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ABSTRACT
Epigenetic modulators play pivotal roles in directing gene expression for the maintenance of
normal cellular functions. However, when these modulators are aberrantly regulated, this can
result in a variety of disease states, including cancer. One class of epigenetic regulators, protein
arginine methyltransferases (PRMTs), have been shown to play critical roles in disease through
methylation of arginine residues (R) on histone or non-histone proteins. Quite different from
PRMTs, microRNAs (miRNAs) belong to the family of modulators known as noncoding RNAs
(ncRNA) that act to regulate gene expression via RNA-mediated gene silencing. Importantly,
miRNAs are frequently dysregulated and contribute to the progression of cancer and other
conditions, including neurological and cardiovascular diseases. Recently, numerous studies have
shown that miRNAs and other epigenetic enzymes can co-regulate each other. This review
highlights multiple nodes of interaction between miRNAs and PRMTs and also discusses how
this interplay might open up promising opportunities for drug development for the treatment of
cancer and other diseases.
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I. Introduction

It is widely appreciated that disruption of pro-
cesses governed by epigenetic factors can alter
gene function, leading to malignant cellular trans-
formation and a host of other disease states.
Protein arginine methylation is an important type
of post-translational modification (PTM) mediated
by PRMTs and is commonly associated with nor-
mal cellular processes including DNA repair, cell
cyle regulation, transcription, mRNA splicing and
signal transduction. Given these important roles, it
is unsurprising that frequent dysregulation of this
PTM is linked to the initiation and progression of
cancer, cardiovascular and neurological dysfunc-
tion, among other diseases [1–3].

PRMTs catalyze the transfer of a methyl group
from S-adenosylmethionine (SAM) to arginine’s gua-
nidino group [4] and are structurally and functionally
conserved from yeast to human [5]. Briefly, the mam-
malian PRMT family can be categorized as type I-III
that contain 9 members according to their methyl-
arginine products. Type I enzymes (PRMT1-4,
PRMT6 and PRMT8) catalyze the formation of ω-
NG-monomethylarginine (MMA), ω-NG, and NG-

asymmetric dimethylarginine (ADMA), while type II
(PRMT5, PRMT7, PRMT9) enzymes catalyze the for-
mation of ω-MMA, ω-NG, and N’G-symmetric
dimethylarginine (SDMA) [6]. The type III enzyme
(PRMT7) only catalyzes the formation of ω-MMA
[7,8]. The catalytic process of each type of PRMT is
summarized in Figure 1 [9]. Importantly, methylation
of many protein substrates catalyzed by PRMTs has
been linked to multiple cancer processes such as
initiation, progression, and metastasis [10].
Additionally, as summarized by Yang et al, altered
expression of several PRMTs has been linked to can-
cers, including PRMT1, 2, 3 and 5 which were over-
expressed in breast cancer, leukaemia, lung cancer,
and colorectal cancer compared with normal
cells [11].

Quite different from PRMTs, miRNAs consti-
tute another important class of regulators that play
critical roles in various biological processes.
miRNAs, 20–23 nucleotide small noncoding
RNAs, act by regulating mRNA expression of tar-
geted genes via translational repression or degra-
dation. The biogenesis of miRNA is a well-known
stepwise process described in Figure 2 [12]. Briefly,
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in the nucleus, miRNAs are initially transcribed by
RNA polymerase II as primary-miRNAs (pri-
miRNAs), which can be several hundreds of
nucleotides in length. Second, after cutting the 5ʹ-
cap and 3ʹ-A tailing of pri-miRNAs by a nuclear
RNase III (Drosha), pri-miRNAs turn into the
precursor miRNA (pre-miRNA). Third, the expor-
tin-5 (Exp5) protein helps export pre-miRNA
from the nucleus to the cytoplasm. In the cyto-
plasm, RNase III Dicer cleaves pre-miRNA and
produces a miRNA/miRNA* duplex (miRNA*
represents the carrier miRNA which can be even-
tually degraded). The RNA-induced silencing
complex (RISC) eventually produces one mature
miRNA that inhibits targeted mRNA expression
by binding its 3ʹ-UTR or degrading targeted

mRNA [13]. Like PRMTs, miRNAs are also fre-
quently implicated in playing a role in diseases
such as cancer. For instance, miRNAs have been
shown to influence cancer cell proliferation, inva-
sion, migration, apoptosis, and cell cycle regula-
tion [14,15]. Consequently, miRNAs have emerged
as useful as important disease biomarkers [13].

Lately, numerous studies have shown that there
is a functional cooperativity between miRNAs and
various epigenetic enzymes, including DNA
methyltransferases, histone deacetylases and more
recently, PRMTs [16]. Importantly, this mutual
regulation results in coordinated control of several
aspects of disease progression including abnormal
gene expression, cell migration, invasion, cell
stemness maintenance, among others [17]. Here,
we emphasize multiple mechanisms of interaction
between miRNAs and PRMTs with a specific focus
on two main mechanisms of co-regulation. On one
hand, miRNAs can be regulated by PRMTs via
methylation of histones (e.g. H4R3, H3R8) in the
promoters that suppress miRNA transcription as
well as direct methylation of proteins of the
miRNA processing machinery. On the other
hand, PRMTs themselves are also subject to reg-
ulation by miRNAs at multiple levels, including
targeting the 3‘-untranslated regions (3ʹ-UTRs) of
various PRMTs for degradation or indirectly via
silencing of proteins of the PRMT interactome
(Figure 3). Finally, we review potential opportu-
nities that the interplay between PRMTs and
miRNAs may present for drug development for
the treatment of cancer and other diseases and
suggest some pertinent questions that remain to
be answered.

II. Interplay between PRMTs and miRNAs

1. Multi-layered regulation of miRNAs by PRMTs
in solid tumors and hematological malignancies

Although the number of reported deregulated
miRNAs in cancer is rapidly expanding, the
underlying mechanisms of aberrant miRNA
expression are still poorly studied. Fortunately,
knowledge regarding the multi-layered relation-
ship between PRMTs and miRNAs has shed
important light on some of these mechanisms,
thus presenting new avenues for controlling

Figure 1. Types of arginine protein methylation.
Types I, II, and III protein arginine methyltransferases (PRMTs)
produce monomethylated arginine (MMA) on a guanidino
nitrogen atom using S-adenosyl-L-methionine (SAM) as
a methyl donor. After the reaction, S-adenosyl-L-homocysteine
(SAH) is released, and the formation of asymmetric dimethy-
lated arginine (ADMA) is catalyzed by Type I PRMTs (PRMT1-4,
6, and 8), whereas symmetric dimethylated arginine (SDMA) is
catalyzed by Type II enzymes (PRMT5, 7, 9). Additionally, PRMT7
functions as a Type III enzyme. Type III enzymes monomethy-
late instead of dimethylating the arginine residues on the
protein substrates. This figure is adapted from [9].
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aberrant miRNA regulation. Here, we discuss
some of the most up-to-date findings regarding
the regulation of miRNAs by PRMTs, whether
directly via methylation of histones associated
with miRNA promoters or indirectly by methyla-
tion of proteins involved in miRNA processing.
Additionally, we will highlight another level of
cooperativity between PRMTs and other epige-
netic regulators at the promoters of miRNAs.

Methylation of histones that suppress miRNA
transcription
It is widely appreciated thatmiRNAs contribute to the
pathogenesis of cancer via the misregulated control of
gene expression. However, the mechanisms underly-
ing dysregulation of miRNA genes themselves
remains to be fully understood. To date, several cor-
relative reports suggest that certain miRNA genes are
frequently silenced by aberrant histone modifications
in their promoter regions, particularly histone

arginine methylation. Importantly, these methylation
events may promote cancer progression due to the
subsequent accumulation of certain oncogenic mole-
cules normally targeted by these miRNAs. Here, we
discuss current evidence of PRMT-catalyzed silencing
of miRNAs and how this in turn contributes to tumor
initiation and progression in solid tumors and hema-
tological malignancies.

Targhat et al first reported a tumor-promoting role
for PRMT5-mediated symmetric dimethylation of
H4R3 (H4R3me2s) in the regulation of miRNA
expression in acute myeloid leukemia (AML). The
authors demonstrated that H4R3me2s within the pro-
moter region of the miR-29b correlated with its sup-
pressed expression (Table 1). This in turn led to the
activation of Fms-like tyrosine kinase 3 (FLT3) tran-
scription and enhanced cell survival and growth of
AML cell lines [18]. In contrast, PRMT4-mediated
suppression of miR-223 transcription had the oppo-
site effect by hamperingmyeloid differentiation (Table
1). Another study by Bueno et al. showed that

Figure 2. Model for miRNAs biogenesis.
The biogenesis of miRNAs occurs through 6 general steps [1]. Transcription: miRNA genes are initially transcribed by RNA
polymerase II (Pol II) as primary-miRNAs (pri-miRNAs) transcripts (hundreds of nucleotides), which has an imperfectly double-
strand region with a hairpin structure where miRNA sequences are embedded [2]. Cleavage and A tailing: A nuclear RNase III
named Drosha cleaves the stem-loop of pri-miRNAs to generate the precursor miRNAs (pre-miRNAs, about 60 nucleotides) [3].
Export: pre-miRNAs are exported from the nucleus to the cytoplasm by Exportin-5 [4]. Dicing: Dicer cleaves pre-miRNAs and
generates a miRNA/miRNA* duplex (about 20 nucleotides) in the cytoplasm. The miRNA/miRNA* duplex is made up of a biologically
active strand called miRNA, which is usually converted into a mature RNA, and an inactive form called miRNA*, which is a “carrier”
miRNA that is usually degraded during processing into a mature RNA [5]. Production of mature miRNAs: The miRNA/miRNA*
duplex is incorporated in the RNA-induced silencing complex (RISC) which acts to load and unwind genes [6]. Targeting of mRNAs:
One miRNA strand (miRNA*) degrades and the other mature strand (miRNA) guides RISC complex to target mRNAs in order to inhibit
their expression [9]. This figure is adapted from [13].
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epigenetic silencing of miR-203 enhanced the expres-
sionof BCR-ABL1, awell-known fusion gene involved
in the progression of chronic myelogenous leukemia
(CML) [19]. Importantly, a possible mechanistic link
between histone methylation-mediated silencing of
the miR-203 and upregulation BCR-ABL1 expression
was later established by Yanli Jin et al. This group
reported a mutual positive feedback loop between
PRMT5 and BCR-ABL1 in which PRMT5 depletion
led to decreased levels of H3R8me2s and H4R3me2s
within the miR-203 promoter region, thus in turn,
increased miR-203 expression, leading to reduced
BCR-ABL1 gene transcription [20]. This study reveals
yet another complex node in themulti-layered regula-
tion of miRNAs by PRMTs via concerted de-
repression and thus upregulation of critical oncogenes
such as BCR-ABL1.

Another pertinent example is the recent identi-
fication of PRMT5 as an important regulator of
the miR-99 family/fibroblast growth factor recep-
tor 3 (FGFR3) signaling axis in lung cancer.
Specifically, these findings demonstrated that
enrichment of H4R3me2s at the promoter of
miR-99b led to its repressed transcription which
in turn increased FGFR3 expression and activation
of the Erk1/2/Akt pathway. The net effect of this
regulation was the increase of cell growth and
metastasis of lung cancer cells. Conversely, loss of
PRMT5 inhibited lung cancer progression via
inhibiting methylation-mediated silencing of the
miR-99 family of ncRNAs [27].

Taken together, these findings point to the det-
rimental consequences of disrupting miRNAs’
tumor-suppressive functions through arginine

Figure 3. Mechanisms of interaction between miRNAs and PRMTs.
Multiple mechanisms of interaction between miRNAs and PRMTs including, a. Regulation of miRNAs by PRMTs in which histones in
the promoter regions of miRNAs are methylated such as H3R8me2s, H4R3me2s, etc. resulting in transcriptional silencing of these
miRNAs; b. Regulation of PRMTs by miRNAs involves targeting of 3ʹ-UTRs of PRMTs for degradation, ultimately blocking translation of
the PRMT protein; c. Example of the reciprocal interplay between PRMTs and miRNAs at multiple levels in normal and cancerous
states: during physiologically normal conditions, (I) miRNAs target PRMTs at their 3ʹ-UTRs for degradation, keeping their levels in
check. However, in cancer, decrease of miRNA levels via epigenetic mechanisms including (II) PRMT-catalyzed methylation of
histones at the promoters of miRNAs can act to silence these same miRNAs. (III) Additionally, PRMTs can methylate proteins of the
miRNA processing machinery such as Drosha, which results in deregulation of miRNA biogenesis. Furthermore, another level of
complexity is introduced when (IV) certain regulatory loops involve other epigenetic components such as HDACs which can form
repressive complexes to further suppress miRNA expression. The net effect is upregulation of PRMTs that promote cancer processes.
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methylation-mediated histones silencing asso-
ciated with miRNAs’ promoters.

Regulation of miRNA protein machinery by
arginine methylation
As outlined in Figure 2, the miRNA biogenesis path-
way is a multistep, finely-tuned process mediated by
various complexed proteins at each step. Importantly,
alteration of overall levels or activity of these proteins
has been linked to the development of a variety of
pathologies, including cancer due to the resultant
changes in global miRNA levels. For example,
increased or decreased expression of Drosha and
Dicer has been shown to inversely correlate with
advanced tumor stages and poor patient outcome.
However, a recent study highlights yet another impor-
tant mechanism of regulation of miRNA biogenesis
machinery via arginine methylation. Bonaldi et. al
demonstrated that 70% of Large Drosha Complex
(LDC) proteins were extensively methylated on
approximately 82 distinct sites, of which 61 occurred
on arginine sites [28]. Moreover, the study revealed
that pharmacological blockade of PRMT1 activity
resulted in widespread alteration of the arginine
methylation state of the complex including proteins
such as interleukin enhancer binding factor 3 (ILF3),
thus impairing the pri-to-pre-miRNAprocessing step.
This in turn led to a global decrease ofmiRNA expres-
sion [28]. Overall, this study suggests an important
role for arginine methylation in modulating the inter-
action of LDC components with pri-miRNAs, thus
uncovering another aspect of the complex, multi-
layered regulation of miRNA expression by PRMTs
at the level of biogenesis. This study suggests the
potential for a novel therapeutic avenue for cancer
treatment via modulation of aberrant miRNA expres-
sion using PRMTs inhibitors. Further investigation
into the existence of arginine methylation of other
miRNA biogenesismachinery components frequently
dysregulated in cancer such as Dicer, is warranted.

PRMTs cooperate with other epigenetic regulators
at the promoters of miRNAs
The cooperation between various epigenetic
enzymes such as histone methyltransferases and
deacetylases in the establishment of specific gene
expression signatures is frequently observed

(Figure 3). Interestingly, it has also been demon-
strated that genes encoding for miRNAs undergo
a similar regulatory process in the context of cancer.
For example, in a model of Epstein-Barr virus
(EBV)–induced B-cell lymphomagenesis, Alinari
et al. demonstrated that the expression of PRMT5
was associated with a malignant phenotype in which
PRMT5 inhibited miR-96 transcription by forming
a PRMT5/p65/histone deacetylase 3(HDAC3)-
repressive complex at the miR-96 promoter, there-
fore inhibiting miR-96 expression. Logically, when
a PRMT5 specific inhibitor was applied, it blocked
the recruitment of this repressive complex to miR-
96 promoter, and thus restored miR-96 expression
[29]. Intriguingly, in a reciprocal manner, another
study previously demonstrated that overexpressed
miR-96 and miR-92b could repress PRMT5 levels
whereas downregulation of these miRNAs enhanced
PRMT5 mRNA in various B cell lymphoma types
[30]. These studies arguably suggest a putative nega-
tive feedback loop in which PRMT5 promotes its
own expression through direct blockade of specific
miRNA programs. Collectively, these findings
depict an important yet frequently observed mutual
interplay in which miRNAs and PRMTs coordi-
nately regulate each other to maintain cancerous
phenotypes.

2. Targeting of 3ʹ-UTRs of PRMTs for
degradation or via blocking translation initiation

Over the past decade, advanced technologies such
as high-throughput deep sequencing and compu-
tational analyses, have facilitated the discovery of
thousands of genes as potential miRNA targets,
among which, various epigenetic enzymes consti-
tute an important class of targets. Unfortunately,
the discovery of PRMTs as bona fide miRNA
targets still lags given the relative paucity of
reports on PRMTs whose expression are in turn
regulated by miRNAs. Nonetheless, we delineate
some of the contextual published reports on the
regulation of PRMTs by miRNAs, with specific
emphasis on where and how these histone methyl-
transferases form networks with miRNAs in var-
ious cancer types as well as cardiovascular,
neurological, and inflammatory conditions. We
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will also highlight the importance of the reciprocal
regulation between PRMTs and miRNAs.

Cancer
At the molecular level, evidence has been provided
for a role of miRNA-mediated targeting of PRMTs
in cancer. For instance, Sif and colleagues reported
an interplay between PRMT5 and miR-92 or miR-
96 in various lymphomas (eg. mantle cell lym-
phoma (MCL)), in which overexpression of miR-
92b or miR-96 inhibited the translation of PRMT5
by binding to the 3ʹ-UTR of its mRNA in vivo and
in vitro [30]. Furthermore, in B-CLL cell lines,
electroportation of PRMT5-specific miRNAs
(miR-19a, miR-25, miR-32, miR-92b, and miR-
96) reduced the protein expression of PRMT5,
further inhibiting cancer cell proliferation [31].
In terms of the regulation of PRMT5 in solid
tumors, miR-4518 was found to target the 3ʹ-
UTR region of PRMT5 and negatively regulate its
expression in normal cells, whereas in their cancer
counterparts, the lncRNA SNHG16 was found to
function as an oncogene by sponging miR-4518,
thus leading to the upregulation of PRMT5 expres-
sion in glioma cells [32].

Another arginine methyltransferase, namely
PRMT9, has also garnered much attention in
terms of the functional networks it forms with
several miRNAs as well as other transcription fac-
tors. For example, Zhang et al showed that the
levels of miR-543 were significantly increased and
inversely correlated with PRMT9 levels in ostoe-
carcoma (OS) cells. Moreover, mechanistically,

miR-543 was shown to target the 3ʹ-UTR of
PRMT9 mRNA to inhibit its translation, thus
hampering PRMT9-enhanced cell oxidative phos-
phorylation to promote OS cell proliferation. On
the other hand, miR-543 depletion promoted
PRMT9-mediated hypoxia-inducible factor −1α
(HIF-1α) instability, which in turn inhibited gly-
colysis. Overall, these findings represent
a potential new therapeutic strategy to impede
OS cell proliferation via targeting the miR-543/
PRMT9/HIF-1α axis [33]. Meanwhile, another
study revealed a novel miR-621/PRMT9/p53 axis
in which overexpression of miR-621, a miRNA
that also targets PRMT9 3ʹ-UTR, enhanced p53
activity, leading to increased apoptosis of breast
cancer cells exposed to paclitaxel plus carboplatin
chemotherapeutics (Table 1) [34]. Furthermore,
Ma et al. showed that not only did PRMT9 over-
expression play a positive role in disease progres-
sion in hepatocellular carcinoma (HCC) patients,
but also miR-26a could directly target the 3ʹ-UTR
region of PRMT9 to suppress its expression in
HCC cells [35].

Other PRMTs such as PRMT1 and 4 have also
been reported as being regulated by miRNAs. For
instance, Li et al. suggested that miR-503 and
PRMT1 had antagonistic effect with each other
in clinical HCC samples. Particularly, overexpres-
sion of miR-503 could significantly inhibit the
invasion and migration of HCC cells as well as
repress epithelial-mesenchymal transition (EMT)
by targeting the 3ʹ-UTR region of PRMT1 [36].
Similarly, another study reported that ectopic

Table 1. List of known interplay between PRMTs and miRNAs in cancer.
PRMTs miRNAs Cancers involved Cell line discovered References

PRMT1 miR-503 Hepatoma HepG2 cells [36]
PRMT4 miR-223 Acute myeloid leukemia (AML) Patient blood samples [21]

miR-195-5p Colorectal cancer (CRC) HCT-15, SW480 cells [37]
miR-195-5p CRC HCT-116, HT-29 cells [38]

PRMT5 miR-92b, 96 Mantle cell lymphoma (MCL) Human tonsil transformed lymphoid cells [30]
miR-19a, 25, 32, 92,
92b, 96

Transformed B-cell chronic lymphocytic leukemia
(B-CLL)

WaC3CD5, Mec1, Mec2 cells [31]

miR-29b AML MV4-11, THP-1 cells [18]
miR-203 Chronic myelogenous leukemia (CML) KBM5, KBM5-T315I, K562 cells [20]
miR-4518 Glioma U251, H4, SW1783, LN229 cells [32]
miR-99a-5p, 99b-5p,
100-5p

Lung cancer A549, H1299, H345, H446, H520, H460, H358
cells

[27]

miR96 Epstein-Barr virus (EBV) -driven lymphoma Lymphoma-derived lymphoblastoid cells [29]
PRMT9 miR-21 Melanoma, prostate cancer, glioblastoma MT330, SJ-G2, B16, DU145 cells [22]

miR-621 Breast cancer MCF-7, MDA-MB-231, ZR-75–1 cells [34]
miR-543 Osteosarcoma (OS) Saos2, MNNG/HOS, U2OS, MG63 cells [33]
miR-26a-5p Hepatoma HepG2, MHCC97H, HCCLM3 cells [35]
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expression of miRNA-195-5p decreased the
expression of endogenous PRMT4 protein in col-
orectal cancer (CRC) cells, resulting in a sharp
reduction of their proliferative and colony-
formative capabilities [37]. Additionally, Zheng
et al reported that ectopic expression of miR-195
enhanced the radiosensitivity and reduced cell
colonies number by suppressing PRMT4 in HCT-
116 and HT-29 CRC cells when compared with
normal control cells that were treated with radio-
therapy [38]. In summary, these findings suggest
a highly complicated network of reciprocal inter-
connections between miRNAs and PRMTs.

Cardiovascular diseases
Recently, there is increasing evidence that miRNAs
may have clinical utility as diagnostic biomarkers
for several cardiovascular disorders [39].
Furthermore, several reports point to a role for
miRNAs in the regulation of PRMTs in this con-
text. One primary example is a regulatory loop
formed by miR-15a and PRMT4. In this study,
Liu et al. reported that in the pathogenesis of
acute coronary syndrome (ACS), both mRNA
and protein levels of PRMT4 were found to be
elevated in the peripheral blood mononuclear
cells (PBMCs) of ACS patients whereas miR-15a
levels were coordinately decreased. Moreover, the
expression of PRMT4 itself was further negatively
regulated by miR-15a through its binding to the
3ʹ-UTR of PRMT4. Importantly, PRMT4 was
shown to co-activate NF-κB-dependent chemo-
kines such as interferon-inducible protein-10 (IP-
10), monocyte chemoattractant protein 1 (MCP-
1), and interleukin-8 (IL-8) (Table 2) [40]. Overall,
this report represents another example of the
multi-layered regulation of PRMTs by miRNAs

that involves cooperation with transcription fac-
tors such as NF-κB and subsequent activation of
certain pro-inflammatory gene signatures, albeit
these findings require further validation in animal
models and large-scale patient cohorts.

Neurological conditions
Altered expression of both miRNAs and PRMTs in
neurodegenerative diseases suggests these modula-
tors could have a potentially crucial regulatory role
in these disorders. However, there are currently no
known reports of the cooperativity between the
two in this context. Nonetheless, the impact of
these alterations along with other mechanisms on
gene expression is likely to contribute to transcrip-
tional dysregulation in the degenerative brain.
Hence, an understanding of the interplay between
miRNAs and PRMT5 in normal neuronal devel-
opment processes is paramount to understanding
how changes in this interconnection could influ-
ence pathogenesis. We will highlight a few exam-
ples related to PRMT4 in the context of neuronal
lineages.

Selvi et al recently demonstrated that
H3R17me2a mediated by PRMT4 is required for
both the establishment and the maintenance of the
astroglial population. Moreover, they further
reported that absence of H3R17me2a downregu-
lated miR-92a levels, which was previously known
to participate in neural development. Interestingly,
H3R17me2a enhanced the binding of the Nanog
protein to miR-92 promoter, contributing to the
maintenance of normal gene expression programs
affecting the glial lineage. However, once PRMT4
was inhibited, Nanog binding to the miR-92 pro-
moter was decreased, resulting in abnormal gene
expression and altered glial lineage (Table 2)[41].

Table 2. List of known interplay between PRMTs and miRNAs in other conditions.
PRMTs miRNAs Conditions involved Cell line discovered References

PRMT1 let-7 Development in C. elegans Worm [23]
miR-19a Asthma Human airway smooth muscle

cells
[43]

PRMT3 aae-miR-2940 Replication of bacteria Wolbachia in mosquito Mosquito Aag2 cells [24]
PRMT4 Myogenic microRNAs Muscle development and differentiation Mouse NIH 3T3 cells [45]

miR-181 family Human embryonic stem cells (hESC) differentiation hESC X-01 cells (Lab made) [25,44]
miR92a Neuronal development hESC BG01V cells [41]
miR-15a Acute coronary syndrome Patient peripheral blood [40]

PRMT7 miR-24-3p and miR-24–2-5p Mouse embryonic stem cells (mESC) self-renewal and
pluripotency

mESC V6.5 cells [7]

miR-221 mESC differentiation mESC V6.5, R1 cells [26]

1682 J. JIN ET AL.



Although this study provides evidence regarding
the interplay between PRMTs and miRNAs in
various neuronal lineages, emerging insights into
how imbalances in the levels of either could result
in catastrophic degenerative outcomes, are
necessary.

Inflammatory conditions
Inflammatorymechanisms are closely related tomany
diseases, including cancer, neurodegeneration,
respiratory illnesses, among others. Importantly,
miRNAs are key regulators of the immune response
and affect many aspects of immune cells such as
differentiation, proliferation, and release of inflamma-
tory mediators [42].

For instance, during the pathogenesis of asthma, in
which dysregulation of airway smooth muscle cells
(ASMCs) plays a critical role, miR-19a was shown to
be significantly down-regulated in ASMCs isolated
from asthmatic patients. This study revealed that
reduced miR-19a expression upregulated the expres-
sion of PRMT1 and several other important inflam-
matory signaling mediators such as extracellular
signal-regulated kinases 1/2 (ERK1/2), mitogen-
activated protein kinases (MAPKs), signal transducer
and activator of transcription 1 (STAT1) to form
a novel ERK1/2-MAPK-STAT1-PRMT1 axis. The
net result was enhanced ASMC cell proliferation and
migration, suggesting that PRMT1 could potentially
be an attractive target to limit airway wall remodeling
in ASMCs with constitutively increased levels of
PRMT1 expression in asthmatic patients (Table
2) [43].

Collectively, the above study suggests that the func-
tional cooperation betweenPRMT1andmiRNAsmay
potentially play a significant role in the activation and
maintenance of pro-inflammatory signaling path-
ways. However, considering the inadequacy of reports
in this field, more experimental evidence of the role
that other PRMTs andmiRNAs play in the pathogen-
esis of inflammatory diseases need to be forthcoming.

3. Other gene programs influenced by reciprocal
interplay between PRMTs and miRNAs

In addition to the findings summarized above, several
recent reports also implicate the interplay between
PRMTs and miRNAs in other cell type specific gene
programs. For example, several studies about the co-

regulation between PRMTs and miRNAs and their
functional importance in human and mouse embryo-
nic stem cell (hESCs and mESCs, respectively) have
been described. Briefly, PRMT4 was found to upregu-
late the expression of pluripotency genes and induce
differentiation in hESCs X-01 cells, a process that
could be mitigated by miR-181c-mediated repression
of PRMT4 via 3ʹ-UTR targeting [44]. InmESCs how-
ever, PRMT7 was reported to be involved in the self-
renewal and pluripotency gene programs in which
a feedback loop between PRMT7 and miR-24–2 was
identified [7]. Specifically, miR-24-3p and miR-
24–2-5p, both derived from the same precursor,
miR-24–2, were found to target the 3ʹ-UTRs of
PRMT7. Conversely, PRMT7 epigenetically repressed
the expression of miR-24-3p and miR-24–2-5p by
symmetrically dimethylating H4R3, thus maintaining
the “stemness” of mESCs [7].

PRMT-miRNA interactions have also been impli-
cated in muscle development and differentiation
which involves co-regulation of the expression of cer-
tain “myogenic miRNAs”. Both PRMT4 and 5 were
found to be required for myogenic miRNA induction
during muscle differentiation where PRMT4 was
found to regulate myogenic miRNAs via
H3R17me2a marks at upstream regulatory miRNA
sequences, a process that requires the recruitment of
myogenin and the switch/sucrose non-fermentable
(SWI/SNF) complex. PRMT5 however, was found to
play a more indirect role via regulation of myogenin
expression [45]. In summary, these studies once again
highlight the importance of the cooperation of PRMTs
with other factors to induce the activation of cell-
specific miRNA programs.

III. Therapeutic implications of the
coordinated actions between PRMTs AND
miRNAs

Although other aspects of the complex layers of the
interplay between miRNAs and PRMTs and their
coordinated control of gene expression have yet to
be fully elucidated, it is clear that this interplay is an
essential event in several pathological processes, espe-
cially cancer. As such, the cooperation between
miRNAs and PRMTs represents a promising area for
novel therapeutic interventions in these related
diseases.
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Currently, the existence of several epigenetic-
based agents has been solely based on the knowledge
of their regulation of conventional protein-coding
genes. Furthermore, such therapies inhibit epige-
netic modulators that work globally, resulting in
unintended changes in gene expression that could
potentially further aid cancer progression. In fact,
very few inhibitors against PRMTs have made it to
the clinical phase stage and none have been US Food
and Drug Administration (FDA)-approved due to
their off-target effects. In this respect, the advent of
epigenomic editing to alter locus-specific chromatin
structure is likely to become a critical approach for
developing effective therapies and has the potential
to be the next breakthrough in cancer treatment.
Hence, with the knowledge of PRMTs that specifi-
cally target the promoter regions of miRNAs, one
could theoretically devise clustered regularly inter-
spaced short palindromic repeats (CRISPR)-dCas9-
based editing agents that selectively alter these
locus-specific PRMTs and in turn, the correspond-
ing PRMT-catalyzed marks. The ideal result would
be targeted restoration or repression of miRNAs
with known tumor suppressive or oncogenic func-
tions, respectively.

Additionally, although still in its infancy, efforts to
utilize miRNA mimics and inhibitors as adjunctive
therapeutic approaches via controlling expression of
cancer-related genes, including PRMTs, represent
another promising therapeutic approach. Moreover,
given the important feedback circuitries between
miRNAs and PRMTs, from a clinical standpoint,
a correlative assessment of circulating miRNAs and
methylated histones has the potential to be a useful
diagnostic and prognostic tool. This could also be
potentially applied to monitoring patient response as
well as the development of drug resistance to standard
treatment regimens.

IV. Conclusions

The evidence discussed in this review indicates
a strong interplay between miRNAs and PRMTs in
the context of cancer and other diseases. Not only are
miRNAs epigenetically silenced by PRMT-catalyzed
histone methylation, but many of these miRNAs are
involved in regulatory circuits that lead to miRNA-
mediated targeted post-transcriptional silencing of the

very PRMTs that regulate them. Moreover, the dis-
covery that these miRNA/PRMT circuits can also
involve transcription factors or other effectors of the
epigenetic machinery introduces new layers of com-
plexity in the gene regulation pertinent to the main-
tenance of various disease states. Therefore, an
important question under current investigation is
whether similar indirect targeting of PRMTs by
miRNA via 3ʹ-UTR-mediated degradation of other
PRMT co-regulators and/or transcriptional activators
occur. Furthermore, are there any transcription fac-
tors cooperating with PRMTs to co-regulate the
expression of miRNAs? Are there specific stimuli
that act to disrupt this tightly controlled interplay?
And if so, how do these disruptions exert
a combinatorial effect in pathogenesis? This series of
questions all necessitate more studies in the future.
Moreover, considering the reversible nature ofmethy-
lation, it will also be critical to further investigate, to
what extent, protein arginine demethylation occurs in
this context and whether there is a balance between
methylation and demethylation in the regulation of
miRNAs by PRMTs. A better understanding of these
mechanisms and of the intertwined relationship
between miRNAs, epigenetic regulators and other
effectors of gene transcription is imperative for devis-
ing the most effective therapeutics.

In conclusion, we anticipate that more miRNA-
based therapies will be developed in the near future
for the treatment of cancer, cardiovascular, neurode-
generative, and inflammatory, diseases. Until then,
continuous efforts should be made to address the
above-mentioned questions which will help us to
understand the functional cooperation between
PRMTs and miRNAs at a much deeper level.
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