of
osteosarcoma cells and promote tumor progression through
arginine methylation of histone (29).

Bladder Cancer
As one of the most common malignant tumors of the urinary
system, bladder cancer (BCa) ranks tenth with high morbidity
and mortality worldwide, with approximately 573,000 new cases
and 213,000 deaths (56). It was found that PRMT1 and PRMT6
were significantly upregulated in bladder tumor tissues. When
PRMT1 and PRMT6 genes were knocked down, the growth of
bladder cancer cell lines (SW780 and RT4) was significantly
Frontiers in Oncology | www.frontiersin.org 5
inhibited, and the cells in the S phase were significantly reduced,
while those in G0 and G1 phases were increased simultaneously.
These results indicated that PRMT1 and PRMT6 play an
important role in the G1-S transformation of bladder cancer
cells. Meanwhile, real-time quantitative RT-PCR analysis of gene
microarray data suggested that PRMT1 and PRMT6 could lead
to the carcinogenesis of bladder cancer by regulating RNA
processing and DNA replication. Therefore, PRMT1 and
PRMT6 may be a promising target for bladder cancer therapy,
and their inhibitors may be ideal candidates for molecular
targeted therapy of bladder cancer (43).

Gastric Cancer
Gastric cancer (GC) is the fifth most commonly diagnosed
cancer type and the third leading cause of cancer-related
deaths, with more than 1 million new cases diagnosed and
more than 780,000 deaths per year (8.2% of all cancer deaths)
(56). In the studies on the effect of PRMT family on GC, it was
previously concluded that PRMT5 (89) and PRMT8 (90)
expressions were both significantly increased in GC tissues,
and were both significantly correlated with the short-term
survival rate of GC patients. It was also found that the
expression level of PRMT6 in GC was significantly higher than
that in non-cancer tissues, and overexpression of PRMT6
enhanced the aggressiveness of gastric cancer cells and
increased the expression level of H3R2me2a in GC cells
through the direct pathway of transcriptional inhibition of
tumor suppressor gene procadherin 7 (PCDH7), and the
expression level of H3R2me2a was an independent prognostic
indicator of GC. Therefore, PRMT6 may have carcinogenic
properties, and its overexpression may contribute to GC
progression and become a new therapeutic target for GC (91).

Cervical Cancer
Cervical cancer (CC) is a serious and common gynecological
malignant tumor disease located in the cervix, with high
morbidity and mortality. In recent years, the age of onset is
gradually younger, and the incidence is on the rise (92). Previous
studies have shown that PRMT5, a type II PRMT, is highly
expressed in cervical cancer, and arginine methyltransferase
inhibitor 1 (AMI-1) can inhibit solid tumors of cervical cancer
by targeting PRMT5 (93). At the same time, PRMT8 expression
was also observed to be elevated in cervical cancer (90). It was
found that the level of PRMT6 was upregulated from G0/G1 to
G1 phases in HeLa cells and recovered to the level of G1 phase
after the M phase. Meanwhile, aDMA-methylated 64kDA CstF-
64, which is involved in mRNA metabolism, 80kDa hnRNPR
and their 68kDa subfamily, which are involved in post-
transcriptional processing of mRNA, and 25 kDa TPI
regulating glycolysis and gluconiogenesis were also upregulated
in G0/G1 phase, suggesting that PRMT6 has cell cycle-specific
changes in cervical cancer cells and is most likely to modulate the
cellular growth and proliferation during HeLa cell cycle (94). In
HeLa cells, PRMT6 can also interact with p16 to methylate it and
reduce the association of p16 and CDK4, suggesting that PRMT6
inhibits cell apoptosis through p16 arginine methylation, which
March 2022 | Volume 12 | Article 841381
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also makes p16-associated gene therapy for cervical cancer a
possible new strategy (78).

Rhabdomyosarcoma
Rhabdomyosarcoma (RMS) is a rare malignancy neoplasm that
originates in the mesenchyme or neuroectoderm, which is arisen
from skeletal muscle progenitor cells. Despite its low incidence
(4.5 cases per million children), it is the most common soft tissue
sarcoma in children, nearly 20% of patients presenting with
locally aggressive and/or metastatic disease (95). The expression
of PRMT1, CARM1, PRMT5, PRMT7, PRMT8 and PRMT9
were all elevated in rhabdomyosarcoma (96), CARM1 and its
direct interaction with histone acetyltransferase PCAF jointly
were also detected to exert an increased expression of myogenin
gene and lead to rhabdomyosarcoma cell differentiation (9). It
was observed that the expression of gene encoding PRMT6 was
increased in rhabdomyosarcoma cell lines, and PRMT inhibitors
(AMI-1 and SAH) effectively reduced the invasive phenotype of
RMS cells by inhibiting the proliferation rate, cell viability and
colony formation ability of rhabdomyosarcoma cell lines. These
inhibitors also attenuate the activity of the PI3K-Akt signaling
pathway, resulting in decreased levels of cyclin D1 and Bcl-xL
and increased level of GADD45G protein, thus halting the cell
cycle and promoting apoptosis (96). Therefore, PRMT6 is
expected to be a new therapeutic target for rhabdomyosarcoma.

Others
The tumor-promoting effect of PRMT6 is also seen in other
systems, such as the blood system, and can be seen in leukemia.
Leukaemias are commonly divided into chronic or acute
leukaemias and as lymphocytic or myelogenous leukaemias;
the subtypes include chronic lymphocytic leukemia (CLL),
chronic myeloid leukemia (CML), acute myeloid leukemia
(AML), and acute lymphocytic leukemia (ALL) among others
(97). More and more evidences show that PRMT family plays an
important role in malignant hematopoiesis. PRMT1 has been
found to interact with AML1-ETO, which acts as an oncogenic
transcription factor and occurs in 15% of de novo AML cases,
and methylate its fusion protein, thereby promoting
transcriptional activation and self-renewal capability (98).
PRMT1 can also collaborate with some MLL fusion proteins in
MLL leukemia, and the enzyme activity of PRMT1 has been
shown to be critical for MLL-mediated transformation (99–101).
It has also been found that increased activity of PRMT5
promoted the growth of AML in vitro and in vivo, while
downregulation of PRMT5 decreased the growth of AML
(102), and elevated levels of PRMT5 in some leukemia and
lymphoma cells lead to H3R8 and H4R3 hypermethylation and
transcriptional silencing in promoter regions of the RB tumor
suppressor family, which suggest that PRMTs can regulate the
expression of miRNAs (103). It was also found that N1-(2-((2-
chlorophenyl)thio)benzyl) -N1-methylethane-1,2-diamine (28d,
DCPR049_12), a highly potent inhibitor of type I PRMTs,
effectively inhibited cell proliferation and reduced asymmetric
arginine dimethylation levels in several leukemia cell lines. 28d,
as a potent inhibitor, demonstrates the cell killing mechanisms
in both cell cycle arrest and apoptotic effects as well as
Frontiers in Oncology | www.frontiersin.org 6
downregulation of the pivotal mixed lineage leukemia (MLL)
fusion target genes such as HOXA9 and MEIS1, reflecting the
critical roles of type I PRMTs in MLL leukemia (104). It was also
found that the transcriptional co-repressors PRMT5 and PRMT6
were overexpressed in hematocarcinoma and inhibited the
expression level of tumor suppressor genes (5).

This effect has also been seen in brain tumors such as
glioblastoma. Gliomas are the most common malignant
tumors of the central nervous system with high intra- and
inter-tumor heterogeneity, and the most destructive form of
glioma is grade IV astrocytoma, known as glioblastoma (GBM)
(105). It has been found that abnormal expression of PRMT is
associated with the development of brain tumors such as
glioblastoma and medulloblastoma, for example, PRMT1 (106)
is known as a contributor to the development of GBM, PRMT2 is
also speculated to be involved in the pathogenesis of GBM by
promoting cell stemness (107), CARM1/PRMT4 can also
regulate the production of miR-17-92a, thus affecting the
differentiation and production of neuronal and glial cells (108),
PRMT8 depletion can increase cellular markers associated with
gliomagenesis (109), the increased expression of PRMT5 has also
been implicated in tumorigenesis and is associated with worse
GBM prognosis (110). PRMT6 and subunits of polycomb
repressor complexes 1 and 2 bind regulatory regions of HOXA
genes were found to affect neuronal differentiation (111).
PRMT6 was also found to promote RCC1 chromatin
association, thereby enhancing the mitotic activity of GBM
cells, while casein kinase 2a (CK2a) phosphorylates and
stabilizes PRMT6. The CK2a-PRMT6-RCC1 signaling axis is
critical for GBM cell mitosis. Inhibition of PRMT6 can reduce
the tumogenesis of GBM cells and enhance the cytotoxic activity
of radiotherapy (RT) (32).
TUMOR SUPPRESSIVE ROLES OF PRMT6
IN CANCERS

Ovarian Cancer
Ovarian cancer is a malignant tumor only found in female
reproductive system, with high morbidity and mortality, the
most dominant pathological subtype is epithelial OC, including
five major tissue types, differ in origin, pathogenesis, molecular
changes, risk factors, and prognosis (112).. Previous studies have
found that in the PRMT family, the expression level of PRMT8 in
ovarian cancer is significantly increased and is associated with
increased survival rate of patients (90). Compared with normal
ovarian tissues, PRMT6 mRNA expression levels were decreased,
while glucose-6-phosphate dehydrogenase (G6PD) and
glutathione S-transferase P1 (GSTP1) protein expression levels
were significantly up-regulated, and the three changes were
correlated with each other. GSTP1 can detoxify several
anticancer drugs and mediate specific S-glutathionylation of
ER-resident proteins to induce chemotherapy resistance in
tumors and stress response, suggesting that the decrease of
PRMT6 expression and subsequent increase of G6PD
expression give ovarian cancer cells resistance to paclitaxel by
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. PRMT6
regulating GSTP1 expression. These results suggest that PRMT6
may be a new potential target for overcoming paclitaxel
resistance in ovarian cancer (113).

Breast Cancer: Invasive Ductal Carcinoma
Experiments have shown that the reduction of PRMT6 in the
MCF-7 and T47D ER+ cell lines leads to the reduction of HIPK3
and NCOA4, two transcriptional co-activators originally
associated with androgen receptor (AR) signaling. This
suggests that in addition to the co-activation of steroid
hormone-dependent genes, PRMT6 is also involved in the
expression of genes that promote steroid hormone signaling.
Interestingly, AR signaling in ER+ breast cancer is thought to be
associated with favorable prognosis (114, 115), and the reduction
of HIPK3 and NCOA4 may negatively affect AR signaling and
ER+ breast cancer prognosis. Conversely, the reduction of the
NCOA4 full-length isoform in MCF-7 cells was associated with
increased breast cancer metastasis (116), while NCOA4
knockdown in MCF-7 cells led to reduced cell proliferation
(117). Therefore, the exact role NCOA4 plays in breast cancer
is not fully established and requires further research (22).
PRMT6 was observed overexpressed in breast cancer MCF7
cell lines, while the levels of thrombospondin-1 (TSP-1), an
effective natural inhibitor of angiogenesis, were highly up-
regulated in PRMT6-overexpressing cells. Significant down-
regulations of MMP-2 and MMP-9 were also observed in
PRMT6-overexpressing cells. Compared with control GFP
expressing cells, the growth rate and colony formation ability
of PRMT6 overexpressed cells were significantly reduced, which
suggest that PRMT6 overexpression is involved in the regulation
of motility and invasion in human breast cancer cells through
up-regulation of TSP-1 and down-regulation of MMPs (53).

However, these results are inconsistent with previous
observations that TSP-1 is a transcriptional inhibitory target of
PRMT6 and blocks secretory TSP-1 erythrocyte migration in
PRMT6-deficient osteosarcoma cells (U2OS) (52). One possible
reason for this analysis is that the cellular system (MCF7 vs
U2OS) is different between the two studies, the other is the
difference between PRMT6 overexpression system and PRMT6
knock-down system. In knock-down system, the absence of
PRMT6 could not write the inhibitory epigenetic marker
H3R2me2a on the TSP-1 promoter region, resulting in
increased TSP-1 expression. However, in the overexpression
system, overexpressed PRMT6 may inhibit the expression of
some inhibitory complexes of TSP-1 transcriptional inhibition
by generating H3R2me2a on their expression region, such as txr-
1 and id-1 (118), thus transforming into TSP-1 transcriptional
activation (53). It was also found that PRMT6 methylates DNA
polymerase b (Polb), an enzyme involved in DNA base excision
and repair. PRMT6 methylation of Polb arginine residues 83 and
152 is required to stimulate Polb’s DNA-binding ability and
promote its processability (26). Low Polb mRNA and protein
expression was associated with breast cancer incidence, higher
tumor grade, positive lymph node status, increased ER+ tumor
aggressiveness, and poor patient survival (119). This suggests
that PRMT6 methylation of Polb is a mechanism that promotes
genomic stability and thus may inhibit the development of breast
Frontiers in Oncology | www.frontiersin.org 7
cancer. Therefore, PRMT6 may be served as a therapeutic
marker for breast cancer, but its exact effects on breast cancer
need further study (120).

Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is one of the most common
cancers worldwide, and the main type of primary liver cancers,
accounting for approximately 90% of human liver cancer and the
third leading cause of cancer-related deaths (121). PRMT2 (122),
PRMT9 (123) had previously been shown to accelerate the
development, invasion and metastasis of hepatocellular
carcinoma, however, PRMT5 was found to inhibit the growth
of HCC (124). It has been found that PRMT6 is frequently down-
regulated in HCC, and its expression is negatively correlated with
aggressive cancer characteristics in HCC patients. In a DEN+
CCL4HCC-induced PRMT6 knockout mouse model, deletion of
PRMT6 expression exacerbates the occurrence of liver tumors.
The silencing of PRMT6 promotes tumor initiation, metastasis,
and anti-therapeutic potential in HCC cell lines and patient-
derived organoids. PRMT6 interacts with CRAF on arginine 100
to interfere with its binding to RAS/RAF binding domain, reduce
its RAS binding potential and alter its downstream MEK/ERK
signaling, thereby maintaining a key inhibitory function of HCC
cells (40). The use of 2-deoxyglucose (a glycolysis inhibitor)
reverses tumorigenicity and sorafenib resistance mediated by
PRMT6 deficiency in HCC. Most tumor cells utilize aerobic
glycolysis (the Warburg effect) to support anabolic growth,
promoting tumorigenicity and drug resistance. PRMT6
regulates aerobic glycolysis in HCC through nuclear
relocalization of pyruvate kinase M2 subtype (PKM2), a key
regulator of the Warburg effect. PRMT6 methylates CRAF at
arginine 100 and interferes with its RAS/RAF binding potential,
thereby altering the ERK-mediated translocation of PKM2
to the nucleus. REST is a novel target of PRMT6 hypoxia,
linking PRMT6 with hypoxia to drive glycolysis events. Use of
the glycolysis inhibitor 2-deoxyglucose (2DG) reverses
tumorigenicity and sorafenib resistance caused by PRMT6
defect mediated glycolysis events in HCC. Therefore, the
regulatory axis of PRMT6-ERK-PKM2 has a mechanistic
association with tumorigenicity of HCC, sorafenib resistance,
and Warburg effect of tumor cells, and is an important
determinant factor (125). Since autophagy is a key survival
factor for cancer cells, it can maintain cellular homeostasis by
degrading damaged organelles and unwanted proteins and
support cellular biosynthesis in response to stress.

It was found that deficiency of PRMT6 promotes autophagy
induction in HCC in response to nutrient/oxygen starvation and
drug-induced stress, the catalytically active domain of PRMT6
plays an important role in autophagy regulation of HCC. The
enhanced autophagic flux of HCC cells was negatively correlated
with the expression of PRMT6, and the catalytic domain of
PRMT6 was critical in mediating these autophagy activities.
PRMT6 physically interacts and methylates BAG5 to enhance
the degradation of its interaction partner HSC70 (a well-known
autophagy participant), and a reverse correlation between
PRMT6 and HSC70 expression in HCC tissues was observed.
The therapeutic potential of gene targeting BAG5 to reverse
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tumogenesis and sorafenib resistance mediated by PRMT6
defects in HCC has also been demonstrated in vivo models. In
conclusion, PRMT6 deficiency regulates BAG5-related HSC70
stability through post-translational methylation of BAG5,
thereby inducing autophagy to promote tumorigenicity and
cell survival in the malignant microenvironment of HCC
tumors. Therefore, targeting BAG5 by inhibiting autophagy
and inducing the sensitivity of HCC cells to sorafenib may
be an attractive strategy for the treatment of HCC (126).
Therefore, PRMT6 can be viewed as a new target for liver
cancer research, and its specific mechanism of action remains
to be further studied.

Prostate Cancer
It was observed that the growth rate and colony formation ability
of PRMT6 overexpressed cells were significantly reduced in PC3
cell lines, and the expression of thrombospondin-1 (TSP-1), an
effective natural inhibitor of angiogenesis, was highly up-
regulated in PRMT6-overexpressing cells. When TSP-1 was
specifically knocked down, the inhibition of migration and
invasion by overexpression of PRMT6 was significantly saved.
Concomitantly, down-regulation of MMP-2 and MMP-9
expressions were observed in PRMT6-overexpressing cells.
These results indicated that PRMT6 overexpression could
inhibit the migration and invasion of prostate cancer cells by
up-regulating TSP-1 and down-regulating MMPs (53).

Melanoma
Malignant melanoma (MM) is a skin tumor that originates in
melanocytes and is responsible for melanin production and its
metastasis to keratinocytes (127). Previous study has found that
the expression of most PRMTs in primary tumours and
metastases remains unchanged compared with normal
Frontiers in Oncology | www.frontiersin.org 8
melanocytes, and only PRMT4/CARM1 was significantly
induced during tumor development (128). PRMT1 has also
been found to be overexpressed in human melanoma, and
PRMT1 may regulate tumor growth and metastasis by
targeting activated leukocyte cell adhesion molecule (ALCAM)
(129). PRMT6 was found to be expressed at reduced levels in
melanoma compared to melanocytes, early studies have shown
that the expression of methylthioadenosine phosphorylase
(MTAP), which is involved in tumorigenesis, is significantly
reduced in melanoma (130). Due to lack of MTAP expression,
the processing of the metabolite MTA is impaired and thus
accumulates in and outside the cell, and MTA has been described
as a potential inhibitor of PRMT activity. Therefore, in
melanoma cells, the loss of MTAP expression leads to a
significant decrease in protein methylation through
accumulation of MTA. This suggests that metabolism changes
may lead to global cellular changes that support tumor
development and aggressiveness (128).
PRMT6 INHIBITORS

As PRMT6 has been found to have the ability to regulate cell
cycle and inhibit the expression of tumor suppressor genes in a
variety of tumors, with oncogene-like properties, it is often found
to be significantly overexpressed in tumor tissues, and is
associated with poor prognosis. Therefore, PRMT6 can be
regarded as a new research target for tumor therapy, and the
study of PRMT6 inhibitors has also become a hot spot to explore
potential cancer treatment approaches (Table 1).

Many inhibitors of PRMT6 exert their effects based on the
specific structural basis of PRMT6. All the PRMT proteins have a
core region of conservative catalytic domain with variable
TABLE 1 | PRMT6 inhibitors.

Inhibitor Structure Mode of action PRMT6 IC50 (nM) Cancer type(s) tested References

MS023 Inhibition (methyltransferase activity) 4-119 Breast cancer, colorectal cancer (131)

EPZ020411 Changes of biochemical structure 10 Melanoma (132, 133)

MS049 Inhibition (methyltransferase activity) 34-43 NA (131, 133, 134)

SGC6870 Allosteric inhibitor 77 ± 6 NA (135)

Licochalcone A Competitive (substrates) 22.3 Breast cancer (136)

GMS Competitive (substrates and SAM) 90 NA (137)
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N-terminal fragment that has been observed to regulate methyl-
transfer activity and substrate specificity. The PRMT6 structure
consists of three structural components: (i) the N-terminal
Rossmann fold, containing the SAM binding pocket, (ii) the C-
terminal b-barrel domain and (iii) a dimerization helix located
between the b6 and b7 strands of the C-terminal b-barrel
domain, cis-conformation of cis-proline (Pro186) connects the
N-terminal Rossmann fold to the C-terminal b-barrel domain
(137, 138). PRMT6 exists as a dimer, with the dimerization arm
(helix a4-6) from one monomer packing against helixes aY/Z
and a1/2 of the Rossmann domain from the other monomers,
forming a circulate dimer structure. The SAH molecule binds in
an extended conformation in a pocket formed by the Rossmann
fold domain. The invariant residues in Rossmann’s folded SAM
binding pocket interact with the homocysteine carboxylate,
adenine ring and ribose of SAH via a series of hydrogen bonds
and salt bridges (Figure 2) (137). The N-terminal fragment of
PRMT6 has long been thought to play an important role in
substrate specificity and to be necessary and sufficient for its
binding with other binding partners (139).

Several PRMT6 inhibitors have been introduced in several
studies. Compounds 1-6 were found when evaluated in
biochemical analysis using tritiated SAM (3H-SAM) as the
methyl donor. Compound 1 with a triazole core is weak
against most type I PRMTs, but it is most effective against
PRMT6 (IC50 = 230 ± 12 nM). Considering that the pyrrole
core is superior to triazole core in inhibiting type I PRMTs,
compound 2 was found to be about 10 times more potent against
PRMT6 than compound 1, and showed a higher inhibitory effect
against PRMT6 (IC50 = 9 ± 0.9 nM). In addition, it was found
that changing the meta-trifluoromethyl group (compound 2) to
the para-isopropoxy (compound 3) improved the efficacy against
all type I PRMT family. For example, MS023 (compound 3)
effectively inhibited PRMT6 (IC50 = 4 ± 0.5 nM) (131). Based on
the discovery of cocrystal structure of PRMT6-MS023, the first
effective, selective and cytoactive irreversible inhibitor of
PRMT6, compound 4 (MS117) was also reported. Mass of
spectrometry (MS), kinetics studies and a eutectic structure
Frontiers in Oncology | www.frontiersin.org 9
were used to detect the covalent binding mode of compound 4
to PRMT6. Compound 4 does not covalently modify other type I
PRMTs, only effectively inhibits PRMT6 in cells, and has higher
selectivity to PRMT6 than other methyltransferases, and is more
effective than compound 5, which is a similar analogue of
compound 4 and also acts as a potent and cell-active reversible
inhibitor of PRMT6 (140). At the same time, Jin et al. (140) also
developed two control compounds with similar structures, 5
(MS167), a potent and cellular activity reversible PRMT6
inhibitor, and 7 (MS168), a very poor inhibitor of PRMT6, but
with the same reaction warhead as compound 4.

In addition, a dual inhibitor of both CARM1 and PRMT6
called 17(MS049) was developed through structure-activity
relationship (SAR) studies based on a previously designed
potent selective inhibitor of the type I PRMT family inhibitor
3(MS023). The inhibition mechanism of MS049 may be as
follows: (i) because MS049 has similar chemical structure to
CARM1, it may occupy the substrate binding site of CARM1 and
PRMT6; (ii) The binding of MS049 to the protein will cause
conformational changes in the protein, which will disable the
traditional enzyme kinetics (131, 134).

Based on studies of type I inhibitors, structural optimization
was performed to obtain inhibitors, such as EPZ020411 with
high valence (IC50 = 10 nM) and moderate selectivity (approx.
12-fold) against PRMT6, which can be used in animal models to
reduce H3R2me2a levels, and the eutectic structure of PRMT6-
SAH-EPZ020411 indicates that the inhibitor occupies the
arginine binding site. However, as the first effective and
selective small molecule tool compound of PRMT6 inhibitor,
EPZ020411 is still in the stage of preclinical development, and its
specific disease indications need to be further explored (132).

At the same time, systematic studies using human breast
cancer cell lines demonstrated that licochalcone A, a natural
compound, is a novel, reversible and selective, non-S-adenosyl L-
methionine (SAM) binding site competitive PRMT6 inhibitor. In
breast cancer MCF-7 cells, licochalcone A inhibits PRMT6-
dependent methylation of histone H3 at arginine 2 (H3R2),
resulting in a significant inhibition of estrogen receptor activity.
A B

FIGURE 2 | Structural attributes of PRMT6. (A) Overall crystal structure of human PRMT6 (PDB: 6W6D, this work) in complex with SAH (marine yellow). (B) Structual
superimposition of the conserved motif from PRMT6 (Motif: YYECY).
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Licochalcone A showed cytotoxicity to human MCF-7 breast
cancer cells but no cytotoxicity to MCF-10A breast epithelial
cells by up-regulating p53 expression, blocking G2/M cell cycle
progression, and then inhibiting apoptosis. These results also
indicate that licochalcone A, one of the main flavonoids
extracted from licorice root, is the first natural inhibitor of
PRMT6 with higher specificity (136). There is also a study
identified a bisubstrate inhibitor called 6’-methyleneamine
sinefungin (GMS), which is an analog of sinefungin, and its
inhibitory activity is stronger than other cofactor competitive
inhibitors. The compound can occupy the substrate arginine
binding site (PDB:4QQK) and cofactor binding pockets (137).

It has also been reported that (R)-2 (SGC6870) was the most
effective PRMT6 inhibitor (IC50 = 77 ± 6nM) in a series of more
than 60 derivatives. In view of the structural differences between
SGC6870 and other known substrate-competitive and SAM-
competitive PRMT inhibitors. Enzyme kinetics and X-ray
crystallography method validation study results show that
there is a noncompetitive inhibition in the case of both the
peptide substrate and SAM cofactor, suggests that it is not a SAM
competitive inhibitor. SGC6870 combined without the substrate
binding pocket, and the conformation of the most significant
Frontiers in Oncology | www.frontiersin.org 10
changes associated with the double-E loop, which reshaped and
moved away from b-barrels of domain structure, thus forming
the allosteric site. In conclusion, SGC6870 engages PRMT6 and
effectively inhibits its methyltransferase activity in cells and acts
as a novel allosteric inhibitor of PRMT6 (135).
CONCLUSIONS AND PERSPECTIVES

As a member of type I PRMT family, PRMT6 can regulate gene
expression, promote proliferation and migration of cancer cells,
activate or inhibit signal transduction, regulate cancer cell
metabolism, and promote self-renewal and differentiation of
tumor stem cells by methylating histone or non-histone
proteins. The various biological processes associated with these
functions of PRMT6 are consistent with the various proteins
methylated by PRMT6 in cells. No doubt, during the course of
future research, this aspect of research will be further expanded.
As mentioned above, the context-specific function of PRMT6
may result from its interacting proteins. Several studies have
begun to explore the binding partner proteins of PRMT6 using
techniques such as co-immunoprecipitation or adjacent
FIGURE 3 | Promoting and suppressing effects of PRMT6 on different cancers. OC, ovarian cancer; HCC, hepatocellular carcinoma; MM, melanoma; PC, prostate
cancer; BC, breast cancer; EMC, endometrial carcinoma; CRC, colorectal cancer; SaOS, osteosarcoma; GC, gastric cancer; CC, cervical cancer; LC, lung cancer;
RMS, rhabdomyosarcoma; GBM, glioblastoma; AR, androgen receptor; Polb, DNA polymerase b.
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biotinylation, and such mechanistic studies are necessary to
elucidate the importance of PRMT6-driven methylation.
However, more experiments are needed to verify and explore
the mechanism behind why PRMT6 overexpression has different
effects on different tumor types. Therefore, further studies on
PRMT6 expression levels, mechanisms of action, substrates and
interaction partners, as well as interactions with other PRMT
family members, will contribute to be conducted for further
understanding of the function of PRMT6. At present,
immunotherapy of tumor is a new hotspot with great
exploration space in the field of tumor therapy. However, the
research of PRMT6 in tumor immunotherapy is still weak, which
provides a new research direction for cancer prevention and
treatment in the future. In addition, the discoveries in vivo which
show the specific regulation of PRMT6 is still needed to be
further verified. The research of more PRMT6 substrates is also a
promising study direction, which can lay more foundation for
subsequent experiments. Since PRMT6 regulation occurs in the
nucleus or cytoplasm, it is difficult to use PRMT6 expression as a
biomarker to predict cancer status before obtaining tumor tissue.
As the technical tools for drug development continue to evolve,
exploratory studies on specific PRMT6 inhibitors are being
improved, and the mechanisms underlying the therapeutic
potential of PRMT6 inhibitors will be a promising research
area. Several PRMT6 inhibitors have shown positive results in
mouse models and are currently undergoing clinical trials.
PRMT6 inhibitors may be used for cancer treatment alone or
Frontiers in Oncology | www.frontiersin.org 11
in combination with other current or future therapies. PRMT6
inhibitors may be beneficial in patients with tumors that have not
responded to checkpoint inhibitor therapy. PRMT6 inhibitors
may be very effective in cancer therapy through synergistic effects
on tumor cells and tumor microenvironment components and
are expected to become new tumor therapeutic targets.

In conclusion, systematic approaches to arginine methylation,
including the issues mentioned above (Figure 3), will not only help
us better understand the tumor-related biological phenomena, but
also help develop a novel class of anticancer drugs.
AUTHOR CONTRIBUTIONS

ZC and JG contributed equally to this paper. ZC: extensive
literature search and drafting. JG: figures. ZW: extensive
literature search. MZ and YD: literature search and critical
revision. HZ: conception of the work and final version
approval. All authors read and approved the final manuscript.
FUNDING

This work was funded by the National Natural Science
Foundation of China (grant number: 81971394, 81571457).
The Shanghai Pujiang Program (grant number: 15PJ1400900).
REFERENCES
1. Mohammad HP, Barbash O, Creasy CL. Targeting Epigenetic Modifications

in Cancer Therapy: Erasing the Roadmap to Cancer. Nat Med (2019) 25
(3):403–18. doi: 10.1038/s41591-019-0376-8

2. Brostoff S, Eylar E. Localization of Methylated Arginine in the A1 Protein
From Myelin. Proc Natl Acad Sci United States America (1971) 68(4):765–9.
doi: 10.1073/pnas.68.4.765

3. Walsh G. Post-Translational Modifications of Protein Biopharmaceuticals.Drug
Discovery Today (2010) 15(17-18):773–80. doi: 10.1016/j.drudis.2010.06.009

4. Morales Y, Caceres T, May K, Hevel JM. Biochemistry and Regulation of the
Protein Arginine Methyltransferases (PRMTs). Arch Biochem Biophys
(2016) 590:138–52. doi: 10.1016/j.abb.2015.11.030

5. Yang Y, Bedford MT. Protein Arginine Methyltransferases and Cancer. Nat
Rev Cancer (2013) 13(1):37–50. doi: 10.1038/nrc3409

6. Karkhanis V, Wang L, Tae S, Hu YJ, Imbalzano AN, Sif S. Protein Arginine
Methyltransferase 7 Regulates Cellular Response to DNA Damage by
Methylating Promoter Histones H2A and H4 of the Polymerase Delta
Catalytic Subunit Gene, POLD1. J Biol Chem (2012) 287(35):29801–14.
doi: 10.1074/jbc.M112.378281

7. Ferreira TR, Alves-Ferreira EV, Defina TP, Walrad P, Papadopoulou B,
Cruz AK. Altered Expression of an RBP-Associated Arginine
Methyltransferase 7 in Leishmania Major Affects Parasite Infection. Mol
Microbiol (2014) 94(5):1085–102. doi: 10.1111/mmi.12819

8. Carlson SM, Gozani O. Emerging Technologies toMap the ProteinMethylome.
J Mol Biol (2014) 426(20):3350–62. doi: 10.1016/j.jmb.2014.04.024

9. Gao X, Pan WS, Dai H, Zhang Y, Wu NH, Shen YF. CARM1 Activates
Myogenin Gene via PCAF in the Early Differentiation of TPA-Induced
Rhabdomyosarcoma-Derived Cells. J Cell Biochem (2010) 110(1):162–70.
doi: 10.1002/jcb.22522

10. Blanc RS, Richard S. Arginine Methylation: The Coming of Age. Mol Cell
(2017) 65(1):8–24. doi: 10.1016/j.molcel.2016.11.003
11. Guccione E, Richard S. The Regulation, Functions and Clinical Relevance of
Arginine Methylation. Nat Rev Mol Cell Biol (2019) 20(10):642–57. doi:
10.1038/s41580-019-0155-x

12. Suresh S, Huard S, Dubois T. CARM1/PRMT4: Making Its Mark Beyond Its
Function as a Transcriptional Coactivator. Trends Cell Biol (2021) 31
(5):402–17. doi: 10.1016/j.tcb.2020.12.010

13. Harrison MJ, Tang YH, Dowhan DH. Protein Arginine Methyltransferase 6
Regulates Multiple Aspects of Gene Expression. Nucleic Acids Res (2010) 38
(7):2201–16. doi: 10.1093/nar/gkp1203

14. Skaar JR, Pagan JK, Pagano M. SCF Ubiquitin Ligase-Targeted Therapies.
Nat Rev Drug Discovery (2014) 13(12):889–903. doi: 10.1038/nrd4432

15. Baldwin G, Carnegie P. Specific Enzymic Methylation of an Arginine in the
Experimental Allergic Encephalomyelitis Protein From Human Myelin. Sci
(New York NY) (1971) 171(3971):579–81. doi: 10.1126/science.171.
3971.579

16. Chiang K, Zielinska AE, Shaaban AM, Sanchez-Bailon MP, Jarrold J, Clarke
TL, et al. PRMT5 Is a Critical Regulator of Breast Cancer Stem Cell Function
via Histone Methylation and FOXP1 Expression. Cell Rep (2017) 21
(12):3498–513. doi: 10.1016/j.celrep.2017.11.096

17. Stopa N, Krebs JE, Shechter D. The PRMT5 Arginine Methyltransferase:
Many Roles in Development, Cancer and Beyond. Cell Mol Life Sci (2015) 72
(11):2041–59. doi: 10.1007/s00018-015-1847-9

18. Guccione E, Bassi C, Casadio F, Martinato F, Cesaroni M, Schuchlautz H,
et al. Methylation of Histone H3R2 by PRMT6 and H3K4 by an MLL
Complex are Mutually Exclusive. Nature (2007) 449(7164):933–7. doi:
10.1038/nature06166

19. Iberg AN, Espejo A, Cheng D, Kim D, Michaud-Levesque J, Richard S, et al.
Arginine Methylation of the Histone H3 Tail Impedes Effector Binding.
J Biol Chem (2008) 283(6):3006–10. doi: 10.1074/jbc.C700192200

20. Hyllus D, Stein C, Schnabel K, Schiltz E, Imhof A, Dou Y, et al. PRMT6-
Mediated Methylation of R2 in Histone H3 Antagonizes H3 K4
Trimethylation. Genes Dev (2007) 21(24):3369–80. doi: 10.1101/gad.447007
March 2022 | Volume 12 | Article 841381

https://doi.org/10.1038/s41591-019-0376-8
https://doi.org/10.1073/pnas.68.4.765
https://doi.org/10.1016/j.drudis.2010.06.009
https://doi.org/10.1016/j.abb.2015.11.030
https://doi.org/10.1038/nrc3409
https://doi.org/10.1074/jbc.M112.378281
https://doi.org/10.1111/mmi.12819
https://doi.org/10.1016/j.jmb.2014.04.024
https://doi.org/10.1002/jcb.22522
https://doi.org/10.1016/j.molcel.2016.11.003
https://doi.org/10.1038/s41580-019-0155-x
https://doi.org/10.1016/j.tcb.2020.12.010
https://doi.org/10.1093/nar/gkp1203
https://doi.org/10.1038/nrd4432
https://doi.org/10.1126/science.171.3971.579
https://doi.org/10.1126/science.171.3971.579
https://doi.org/10.1016/j.celrep.2017.11.096
https://doi.org/10.1007/s00018-015-1847-9
https://doi.org/10.1038/nature06166
https://doi.org/10.1074/jbc.C700192200
https://doi.org/10.1101/gad.447007
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. PRMT6
21. Frankel A, Yadav N, Lee J, Branscombe TL, Clarke S, Bedford MT. The
Novel Human Protein Arginine N-Methyltransferase PRMT6 is a Nuclear
Enzyme Displaying Unique Substrate Specificity. J Biol Chem (2002) 277
(5):3537–43. doi: 10.1074/jbc.M108786200

22. Dowhan DH, Harrison MJ, Eriksson NA, Bailey P, Pearen MA, Fuller PJ,
et al. Protein Arginine Methyltransferase 6-Dependent Gene Expression and
Splicing: Association With Breast Cancer Outcomes. Endocr-Relat Cancer
(2012) 19(4):509–26. doi: 10.1530/ERC-12-0100

23. Zhao XX, Zhang YB, Ni PL, Wu ZL, Yan YC, Li YP. Protein Arginine
Methyltransferase 6 (Prmt6) Is Essential for Early Zebrafish Development
Through the Direct Suppression of Gadd45alphaa Stress Sensor Gene. J Biol
Chem (2016) 291(1):402–12. doi: 10.1074/jbc.M115.666347

24. Lee YH, Ma H, Tan TZ, Ng SS, Soong R, Mori S, et al. Protein Arginine
Methyltransferase 6 Regulates Embryonic Stem Cell Identity. Stem Cells Dev
(2012) 21(14):2613–22. doi: 10.1089/scd.2011.0330

25. Lausen J. Contributions of the Histone Arginine Methyltransferase PRMT6
to the Epigenetic Function of RUNX1. Crit Rev Eukar Gene (2013) 23
(3):265–74. doi: 10.1615/CritRevEukaryotGeneExpr.2013007527

26. El-Andaloussi N, Valovka T, Toueille M, Steinacher R, Focke F, Gehrig P,
et al. Arginine Methylation Regulates DNA Polymerase Beta.Mol Cell (2006)
22(1):51–62. doi: 10.1016/j.molcel.2006.02.013

27. MaWL,Wang L, Liu LX,Wang XL. Effect of Phosphorylation andMethylation
on the Function of the P16(INK4a) Protein in non-Small Cell Lung Cancer
A549 Cells. Oncol Lett (2015) 10(4):2277–82. doi: 10.3892/ol.2015.3617

28. Stein C, Riedl S, Ruthnick D, Notzold RR, Bauer UM. The Arginine
Methyltransferase PRMT6 Regulates Cell Proliferation and Senescence
Through Transcriptional Repression of Tumor Suppressor Genes. Nucleic
Acids Res (2012) 40(19):9522–33. doi: 10.1093/nar/gks767

29. Kleinschmidt MA, de Graaf P, van Teeffelen HA, Timmers HT. Cell Cycle
Regulation by the PRMT6 Arginine Methyltransferase Through Repression
of Cyclin-Dependent Kinase Inhibitors. PloS One (2012) 7(8):e41446. doi:
10.1371/journal.pone.0041446

30. Veland N, Hardikar S, Zhong Y, Gayatri S, Dan J, Strahl BD, et al. The
Arginine Methyltransferase PRMT6 Regulates DNA Methylation and
Contributes to Global DNA Hypomethylation in Cancer. Cell Rep (2017)
21(12):3390–7. doi: 10.1016/j.celrep.2017.11.082

31. Kim S, Kim NH, Park JE, Hwang JW, Myung N, Hwang KT, et al. PRMT6-
Mediated H3R2me2a Guides Aurora B to Chromosome Arms for Proper
Chromosome Segregation. Nat Commun (2020) 11(1):612. doi: 10.1038/
s41467-020-14511-w

32. Huang T, Yang Y, Song X, Wan X, Wu B, Sastry N, et al. PRMT6
Methylation of RCC1 Regulates Mitosis, Tumorigenicity, and Radiation
Response of Glioblastoma Stem Cells.Mol Cell (2021) 81(6):1276–91 e9. doi:
10.1016/j.molcel.2021.01.015

33. Di Lorenzo A, Yang Y, Macaluso M, Bedford MT. A Gain-of-Function
Mouse Model Identifies PRMT6 as a NF-kappaB Coactivator. Nucleic Acids
Res (2014) 42(13):8297–309. doi: 10.1093/nar/gku530

34. Tsai KD, Lee WX, Chen W, Chen BY, Chen KL, Hsiao TC, et al.
Upregulation of PRMT6 by LPS Suppresses Klotho Expression Through
Interaction With NF-kappaB in Glomerular Mesangial Cells. J Cell Biochem
(2018) 119(4):3404–16. doi: 10.1002/jcb.26511

35. Stavride P, Arampatzi P, Papamatheakis J. Differential Regulation of MHCII
Genes by PRMT6, via an AT-Hook Motif of RFX5. Mol Immunol (2013) 56
(4):390–8. doi: 10.1016/j.molimm.2013.05.235

36. Zhang H, Han C, Li T, Li N, Cao X. The Methyltransferase PRMT6
Attenuates Antiviral Innate Immunity by Blocking TBK1-IRF3 Signaling.
Cell Mol Immunol (2019) 16(10):800–9. doi: 10.1038/s41423-018-0057-4

37. Luo M, Li Y, Guo H, Lin S, Chen J, Ma Q, et al. Protein Arginine
Methyltransferase 6 Involved in Germ Cell Viability During
Spermatogenesis and Down-Regulated by the Androgen Receptor. Int J
Mol Sci (2015) 16(12):29467–81. doi: 10.3390/ijms161226186

38. Scaramuzzino C, Casci I, Parodi S, Lievens PMJ, Polanco MJ, Milioto C, et al.
Protein Arginine Methyltransferase 6 Enhances Polyglutamine-Expanded
Androgen Receptor Function and Toxicity in Spinal and Bulbar Muscular
Atrophy. Neuron (2015) 85(1):88–100. doi: 10.1016/j.neuron.2014.12.031

39. Feng J, Dang Y, Zhang W, Zhao X, Zhang C, Hou Z, et al. PTEN Arginine
Methylation by PRMT6 Suppresses PI3K-AKT Signaling and Modulates
Frontiers in Oncology | www.frontiersin.org 12
pre-mRNA Splicing. Proc Natl Acad Sci U.S.A. (2019) 116(14):6868–77. doi:
10.1073/pnas.1811028116

40. Chan LH, Zhou L, Ng KY, Wong TL, Lee TK, Sharma R, et al. PRMT6
Regulates RAS/RAF Binding and MEK/ERK-Mediated Cancer Sternness
Activities in Hepatocellular Carcinoma Through CRAF Methylation. Cell
Rep (2018) 25(3):690–+. doi: 10.1016/j.celrep.2018.09.053

41. Boulanger MC, Liang C, Russell RS, Lin R, Bedford MT, Wainberg MA, et al.
Methylation of Tat by PRMT6 Regulates Human Immunodeficiency Virus
Type 1 Gene Expression. J Virol (2005) 79(1):124–31. doi: 10.1128/
JVI.79.1.124-131.2005

42. Xie B, Invernizzi CF, Richard S, Wainberg MA. Arginine Methylation of the
Human Immunodeficiency Virus Type 1 Tat Protein by PRMT6 Negatively
Affects Tat Interactions With Both Cyclin T1 and the Tat Transactivation
Region. J Virol (2007) 81(8):4226–34. doi: 10.1128/JVI.01888-06

43. Yoshimatsu M, Toyokawa G, Hayami S, Unoki M, Tsunoda T, Field HI, et al.
Dysregulation of PRMT1 and PRMT6, Type I Arginine Methyltransferases,
is Involved in Various Types of Human Cancers. Int J Cancer (2011) 128
(3):562–73. doi: 10.1002/ijc.25366

44. Raveendran VV, Al-Haffar K, Kunhi M, Belhaj K, Al-Habeeb W, Al-Buraiki
J, et al. Protein Arginine Methyltransferase 6 Mediates Cardiac Hypertrophy
by Differential Regulation of Histone H3 Arginine Methylation. Heliyon
(2020) 6(5):e03864. doi: 10.1016/j.heliyon.2020.e03864

45. Lo Sardo A, Altamura S, Pegoraro S, Maurizio E, Sgarra R, Manfioletti G.
Identification and Characterization of New Molecular Partners for the
Protein Arginine Methyltransferase 6 (PRMT6). PloS One (2013) 8(1):
e53750. doi: 10.1371/journal.pone.0053750

46. Phalke S, Mzoughi S, Bezzi M, Jennifer N, Mok WC, Low DHP, et al. P53-
Independent Regulation of p21Waf1/Cip1 Expression and Senescence by
PRMT6. Nucleic Acids Res (2012) 40(19):9534–42. doi: 10.1093/nar/gks858

47. Neault M, Mallette FA, Vogel G, Michaud-Levesque J, Richard S. Ablation of
PRMT6 Reveals a Role as a Negative Transcriptional Regulator of the P53
Tumor Suppressor. Nucleic Acids Res (2012) 40(19):9513–21. doi: 10.1093/
nar/gks764

48. Casadio F, Lu X, Pollock SB, LeRoy G, Garcia BA, Muir TW, et al.
H3R42me2a is a Histone Modification With Positive Transcriptional
Effects. Proc Natl Acad Sci USA (2013) 110(37):14894–9. doi: 10.1073/
pnas.1312925110

49. Cheng D, Gao G, Di Lorenzo A, Jayne S, Hottiger MO, Richard S, et al.
Genetic Evidence for Partial Redundancy Between the Arginine
Methyltransferases CARM1 and PRMT6. J Biol Chem (2020) 295
(50):17060–70. doi: 10.1074/jbc.RA120.014704

50. Waldmann T, Izzo A, Kamieniarz K, Richter F, Vogler C, Sarg B, et al.
Methylation of H2AR29 is a Novel Repressive PRMT6 Target. Epigenet
Chromatin (2011) 4(1):11–21. doi: 10.1186/1756-8935-4-11

51. Bouchard C, Sahu P, Meixner M, Notzold RR, Rust MB, Kremmer E, et al.
Genomic Location of PRMT6-Dependent H3R2 Methylation Is Linked to
the Transcriptional Outcome of Associated Genes. Cell Rep (2018) 24
(12):3339–52. doi: 10.1016/j.celrep.2018.08.052

52. Michaud-Levesque J, Richard S. Thrombospondin-1 is a Transcriptional
Repression Target of PRMT6. J Biol Chem (2009) 284(32):21338–46. doi:
10.1074/jbc.M109.005322

53. Kim NH, Kim SN, Seo DW, Han JW, Kim YK. PRMT6 Overexpression
Upregulates TSP-1 and Downregulates MMPs: Its Implication in Motility
and Invasion. Biochem Biophys Res Commun (2013) 432(1):60–5. doi:
10.1016/j.bbrc.2013.01.085

54. Herglotz J, Kuvardina ON, Kolodziej S, Kumar A, Hussong H, Grez M, et al.
Histone Arginine Methylation Keeps RUNX1 Target Genes in an
Intermediate State. Oncogene (2013) 32(20):2565–75. doi: 10.1038/
onc.2012.274

55. Nakakido M, Deng ZZ, Suzuki T, Dohmae N, Nakamura Y, Hamamoto R.
PRMT6 Increases Cytoplasmic Localization of P21(CDKN1A) in Cancer
Cells Through Arginine Methylation andMakes More Resistant to Cytotoxic
Agents. Oncotarget (2015) 6(31):30957–67. doi: 10.18632/oncotarget.5143

56. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin
(2021) 71(3):209–49. doi: 10.3322/caac.21660
March 2022 | Volume 12 | Article 841381

https://doi.org/10.1074/jbc.M108786200
https://doi.org/10.1530/ERC-12-0100
https://doi.org/10.1074/jbc.M115.666347
https://doi.org/10.1089/scd.2011.0330
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2013007527
https://doi.org/10.1016/j.molcel.2006.02.013
https://doi.org/10.3892/ol.2015.3617
https://doi.org/10.1093/nar/gks767
https://doi.org/10.1371/journal.pone.0041446
https://doi.org/10.1016/j.celrep.2017.11.082
https://doi.org/10.1038/s41467-020-14511-w
https://doi.org/10.1038/s41467-020-14511-w
https://doi.org/10.1016/j.molcel.2021.01.015
https://doi.org/10.1093/nar/gku530
https://doi.org/10.1002/jcb.26511
https://doi.org/10.1016/j.molimm.2013.05.235
https://doi.org/10.1038/s41423-018-0057-4
https://doi.org/10.3390/ijms161226186
https://doi.org/10.1016/j.neuron.2014.12.031
https://doi.org/10.1073/pnas.1811028116
https://doi.org/10.1016/j.celrep.2018.09.053
https://doi.org/10.1128/JVI.79.1.124-131.2005
https://doi.org/10.1128/JVI.79.1.124-131.2005
https://doi.org/10.1128/JVI.01888-06
https://doi.org/10.1002/ijc.25366
https://doi.org/10.1016/j.heliyon.2020.e03864
https://doi.org/10.1371/journal.pone.0053750
https://doi.org/10.1093/nar/gks858
https://doi.org/10.1093/nar/gks764
https://doi.org/10.1093/nar/gks764
https://doi.org/10.1073/pnas.1312925110
https://doi.org/10.1073/pnas.1312925110
https://doi.org/10.1074/jbc.RA120.014704
https://doi.org/10.1186/1756-8935-4-11
https://doi.org/10.1016/j.celrep.2018.08.052
https://doi.org/10.1074/jbc.M109.005322
https://doi.org/10.1016/j.bbrc.2013.01.085
https://doi.org/10.1038/onc.2012.274
https://doi.org/10.1038/onc.2012.274
https://doi.org/10.18632/oncotarget.5143
https://doi.org/10.3322/caac.21660
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. PRMT6
57. Liu BL, Sun KX, Zong ZH, Chen S, Zhao Y. MicroRNA-372 Inhibits
Endometrial Carcinoma Development by Targeting the Expression of the
Ras Homolog Gene Family Member C (RhoC). Oncotarget (2016) 7
(6):6649–64. doi: 10.18632/oncotarget.6544

58. Chen X, Hao B, Han G, Liu Y, Dai D, Li Y, et al. miR-372 Regulates Glioma
Cell Proliferation and Invasion by Directly Targeting PHLPP2. J Cell
Biochem (2015) 116(2):225–32. doi: 10.1002/jcb.24949

59. Jiang N, Li QL, Pan W, Li J, Zhang MF, Cao T, et al. PRMT6 Promotes
Endometrial Cancer viaAKT/mTOR Signaling and Indicates Poor Prognosis.
Int J Biochem Cell Biol (2020) 120:105681. doi: 10.1016/j.biocel.2019.105681

60. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al.
Cancer Incidence and Mortality Worldwide: Sources, Methods and Major
Patterns in GLOBOCAN 2012. Int J Cancer (2015) 136(5):E359–86. doi:
10.1002/ijc.29210

61. Mathioudaki K, Scorilas A, Ardavanis A, Lymberi P, Tsiambas E, Devetzi M,
et al. Clinical Evaluation of PRMT1 Gene Expression in Breast Cancer.
Tumour Biol (2011) 32(3):575–82. doi: 10.1007/s13277-010-0153-2

62. Peng BL, Li WJ, Ding JC, He YH, Ran T, Xie BL, et al. A Hypermethylation
Strategy Utilized by Enhancer-Bound CARM1 to Promote Estrogen
Receptor Alpha-Dependent Transcriptional Activation and Breast
Carcinogenesis. Theranostics (2020) 10(8):3451–73. doi: 10.7150/thno.39241

63. Bao J, Di Lorenzo A, Lin K, Lu Y, Zhong Y, Sebastian MM, et al. Mouse
Models of Overexpression Reveal Distinct Oncogenic Roles for Different
Type I Protein Arginine Methyltransferases. Cancer Res (2019) 79(1):21–32.
doi: 10.1158/0008-5472.CAN-18-1995

64. Chu MC, Selam FB, Taylor HS. HOXA10 Regulates P53 Expression and
Matrigel Invasion in Human Breast Cancer Cells. Cancer Biol Ther (2004) 3
(6):568–72. doi: 10.4161/cbt.3.6.848

65. Chow LM, Baker SJ. PTEN Function in Normal and Neoplastic Growth.
Cancer Lett (2006) 241(2):184–96. doi: 10.1016/j.canlet.2005.11.042

66. Guertin DA, Sabatini DM. An Expanding Role for mTOR in Cancer.
Trends Mol Med (2005) 11(8):353–61. doi: 10.1016/j.molmed.
2005.06.007

67. Kim HS, Lee WJ, Lee SW, Chae HW, Kim DH, Oh Y. Insulin-Like Growth
Factor Binding Protein-3 Induces G1 Cell Cycle Arrest With Inhibition of
Cyclin-Dependent Kinase 2 and 4 in MCF-7 Human Breast Cancer Cells.
Horm Metab Res (2010) 42(3):165–72. doi: 10.1055/s-0029-1243190

68. El Messaoudi S, Fabbrizio E, Rodriguez C, Chuchana P, Fauquier L, Cheng
D, et al. Coactivator-Associated Arginine Methyltransferase 1 (CARM1) is a
Positive Regulator of the Cyclin E1 Gene. Proc Natl Acad Sci USA (2006) 103
(36):13351–6. doi: 10.1073/pnas.0605692103

69. Majumder S, Liu Y, Ford OH3rd, Mohler JL, Whang YE. Involvement of
Arginine Methyltransferase CARM1 in Androgen Receptor Function and
Prostate Cancer Cell Viability. Prostate (2006) 66(12):1292–301. doi:
10.1002/pros.20438

70. Vieira FQ, Costa-Pinheiro P, Ramalho-Carvalho J, Pereira A, Menezes FD,
Antunes L, et al. Deregulated Expression of Selected Histone Methylases and
Demethylases in Prostate Carcinoma. Endocr Relat Cancer (2014) 21(1):51–
61. doi: 10.1530/ERC-13-0375

71. Almeida-Rios D, Graça I, Vieira F, Ramalho-Carvalho J, Pereira-Silva E,
Martins A, et al. Histone Methyltransferase PRMT6 Plays an Oncogenic
Role of in Prostate Cancer. Oncotarget (2016) 7(33):53018–28. doi:
10.18632/oncotarget.10061

72. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2018. CA Cancer J Clin
(2018) 68(1):7–30. doi: 10.3322/caac.21442

73. Wei TY, Juan CC, Hisa JY, Su LJ, Lee YC, Chou HY, et al. Protein Arginine
Methyltransferase 5 is a Potential Oncoprotein That Upregulates G1
Cyclins/Cyclin-Dependent Kinases and the Phosphoinositide 3-Kinase/
AKT Signaling Cascade. Cancer Sci (2012) 103(9):1640–50. doi: 10.1111/
j.1349-7006.2012.02367.x

74. Gu Z, Gao S, Zhang F, Wang Z, Ma W, Davis RE, et al. Protein Arginine
Methyltransferase 5 is Essential for Growth of Lung Cancer Cells. Biochem J
(2012) 446(2):235–41. doi: 10.1042/BJ20120768

75. He L, Hu Z, Sun Y, Zhang M, Zhu H, Jiang L, et al. PRMT1 is Critical to
FEN1 Expression and Drug Resistance in Lung Cancer Cells. DNA Repair
(Amst) (2020) 95:102953. doi: 10.1016/j.dnarep.2020.102953

76. Cheng D, He Z, Zheng L, Xie D, Dong S, Zhang P. PRMT7 Contributes to
the Metastasis Phenotype in Human non-Small-Cell Lung Cancer Cells
Frontiers in Oncology | www.frontiersin.org 13
Possibly Through the InteractionWith HSPA5 and EEF2. Onco Targets Ther
(2018) 11:4869–76. doi: 10.2147/OTT.S166412

77. Avasarala S, Wu PY, Khan SQ, Yanlin S, Van Scoyk M, Bao J, et al. PRMT6
Promotes Lung Tumor Progression via the Alternate Activation of Tumor-
Associated Macrophages.Mol Cancer Res (2020) 18(1):166–78. doi: 10.1158/
1541-7786.MCR-19-0204

78. Wang X, Huang Y, Zhao J, Zhang Y, Lu J, Huang B. Suppression of PRMT6-
Mediated Arginine Methylation of P16 Protein Potentiates its Ability to
Arrest A549 Cell Proliferation. Int J Biochem Cell Biol (2012) 44(12):2333–
41. doi: 10.1016/j.biocel.2012.09.015

79. Tang J, Meng Q, Shi R, Xu Y. PRMT6 Serves an Oncogenic Role in Lung
Adenocarcinoma via Regulating P18. Mol Med Rep (2020) 22(4):3161–72.
doi: 10.3892/mmr.2020.11402

80. Dominici C, Sgarioto N, Yu Z, Sesma-Sanz L, Masson JY, Richard S, et al.
Synergistic Effects of Type I PRMT and PARP Inhibitors Against non-Small
Cell Lung Cancer Cells. Clin Epigenet (2021) 13(1):54. doi: 10.1186/s13148-
021-01037-1

81. Mathioudaki K, Papadokostopoulou A, Scorilas A, Xynopoulos D, Agnanti
N, Talieri M. The PRMT1 Gene Expression Pattern in Colon Cancer. Br J
Cancer (2008) 99(12):2094–9. doi: 10.1038/sj.bjc.6604807

82. Ou CY, LaBonte MJ, Manegold PC, So AY, Ianculescu I, Gerke DS, et al. A
Coactivator Role of CARM1 in the Dysregulation of Beta-Catenin Activity in
Colorectal Cancer Cell Growth and Gene Expression.Mol Cancer Res (2011)
9(5):660–70. doi: 10.1158/1541-7786.MCR-10-0223

83. Kim YR, Lee BK, Park RY, Nguyen NTX, Bae JA, Kwon DD, et al.
Differential CARM1 Expression in Prostate and Colorectal Cancers. BMC
Cancer (2010) 10(1):197–210. doi: 10.1186/1471-2407-10-197

84. Lim Y, Yu S, Yun JA, Do IG, Cho L, Kim YH, et al. The Prognostic
Significance of Protein Arginine Methyltransferase 6 Expression in Colon
Cancer. Oncotarget (2018) 9(10):9010–20. doi: 10.18632/oncotarget.23809

85. Plotnikov A, Kozer N, Cohen G, Carvalho S, Duberstein S, Almog O, et al.
PRMT1 Inhibition Induces Differentiation of Colon Cancer Cells. Sci Rep
(2020) 10(1):20030. doi: 10.1038/s41598-020-77028-8

86. Bielack SS, Smeland S, Whelan JS, Marina N, Jovic G, Hook JM, et al.
Methotrexate, Doxorubicin, and Cisplatin (MAP) Plus Maintenance
Pegylated Interferon Alfa-2b Versus MAP Alone in Patients With
Resectable High-Grade Osteosarcoma and Good Histologic Response to
Preoperative MAP: First Results of the EURAMOS-1 Good Response
Randomized Controlled Trial. J Clin Oncol (2015) 33(20):2279–87. doi:
10.1200/JCO.2014.60.0734

87. Piperno-Neumann S, Le Deley M-C, Rédini F, Pacquement H, Marec-Bérard
P, Petit P, et al. Zoledronate in Combination With Chemotherapy and
Surgery to Treat Osteosarcoma (OS2006): A Randomised, Multicentre,
Open-Label, Phase 3 Trial. Lancet Oncol (2016) 17(8):1070–80. doi:
10.1016/S1470-2045(16)30096-1

88. Li S, Cheng D, Zhu B, Yang Q. The Overexpression of CARM1 Promotes
Human Osteosarcoma Cell Proliferation Through the Pgsk3beta/Beta-
Catenin/cyclinD1 Signaling Pathway. Int J Biol Sci (2017) 13(8):976–84.
doi: 10.7150/ijbs.19191

89. Zhang B, Zhang S, Zhu L, Chen X, Zhao Y, Chao L, et al. Arginine
Methyltransferase Inhibitor 1 Inhibits Gastric Cancer by Downregulating
Eif4e and Targeting PRMT5. Toxicol Appl Pharmacol (2017) 336:1–7. doi:
10.1016/j.taap.2017.10.002

90. Hernandez SJ, Dolivo DM, Dominko T. PRMT8 Demonstrates Variant-
Specific Expression in Cancer Cells and Correlates With Patient Survival in
Breast, Ovarian and Gastric Cancer. Oncol Lett (2017) 13(3):1983–9. doi:
10.3892/ol.2017.5671

91. Okuno K, Akiyama Y, Shimada S, Nakagawa M, Tanioka T, Inokuchi M,
et al. Asymmetric Dimethylation at Histone H3 Arginine 2 by PRMT6 in
Gastric Cancer Progression. Carcinogenesis (2019) 40(1):15–26. doi:
10.1093/carcin/bgy147

92. Olusola P, Banerjee HN, Philley JV, Dasgupta S. Human Papilloma Virus-
Associated Cervical Cancer and Health Disparities. Cells (2019) 8(6):622–34.
doi: 10.3390/cells8060622

93. Dong SH, Wang X, Tian SC, Ma NQ, Zhang XY, Liu Y, et al. Arginine
Methyltransferase Inhibitor 1 Exhibits Antitumor Effects Against Cervical
Cancer In Vitro and In Vivo. Pharmazie (2018) 73(5):269–73. doi: 10.1691/
ph.2018.8365
March 2022 | Volume 12 | Article 841381

https://doi.org/10.18632/oncotarget.6544
https://doi.org/10.1002/jcb.24949
https://doi.org/10.1016/j.biocel.2019.105681
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1007/s13277-010-0153-2
https://doi.org/10.7150/thno.39241
https://doi.org/10.1158/0008-5472.CAN-18-1995
https://doi.org/10.4161/cbt.3.6.848
https://doi.org/10.1016/j.canlet.2005.11.042
https://doi.org/10.1016/j.molmed.2005.06.007
https://doi.org/10.1016/j.molmed.2005.06.007
https://doi.org/10.1055/s-0029-1243190
https://doi.org/10.1073/pnas.0605692103
https://doi.org/10.1002/pros.20438
https://doi.org/10.1530/ERC-13-0375
https://doi.org/10.18632/oncotarget.10061
https://doi.org/10.3322/caac.21442
https://doi.org/10.1111/j.1349-7006.2012.02367.x
https://doi.org/10.1111/j.1349-7006.2012.02367.x
https://doi.org/10.1042/BJ20120768
https://doi.org/10.1016/j.dnarep.2020.102953
https://doi.org/10.2147/OTT.S166412
https://doi.org/10.1158/1541-7786.MCR-19-0204
https://doi.org/10.1158/1541-7786.MCR-19-0204
https://doi.org/10.1016/j.biocel.2012.09.015
https://doi.org/10.3892/mmr.2020.11402
https://doi.org/10.1186/s13148-021-01037-1
https://doi.org/10.1186/s13148-021-01037-1
https://doi.org/10.1038/sj.bjc.6604807
https://doi.org/10.1158/1541-7786.MCR-10-0223
https://doi.org/10.1186/1471-2407-10-197
https://doi.org/10.18632/oncotarget.23809
https://doi.org/10.1038/s41598-020-77028-8
https://doi.org/10.1200/JCO.2014.60.0734
https://doi.org/10.1016/S1470-2045(16)30096-1
https://doi.org/10.7150/ijbs.19191
https://doi.org/10.1016/j.taap.2017.10.002
https://doi.org/10.3892/ol.2017.5671
https://doi.org/10.1093/carcin/bgy147
https://doi.org/10.3390/cells8060622
https://doi.org/10.1691/ph.2018.8365
https://doi.org/10.1691/ph.2018.8365
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. PRMT6
94. Kim C, Lim Y, Yoo BC, Won NH, Kim S, Kim G. Regulation of Post-
Translational Protein Arginine Methylation During HeLa Cell Cycle.
Biochim Biophys Acta (2010) 1800(9):977–85. doi: 10.1016/j.bbagen.
2010.06.004

95. Dagher R, Helman L. Rhabdomyosarcoma: An Overview. Oncologist (1999)
4(1):34–44. doi: 10.1634/theoncologist.4-1-34

96. Janisiak J, Kopytko P, Tkacz M, Roginska D, Peruzynska M, Machalinski B,
et al. Protein Arginine Methyltransferase (PRMT) Inhibitors-AMI-1 and
SAH Are Effective in Attenuating Rhabdomyosarcoma Growth and
Proliferation in Cell Cultures. Int J Mol Sci (2021) 22(15):8023–41. doi:
10.3390/ijms22158023

97. Balla B, Tripon F, Banescu C. From Descriptive to Functional
Genomics of Leukemias Focus ing on Genome Engineer ing
Techniques. Int J Mol Sci (2021) 22(18):10065–85. doi: 10.3390/ijms
221810065

98. Shia WJ, Okumura AJ, Yan M, Sarkeshik A, Lo MC, Matsuura S, et al.
PRMT1 Interacts With AML1-ETO to Promote its Transcriptional
Activation and Progenitor Cell Proliferative Potential. Blood (2012) 119
(21):4953–62. doi: 10.1182/blood-2011-04-347476

99. Cheung N, Chan LC, Thompson A, Cleary ML, So CW. Protein Arginine-
Methyltransferase-Dependent Oncogenesis. Nat Cell Biol (2007) 9
(10):1208–15. doi: 10.1038/ncb1642

100. Cheung N, Fung TK, Zeisig BB, Holmes K, Rane JK, Mowen KA, et al.
Targeting Aberrant Epigenetic Networks Mediated by PRMT1 and KDM4C
in Acute Myeloid Leukemia. Cancer Cell (2016) 29(1):32–48. doi: 10.1016/
j.ccell.2015.12.007

101. Zhu YH, He X, Lin YC, Dong HJ, Zhang L, Chen XW, et al. Targeting
PRMT1-Mediated FLT3 Methylation Disrupts Maintenance of MLL-
Rearranged Acute Lymphoblastic Leukemia. Blood (2019) 134(15):1257–
68. doi: 10.1182/blood.2019002457

102. Tarighat SS, Santhanam R, Frankhouser D, Radomska HS, Lai H, Anghelina
M, et al. The Dual Epigenetic Role of PRMT5 in Acute Myeloid Leukemia:
Gene Activation and Repression via Histone Arginine Methylation.
Leukemia (2016) 30(4):789–99. doi: 10.1038/leu.2015.308

103. Mallappa C, Hu YJ, Shamulailatpam P, Tae S, Sif S, Imbalzano AN. The
Expression of Myogenic microRNAs Indirectly Requires Protein Arginine
Methyltransferase (Prmt)5 But Directly Requires Prmt4. Nucleic Acids Res
(2011) 39(4):1243–55. doi: 10.1093/nar/gkq896

104. Wang C, Jiang H, Jin J, Xie Y, Chen Z, Zhang H, et al. Development of Potent
Type I Protein Arginine Methyltransferase (PRMT) Inhibitors of Leukemia
Cell Proliferation. J Med Chem (2017) 60(21):8888–905. doi: 10.1021/
acs.jmedchem.7b01134

105. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-Sloan
JS. CBTRUS Statistical Report: Primary Brain and Other Central Nervous
System Tumors Diagnosed in the United States in 2011-2015. Neuro Oncol
(2018) 20(suppl_4):iv1–iv86. doi: 10.1093/neuonc/noy131

106. Favia A, Salvatori L, Nanni S, Iwamoto-Stohl LK, Valente S, Mai A, et al. The
Protein Arginine Methyltransferases 1 and 5 Affect Myc Properties in
Glioblastoma Stem Cells. Sci Rep (2019) 9(1):15925. doi: 10.1038/s41598-
019-52291-6

107. Samuel SF, Barry A, Greenman J, Beltran-Alvarez P. Arginine Methylation:
The Promise of a 'Silver Bullet' for Brain Tumours? Amino Acids (2021) 53
(4):489–506. doi: 10.1007/s00726-020-02937-x

108. Bryant JP, Heiss J, Banasavadi-Siddegowda YK. Arginine Methylation in
Brain Tumors: Tumor Biology and Therapeutic Strategies. Cells (2021) 10
(1):124–45. doi: 10.3390/cells10010124

109. Simandi Z, Czipa E, Horvath A, Koszeghy A, Bordas C, Poliska S, et al.
PRMT1 and PRMT8 Regulate Retinoic Acid-Dependent Neuronal
Differentiation With Implications to Neuropathology. Stem Cells (2015) 33
(3):726–41. doi: 10.1002/stem.1894

110. Banasavadi-Siddegowda YK, Russell L, Frair E, Karkhanis VA, Relation T,
Yoo JY, et al. PRMT5-PTEN Molecular Pathway Regulates Senescence and
Self-Renewal of Primary Glioblastoma Neurosphere Cells. Oncogene (2017)
36(2):263–74. doi: 10.1038/onc.2016.199

111. Stein C, Notzold RR, Riedl S, Bouchard C, Bauer UM. The Arginine
Methyltransferase PRMT6 Cooperates With Polycomb Proteins in
Regulating HOXA Gene Expression. PloS One (2016) 11(2):e0148892. doi:
10.1371/journal.pone.0148892
Frontiers in Oncology | www.frontiersin.org 14
112. Reid BM, Permuth JB, Sellers TA. Epidemiology of Ovarian Cancer: A
Review. Cancer Biol Med (2017) 14(1):9–32. doi: 10.20892/j.issn.2095-
3941.2016.0084

113. Feng Q, Li X, Sun W, Sun M, Li Z, Sheng H, et al. Targeting G6PD Reverses
Paclitaxel Resistance in Ovarian Cancer by Suppressing GSTP1. Biochem
Pharmacol (2020) 178:114092. doi: 10.1016/j.bcp.2020.114092

114. Castellano I, Allia E, Accortanzo V, Vandone AM, Chiusa L, Arisio R, et al.
Androgen Receptor Expression is a Significant Prognostic Factor in Estrogen
Receptor Positive Breast Cancers. Breast Cancer Res Treat (2010) 124
(3):607–17. doi: 10.1007/s10549-010-0761-y

115. Park S, Koo JS, Kim MS, Park HS, Lee JS, Lee JS, et al. Androgen Receptor
Expression is Significantly Associated With Better Outcomes in Estrogen
Receptor-Positive Breast Cancers. Ann Oncol (2011) 22(8):1755–62. doi:
10.1093/annonc/mdq678

116. Wu X, Chen F, Sahin A, Albarracin C, Pei Z, Zou X, et al. Distinct Function
of Androgen Receptor Coactivator ARA70alpha and ARA70beta in
Mammary Gland Development, and in Breast Cancer. Breast Cancer Res
Treat (2011) 128(2):391–400. doi: 10.1007/s10549-010-1131-5

117. Hua S, Kallen CB, Dhar R, Baquero MT, Mason CE, Russell BA, et al.
Genomic Analysis of Estrogen Cascade Reveals Histone Variant H2A.Z
Associated With Breast Cancer Progression. Mol Syst Biol (2008) 4:188. doi:
10.1038/msb.2008.25

118. Lih CJ, Wei W, Cohen SN. Txr1: A Transcriptional Regulator of
Thrombospondin-1 That Modulates Cellular Sensitivity to Taxanes. Genes
Dev (2006) 20(15):2082–95. doi: 10.1101/gad.1441306

119. Abdel-Fatah TM, Russell R, Agarwal D, Moseley P, Abayomi MA, Perry C,
et al. DNA Polymerase Beta Deficiency is Linked to Aggressive Breast
Cancer: A Comprehensive Analysis of Gene Copy Number, mRNA and
Protein Expression in Multiple Cohorts. Mol Oncol (2014) 8(3):520–32. doi:
10.1016/j.molonc.2014.01.001

120. Morettin A, Baldwin RM, Cote J. Arginine Methyltransferases as Novel
Therapeutic Targets for Breast Cancer. Mutagenesis (2015) 30(2):177–89.
doi: 10.1093/mutage/geu039

121. Forner A, Reig M, Bruix J. Hepatocellular Carcinoma. Lancet (2018) 391
(10127):1301–14. doi: 10.1016/S0140-6736(18)30010-2

122. 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(2):112152. doi: 10.1016/
j.yexcr.2020.112152

123. Jiang H, Zhou Z, Jin S, Xu K, Zhang H, Xu J, et al. PRMT9 Promotes
Hepatocellular Carcinoma Invasion and Metastasis via Activating PI3K/Akt/
GSK-3beta/Snail Signaling. Cancer Sci (2018) 109(5):1414–27. doi: 10.1111/
cas.13598

124. Zhang B, Dong S, Li Z, Lu L, Zhang S, Chen X, et al. Targeting Protein
Arginine Methyltransferase 5 Inhibits Human Hepatocellular Carcinoma
Growth via the Downregulation of Beta-Catenin. J Transl Med (2015)
13:349. doi: 10.1186/s12967-015-0721-8

125. Wong TL, Ng KY, Tan KV, Chan LH, Zhou L, Che N, et al. CRAF
Methylation by PRMT6 Regulates Aerobic Glycolysis-Driven
Hepatocarcinogenesis via ERK-Dependent PKM2 Nuclear Relocalization
and Activation. Hepatology (2020) 71(4):1279–96. doi: 10.1002/hep.30923

126. Che N, Ng KY, Wong TL, Tong M, Kau PW, Chan LH, et al. PRMT6
Deficiency Induces Autophagy in Hostile Microenvironments of
Hepatocellular Carcinoma Tumors by Regulating BAG5-Associated
HSC70 Stability. Cancer Lett (2021) 501:247–62. doi: 10.1016/
j.canlet.2020.11.002

127. Lin JY, Fisher DE. Melanocyte Biology and Skin Pigmentation. Nature
(2007) 445(7130):843–50. doi: 10.1038/nature05660

128. Limm K, Ott C, Wallner S, Mueller DW, Oefner P, Hellerbrand C, et al.
Deregulation of Protein Methylation in Melanoma. Eur J Cancer (2013) 49
(6):1305–13. doi: 10.1016/j.ejca.2012.11.026

129. Li L, Zhang Z, Ma T, Huo R. PRMT1 Regulates Tumor Growth and
Metastasis of Human Melanoma via Targeting ALCAM. Mol Med Rep
(2016) 14(1):521–8. doi: 10.3892/mmr.2016.5273

130. Behrmann I, Wallner S, Komyod W, Heinrich PC, Schuierer M, Buettner R,
et al. Characterization of Methylthioadenosin, Phosphorylase (MTAP)
Expression in Malignant Melanoma. Am J Pathol (2003) 163(2):683–90.
doi: 10.1016/S0002-9440(10)63695-4
March 2022 | Volume 12 | Article 841381

https://doi.org/10.1016/j.bbagen.2010.06.004
https://doi.org/10.1016/j.bbagen.2010.06.004
https://doi.org/10.1634/theoncologist.4-1-34
https://doi.org/10.3390/ijms22158023
https://doi.org/10.3390/ijms221810065
https://doi.org/10.3390/ijms221810065
https://doi.org/10.1182/blood-2011-04-347476
https://doi.org/10.1038/ncb1642
https://doi.org/10.1016/j.ccell.2015.12.007
https://doi.org/10.1016/j.ccell.2015.12.007
https://doi.org/10.1182/blood.2019002457
https://doi.org/10.1038/leu.2015.308
https://doi.org/10.1093/nar/gkq896
https://doi.org/10.1021/acs.jmedchem.7b01134
https://doi.org/10.1021/acs.jmedchem.7b01134
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1038/s41598-019-52291-6
https://doi.org/10.1038/s41598-019-52291-6
https://doi.org/10.1007/s00726-020-02937-x
https://doi.org/10.3390/cells10010124
https://doi.org/10.1002/stem.1894
https://doi.org/10.1038/onc.2016.199
https://doi.org/10.1371/journal.pone.0148892
https://doi.org/10.20892/j.issn.2095-3941.2016.0084
https://doi.org/10.20892/j.issn.2095-3941.2016.0084
https://doi.org/10.1016/j.bcp.2020.114092
https://doi.org/10.1007/s10549-010-0761-y
https://doi.org/10.1093/annonc/mdq678
https://doi.org/10.1007/s10549-010-1131-5
https://doi.org/10.1038/msb.2008.25
https://doi.org/10.1101/gad.1441306
https://doi.org/10.1016/j.molonc.2014.01.001
https://doi.org/10.1093/mutage/geu039
https://doi.org/10.1016/S0140-6736(18)30010-2
https://doi.org/10.1016/j.yexcr.2020.112152
https://doi.org/10.1016/j.yexcr.2020.112152
https://doi.org/10.1111/cas.13598
https://doi.org/10.1111/cas.13598
https://doi.org/10.1186/s12967-015-0721-8
https://doi.org/10.1002/hep.30923
https://doi.org/10.1016/j.canlet.2020.11.002
https://doi.org/10.1016/j.canlet.2020.11.002
https://doi.org/10.1038/nature05660
https://doi.org/10.1016/j.ejca.2012.11.026
https://doi.org/10.3892/mmr.2016.5273
https://doi.org/10.1016/S0002-9440(10)63695-4
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. PRMT6
131. Eram MS, Shen Y, Szewczyk M, Wu H, Senisterra G, Li F, et al. A Potent,
Selective, and Cell-Active Inhibitor of Human Type I Protein Arginine
Methyltransferases. ACS Chem Biol (2016) 11(3):772–81. doi: 10.1021/
acschembio.5b00839

132. Mitchell LH, Drew AE, Ribich SA, Rioux N, Swinger KK, Jacques SL, et al.
Aryl Pyrazoles as Potent Inhibitors of Arginine Methyltransferases:
Identification of the First PRMT6 Tool Compound. ACS Med Chem Lett
(2015) 6(6):655–9. doi: 10.1021/acsmedchemlett.5b00071

133. Ferreira de Freitas R, Eram MS, Szewczyk MM, Steuber H, Smil D, Wu H, et al.
Discovery of a Potent Class I Protein Arginine Methyltransferase Fragment
Inhibitor. J Med Chem (2016) 59(3):1176–83. doi: 10.1021/acs.jmedchem.5b01772

134. Shen Y, Szewczyk MM, Eram MS, Smil D, Kaniskan HU, de Freitas RF, et al.
Discovery of a Potent, Selective, and Cell-Active Dual Inhibitor of Protein
Arginine Methyltransferase 4 and Protein Arginine Methyltransferase 6.
J Med Chem (2016) 59(19):9124–39. doi: 10.1021/acs.jmedchem.6b01033

135. Shen Y, Li F, Szewczyk MM, Halabelian L, Chau I, EramMS, et al. A First-In-
Class, Highly Selective and Cell-Active Allosteric Inhibitor of Protein
Arginine Methyltransferase 6. J Med Chem (2021) 64(7):3697–706. doi:
10.1021/acs.jmedchem.0c02160

136. Gong S, Maegawa S, Yang Y, Gopalakrishnan V, Zheng G, Cheng D.
Licochalcone A is a Natural Selective Inhibitor of Arginine Methyltransferase
6. Biochem J (2020) 478(2):389–406. doi: 10.1042/BCJ20200411

137. Wu H, Zheng W, Eram MS, Vhuiyan M, Dong A, Zeng H, et al. Structural
Basis of Arginine Asymmetrical Dimethylation by PRMT6. Biochem J (2016)
473(19):3049–63. doi: 10.1042/BCJ20160537

138. Bonnefond L, Stojko J, Mailliot J, Troffer-Charlier N, Cura V, Wurtz JM,
et al. Functional Insights From High Resolution Structures of Mouse Protein
Frontiers in Oncology | www.frontiersin.org 15
Arginine Methyltransferase 6. J Struct Biol (2015) 191(2):175–83. doi:
10.1016/j.jsb.2015.06.017

139. Goulet I, Gauvin G, Boisvenue S, Cote J. Alternative Splicing Yields Protein
Arginine Methyltransferase 1 Isoforms With Distinct Activity, Substrate
Specificity, and Subcellular Localization. J Biol Chem (2007) 282(45):33009–
21. doi: 10.1074/jbc.M704349200

140. Shen Y, Li F, Szewczyk MM, Halabelian L, Park KS, Chau I, et al. Discovery
of a First-In-Class Protein Arginine Methyltransferase 6 (PRMT6) Covalent
Inhibitor. J Med Chem (2020) 63(10):5477–87. doi: 10.1021/acs.jmedchem.
0c00406

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Gan, Wei, Zhang, Du, Xu and Zhao. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
March 2022 | Volume 12 | Article 841381

https://doi.org/10.1021/acschembio.5b00839
https://doi.org/10.1021/acschembio.5b00839
https://doi.org/10.1021/acsmedchemlett.5b00071
https://doi.org/10.1021/acs.jmedchem.5b01772
https://doi.org/10.1021/acs.jmedchem.6b01033
https://doi.org/10.1021/acs.jmedchem.0c02160
https://doi.org/10.1042/BCJ20200411
https://doi.org/10.1042/BCJ20160537
https://doi.org/10.1016/j.jsb.2015.06.017
https://doi.org/10.1074/jbc.M704349200
https://doi.org/10.1021/acs.jmedchem.0c00406
https://doi.org/10.1021/acs.jmedchem.0c00406
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Emerging Role of PRMT6 in Cancer
	Introduction
	Tumor Promoting Roles of PRMT6 in Cancers
	Endometrial Cancer
	Breast Cancer
	Prostate Cancer
	Lung Cancer
	Colorectal Cancer
	Osteosarcomas
	Bladder Cancer
	Gastric Cancer
	Cervical Cancer
	Rhabdomyosarcoma
	Others

	Tumor Suppressive Roles of PRMT6 in Cancers
	Ovarian Cancer
	Breast Cancer: Invasive Ductal Carcinoma
	Hepatocellular Carcinoma
	Prostate Cancer
	Melanoma

	PRMT6 Inhibitors
	Conclusions and Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




