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MicroRNAs (miRNAs) are small noncoding RNAs,

approximately 18–25 nucleotides in length, now recognized as

one of the major regulatory gene families in eukaryotes. Recent

advances have been made in understanding the complicated

roles of miRNAs in epigenetic regulation. miRNAs, as

epigenetic modulators, affect the protein levels of the target

mRNAs without modifying the gene sequences. Moreover,

miRNAs can also be regulated by epigenetic modifications,

including DNA methylation, RNA modification, and histone

modifications. The reciprocal actions of miRNAs and

epigenetic pathway appear to form a miRNA-epigenetic

feedback loop and have an extensive influence on gene

expression proliferation. The dysregulation of the miRNA-

epigenetic feedback loop interferes with the physiological and

pathological processes and contributes to variety of diseases.

In this review, we focus on the reciprocal interconnection of

miRNAs in epigenetic regulation, with the aim of offering new

insights into the epigenetic regulatory mechanism that can be

used to combat diseases.
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Introduction
Epigenetics involves heritable changes in gene expres-

sion or cellular phenotype without changing the underly-

ing DNA sequence. Epigenetics encompasses DNA

methylation, chromatin variation, and noncoding RNAs,

particularly miRNAs [1,2]. miRNAs are 18–25 nucleo-

tides noncoding RNAs that post-transcriptionally regu-

late gene expression. miRNAs are involved in RNA

interference (RNAi) machinery by binding to the

untranslated regions (UTRs) of mRNA to suppress
www.sciencedirect.com 
protein translation or decay mRNA [3]. It has been

reported that each miRNA targets hundreds of mRNAs

[4��]. More than 30% of human genes are thought to be

the targeted of miRNAs, which means miRNAs have a

global impact on transcriptomes and proteomes of eukar-

yotes [5,6]. miRNAs can act as epigenetic modulators by

targeting key enzymes responsible for epigenetic reac-

tions such as DNA methyltransferases (DNMTs), histone

deacetylases (HDACs) and histone methyltransferases

(EZH) [7–9]. Moreover, the expression of miRNAs is

also regulated by epigenetic machinery, including DNA

methylation, RNA modification and histone modification.

The reciprocity relationship between miRNAs and epi-

genetic regulation forms the miRNA-epigenetic feed-

back loop (Figure 1). The modulation of miRNA-epige-

netic feedback loop and its cellular function has emerged

as a novel mechanism of regulating cell process, including

cell proliferation [10�], apoptosis [11], and differentiation

[12]. Further understanding of the dysregulation of

miRNA-epigenetic feedback loop and its mechanism

during the development of different diseases has great

potential to lead to the discovery of novel therapeutic

targets of strategies for these disorders.

The biogenesis and RNAi mechanism of
miRNAs
The biogenesis of miRNAs is initiated by RNA poly-

merase II, which transcribes miRNA genes as long,

capped, polyadenylated RNA molecules named primary

miRNAs (pri-miRNAs) (Figure 2) [3]. Pri-miRNAs are

recognized by a microprocessor complex that contains

the RNA-specific ribonuclease Drosha and its binding

protein, DGCR8, in the nucleus. This complex cleaves

the pri-miRNAs into hairpin RNAs of 60–100 nt, known

as precursor miRNAs (pre-miRNAs) [13]. The pre-miR-

NAs are transported from the nucleus to the cytoplasm

by the Exportin-5 transporter [14]. Once into the cyto-

plasm, the pre-miRNAs are processed by the RNase III

endonuclease Dicer into a form of 18–25 nucleotides

double strand RNA [15,16]. The duplex is loaded into

the RNA-induced silencing complex (RISC), and one

strand is degraded while the other is incorporated into

the RISC and guides it to the mRNA target [17]. It has

been reported that miRNAs can also be produced by a

Dicer-independent pathway with Ago catalysis [18]. The

specificity of miRNAs target sites is usually positioned in

the 30-UTR of mRNA. The hybridization of RISC

mainly causes degradation or repression of target mRNA

[3]. In addition, miRNAs can also bind to the 50-UTR or

coding region and active, rather than suppress, mRNA

translation [19�,20]. miR-10a interacts with the 50-UTR
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Figure 1
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Schematic illustration of the miRNA-epigenetic feedback loop. miRNAs are regulated by epigenetic regulators, including DNA methylation, RNA

modification and histone modification. Epigenetics-associated enzymes are also under the control of miRNA regulation.
of many mRNAs encoding ribosomal proteins and

enhanced mRNAs translation [19�].

Epigenetic regulation of miRNAs
Increasing evidence has indicated that miRNAs play an

important role in a number of biological processes, includ-

ing cell proliferation, differentiation, apoptosis, and

hematopoiesis [21–24]. miRNAs expression profiles can

function as biomarkers of various diseases. Aberrant

miRNAs are known as epigenetic modulation. Increasing

research has focused on exploring the mechanisms

responsible for the dysregulation of miRNAs. Notably,

a previous study has indicated that the expression of

miRNAs is under the control of epigenetic regulation,

including DNA methylation, RNA modification, and

post-translational modification of histones [25��]. We

summarized the epigenetic regulation of miRNAs in

Table 1, including their target genes and function in

corresponding cacinomas.

DNA methylation-mediated regulation of miRNAs

DNA methylation is predominantly found in cytosine

of the dinucleotide sequence of CpG islands. Hyper-

methylation of the CpG islands within the promoter of

miRNA genes are responsible for the gene silencing

potential and tumor suppressor properties. Typically,

methylation of CpG islands within miRNAs promoters
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causes the methylation binding protein to bind to DNA

and inhibits transcription factors and RNA polymerase

from binding to the DNA, resulting in the repression of

miRNA gene expression. Conversely, the hypomethy-

lation of CpG islands actives gene expression and

promotes cancer procession [26�]. Hypermethylation

of the promoter CpG islands of miR-424 in glioma

reduced miR-424 expression, which is associated with

cell invasion and migration and promoted cell apopto-

sis. Moreover, when the promoter was treated a

demethylating agent (5-aza-20-dexycytidine, 5-AZA),

the expression level of miR-424 was increased [27].

HOXA10 was overexpressed in gastric tumors and

positively correlated with miR-196b-5p expression

levels. When the promoter of HOXA10 was treated

with 5-AZA, the demethylation of the HOXA10 pro-

moter induced the overexpression of HOXA10 and

miR-196b-5p, promoting gastric cancer proliferation

and invasion in vitro [28]. Hypermethylation of the

miR-10b promoter suppressed the expression of miR-

10b and promoted the progression of clear-cell renal

cell carcinoma (ccRCC). It was demonstrated that miR-

10b played a tumor suppressive role in ccRCC [29]. A

comprehensive analysis of miRNA genes found that

approximately half of these genes are associated with

CpG islands, suggesting that they could be subjected to

regulation of DNA methylation [30].
www.sciencedirect.com
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Figure 2
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miRNA biogenesis. miRNA genes are transcribed by RNA polymerase II into pri-miRNA transcripts. The Drosha and DGCR8 recognize and cleave

the pri-miRNA into a hairpin structure pre-miRNA. Then, Exportin-5 binds to the pre-miRNA and helps their export into the cytoplasm, where Dicer

cleaves the pre-miRNA into double strand RNA. Further processing leads to the incorporation of one strand miRNA into the RISC and guides it to

target mRNA, while another strand degraded.

Table 1

Examples of epigenetic regulation of miRNAs

miRNAs Expression levels Samples Target gene Function Ref

miR-424 # Giloma – Invasion, migration, apoptosis [27]

miR-196b-5p " Gastric – Proliferation, invasion [28]

miR-10b # ccRCC – Progression [29]

miR-124 # MDS CDK4, CDK6,

EZH2

– [33]

miR-663a

miR-4787-5p

# PDAC TGFb1 – [36]

miR-145

miR-132

miR-212

# CRC TCF4, SUZ12 – [37]

miR-106b-3p

miR-151a-3p

" Lung PCDHB7, PTPN12, CHL1 Adhesion, migration [38]

miR-29 # Bladder DNMT3A, PETN – [43]

miR-377 – HSFs DNMT1 – [45]

miR-34a # Hcy-IA HDAC1 – [48]

miR-137 # Breast KDM5B Proliferation, migration [49]

Notes: ", upregulation expression of miRNAs; #, downregulation expression of miRNAs; ccRCC, clear-cell renal cell carcinoma; MDS, myelodys-

plastic syndrome; PDAC, human pancreatic ductal adenocarcinomas; CRC, colorectal cancer; HSFs, skin fibroblasts; Hcy-IA, Hcy-induced

atherosclerosis.
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Histone modification-mediated regulation of miRNAs

In addition to DNA methylation, which is the most

intensely studied epigenetic modification, histone modi-

fication may also lead to either activation or suppression of

miRNAs expression. Histone amino-terminal regions can

undergo diverse modification, such as methylation, acet-

ylation, ubiquitylation, phosphorylation, sumoylation,

biotinylation, and ADP-ribosylation [31]. Methylation

and acetylation are the most well studied modification

of histone residues. Acetylated lysine may relax chroma-

tin structure and active gene-transcription, whereas his-

tone deacetylation may lead to more compact chromatin

state and gene-transcription suppression [32�]. By treating

of HL60 leukemic cell line with a histone deacetylase

(HDAC) inhibitor, panobinostat (LBH589), Liu et al.
revealed the upregulation of miR-124, with the expres-

sion inhibition of downstream targets CDK4, CDK6 and

EZH2 expression [33]. Inhibition or RNA interference

against HDAC1 in chronic lymphocytic leukemia (CLL)

can also induce the upregulation of the expression of

miRNAs targeting Bruton tyrosine kinase (BTK), subse-

quently suppressing the downstream signaling and caus-

ing cell death [34]. Similarly, treating prostate cancer cell

lines with another HDAC inhibitor, OBP-801, suppressed

androgen receptor activity via a posttranscriptional upre-

gulation of miRNA, resulting in repressed prostate tumor-

igenesis [8].

Lysine methylation at different positions causes different

effects on gene expression, such as methylation at K36,

H3K4, and K79, which is related with transcriptional

activation, whereas methylation at H3K27, H3K9, and

H4K20 is associated with gene suppression [32�,35]. By

comparing the miRNAs expression before and after treat-

ment with 3-deazaneplanocin-A (DZNep), an inhibitor of

EZH2 histone lysine-N-methyltransferase, 52.3% of miR-

NAs were downregulated and the expression of more than

50 miRNAs was activated in MIA PaCa-2. Mody et al.
demonstrated that DZNep could reprogram miRNAs

expression [36]. By using another inhibitor, GSK-J4,

which selectively targets the H3K27 demethylase sub-

family to increase the trimethylation of H3K27, Wang

et al. downregulated the expression of miR-145 in 293T

cells [37]. By treating H1299 cells with BIX01294, an

inhibitor of G9a methyltransferase which catalyzes the

methylation of the lysine 9 residue of histone H3, the

downregulation of miR-106b-3p and miR-151a-3p was

observed in lung cancer development [38].

RNA modification mediated regulation of miRNAs

RNA modification also found to play important roles in

the expression of miRNAs, termed RNA epigenetics or

epitranscriptomics. More than 140 different forms of

RNA modification have been found in mammalian sys-

tems, such as m6A, m5C, m1A, pseudourylation (c) and

deamination (A-to-I RNA editing). Among these mod-

ifications, m6A is the best understood and most frequent
Current Opinion in Chemical Biology 2019, 51:11–17 
mark of mRNA. It has been reported that m6A is located

in the pri-miRNAs and marking them for the recognition

and processing by DGCR8 [39��]. Depletion of

METTL3 reduced the binding of DGCR8 to pri-miR-

NAs leading to the reduction of mature miRNAs and

accumulation of pri-miRNAs. Moreover, HNRBPA2B1,

another m6A binding protein, has been reported to pro-

mote pri-miRNA processing interacted with DGCR8

[40]. Knockdown of m6A demethylase FTO results in

altering of the steady state levels of several miRNAs [41].

These results indicated m6A acts as the key role of post-

transcriptional modification in the expression of miRNAs.

miRNAs affect epigenetic expression
In addition to being regulated by the epigenetic machin-

ery, miRNAs can also affect the expressions of compo-

nents of the epigenetic machinery by targeting epige-

netics-associated enzymes. Epigenetic-related enzymes

such as DNMTs, TETs, HDACs, and EZH can be

epigenetically regulated by miRNAs and are called

epi-miRNAs. The significant regulation of miRNAs on

epigenetic expression, including DNA methylation, RNA

modification, and histone modification, has been increas-

ingly recognized in recent years.

miRNAs regulate DNA methylation and RNA

modification

DNA methylation and demethylation are mainly regu-

lated by DNMTs and TETs. miRNAs can regulate the

expression level of DNA methylation by influencing the

expression of DNA methylation related enzymes, thereby

affecting the whole genome methylation profile. miR-29b

belongs to the miR-29 family, which targets DNMTs and

TETs, thereby influencing DNA methylation. miR-29b

inhibitor increased DNA methylation levels of global

genome by upregulating DNMT3A/B and TET1 and

downregulating TET2/3 during porcine early embryo

development [42]. Similarly, suppression of miR-29 by

ATDC led to the upregulation of DNMT3A and genome

methylation, accompanied by the silencing of the tumor

suppressor PTEN [43]. Bioinformatics has indicated that

miR-101 is complementary to the 30-UTR of DNMT3A

mRNA. Overexpression of miR-101 could silence the

expression of DNMT3A and suppress lung cell prolifer-

ation and S/G2 translation, eventually causing the apo-

ptosis of the lung cells [44]. miRNAs can also target

DNMT1. Xie et al. predicted that miR-377 targeted

the 30-UTR of DNMT1 mRNA. The promoter methyl-

ation levels of skin aging-associated genes, such as FoxD3,
p53, and UTF1 were regulated by DNMT1 in young

human skin fibroblasts. These findings suggested that the

miR-377-DNMT1-p53 axis plays a pivot role in skin

senescence [45]. In contrast, it has been reported that

m6A could be regulated by miRNAs via a sequence

pairing mechanism which indicates the reciprocity rela-

tionship between miRNAs and m6A [46].
www.sciencedirect.com
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miRNAs regulate histone modification

In addition to the DNA methyltransferases, miRNAs can

also regulate the histone modification. Bioinformatics

analyses have identified histone modifications, including

H3K4me1, H3K27me3, H3K27ac, H3K9ac, H3K4me3,

and H2AZ that are regulated by miRNAs during mam-

malian spermatogenesis [47]. Specifically, HDAC1 is

regulated by miR-34a via binding to the 30UTR of

HDAC1 mRNA in the foam cells. Overexpression of

miR-34a repressed the expression of HDAC1 and

increased the acetylation levels of H3K9ac, eventually

causing aberrant lipid accumulation in the foam cell [48].

Similarly, Denis et al. demonstrated that the histone

demethylase KDM5B was regulated by miR-138 in breast

cancer. Low-expression of miR-138 and overexpression of

KDM5B were found in breast cancer cells. Restoring

miR-138 resulted in reduced KDM5B and inhibited

breast cancer cell proliferation and migration [49]. Com-

paring the gene expression profile of 4 hepatitis B virus-

infected hepatocellular carcinoma (HCC) with the control

group, 14 overexpressed miRNAs and 16 downregulated

miRNAs were involved in the regulation of H3K9 meth-

ylation and related with the development of HCC [50].

The crosstalk between miRNAs and
epigenetic regulators
The same miRNAs that are influenced by epigenetic

machinery can inversely provide epigenetic regulation.

The crosstalk between miRNAs and epigenetic regula-

tors forms closed epigenetic machinery loops. However,

the crosstalk between the epigenetic regulators is not

fully understood. As shown in Figure 3a, few miRNAs

have been found to be regulated by epigenetic regulators

and, in turn, affect the epigenetic machinery. miR-137 is

commonly downregulated due to the hypermethylation

of miR-137 CpG islands in colorectal cancer (CRC).

Transfection of miR-137 precursor into CRC cell lines

reduced cell proliferation, suggesting miR-137 is a tumor

suppressor of in CRC. When treated with 5-aza-CdR, the
Figure 3
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demethylation of miR-137 CpG islands induced the

upregulation of miR-137 in CRC cell lines. Using gene

expression profiling and bioinformatics, Lysine (K)-spe-

cific demethylase 1A (LSD1) was discovered as the target

of miR-137. LSD1, a histone demethylase, is extensively

influenced the global DNA methylation through the

demethylation of DNMT1 by increasing the stability

of DNMT1 [51�]. The expression of miR-137 was inhib-

ited by the hypermethylation of CpG islands and

inversely correlated with the level of the global DNA

methylation.

Both miR-24 and miR-221 were repressed by protein

arginine methylation (PRMT-7) which upregulated the

methylation level of histone marks at the miRNAs pro-

moter in mouse embryonic stem cells (ESCs). An alkaline

phosphatase staining analysis revealed that the spontane-

ous differentiation of mouse ESCs was induced by trans-

fection of miR-24 and miR-221 mimics. However, the two

miRNAs target the 30-UTR of Oct4, Sox2, Nanog as well

as Prmt7. The expression of PRMT7 was also repressed

by miR-24 and miR-221. The two miRNAs and PRMT7

form a negative feedback loop (Figure 3b) [52,53�]. All

these studies suggest that the reciprocal regulation of

miRNAs and epigenetic regulators depict more complete

profiles of miRNAs and epigenetic mechanisms.

Conclusion and future prospective
The evidence discussed here indicates the reciprocal

regulation between miRNAs and epigenetic machinery.

miRNAs as a component of the epigenetic machinery are

involved in epigenetic regulation. DNA methylation,

RNA modification, and histone modification epigeneti-

cally regulated miRNAs expression. DNA methylation is

commonly established at promoter CpG islands and inhi-

bits the miRNAs expression. Histone modification gains

the capability of enhancing and repressing translation

activation of miRNAs. Additionally, epigenetic-related

enzymes can be the target of miRNAs. miRNAs modulate
(b)
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and miR-221 involved in the negative feedback loop of PRMT7

, respectively.

Current Opinion in Chemical Biology 2019, 51:11–17
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the expression of DNA methylation and histone modifi-

cation by regulating epigenetics-associated enzymes.

Moreover, some miRNAs have been found to be regu-

lated by epigenetic regulators and, therefore, affect the

epigenetic machinery. These results have extended our

understanding of the miRNA-epigenetic feedback loop.

As the dysregulation of miRNA-epigenetic feedback loop

is associated with the initiation and development of

various diseases, studies on the miRNA-epigenetic feed-

back loop in recent years have demonstrated the potential

for application in clinical diagnosis and prognosis. To

date, the regulators in the miRNA-epigenetic feedback

loop, such as the methylation of the miRNA genes and

the expression level of miRNA-associated epigenetic

enzymes, can act as biomarkers for early diagnosis to

distinct cancer types. The identification of miRNA genes

methylation and the expression levels of miRNA-associ-

ated epigenetic enzymes is likely to become a potentially

powerful approach for diseases diagnosis and prognosis.

Epigenetic regulator drugs such as 5-AZA, LBH589, and

GSK-J4, which can regulate the miRNA-epigenetic feed-

back loop, have become a potential powerful therapeutic

strategy for various diseases. For example, 5-AZA, which

can replace the cytosine of DNA during DNA replication,

is used commonly for leukemia treatment. Additionally,

utilizing synthetic miRNA mimics and miRNA sponges

which contain complementary binding sites to the

miRNA of interest to control the effector of epigenetic

enzymes and further influence the expression of a broad

range of proteins would provide a promising therapeutic

strategy for associated diseases. However, to date, the

application of miRNA-epigenetic feedback loops in clin-

ical diagnosis and therapy is still in the research stage. In

the future, the mechanism of miRNA-epigenetic feed-

back loops and the potential influence of global immu-

nostimulatory properties need to be further studied in

order to utilize miRNA-epigenetic regulators in real

clinical applications.
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