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Partial Disturbance of Microprocessor Function in Human Stem Cells Carrying a Heterozygous
Mutation in the DGCR8 Gene
Reprinted from: Genes 2022, 13, 1925, https://doi.org/10.3390/genes13111925 . . . . . . . . . . . 12
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Preface

During the last decades of the 20th century, seemingly unrelated scientific results on different

genetic model organisms lead to the discovery of RNA interference (RNAi), or “gene silencing”,

which is now considered to be the collective name for various regulatory pathways in eukaryotic

organisms. The common effectors in these pathways are the specific ribonucleoprotein complexes

containing short, single-stranded RNA molecules, and members of the Argonaute protein family. At

least three major pathways are considered to be RNAi-related: the short interfering RNA (siRNA)

pathway, representing a molecular immune system against invasive genetic elements; the microRNA

(miRNA) pathway, which evolved to be a complex, posttranscriptional regulatory network in

eukaryotes; and the Piwi-associated RNA (piRNA) pathway, which was originally described as a

defense system against transposable elements, particularly in the germline cells of animals.

The scientific significance of these small RNA-based regulatory pathways was recognized by

the awarding of the Nobel Prize in 2006 for the discovery of RNAi and by the recently awarded

2024 Nobel Prize for the discovery of miRNAs. This reprint is mainly a tribute to the diversity of

the miRNA pathway. The selected articles provide an overview not only of some molecular aspects

of the maturation of these tiny regulators but also provide evidence of how miRNAs control cell

proliferation and differentiation, and how their misregulation could lead to the formation of various

types of cancer. As certain gene therapy applications also involve miRNA-based strategies, the

importance of understanding the molecular details of this pathway clearly extends beyond pure

scientific interest.

As Guest Editor, it was my pleasure to organize this collection of articles on miRNAs.

Gathering the most recent results in the field and presenting scientific discoveries using cutting-edge

technologies in several model systems, my aim was to demonstrate how modern molecular genetics,

as well as molecular medicine, can benefit from an in-depth understanding of this endogenous small

RNA pathway. I hope that all readers enjoy these articles just as much as I enjoyed compiling this

collection.

Tamas I. Orban

Guest Editor
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CRISPR-Induced Expression of N-Terminally Truncated Dicer
in Mouse Cells

Radek Malik and Petr Svoboda *

Institute of Molecular Genetics of the Czech Academy of Sciences, Videnska 1083,
142 20 Prague 4, Czech Republic; malikr@img.cas.cz
* Correspondence: svobodap@img.cas.cz; Tel.: +420-241-063-147

Abstract: RNA interference (RNAi) designates sequence-specific mRNA degradation mediated by
small RNAs generated from long double-stranded RNA (dsRNA) by RNase III Dicer. RNAi appears
inactive in mammalian cells except for mouse oocytes, where high RNAi activity exists because
of an N-terminally truncated Dicer isoform, denoted DicerO. DicerO processes dsRNA into small
RNAs more efficiently than the full-length Dicer expressed in somatic cells. DicerO is expressed
from an oocyte-specific promoter of retrotransposon origin, which is silenced in other cell types.
In this work, we evaluated CRISPR-based strategies for epigenetic targeting of the endogenous
Dicer gene to restore DicerO expression and, consequently, RNAi. We show that reactivation of
DicerO expression can be achieved in mouse embryonic stem cells, but it is not sufficient to establish
a robust canonical RNAi response.

Keywords: RNAi; Dicer; CRISPR; dCas9; VP64; MS2; sgRNA

1. Introduction

Canonical RNA interference (RNAi) has been defined as sequence-specific RNA
degradation induced by long double-stranded RNA (dsRNA) [1]. RNAi is initiated by
processing long dsRNA by RNase III Dicer into ~22 nt small interfering RNAs (siR-
NAs), which guide recognition and endonucleolytic cleavage of complementary mRNA
molecules (reviewed in [2]). The mammalian canonical endogenous RNAi pathway is
generally weak, if active at all (reviewed in [3]). Although mammalian genomes encode
protein factors necessary and sufficient for reconstituting canonical RNAi in vitro [4] or in
the yeast [5,6], these protein factors primarily support a gene-regulating microRNA path-
way where small RNAs are produced from genome-encoded small hairpin precursors and
typically guide translational repression coupled with transcript destabilization (reviewed
in [7]). Furthermore, the primary mammalian mechanism responding to dsRNA in so-
matic cells is not RNAi but a sequence-independent interferon pathway (reviewed in [8]).
The interferon pathway is an essential component of mammalian innate immunity and
one of the factors impeding RNAi [9–12]. Another key factor limiting mammalian RNAi
is low Dicer activity, which can be enhanced by truncating the Dicer’s N-terminal helicase
domain [9,12–14]. Mouse oocytes, the only known mammalian cell type where RNAi
is highly active and functionally important, express a unique, naturally N-terminally
truncated Dicer isoform, denoted DicerO (Figure 1A) [14]. This truncated isoform arose
upon intronic insertion of a long terminal repeat (LTR) from the MTC retrotransposon
subfamily, which provides an oocyte-specific promoter and the first exon of DicerO (Fig-
ure 1B). This isoform is expressed only in mouse oocytes, and it was not observed in
transcriptomes of somatic cells [14]. Previous studies showed that functional canonical
RNAi could be restored in mammalian somatic cells under specific conditions [9,10,12,14],
but it was unclear whether DicerO reexpression from the endogenous Dicer locus could
achieve such an effect as well. Accordingly, we examined whether DicerO expression
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could be induced from the endogenous Dicer locus in mouse cells and whether DicerO

reactivation would be sufficient to restore robust endogenous canonical RNAi.

Figure 1. (A) Schemes of murine oocyte-specific truncated Dicer protein (DicerO) and full-length
Dicer (DicerS, S for somatic). (B) Genomic organization of the Dicer1 gene indicating the position
of the alternative promoter and the first exon encoding DicerO. The alternative promoter and the
first exon reside in MTC LTR insertion between exons 6 and 7, and its structure and evolutionary
history have been described elsewhere [15]. (C) Native chromatin immunoprecipitation analysis
of H3K9 modifications in the MTC DicerO promoter region in NIH 3T3 cells. Relative enrichment
analyzed by two primer pairs is depicted as log2-fold enrichment calculated to IgG.

As DicerO expression is restricted to oocytes and transcription factor(s) controlling it
are unknown, we opted for an artificially designed transcriptional activator. Advances in
the development of guided nucleases (reviewed in [16]) brought an opportunity to modify
these sequence-specific enzymes as platforms for modulating mammalian transcription
by fusing them with transcription activation or repression domains [17,18]. Among the
guided nucleases, the clustered regularly interspaced short palindromic repeat (CRISPR)
Cas9 nuclease gained major popularity because of simple programming of its sequence
specificity with a single-guide RNA (sgRNA), which mediates recognition of a specific
DNA sequence [19]. RNA-guided nuclease Cas9 was, therefore, converted to a sequence-
specific DNA-binding platform, “deactivated Cas9” (dCas9), by inactivation of its two
nuclease domains [19]. dCas9 can be fused to a trans-activation domain, such as VP64,
to function as a transcriptional activator [20,21]. Further development brought more com-
plex systems where the basic dCas9-VP64 module was extended by modifying the sgRNA
structure such that sgRNA loops protruding from the ribonucleoprotein complex could
carry sequences serving as binding platforms for additional transcription modulating
proteins [22,23].

To test whether dCas9-mediated transcriptional activation could induce DicerO ex-
pression from the Dicer gene in mouse embryonic stem cells and fibroblasts, we examined
several different dCas9-transcriptional activation designs and obtained the best DicerO

activation with a system consisting of dCas9-VP64 enhanced with an MS2-p65-HSF1
module originally developed by Konermann et al. [23]. In this system, sgRNA loops
protruding from the ribonucleoprotein complex carry a minimal hairpin aptamer, which is
bound by the MS2 protein that can be fused with an additional factor enhancing transcrip-
tion [22,23]. We report that we successfully induced robust DicerO protein expression
and observed limited RNAi activity in mouse embryonic stem cells, but not in NIH 3T3
fibroblasts. Our results suggest that induction of RNAi in mouse cells may be possible by
inducing DicerO expression, but achieving robust RNAi activity requires further optimiza-
tion of DicerO induction, presumably combined with a strategy reducing the inhibitory
effects of innate immunity factors.
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2. Materials and Methods

2.1. Plasmids

Catalytically deactivated Cas9 (dCas) was constructed from a pSpCas9nD10A plasmid
(PX460; Addgene #48873) by mutating His to Ala at position 840 using Q5 site-directed
mutagenesis kit (NEB) according to the manufacturer’s instructions. dCas9D10A/H480A

was transferred into the pPuro backbone containing the puromycin resistance gene.
VP64 was PCR amplified from a pTALE-VP64-EGFP plasmid [14] and inserted into
pPuro_dCas9 together with a flexible linker.

Different dCas9 plasmid variants were constructed by stepwise cloning of the follow-
ing components: (1) Capsid assembly-defective MS2 coat protein variant dlFG lacking
the FG loop [24] cloned in the form of a linked dimer [25] to augment dimerization. (2)
Mouse p65 activator was PCR amplified from mouse genomic DNA (primers Fwd: 5′-
CCATCAGGGCAGATCTCAAACCAGG and Rev: 5′- GGAGCTGATCTGACTCAAAA-
GAGC). (3) Human HSF1 was PCR amplified from HeLa cell cDNA (primers Fwd: 5′-
GGCTTCAGCGTGGACACCAGTGCC and Rev: 5′-TCAGGAGACAGTGGGGTCCTTG-
GCTTTGG). (4) p300 HAT activation domain was PCR amplified from HeLa cell cDNA
(primers Fwd: 5′-CCATTTTCAAACCAGAAGAACTACGAC and Rev: 5′-GTCCTGGCT-
CTGCGTGTGCAGCTC). When a single plasmid construct was employed, dCas9-VP64
was linked with the enhancing protein via the T2A self-cleavage peptide [23].

The sgRNA backbone containing MS2-binding sites (sgRNA2.0) was designed accord-
ing to [23] and cloned under the U6 promoter. Desired targets were cloned by BsmBI re-
striction enzyme: Dcr_MT1 (-372): 5′-caccGAACAAATGGCTGCTGAA; Dcr_MT2 (-188):
5′-caccGTCAGTCATCTGAGGGAA; Dcr_MT3 (-78): 5′-caccGGCCCAACCCACTGTGGG;
Dcr_MT4 (-162R): 5′-caccGAAGTACGTTCTCTATTG; Dcr_MT5 (-249R): 5′-caccGAGCATC-
ACCCTCACTGA; Dcr_MT6 (-34R): 5′-caccGCTTTCTTAATAGAACCC; Dcr_MT7 (-59): 5′-
caccGGGGCCATCCCTGGACTG; Dcr_MT8 (-269R): 5′-caccGTGGCAGTAACCCATTTG;
Oct4-1 (-534): 5′-caccGGTCTCTGGGGACATATC ; Oct4-2 (-453): 5′-caccGCTGTCTTGTCC-
TGGCCT ; Oct4-3 (-216): 5′-caccGAGGTGTCCGGTGACCCA ; Oct4-6 (-170): 5′-caccGAAA-
ATGAAGGCCTCCTG; Oct4-7 (-50): 5′-caccGCTCCTCCACCCACCCAG ; Oct4-4 (-275R):
5′-caccGTTGGCACTGCACCCTCT; Oct4-5 (-405R): 5′-caccGTCTAGAGTCCTAGATAT;
Oct4-8 (-114R): 5′-caccGTCTTCCAGACGGAGGTT. The mouse Dicer1 intron 6 region
containing the MTC element was PCR amplified from mouse genomic DNA (Fwd: 5′-
AAGCTTCTCGAGCCACCTTCAGTGAGGGTG and Rev: 5′-AAGCTTGTATGTCCTTTAC-
ACTGATTAAGC) and cloned into pGL4.10 plasmid (Promega; for simplicity referred
to as FL) digested with HindIII. The mouse Oct-4 (Pou5f1) promoter was PCR amplified
from mouse genomic DNA (Fwd: 5′-CCATGGTGTAGAGCCTCTAAACTCTGGAGG and
Rev: 5′-CCATGGGGAAGGTGGGCACCCCGAGCCGG) and cloned into pGL4.10 plas-
mid digested with NcoI. Renilla luciferase-expressing plasmid (Promega; for simplicity
referred to as RL) was used for normalization.

An overview of different construct combinations used in the five characterized
versions of the transcription-acting systems is provided in Table 1.

Table 1. Overview of versions of transcription activation systems used in the study.

System Version dCas9 Version sgRNA Version Modulating Co-Factor Comment

Version 1 HA-dCas9D10A/H480A-VP64
(HA-tagged) U6-driven sgRNA none

Version 2 HA-dCas9D10A/H480A-VP64
(HA-tagged)

U6-driven sgRNA with
two MS2-binding sites MS2dlFG-p65-HSF1

dCas9 and modulator in a
single construct (linked

with T2A)

Version 3 HA-dCas9D10A/H480A-VP64
(HA-tagged)

U6-driven sgRNA with
two MS2-binding sites dimMS2dlFG-p65-HSF1

dCas9 and modulator in a
single construct (linked

with T2A)

Version 4 HA-dCas9D10A/H480A-VP64
(HA-tagged)

U6-driven sgRNA with
two MS2-binding sites

dimMS2dlFG-p65-HSF1-HA
(HA-tagged)

dCas9 and modulator in
separate plasmids

Version 5 HA-dCas9D10A/H480A-VP64
(HA-tagged)

U6-driven sgRNA with
two MS2-binding sites

dimMS2dlFG-p300-HA
(HA-tagged)

dCas9 and modulator in
separate plasmids

3
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2.2. Cell Culture and Transfection

Mouse 3T3 cells were maintained in DMEM (Sigma-Aldrich, USA) supplemented
with 10% fetal calf serum (Sigma-Aldrich, USA), penicillin (100 U/mL; Invitrogen, USA),
and streptomycin (100 μg/mL; Invitrogen, USA) at 37 ◦C and 5% CO2 atmosphere.
Mouse ESCs were cultured in 2i-LIF media: DMEM supplemented with 15% fetal calf
serum, 1× L-glutamine (Invitrogen, USA), 1× nonessential amino acids (Invitrogen,
USA), 50 μM β-mercaptoethanol (Gibco, Thermo Fisher Scientific, USA), 1000 U/mL LIF
(Merck Millipore, Germany), 1 μM PD0325901, 3 μM CHIR99021, penicillin (100 U/mL),
and streptomycin (100 μg/mL). For transfection, the cells were plated on a 24-well plate,
grown to 50% density, and transfected using the TurboFect in vitro transfection reagent
or lipofectamine 3000 (Thermo Fisher Scientific, USA) according to the manufacturer’s
protocol. The cells were co-transfected with 50 ng per well of each FL and RL reporter
plasmids and 250 ng per well of a dsRNA-expressing plasmid and, eventually, 250 ng
per well of a plasmid expressing the tested factor. The total amount of transfected DNA
was kept constant (600 ng/well) using a pBluescript plasmid. The cells were collected for
analysis 48 h post-transfection.

2.3. Luciferase Assay

Dual-luciferase activity was measured according to [26] with some modifications
as described previously [12]. Briefly, the cells were washed with PBS and lysed in
PPTB lysis buffer (0.2% vol/vol Triton X-100 in 100 mM potassium phosphate buffer,
pH 7.8). Aliquots of 3–5-μL were used for measurement in 96-well plates using a Modulus
microplate multimode reader (Turner Biosystems, USA). First, firefly luciferase activity
was measured by adding 50 μL substrate (20 mM tricine, 1.07 mM (MgCO3)4·Mg(OH)2·5
H2O, 2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM DTT, 0.27 mM Coenzyme A, 0.53 mM
ATP, and 0.47 mM D-luciferin, pH 7.8) and the signal was integrated for 10 s after a 2 s
delay. The signal was quenched by adding 50 μL Renilla substrate (25 mM Na4PPi, 10
mM sodium acetate, 15 mM EDTA, 500 mM Na2SO4, 500 mM NaCl, 1.3 mM NaN3, and 4
μM coelenterazine, pH 5.0) and Renilla luciferase activity was measured for 10 s after a 2 s
delay.

2.4. Western Blotting

Cells were grown in 6-well plates. Before collection, the cells were washed with PBS
and lysed in RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% NP-40 (Igepal CA-630), 0.5% Na-deoxycholate, 0.1% SDS) supplemented with 2×
protease inhibitor cocktail set (Merck Millipore, Germany). Proteins were separated in 5%
(for Dicer detection) or 10% (for Tubulin detection) polyacrylamide gel and transferred
to a PVFD membrane (Merck Millipore, Germany). Anti-Dicer (#349; [27]) and anti-
Tubulin (#T6074, 1:5000; Sigma-Aldrich, USA) primary antibodies and HRP-conjugated
secondary antibodies (1:50,000) were used for signal detection with SuperSignal West
Femto chemiluminescent substrate (Pierce, Thermo Fisher Scientific, USA ).

2.5. Native Chromatin Immunoprecipitation

Cells were washed in PBS and resuspended in nuclei preparation buffer I (0.3 M
sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, 0.5 mM DTT, 0.2%
NP-40, 15 mM Tris/HCl, pH 7.5, supplemented with protease inhibitors) and nuclei were
released by passing three times through a 21G needle.

The sample was placed over nuclei preparation buffer III (1.2 M sucrose, 60 mM
KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, 0.5 mM DTT, 15 mM Tris/HCl, pH 7.5)
and centrifuged at ~2000× g for 15–20 min. The pellet (containing purified nuclei) was
resuspended in MNase digestion buffer (0.32 M sucrose, 1 mM CaCl2, 4 mM MgCl2,
50 mM Tris/HCl, pH 7.5) to bring final DNA concentration to 1000 mg/mL. Aliquots of
500 μg chromatin DNA were digested by 5 U MNase (micrococcal nuclease) for 5 min
at 37 ◦C. Digestion was stopped by adding EDTA to the final concentration >20 mM.
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Supernatant containing mono- and oligo-nucleosomes was used for immunoprecipitation:
30 μg chromatin DNA and 5 μg of primary antibody (anti-H3K9me2 (Abcam #ab1220),
anti-H3K9me3 (Abcam #ab8898), anti-H3K9ac (Abcam #ab4441) or control rabbit IgG
(Millipore #PP64B)) were used per sample in 700 μL NChIP incubation buffer (50 mM
NaCl, 5 mM EDTA, 50 mM Tris/HCl, pH 7.5). Pre-blocked Dynabeads protein G (Invitro-
gen) or protein A-sepharose 4B, fast flow from Staphylococcus aureus (Sigma) were used for
pull-down. Beads were washed in wash buffer (10 mM EDTA, 50 mM Tris/HCl, pH 7.5)
containing increasing NaCl concentrations (75, 125, 175, and 300 mM; two washes each).

DNA elution was performed in “PCR-friendly” elution buffer (50 mM KCl, 0.45%
NP-40, 0.45% Tween-20, 0.01% gelatin, 10 mM Tris/HCl, pH 8.0) supplemented with
1 μL proteinase K (Fermentas) added to the beads pellet. Samples were incubated for
1 h at 55 ◦C followed by proteinase K inactivation for 10 min at 95 ◦C. Supernatants
were used directly for qPCR analysis using the following primers: Dcr_int2shortR 5′-
TGCCCTACAGGTGTGTCTGT; Dcr_int2midR 5′-CTGTGTAGAGGTGTCTGTTTCCA;
Dcr_int2F 5′-GCAAAGACCAGCTCCAGCCAT; mDcr_AltE_Fwd 5′-CTCTGCCTTCAGGT-
TCTGACTTCC.

2.6. qPCR Analyses

Total RNA was isolated using RNeasy MINI kit (Qiagen), and 1 μg amount was used
for the reverse transcription (RT) reaction using RevertAid premium (Fermentas) in a 30
μL volume. A 0.5 μL aliquot was used per qPCR reaction. Maxima SYBR Green qPCR mas-
ter mix (Thermo Scientific) was ge CT values of the technical replicates were normalized
toused for qPCR. qPCR was performed in technical triplicates for each biological sample.
Avera housekeeping genes Hprt and B2MG using the ΔΔCT method [28]. Primers used for
qPCR were as follows: Pou5f1: mPou5f1_qPCR_Fwd 5′-GTTGGAGAAGGTGGAACCAA
and mPou5f1_qPCR_Rev 5′-GCAAACTGTTCTAGCTCCTTCTG; Dicer_MT (1): mDcr_AltE
_Fwd 5′-CTCTGCCTTCAGGTTCTGACTTCC and mDcr_E7_Rev 5′-GCAATCTCTCATAC-
AGCCCACTTC; Dicer_MT (2): mDcr_AltE_Fwd 5′-CTCTGCCTTCAGGTTCTGACTTCC
and mDcr_E7_Rev2 5′-CAGTCTACCACAATCTCACAAGGC; Hprt1: mHPRT.1.457_Fwd
5′-GCTACTGTAATGATCAGTCAACGG and mHPRT.1.670_Rev 5′-CTGTATCCAACACT-
TCGAGAGGTC; B2m: mβ2-MG.1.342_Fwd 5′- GCAGAGTTAAGCATGCCAGTATGG
and mβ2-MG.1.514_Rev 5′-CATTGCTATTTCTTTCTGCGTGC.

3. Results and Discussion

As mentioned above, DicerO is not expressed in other mouse cells than oocytes.
Using chromatin immunoprecipitation, we examined histone modifications of the DicerO

promoter in NIH 3T3 cells to test whether DicerO silencing involves more reversible
facultative heterochromatin or more stable constitutive heterochromatin, which may be
more difficult to reverse into euchromatin. Chromatin immunoprecipitation showed
the presence of facultative heterochromatin mark H3K9me2, but not the constitutive
heterochromatin mark H3K9me3 at the MTC LTR insertion controlling DicerO expression
(Figure 1C). Regarding DNA methylation, the MTC LTR promoter is a CpG poor promoter
where the presence of DNA methylation may not be a significant silencing factor [29].

To develop transcriptional reactivation of DicerO in somatic cells, we tested several
different designs built on the CRISPR dCas9 system recruiting transcriptional transactiva-
tor(s) into the DicerO promoter locus. We started with a basic transcriptional activating
system where dCas9 is fused with the VP64 transcriptional transactivator [20,21] and is
guided by unmodified sgRNA (Figure 2A).

For initial testing of the CRISPR-driven transcriptional reactivation, we produced
stable NIH 3T3 cell lines expressing dCas9-VP64 or dCas9-VP64-EGFP [14] transcriptional
activators. This allowed us to reduce the number of transfected plasmids and ensure that
all cells would have a constant amount of dCas9-VP64 expression. Cells stably expressing
dCas9-VP64 were then co-transfected with an expression vector for sgRNA to target
dCas9-VP64 into the promoter of interest cloned into a firefly luciferase reporter and

5
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an SV40 promoter-driven Renilla luciferase reporter allowing for normalization of the
luciferase activity (Figure 2B). Two different firefly reporters were produced to examine
the efficiency of the dCas9 activation system, Pou5f1 (Oct-4) promoter and MTC-derived
promoter for DicerO; for each promoter, we designed and tested several sgRNAs.

Figure 2. Transcriptional activation using a basic dCas9-VP64 system. (A) Schematic depiction of the basic dCas9-VP64
system version 1 composted of dCas9 fused with VP64 and a sgRNA. (B) Schematic depiction of the testing strategy built
on NIH 3T3 cell lines stably expressing dCas9-VP64 fusions and transfected with plasmids expressing sgRNAs, a firefly
reporter driven by a tested promoter, and a Renilla luciferase reporter as a control for normalization of transcriptional
activation of the tested promoter. (C) Transcriptional activation of Pou5f1 promoter-reporter. The scheme depicts positions
of sgRNAs relative to the Pou5f1 transcription start. sgRNA 1 was outside of the promoter region cloned into the firefly
reporter, hence could serve as a negative control. The upper graph depicts results with dCas9-VP64, the lower one with
dCas9-VP64-EGFP. Shown is the firefly luciferase activity normalized to Renilla luciferase; reporter activity in the absence of
sgRNA was set to 1. (D) Transcriptional activation of the MTC promoter-reporter. As in (C), the scheme depicts the position
of sgRNAs relative to the transcription start site, and sgRNA 1 was outside of the cloned promoter region. (E) Transcriptional
activation of the endogenous MTC promoter in NIH 3T3 cells. The graph depicts relative expression calculated by the ΔΔCT

method; negligible basal expression detected in NIH 3T3 cells was set to 1. All error bars = standard deviation.

Experiments with the Pou5f1 promoter-reporter and a set of sgRNAs have shown
that the system can induce reporter expression (Figure 2C). However, individual sgR-
NAs had just marginal effects. At the same time, strong transcriptional activation was
observed when several sgRNAs were combined (Figure 2C). Because the NIH 3T3 line
expressing the dCas-VP64-EGFP fusion yielded an order of magnitude lower transcrip-
tional activation estimated by the luciferase assay, we omitted the dCas-VP64-EGFP
fusion from subsequent experiments and continued with dCas-VP64 (denoted version 1).
When testing MTC promoter activation, we also observed that individual sgRNAs had a
much lower effect than some of their combinations. The most powerful combination was
observed with a mixture of all four tested sgRNAs (2–5) that could bind the promoter
cloned into the firefly luciferase reporter (Figure 2D). When examining transcriptional
activation of the endogenous MTC promoter of DicerO in 3T3 cells, the system yielded
up to 90-fold transcriptional activation of DicerO over the background level (Figure 2E).
Of note is that qPCR analysis of the endogenous promoter and luciferase reporter gave
results differing for some sgRNAs and their combinations (e.g., sgRNA 4 vs. sgRNA 5
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in Figure 2D,E). This may reflect different accessibility of the plasmid reporter and the
genomic locus.

To test whether we could further enhance transcriptional activation effects, we em-
ployed a published sgRNA modification with MS2 binding sites, which allows binding
of exposed sgRNA loops to the MS2 domain fused with additional transcriptional ac-
tivators [23]. We tested three variants of the MS2 system: (1) an MS2-p65-HSF1 fusion
construct with enhanced dimerization MS2 variant (MS2dlFG [24]), which was encoded in
a single construct together with dCas9-VP64 via T2A self-cleavage peptide as described
previously [23]. We denoted this system as of version 2 (Figure 3A); (2) modification of
the MS2 component by using a covalently linked MS2-dimer (dimMS2dlFG-p65-HSF1 [25])
in a single construct with dCas9-VP64, denoted version 3; and (3) use of separate con-
structs expressing dCas9-VP64 and dimMS2dlFG-p65-HSF1, denoted version 4 (Figure
3B). For each of the versions, we produced stable 3T3 lines and examined Pou5f1 and
MTC reporter expression as described previously (Figure 2B). A detailed overview of
the variants of dCas9-VP64 systems is provided in Table 1. Expression of dCas9 and
enhancing factors in stable cell lines is provided in Appendix A.

Pou5f1 reporters (Figure 3C) revealed the best enhancing effects of version 4 of the
transcriptional activation system; otherwise, the effects were comparable to the Cas9-
VP64 version without MS2-based enhancement (Figure 2C). Importantly, transcriptional
activation of the endogenous MTC promoter of DicerO in 3T3 cells with version 4 was
much stronger than with version 3 (Figure 3D). When we used transient transfection
and compared version 1 and version 4, version 4 was clearly superior to version 1,
suggesting that modified sgRNA and dimMS2dlFG-p65-HSF1 indeed have an enhancing
effect (Figure 3E). In the same experiment, we also examined alternative MS2-based
enhancement employing dimMS2dlFG-p300 acetyltransferase fusion [22], denoted version
5, but version 4 using separate constructs expressing dCas9-VP64 and dimMS2dlFG-p65-
HSF1 was clearly superior (Figure 3E). We thus selected version 4 for analysis of the
production of the DicerO protein.

To analyze DicerO production’s activation, we used stable cell lines expressing
version 4 (Figure 4A) and transient transfection of sgRNA-expressing constructs (Figure
4B). When deploying the system into embryonic stem cells (ESCs), we were able to detect
robust transcriptional activation and production of DicerO protein, whose abundance in
the lysate of transiently transfected cells was comparable to the endogenous Dicer protein
(Figure 4C). Although we achieved clear transcriptional activation of DicerO in NIH 3T3
cells, the DicerO transcript levels were approximately a hundredfold less induced than in
ESCs, and the truncated protein could not be detected by Western blotting (Figure 4D).
Because of this result, we tested the induction of RNAi activity in ESCs.

To test the RNAi activity (Figure 4E), we co-transfected ESCs stably expressing
version 4 with a combination of four sgRNAs that yielded the most of the DicerO protein
and our established RNAi assay system described in detail previously [12]. Briefly,
the RNAi assay system has three plasmid components: (1) a targeted Renilla luciferase
reporter with a cognate Mos sequence in the 3′ UTR, (2) a non-targeted firefly luciferase
reporter, and (3) a plasmid expressing long dsRNA with the Mos sequence in the form of
a long hairpin (MosIR). As a control for nonspecific dsRNA effects, we used unrelated
dsRNA-expressing plasmids (Lin28IR and Elavl2IR) instead of MosIR. As negative control
to MosIR, we used a MosMos construct, where Mos sequences are oriented head-to-tail.
Hence the plasmid has the same sequence as MosIR but does not produce dsRNA. Western
blot analysis again showed good induction of DicerO expression and a marked reduction
of the targeted Renilla reporter in the presence of MosIR (Figure 4E). The average Renilla
reporter reduction was ~30% (p-value > 0.05), which was comparable to our previous
experiments with cells that have an intact protein kinase R gene encoding one of the
dsRNA-sensing components of the interferon response [12,14].
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Figure 3. Transcriptional activation using dCas9-VP64 enhanced with MS2 systems. (A) Schematic depiction of version 2
based on dCas9-VP64, modified sgRNA with MS2-binding sequence (blue) and MS2 domain fused with p65 and HSF1.
The scheme indicates that the MS2 fusion construct is dimerizing on the RNA sequence. (B) Schematic depiction of versions
3 and 4. The difference from (A) lies in MS2 being encoded as a covalently linked duplex where one MS2 is fused with p65
and HSF1 (dimMS2-p65-HSF1). Versions 3 and 4 differ in the organization of expression. Version 3 expresses dCas9-VP64
and dimMS2-p65-HSF1 from a single construct, version 4 from separate constructs. (C) Transcriptional activation of Pou5f1
promoter-reporter with versions 2, 3, 4. As in Figure 1C, shown are relative firefly luciferase activities normalized to the
Renilla control reporter; firefly reporter activity in the absence of sgRNA was set to 1. (D) Transcriptional activation of
the endogenous MTC promoter in NIH 3T3 cells. The graph depicts relative expression calculated by the ΔΔCT method.
(E) Comparison of transcriptional activation of the endogenous MTC promoter in NIH 3T3 cells of version 4 with version 1
(Figure 2) and version 5, which uses dimMS2-p300 instead of dimMS2-p65-HSF1. The graph depicts relative expression
calculated by the ΔΔCT method. All error bars = standard deviation.

To sum up, we tested five different versions of the dCas9-VP64 transcriptional activation
system, out of which we selected dCas9-VP64 combined with sgRNA carrying MS2-binding
sites and a dimMS2dlFG-p65-HSF1 fusion protein. Our work shows the extent of optimization
needed to induce robust transcriptional activation (even if only in ESCs). It underscores the
importance of setting up a good testing system for multiple sgRNAs and their combinations.
We opted for producing stable lines expressing dCas9 and the enhancing factor. These cell
lines represent one of the valuable contributions of this work as they can be used to program
dCas9 with sgRNAs to influence gene expression in ESCs and 3T3 cells.

Using this three-component system and a combination of four sgRNAs targeting the
MTC promoter of DicerO isoform, we achieved robust DicerO protein expression in ESCs
comparable to full-length Dicer expression. In fact, DicerO protein expression in cells
transfected with sgRNAs likely exceeded that of endogenous full-length Dicer in those
cells because in Western blots in Figure 4C,E, the DicerO signal comes from fewer cells
than the full-length Dicer protein detected above it. However, despite the level of DicerO

expression, the RNAi activity assessed by a reporter assay was minor, if any, suggesting
that the sole expression of DicerO is not sufficient to bring robust RNAi. On the other
hand, this observation is consistent with other data showing that RNAi activity is low in
the presence of specific innate immunity factors [9–12].
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Figure 4. Transcriptional activation of DicerO. (A) Schematic depiction of the finally chosen version 4. (B) Schematic
depiction of the position of sgRNAs targeting the MTC promoter. (C) Activation of DicerO with shRNA combinations in
ESCs analyzed by qPCR and Western blot. DicerO is visible as the lower band detected by the anti-Dicer antibody (depicted
by black arrowhead). (D) Activation of DicerO with shRNA combinations in NIH 3T3 cells analyzed by qPCR and Western
blot. DicerO was not detected. (E) Analysis of RNAi effects in ESCs where DicerO expression was induced with sgRNAs.
Western blot depicts activation of DicerO in ESCs (depicted by white arrowhead). The first two Western blot lanes show
control ESCs expressing either the full-length DicerS or truncated DicerO [14]. The graph depicts the relative activity of a
Renilla luciferase reporter carrying a cognate Mos sequence as described previously [12]. Briefly, the Renilla-Mos reporter is
co-transfected with a non-targeted firefly luciferase reporter and a reporter expressing dsRNA from an inverted repeat (IR).
pBS and MosMos are controls not expressing dsRNA. All error bars = standard deviation.

Unfortunately, we did not succeed in inducing a similar expression of DicerO in NIH
3T3 cells. This result seems to be caused by much lower transcriptional activation than
in ESCs and could be influenced by different chromatin organization in ESCs and NIH
3T3 cells, which are derived from fibroblasts [30]. ESCs have a relatively open chromatin
structure supporting higher transcription and reduced heterochromatin signature [31,32].
Thus, ESCs may better respond to transcriptional reactivation of DicerO than NIH 3T3
cells. The system with histone acetyltransferase p300 (version 5) did not have an additive
effect on top of VP64 (Figure 3E), suggesting that targeting acetylation to the locus does
not sufficiently enhance transcriptional activation of the MTC promoter. Perhaps a histone
lysine demethylase targeted to the locus that would reduce H3K9me2 could make the
transcriptional activation of DicerO more efficient.

In conclusion, we showed that reactivation of DicerO via a dCas9 system is not
a viable strategy to induce a robust canonical RNAi pathway in cultured mouse cells.
While rather negative, our results are useful for understanding the functional limits of
the endogenous RNAi and long dsRNA processing capacity furnished by the expression
of DicerO from its endogenous locus. Although this time we did not observe robust
RNAi, it is likely that more sensitive methods, such as RNA sequencing of small RNAs,
would reveal the impact of expressed truncated Dicer on the long dsRNA metabolism.
In our previous work in 3T3 and ESCs, we observed a robust increase in siRNA biogenesis
with ectopic expression of DicerO but rarely robust RNAi [12]. Our work offers another
tool for studying the consequences of DicerO expression in mouse cells and investigating
whether low-activity RNAi would have any measurable impact on cell physiology, espe-
cially dsRNA metabolism, miRNA pathway, the sensitivity of innate immunity pathways
to dsRNA, and viral resistance.
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Appendix A

Figure A1. Overview of selected cell lines used in the work: (A) dCas9-VP64 3T3 line #D14 (version 1), used in Figure 2C,D,
and Figure 3E, (B) dCas9-VP64-EGFP 3T3 cell line #B1 used in Figure 2C, (C) dCas9 and MS2dlFG 3T3 line #D6 (version 2)
used in Figure 3C, (D) dCas9 and diMS2dlFG 3T3 line #B2 (version 3) used in Figure 3C,D, (E) dCas9 and diMS2dlFG 3T3
line #8 (version 4) used in Figure 3C,E, and Figure 4D, (F) dCas9 and diMS2dlFG 3T3 line #26 (version 5) used in Figure 3E,
(G) dCas9 and diMS2dlFG ESC line #29 (version 4) used in Figure 4C,E. Note that in single construct versions 2 and 3
(panels C,D), the MS2-p65-HSF1 fusion protein construct is linked to HA-tagged dCas9-VP64 via a T2A self-cleavage
peptide [23]. Thus, anti-HA antibody detects only dCas9. When dCa9 and MS2-p65-HSF1 are expressed separately,
both proteins carry HA-tag and can be detected (panels E–G).
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Abstract: Maturation of microRNAs (miRNAs) begins by the “Microprocessor” complex, containing
the Drosha endonuclease and its partner protein, "DiGeorge Syndrome Critical Region 8" (DGCR8).
Although the main function of the two proteins is to coordinate the first step of precursor miRNAs for-
mation, several studies revealed their miRNA-independent functions in other RNA-related pathways
(e.g., in snoRNA decay) or, for the DGCR8, the role in tissue development. To investigate the specific
roles of DGCR8 in various cellular pathways, we previously established a human embryonic stem-cell
(hESC) line carrying a monoallelic DGCR8 mutation by using the CRISPR-Cas9 system. In this study,
we genetically characterized single-cell originated progenies of the cell line and showed that DGCR8
heterozygous mutation results in only a modest effect on the mRNA level but a significant decrease at
the protein level. Self-renewal and trilineage differentiation capacity of these hESCs were not affected
by the mutation. However, partial disturbance of the Microprocessor function could be revealed
in pri-miRNA processing along the human chromosome 19 miRNA cluster in several clones. With
all these studies, we can demonstrate that the mutant hESC line is a good model to study not only
miRNA-related but also other “noncanonical” functions of the DGCR8 protein.

Keywords: miRNA processing; C19MC; miRNA cluster; human pluripotent stem cells; differentiation

1. Introduction

MicroRNAs (miRNAs) are small noncoding RNAs, representing an abundant class
of key regulatory molecules that act on the posttranscriptional level of gene expression.
They function in cytoplasmic ribonucleoprotein complexes that always contain a member
of the Argonaute (Ago) protein family. These RNA-induced silencing complexes (RISCs)
constantly scan the RNA population of the cell to find their targets by base pair comple-
mentarity between the contained miRNA and other, mainly protein coding mRNAs (in
animals, the target sites are mostly located at the 3′ untranslated regions). The effector
functions of miRNAs are manifested in either translation inhibition or the destabilization
and degradation of the target mRNAs. As miRNAs generally have several target molecules,
and mRNAs usually contain numerous miRNA binding sites, this posttranscriptional
fine-tuning represents an elaborate regulatory network with a complexity comparable with
that of transcription factors [1–3]. This explains why miRNAs play important regulatory
roles in most cellular processes, having essential functions especially during embryonic
development. Imbalance of the miRNA proportions is widely observed in many diseases,
particularly in cancer and in neurodevelopmental disorders, suggesting the importance of
precise and carefully regulated miRNA dosage in the cells [4,5].

Maturation of most miRNAs occurs via the canonical pathway: transcription of an
endogenous locus results in the primary-miRNA (pri-miRNA) containing one or more
stem-loop structures that undergo two consecutive RNA cleavage reactions. The first
occurs in the nucleus by the Microprocessor complex, a protein heterotrimer containing
an RNase III enzyme, Drosha, and two molecules of its regulatory partner protein, the
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DiGeorge Syndrome Critical Region 8 (DGCR8) [6]. The so formed precursor-miRNAs
(pre-miRNAs) are transferred to the cytoplasm by the Exportin-5 system, where another
RNase III enzyme Dicer cleaves the apical loop, forming a double-stranded short RNA with
two-nucleotide overhangs at their 3′ end. This intermediate then undergoes subsequent
maturation steps when it is associated with an Ago protein and its auxiliary factors: one
strand (the “passenger” strand) of the duplex is eliminated, and the final functional RISC
is formed [7]. Certain miRNAs mature via alternative pathways during which one of the
above cleavage steps (or both) is substituted by other unrelated processing mechanisms,
such as the mRNA splicing for the Microprocessor-independent mirtrons, or other RNase
activities for the tRNA-derived miRNAs [8].

Functionally linked miRNAs are often clustered in the human genome [9,10], and in
the primate lineage, such clusters play essential roles in stem-cell regulation and in placenta
formation [11,12]. The distinct regulation of these clusters goes beyond common transcrip-
tional regulation, and details of the exact mechanisms often remain controversial [13]. The
chromosome 19 miRNA cluster (C19MC) is an especially long (46 miRNA genes) cluster
predominantly expressed in human embryonic stem cells (hESCs) and in the reproductive
system. In hESCs, the position-dependent processing of this cluster is regulated by the
Microprocessor recruitment, explaining why the miRNA expression levels in the Drosha
knockdown of those cells gradually decrease toward the 3′ end of the cluster [14]. To
further explore the molecular mechanisms behind this phenomenon, the recruitment and
role of DGCR8 or additional Microprocessor-associated factors also need to be studied.

There are different approaches to uncover the regulation driven by miRNAs; knocking
out DGCR8, Drosha, or Dicer in ES cells provides useful information about the biological
processes affected by the general loss of miRNAs. For instance, global loss of DGCR8 and
canonical miRNAs causes embryonic lethality in mice at d 6.5, and the balance between
self-renewal and differentiation of DGCR8 knockout mESCs is severely disturbed [15,16].
In contrast, heterozygous deletion of DGCR8 in mES cells shows a cellular phenotype
comparable with the wild type: the miRNA and DGCR8 mRNA levels are not significantly
changed due to a feedback control by the Microprocessor complex [17]. Mice heterozygous
for DGCR8 show reduced expression of DGCR8 and a subset of miRNAs in the prefrontal
cortex. These effects are not observed in neonatal mice but emerge from postnatal days
25–30 [18]. DGCR8 deficiency also alters miRNA biogenesis in adult mouse hippocampus:
results of the array-based miRNA analysis show that while most of the examined miR-
NAs are downregulated, some are increased, suggesting more complicated alterations in
miRNA biogenesis than expected. In the subgranular zone of these monoallelic knockout
mice, cell proliferation is reduced, which may affect adult neurogenesis in the hippocam-
pal dentate gyrus [19]. In the forebrain, pyramidal neurons of DGCR8 +/− mice show
decreased branch complexity and decreased total dendrite length. These neurons have
altered electrical properties such as imbalance of spontaneous synaptic transmission and
short-term plasticity [18,20]. In a human cellular model system of DiGeorge syndrome,
cortical neurons derived from DGCR8 +/− hiPSCs show defected neuronal activity and
calcium handling, and the monoallelic mutant cells have altered resting membrane poten-
tial and abnormal inactivation of voltage-gated calcium channels [21]. Here, we presented
an in vitro model for investigating the heterozygous deletion of DGCR8 in hESCs. We
studied the aspects of cell renewal capacity, as well as the differentiation pattern of these
mutant stem cells, and addressed the questions of whether any DGCR8-related functional
deficiency could be detected, among others, on the position-dependent regulation pattern
of the C19MC.

2. Materials and Methods

2.1. Cell Culture and Differentiation

The HuES9 embryonic stem-cell line was kindly provided by Douglas Melton (HHMI).
This work was performed according to ethical approvals (HuES9 NIH approval NIHhESC-
09-0022 and Health Care Research Council, Human Reproduction Committee in Hungary
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(Egészségügyi Tudományos Tanács, Humán Reprodukciós Bizottság, ETT HRB) approval
number 6681/2012-EHR. HuES9). The parental HuES9 and DGCR8-deficient HVRDe009-A-
1 cells were maintained on hESC qualified Matrigel (Corning, New York, NY, USA, #354277)
coated plates in mTeSR1 (STEMCELL Technologies, Vancouver, BC, Canada # 85850) with
or without 0.8 μM puromycin (ThermoFisher Scientific, Waltham, MA, USA #A1113803).
Media were changed every day. Cells were passaged with StemPro Accutase (ThermoFisher
Scientific, Waltham, MA, USA #A1110501) at a 1:10 ratio every 3–4 days and plated onto
fresh Matrigel-coated plates in mTeSR1-Y (mTeSR1 supplemented with 10 μM Y27632-
2HCl (Selleckchem, Planegg, Germany, #S1049) for 24 h to improve cell survival. The
genetic identity and normal karyotype of the cultured cells were confirmed by STR (short
tandem repeat) analysis and G-Banding performed by UD-GenoMed Medical Genomic
Technologies Ltd. For spontaneous differentiation, the hES cells were dissociated with
ReLeSR (STEMCELL Technologies, #05872) and plated onto MEF (Merck, Darmstadt, Ger-
many, #PMEF-CFL) covered tissue culture plates. Cells grown on MEFs were maintained
in hESC culture media (KO-DMEM (ThermoFisher Scientific, #10829018) supplemented
with 15% knockout serum replacement (ThermoFisher Scientific, Waltham, MA, USA,
#10828010), 1 mM L-glutamine (ThermoFisher Scientific, Waltham, MA, USA, #25030024),
0.1 mM β-mercaptoethanol (ThermoFisher Scientific, Waltham, MA, USA, #21985023), 1%
nonessential amino acids (ThermoFisher Scientific, Waltham, MA, USA, #11140050), and
4 ng/mL human basic fibroblast growth factor (ThermoFisher Scientific, Waltham, MA,
USA, #13256-029)). hESC colonies were then dissociated with Collagenase (ThermoFisher
Scientific, Waltham, MA, USA, #17018029) and cultured in suspension on low attachment
plates in an EB (Embryoid body) medium (KO-DMEM supplemented with 20% FBS, 1 mM
L-GLU, 1% non-essential amino acids, and 0.1 mM ß-mercaptoethanol) for 6 days. Next,
EBs were transferred onto 0.1% gelatin coated 24-well tissue culture plates or confocal
chamber slides (ThermoFisher Scientific, Waltham, MA, USA, #177402) and allowed to
differentiate for another 6 days in DMEM (ThermoFisher Scientific, Waltham, MA, USA,
#41965062) supplemented with 10% FBS. During differentiation, the media were changed
every other day. The differentiated offspring was characterized by immunocytochemical
staining and RT-qPCR.

2.2. Single-Cell Cloning

HVRDe009-A-1 hESCs were cultured without puromycin to enrich those cells not
expressing the green fluorescent protein (GFP). Next, cells were dissociated with Stem-
Pro Accutase, and single cells were plated onto Matrigel-coated 96-well plates with a
BD FACSAria™ Cell Sorter based on the GFP expression in cloning media (mTeSR1-Y
supplemented with 1/3 MEF-conditioned hESC media). SSCs were expanded in cloning
media for 10–20 days then replated onto 24-well Matrigel-coated plates in mTeSR1-Y. When
reaching 80% density, SSCs were plated onto 6-well plates. GFP expression was validated
by FACS measurements.

2.3. Trichostatin A Treatment

Cells were plated onto 6-well plates and cultured without the addition of puromycin.
On day 3, cells were treated with mTeSR1 supplemented with 30 nM or 60 nM Trichostatin
A, respectively. Next day, cells were detached, and GFP expression was measured in the
treated and untreated control cells with flow cytometry. In parallel, the expression of
the endogenous cancer testis gene GAGE was measured via RT-qPCR to prove effective
TSA-induced demethylation.

2.4. Flow Cytometry Measurements

SSEA-4 Flow Cytometry was performed as previously described [22]. Briefly, single-
cell suspensions were prepared using Accutase. Subsequently, cells were labeled in PBS
supplemented with 0.5% BSA (bovine serum albumin, Sigma, St. Louis, MO, USA, #A9418-
50G) with anti-human SSEA-4 PE-conjugated antibody (1:100, R&D Systems, Minneapolis,
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MN, USA, #RD-FAB1435A-100) on 37 ◦C for 30 min. Propidium iodide (ThermoFisher
Scientific, Waltham, MA, USA, #P1304MP) staining was employed for gating out the
positively labeled dead cells. Control measurements with isotype-matched control were
included (1:100, R&D Systems, Minneapolis, MN, USA, #IC007A).

2.5. Immunocytochemistry

For immunostaining, cells were seeded onto eight-well Nunc Lab-Tek II Chambered
Coverglass (ThermoFisher Scientific, Waltham, MA, USA, #155411), fixed, and permeabi-
lized with 4% PFA (paraformaldehyde) in DPBS (Dulbecco’s modified PBS) for 15 min on
RT (room temperature). Next, cells were blocked for 60 min at RT in a blocking solution
(DPBS supplemented with 2 mg/mL BSA, 0.1% Triton-X 100, and 1% fish gelatin with or
without 5% goat serum). Then, the samples were incubated for 60 min at RT in the blocking
solution supplemented with the following primary antibodies: OCT3-4 (1:50, Santa Cruz,
CA, USA, #SC-5279) and NANOG (1:100, R&D Systems, Minneapolis, MN, USA, #AF1997)
as pluripotency markers; AFP (1:500, Sigma, St. Louis, MO, USA#A8452), SMA (1:500,
Abcam, Cambridge, UK, #ab7817), and ß-III-tubulin (1:2000, R&D Systems, Minneapo-
lis, MN, USA, #RD-MAB1195) as markers specific for the three lineages. After washing
with DPBS, the cells were incubated for 60 min at RT with Alexa Fluor 647-conjugated
goat anti-mouse and Alexa Fluor 594-conjugated donkey anti-goat IgG antibodies (1:250,
ThermoFisher Scientific, Waltham, MA, USA, #A11029, #A11012). DAPI (ThermoFisher
Scientific, Waltham, MA, USA, # D1306) was used for nuclear staining. The samples were
then examined by a Zeiss LSM 710 confocal laser scanning microscope.

2.6. RNA Isolation and Gene Expression Studies

Total RNA from the hES and differentiated cells was isolated using a TRIzol reagent
(ThermoFisher Scientific, Waltham, MA, USA, #15596018). RNA integrity was analyzed by
agarose gel electrophoresis; total RNA concentrations and sample purity were measured
by a Nanodrop spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).

For pri-miRNA analysis, 1 μg total RNA was reverse-transcribed by random oligomers
using a High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, Waltham,
MA, USA). cDNA samples were diluted 1:10 before subsequent amplifications. In the case
of C19MC pri-miRNA, RT-PCR was carried out by using a SYBR Green PCR Master Mix
with custom-made PCR primers (Supplementary Table S1).

For gene expression assays, cDNA samples were synthesized from 400 ng of to-
tal RNA using the Promega Reverse Transcription system according to the manufac-
turer’s instructions. mRNA levels for DGCR8 (Hs00987085_m1), Drosha (Hs00203008_m1),
NANOG (Hs02387400_g1), AFP (Hs00173490_m1), TBXT (Hs00610080_m1), and PAX6
(Hs00240871_m1) were determined using TaqMan® gene expression assays (ThermoFisher
Scientific, Waltham, MA, USA, #4331182).

Real-time PCR measurements were run and analyzed on the StepOne™ Real-Time PCR
System (Applied Biosystems) according to the manufacturer’s instructions. Quantitative
gene expression data were normalized to endogenous control mRNAs: for Taq-Man®

analyses RPLP0 (Hs9999902_m1) or PolR2A (Hs00172187_m1); for SYBR Green assay
details, see Supplementary Table S1.

For mature miRNA quantification, the expression analysis was performed using
the miRCURY LNA™ Universal RT miRNA PCR Assay (Qiagen, Venlo, Netherlands)
according to the manufacturer’s instructions. Briefly, RNA samples (5 ng/μL) were reverse-
transcribed, and the UniSp6 RNA spike-in template was added to each reaction for control-
ling the quality of cDNA synthesis. cDNA samples were diluted 1:80 before subsequent
amplifications. RT-PCR was performed by using a miRCURY SYBR® Green master mix
(Qiagen Venlo, Netherlands), and real-time PCRs were run on a StepOnePlus™ platform
(ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. In
these cases, the hsa-miR-103a internal control miRNA was used for normalization during
the relative quantifications by the ΔΔCt method.
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2.7. Protein Analysis by Western blotting

Samples were briefly sonicated and subsequently ran on 8% acrylamide gels followed
by electroblotting onto PVDF membranes. Membranes were then blocked with blocking
solution (5% Milk/TBS-Tween) and incubated with a monoclonal antibody specific to
human DGCR8 (1:1000, Abcam, Cambridge, UK, #ab191875) ON (overnight) at 4 ◦C. Next,
anti-rabbit IgG (1:5000, ThermoFisher Scientific, Waltham, MA, USA, #G-21234) was used
as a secondary antibody. Pierce ECL Western blotting substrate ((ThermoFisher Scientific,
Waltham, MA, USA, # 32106) was used for signal detection; membranes were exposed to
Agfa films. Anti-β actin antibody (1:10,000, Abcam, Cambridge, UK, #ab20272) was used to
normalize the DGCR8 expression. Expression levels were determined by densitometry of
the scanned images using ImageJ and corrected with background and normalized to β-actin
and parental HuES9 levels. Briefly, a region of interest (ROI) for a given protein was chosen
to be the smallest rectangle shape that can enclose the largest band of that protein and used
in all lanes of a blot. The background for the normalization is measured by the same ROI at
close proximity to the target band; aspecific bands (if any) were always avoided.

3. Results

3.1. Establishment of Heterozygous DGCR8 Mutant Clones

The heterozygous DGCR8 mutant HVRDe009-A-1 hESC line was established and
characterized as previously described [23]. These mutant cells contain a donor DNA se-
quence in the third exon of DGCR8, which consists of two CAG-driven selection markers,
a puromycin resistance gene, and a GFP. The insertion of the donor plasmid results in
monoallelic DGCR8 expression in the mutant cells. The HVRDe009-A-1 hESCs show consis-
tent GFP expression when cultured in a puromycin-containing medium; however, during
puromycin deprivation, gradual loss of GFP expression was observed (Supplementary
Figure S1a,b). Transgene silencing and mosaicism are known to occur in transfected cells,
especially when selection is heavily dependent on antibiotic resistance [24,25]. Treatments
with Trichostatin A (TSA), an organic compound interfering with the removal of acetyl
groups from histones [26], resulted in elevated GFP expression only in the still GFP-positive
cells, which suggests that gene silencing by deacetylation was not responsible for GFP loss
(Supplementary Figure S1b). When sorting out GFP-positive and -negative populations,
and propagated them without puromycin, GFP-negative cells showed a decreased GFP
copy number based on real-time quantitative PCR measurements (Supplementary Figure
S1c). These results show that the loss of transgene expression is likely a result of genetic
rearrangements and the loss of the transgene copy from the DGCR8 locus.

To investigate the exact genetic background in the GFP-positive and -negative cells, we
accomplished single-cell cloning of the HVRDe008-A-1 cells based on the GFP expression.
We established 12 GFP-positive (Supplementary Figure S2) and 13 GFP-negative single-cell
clones. The clones were propagated without puromycin, and the GFP expression in the
clones was continuously monitored by high content screening and FACS measurements. By
day 30, the GFP expression in 7 out of 12 GFP-positive single-cell clones decreased below
25% (Figure 1a), and by day 60, it further decreased to 0% in two clones (Supplementary
Figure S2); on the other hand, GFP-negative clones maintained to keep the negative
phenotype, regardless of the remaining parts of the GFP expression cassette (GFP copy
number was simultaneously monitored by quantitative real-time PCR measurements; see
Figure 1b).
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Figure 1. GFP expression in the single-cell clones of HVRDe009-A-1. (a) GFP FACS measurements of
GFP-positive single-cell-derived clones (passage 10 after single-cell cloning); (b) GFP copy number
measurements on the GFP-positive and -negative single-cell-derived clones and the HRDVe009-A-1
cells cultured with puromycin. Relative quantitation of copy number values was calculated using
RPPH1 as a reference target and 1 copy control gDNA reference sample.

3.2. Genetic Characterization of Selected Single-Cell Clones

Next, we have selected four single-cell clones for further characterization (Supplemen-
tary Figure S3), namely HVRDe009-A-1-A11, HVRDe009-A-1-B3, HVRDe009-A-1-C4, and
HVRDe009-A-1E9. All the investigated clones were negative for GFP expression (Figure 1a).
Moreover, the single-cell clones lost their puromycin resistance and died after 48 h when
treated with puromycin.

The results prompted us to analyze the transgene sequence in these clones by diagnos-
tic PCRs. Amplifying different segments of the transgene cassette, we found that significant
portions of the GFP expression unit, as well as the puromycin resistance gene, were lost
in these cells (Supplementary Figure S4). However, certain regions of the transgene still
remained integrated, indicating that at least one DGCR8 allele is disrupted in all of these
descendant cells.

To confirm if one intact DGCR8 allele is still present, we sequenced the targeted ge-
nomic site in the clones, and Sanger sequencing data provided evidence for the monoallelic
disruption of the DGCR8 gene (Supplementary Figure S5).

3.3. DGCR8 +/− hESCs Maintain Pluripotency and Trilineage Differentiation Capacity

The single-cell clones maintained stem-cell-like morphology and normal karyotype
after single-cell cloning when cultured in feeder-free conditions (Supplementary Figure S6).
To evaluate the effect of the heterozygous DGCR8 mutation on the pluripotency, first we
measured the SSEA-4 expression of the single-cell clones, and every clone showed over
90% positivity for this commonly used embryonic stem-cell marker (Figure 2a). More-
over, immunostaining of OCT4 and NANOG pluripotency markers showed homogenous
expression in the hESC colonies (Figure 2b).
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Figure 2. Pluripotency of the monoallelic mutant single-cell clones. (a) GFP and SSEA-4 FACS
measurements of undifferentiated hESCs. (b) Immunostaining of the pluripotency markers OCT4
and NANOG on undifferentiated hESCs.

To assess the differentiation capacity of these mutant hESCs, we performed an in vitro
embryoid body (EB) differentiation assay. Immunostaining and real-time quantitative
PCR measurements confirmed the continuous decline of the expression of pluripotency
marker NANOG and increase in markers specific for the three germ layers (ectoderm:
TUJ1/ β-III-Tub, PAX6; mesoderm: TBXT, SMA; endoderm: AFP) (Figure 3a,b). These
results indicate that monoallelic deletion of DGCR8 does not cause impairments in the
three-lineage differentiation capacity of the hESCs.
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Figure 3. Differentiation capacity of monoallelic mutant single-cell clones. (a) Immunostaining
of markers specific for the three germ layers (AFP, SMA, TUJ1) on the differentiated offspring
(embryoid body day 12). (b) mRNA expression levels of pluripotency and lineage-specific markers
on undifferentiated hESCs and differentiated offspring (embryoid body day 12).

3.4. Expression of Microprocessor Complex Components DGCR8 and Drosha

When determining the DGCR8 mRNA levels by real-time quantitative PCR, the clones
showed slightly fluctuating but not considerably different levels when compared with their
HuES9 stem-cell ancestor (homozygous to the wild-type DGCR8 allele). The Drosha mRNA
levels also showed some variability among the clones when individually compared with
their parental HuES9 cell line (Figure 4a and Supplementary Figure S7a). On the other hand,
DGCR8 protein levels were decreased by at least 40–50% based on Western blot detections
in each clone (Figure 4b,c and Supplementary Figure S7b). In contrast, Drosha protein
levels considerably varied, showing rather clone-specific expression profiles (Figure 4b,c
and Supplementary Figure S7c).
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Figure 4. Expression of the Microprocessor components DGCR8 and Drosha in the monoallelic
mutant single-cell clones. (a) Expression levels of DGCR8 and Drosha mRNAs relative to POL2A
endogenous control in a representative experiment. Data are presented as mean ± SD of 3 technical
parallels. (b) Representative Western blots for DGCR8, Drosha, and β-actin. (c) DGCR8 and Drosha
protein levels of the representative Western blots normalized to β-actin levels, and to the relative
expressions in the parental HuES9 (WT) cell line.

3.5. Pri-miRNA Processing Efficiency of C19MC in DGCR8 Mutant Cells

The considerable decrease in DGCR8 protein levels prompted us to test whether the
activity or any functions related to the Microprocessor complex are disturbed in the ex-
amined cell clones. In a recent study, we showed that the depletion of Drosha in hESCs
caused a gradual decrease in pri-miRNA processing along an extended miRNA cluster,
C19MC [14]. We also proposed that depleting DGCR8, the other component of the Micro-
processor complex, may result in a similar phenotype; therefore, we tested the processing
activity in three selected regions of C19MC in the four DGCR8 heterozygous clones. We
detected clone-specific responses: a modest gradual decrease toward the 3′ end of the
cluster was revealed in clones E9 and B3, whereas no significant decrease was measured in
the other two clones, A11 and C4 (Figure 5). The results did not show a clear correlation
with the measured DGCR8 expression levels but rather indicated a potential disturbance of
the Microprocessor function among cells where the DGCR8 protein level is reduced due to
a heterozygous mutation.
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Figure 5. Measuring position-dependent pri-mRNA processing along the C19MC in DGCR8 mutant
clones. At 3 selected positions, the ratio of total versus unprocessed pri-miRNAs was determined
using distinct primer pairs by real-time PCRs. In this representative experiment, colored circles
show mean values of measurement points in different clones; ± SE values of 3 technical parallels
are also shown. Colored lines indicate the tendency of decrease in processing efficiency (if any) for a
given clone.

4. Discussion

DGCR8 is a central component of the Microprocessor complex, and together with its
endonuclease partner Drosha, they play an essential role in the initiating step of canonical
miRNA biogenesis [6,27–30]. Disturbance in the level of DGCR8, therefore, significantly
impairs miRNA maturation, negatively influencing cell proliferation, differentiation, and
apoptosis [31,32], and thereby disturbing important developmental processes, including,
among others, cardiovascular and brain development [33,34]. DGCR8 knockout or deple-
tion strategies lead to identifying the functions of key miRNAs [35–37] but also revealed
miRNA-unrelated, “noncanonical” functions of this protein, such as controlling the sta-
bility of small nucleolar RNAs [38,39] and its role in heterochromatin stabilization [40]
or in DNA repair processes [41]. Considering its versatile cellular functions, it does not
seem unexpected that the complete loss of DGCR8 is lethal in mice, and such knockout
embryonic stem cells have serious differentiation problems [15]. On the other hand, mouse
monoallelic DGCR8 mutant PSCs were reported to have no obvious phenotypes or changes
in their differentiation capacity, and this was thought to be due to the homeostatic mecha-
nisms affecting the DGCR8 mRNA levels [17,42,43]. However, subsequent studies using
these mouse models carrying monoallelic mutations revealed pronounced downstream
effects in neurological physiology, manifested in reduced cell proliferation and aberrant
neuron morphology in several brain areas [18–20], or in cardiac malfunctioning, resulting
in heart failure [44]. Moreover, conditional mouse knockout models in early immune cells
resulted in defects in natural killer cell activation and survival, which was connected to
the loss of certain miRNA population [35]. In a human cellular model system of DiGeorge
syndrome, cortical neurons derived from DGCR8 +/− hiPSCs showed defective neuronal
activity and calcium handling, which were in line with the results of the mouse models [21].
However, DGCR8 heterozygous deficiency is still poorly characterized in human ESCs and
in differentiated tissue types, mostly due to the lack of suitable knockout or mutant model
cell lines.
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To investigate the function of the DGCR8 in various human cell types, we previously
established a monoallelic mutant hESC-line using the CRISPR/Cas9 system [23]. This is a
suitable model to study the molecular and cellular defects not only in stem cells but also in
their differentiated isogenic offspring cell types. However, when generating several single-
cell clones for further comparative studies, and omitting the antibiotic selection to avoid
interference with differentiation, we detected a gradual loss of the inserted transgenes,
the GFP marker and the puromycin resistance gene. After the genetic analyses of the
clones, we concluded that it is not due to any form of epigenetic silencing but rather to a
recombination event initiated by the two CAG promoter sequences present in the transgenic
cassette, leading to the disruption of the transgene structure and to the loss of expression
(Supplementary Figures S4 and S5). Such transgenic rearrangements and somatic drifts
are known problems reported earlier when establishing stable genetic models in several
systems [45–48]; however, as we successfully applied similar expression cassettes with two
transcription units in earlier studies, even in stem cells [49–51], we did not expect this form
of transgene inactivation. Nevertheless, the modified DGCR8 allele still remained mutant
in all clones even after the transgene rearrangement, so these cells could be used as DGCR8
monoallelic mutants for further studies.

The effect of DGCR8 haploinsufficiency on cellular phenotypes is controversial: such
cells are viable, but since the impairment of this regulatory protein significantly varies for
different miRNAs [52], the effect on the functional disturbance is also cell-type-specific. In
our investigations at the human stem-cell level, the DGCR8 monoallelic mutation did not
disturb either the pluripotency status or the tri-lineage differentiation capacity, the results
of which were in line with the mouse models [17,18]. In addition, measuring the mRNA
expression levels did not reveal dramatic differences between the normal and heterozygous
mutant cell lines, which may have been expected based on the subtle autoregulatory
mechanism described earlier for this transcript [17,42,43]. In contrast, studies at the protein
level revealed significant decrease in DGCR8 expression as compared with the normal
hESCs. This result prompted us to investigate genetic loci where such an imbalance in
Microprocessor components is known to disturb molecular functions. One candidate
was the C19MC locus, where the local depletion of the Microprocessor complex results
in a gradual positional decline of pri-miRNA processing in a long miRNA cluster. This
positional effect was more prominent when miRNA positions were compared in a pairwise
manner between hESCs and placenta cells, between cell types where this imprinted miRNA
cluster is predominantly expressed [14]. When we investigated the single-cell clones
carrying the DGCR8 heterozygous mutation, the positional effect was detected in only
half of the examined clones, indicating that the significantly lower protein level can result
in a partial functional disturbance of the Microprocessor complex in hESCs. However, it
is currently unknown why this heterozygous mutation did not show a 100% penetrance
in our experiments. One explanation could lie in the naïve versus primed stage of the
used human embryonic stem cell line: in a recent study, it was revealed that the C19MC is
relatively highly expressed in naïve hESCs, whereas its transcriptional activity is declined
in primed stem cells [53]. In our culturing conditions, the HuES9 ESC line rather contains
primed cell populations, and the lower expression of the miRNA cluster in those cell types
might hinder the detection of the position effect in pri-miRNA processing. In addition,
C19MC is also expressed at a much higher level in the trophoblast lineage, a differentiation
route that is more effectively initiated from the naïve state of hESCs. It is also conceivable
that the effect of the DGCR8 monoallelic mutation may be more pronounced in those cell
types. However, further experiments, including RNA sequencing, are needed to uncover
the DGCR8 mRNA profile and the potential presence of nontranslatable splicing variants
in our established clones, to unequivocally connect all the observed functional changes to
the DGCR8 protein itself.

In conclusion, in this study, we could show that the progenies of the hESC line carry-
ing a heterozygous mutation in the DGRC8 gene are good molecular and cellular models
to examine the functions of this RNA-binding regulatory protein. Moreover, being the
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good basis to generate isogenic differentiation lineages, they provide an excellent in vitro
platform to study the phenotype of DGCR8 deficiency in several human somatic cell types.
Since one consequence of lower DGCR8 expression is the suppressed maturation of canon-
ical miRNAs, the use of our special hESC line can also enhance the studies of mirtrons,
a special class of Microprocessor-independent but splicing-dependent miRNAs [54–59].
Taken together, this DGCR8 +/− cell line can well-contribute to the study of the dom-
inant human RNA interference pathway, as well as to the better understanding of the
“noncanonical” functions of the DGCR8 protein.
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cell line and the derived single-cell clones., Figure S5. Sanger sequencing of DGCR8 mutant allele in
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Abstract: The primordial germ cells (PGCs) are the precursors for both the oocytes and spermato-
gonia. Recently, a novel culture system was established for chicken PGCs, isolated from embryonic
blood. The possibility of PGC long-term cultivation issues a new advance in germ cell preservation,
biotechnology, and cell biology. We investigated the consequence of gga-miR-302b-5P (5P), gga-miR-
302b-3P (3P) and dual inhibition (5P/3P) in two male and two female chicken PGC lines. In treated
and control cell cultures, the cell number was calculated every four hours for three days by the XLS
Imaging system. Comparing the cell number of control and treated lines on the first day, we found
that male lines had a higher proliferation rate independently from the treatments. Compared to the
untreated ones, the proliferation rate and the number of apoptotic cells were considerably reduced
at gga-miR-302b-5P inhibition in all PGC lines on the third day of the cultivation. The control PGC
lines showed a significantly higher proliferation rate than 3P inhibited lines on Day 3 in all PGC lines.
Dual inhibition of gga-miR-302b mature miRNAs caused a slight reduction in proliferation rate, but
the number of apoptotic cells increased dramatically. The information gathered by examining the
factors affecting cell proliferation of PGCs can lead to new data in stem cell biology.

Keywords: primordial germ cells; gga-miR-302b; miRNA inhibition; chicken; cell proliferation; apoptosis

1. Introduction

Germ cell development generates totipotency throughout genetic as well as epigenetic
regulation of the genome function. Primordial germ cells (PGCs) are the first germ cell
population established during the development and serve as precursors for both the oocytes
and spermatogonia [1]. PGCs, similarly to embryonic stem cells (ESCs) [2] and induced
pluripotent stem cells (iPSCs) [3], are essential tools in stem cell biology and research. It is
possible to genetically modify the PGCs and create germ cell chimeras from the transgenic
PGCs, as was shown by Nakamura and co-workers [4]. Chicken PGCs can be easily
isolated from the fertilized eggs at the early stages of embryonic development and can be
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maintained in vitro utilizing already established protocols [5,6]. This accessibility provides
a unique tool to explore better medium formulations and investigate stem cell properties,
such as factors governing pluripotency and self-renewal [7].

One of the emerged pluripotency factors in stem cell biology are miRNAs [8–11]. They
play a fundamental role in maintaining the pluripotency of PGCs [12,13]. MicroRNAs
(miRNAS) are small non-coding RNAs found in the genome that post-transcriptionally
regulate gene expression via mRNA degradation or translation inhibition. The miRNAs
are known to regulate important physiological and pathological processes [14]. The genes
for the miRNAs are dispersed throughout the genome: some are intergenic, while others
are located in intronic, or in exonic regions [11]. The biogenesis of miRNAs is a multi-step
process in higher vertebrates. The process begins with RNA polymerase II transcribing
these miRNA genes into primary-miRNA (pri-miRNA) transcipts. This pri-miRNA is
further processed by the microprocessor complex consisting of DROSHA, DGCR8 and
spliceosome components into precursor miRNA (pre-miRNA). The Exportin-5 enzyme
exports pre-miRNAs out of the nucleus into the cytoplasm. This pre-miRNA is further
cleaved by Dicer, another Ribonuclease III type enzyme, with the help of the TRBP into a
miRNA duplex complex. The duplex consists of a 5P and a 3P strand, and the process of arm
selection results in the guide RNA strand incorporating into the RNA-induced silencing
complex (RISC), which mediates the RNAi-related gene silencing; the partial base pairing
between the mature miRNA and the target mRNA leads to translation inhibition or mRNA
degradation. Apart from this canonical maturation process, there are several Drosha- or
Dicer-independent pathways of miRNA biogenesis [15–17]. MiRANs are crucial for gene
regulation during pluripotency, self-renewal, and differentiation of ESCs and iPSCs [18].
They are expressed during the earliest embryonic developmental stages [9,19]. During
embryonic development [19–22], the quantity of miRNAs is strongly regulated [16,20].
If the expression levels of non-coding RNAs become too high, they can act as cancer-
promoting agents, which can cause the cells to escape standard mechanisms of control and
become malignant in nature [8,17,23]. MicroRNAs belonging to the miR-302 family are
emerging as key players in the control of cell growth. Khodayari and co-workers identified
a novel mechanism of ephrin-A1 mediated anti-oncogenic signaling in malignant pleural
mesothelioma (MPM) through miR-302b upregulation and inhibition of MM tumor sphere
growth by inducing apoptosis [24]. Apoptosis is described by specific morphological and
biochemical features in which caspase activation plays a central function as a component
of both health and disease [25]. Understanding the mechanisms of apoptosis and other
variants of programmed cell death provides deeper insight into various disease processes
and may thus influence therapeutic strategy.

Our present study identified a novel effect of the gga-miR-302b on chicken PGC prolif-
eration by inhibiting gga-miR-302b-5P (5P) and gga-miR-302b-3P (3P). We demonstrated
that, in the case of gga-miR-302b-5P and gga-miR-302b-3P inhibition, PGCs showed a signif-
icantly reduced proliferation rate than the control PGCs. The inhibition of gga-miR-302b-5P
reduced the apoptotic rate of all the examined PGC lines. Together, these findings suggest
that the cells might undergo an additional pathway of cell degradation, besides apoptosis,
that needs to be determined experimentally. The differentiation capacity of inhibited cells
needs to be explored also.

2. Materials and Methods

2.1. Experimental Animals and Animal Care

Animals were kept according to the standard rules of the Hungarian Animal Protection
Law (1998. XXVIII). Permission for experimental animal research at the National Centre
for Biodiversity and Gene Conservation, Institute for Farm Animal Gene Conservation
(Gödöllő, Hungary), was provided by the National Food Chain Safety Office, Animal
Health and Animal Welfare Directorate (Budapest, Hungary). Fertilized eggs from Black
Transylvanian Naked Neck Chicken were provided by the National Centre for Biodiversity
and Gene Conservation, Institute for Farm Animal Gene Conservation (Gödöllő, Hungary).
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2.2. Isolation, Establishment, and Maintenance of PGC Lines

Eggs were collected and incubated before the experiment. Circulating PGCs were
isolated from fertilized eggs (HH stage 14–16) from Black Transylvanian Naked Neck
chicken embryos and transferred to 300 μL culture medium in a 48-well plate without feeder
cells. The culture medium was prepared as described by Whyte and colleagues [6]. The egg
surface was cleaned up with 70% EtOH prior to opening. Next, 1 μL of blood was taken by
a glass micro-pipette from the dorsal aorta of the embryo under a stereomicroscope. After
1–2 weeks, red blood cells died and PGCs prevailed. PGCs were cultured and used for the
experiment. Half of the medium was changed every other day. When the total cell number
reached 1.0 × 105, the cells were divided into two and propagated at 2–4.0 × 105 cells/mL
medium in a 24-well plate [26]. Tissue samples for sex-determination were collected
from every isolated embryo and stored at −20 ◦C until further use. The time of isolation,
the exact age of the embryos (HH stages) cells [27], and visual the presence/absence of
developmental abnormalities were recorded.

2.3. Cell Counting Using Arthur Fluorescence Cell Counter

The cell counting of the chicken PGCs before preparing the cell proliferation assay was
performed using the Arthur Novel Fluorescence Cell Counter (NanoEnTek, Pleasanton,
CA, USA). Two separate counts in parallel confirmed the results. For each line, PGCs were
collected from 6 wells of a 24-well plate. Cell concentration was calculated from 25 μL PGC
suspension by the Arthur Cell Counter. After cell number calculation, 1 × 103 cells were
placed into each well of one 96-well plate. Further, the cell number was measured every
4 h, for three days, using High-Content Screening Molecular Device. The measurement
using ImageXpress Micro XLS Imaging System with a built-in incubator was performed
at the Molecular Cell Biology Research Group (Institute of Enzymology, Research Centre
for Natural Sciences): 96-well plate, with 6-6 parallel wells, of four previously established
PG cell lines: two male (M1: #508-ZZ; M2: #512-ZZ) and two females (F1: #509-ZW; F2:
#513-ZW) PGC line prepared for each condition. At the end of the experiment, the samples
were collected for apoptosis measurement and immunostaining (Supplementary Figure S1).

2.4. Apoptosis Rate Measurement Using Arthur Fluorescence Cell Counter

Apoptosis rate was measured on Day 3. 10× Annexin V Binding Buffer was diluted
to 1× (AD10—Dojindo Molecular Technologies, Inc., Rockville, MD, USA) with tissue
culture grade water (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). Both the
Annexin V FITC and the Propidium Iodide components were used at 5 μL/test in a final
volume of 100 μL. The apoptotic and necrotic rate of the PGCs was measured using the
Arthur Novel Fluorescence Cell Counter (NanoEnTek, Pleasanton, CA, USA).

2.5. Immunostaining of PGCs

PGCs were fixed with 4% PFA for 10 min. After washing with PBS, the fixed cells were
blocked for 45 min with a blocking buffer containing 5% (v/v) BSA, then were incubated
with each of the primary antibodies including mouse anti-SSEA-1 (1:10, Developmental
Studies Hybridoma Bank, Iowa City, Iowa, USA) and rabbit anti-VASA (CVH) (1:1000;
kindly provided by Bertrand Pain, Lyon, France). After overnight incubation in the primary
antibody solution in a humid chamber at 4 ◦C, the cells were washed three times with
PBS. Then the cells were incubated for 1 h with the secondary antibodies, Alexa-Fluor488-
conjugated donkey anti-rabbit-IgG (Applied Biosystems, Life Technologies, Carlsbad, CA,
USA) or Alexa-Fluor-555-conjugated donkey-anti-mouse-IgM (Applied Biosystems, Life
Technologies, Carlsbad, CA, USA) in a dark, humid chamber, at 37 ◦C temperature. After
washing once with 1× PBS, the nucleus was stained with TO-PRO®-3 stain for 15 min (1:500,
Molecular Probes Inc., Eugene, OR, USA). After three rounds of 1x PBS, wash coverslips
were mounted on the slide with the application of 20 μL VECTASHIELD® Mounting Media
(Vector Laboratories Inc., Burlingame, CA, USA) and analysed by confocal microscopy
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(TCS SP8, Leica Microsystems IR GmbH Wetzlar, Hessen, Germany). Negative controls
were stained only with the secondary antibodies.

2.6. RNA Isolation

We collected the cells for RNA isolation in RNA Aqueous Lysis Buffer Micro Kit
(Applied Biosystems). The isolated RNA was then used for qRT-PCR analysis for stem cell-
and germ cell-specific markers as well as for the miRNAs: gga-miR-302b-5P and gga-miR-
302b-3P (Tables 1 and 2). The concentration of the extracted RNAs was determined using
the NanoDrop One Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The
isolated RNA samples were stored at −70 ◦C.

Table 1. Primers used at the mRNA analysis.

Gene Symbol Gene Full Name (Organism) NCBI Number Primers Length of the Product (bp)

GAPDH
Glyceraldehyde-3-phosphate
dehydrogenase (Gallus gallus) NM_204305.1

FW GACGTGCAGCAGGA
ACACTA

112

RV CTTGGACTTTGCCAG
AGAGG

POUV
POU domain class 5

transcription factor 3 (Pou5f3)
(Gallus gallus)

NM_001110178.1

FW GAGGCAGAGAACA
CGGACAA

109
RV TTCCCTTCACGTTGG

TCTCG

CVH
DEAD-box helicase 4 (DDX4)

(Gallus gallus) NM_204708.1
FW GAACCTACCATCC

ACCAGCA
113

RV ATGCTACCGAAGTTG
CCACA

Table 2. Primers used at the miRNA analysis.

Name Gene Accession Number Assay ID Sequence

miR-92 hsa-miR-92 MI0000719 000430 UAUUGCACUUGUCCCGGCCUG
gga-miR-302b-3P hsa-miR-302b MI0000772 000531 UAAGUGCUUCCAUGUUUUAGUAG
gga-miR-302b-5P gga-miR-302b* MI0003700 008131_mat ACUUUAACAUGGAGGUGCUUUCU

2.7. CDNA Writing, qRT-PCR

The extracted RNA samples were reverse transcribed into cDNA with High-Capacity
cDNA Reverse Transcription Kit, following the instructions of the manufacturer (Applied
Bio systems, Life Technologies, Carlsbad, CA, USA). RT master mix was used for cDNA
writing. The cDNA was stored at −20 ◦C. The synthesized cDNA was then used for qRT-
PC. The reaction was performed by Eppendorf MasterCycler Realplex machine. TaqMan
PCR master mix was applied for the qPCR as a double-stranded fluorescent DNA-specific
dye according to the manufacturer’s instructions (Applied Bio systems, Life Technologies,
Carlsbad, CA, USA). GAPDH was used as an internal control (housekeeping gene). For
each gene examined, three parallels were analysed, fluorescence emission was detected
and relative quantification was calculated with the GenEx7 program (MultiD Analyses AB,
Göteborg, Sweden).

The qRT-PCR analysis was used for checking the expression of the PGC-specific and
stem cell-specific markers in the chicken PGCs. The mRNA analysis was done for the
following genes given in Table 1 below.

The qRT-PCR analysis was done to check the expression of miR-302b-3P and miR-302b-5P
mature miRNA expression. MiR-92 was used as an internal control (Table 2).

2.8. Inhibition gga-miR-302b-5P and gga-miR-302b-3P Using MicroRNA Inhibitors

Cultured chicken PGCs were transfected with inhibitors against the gga-miR-302b-5P
and gga-miR-302b-3P at 100 nM final concentration using the transfection agent siPORT
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(Applied Biosystems, Life Technologies, Carlsbad, CA, USA). We used the following
inhibitors given in Table 3 below.

Table 3. Inhibitors used at the miRNA inhibition assays.

Name Gene Catalog Number Assay ID Type of Inhibitor

anti-miR-302b-3p hsa-miR-302b-3P AM17000 AM10081 anti-miRTM-miRNA inhibitor
anti-miR-302b-5p gga-miR-302b-5P 4464084 MH11349 mirVanaTM miRNA Inhibitor

2.9. Statistical Analysis

The expression or repression of the target gene relative to the internal control gene in each
sample was calculated with the GenEx 7.0 program (Multiday, SE) using the formula 2−ΔΔCt,
where ΔCt = Ct target gene—Ct internal control and ΔΔCt = ΔCt test sample—ΔCt control
sample. Statistical differences between the examined groups were assessed by t-test using the
GenEx 7.0 software. The data are presented as mean ± SD and p values of less than 0.05 were
regarded as statistically significant. Labels on the pictures: p < 0.05 *, p < 0.01 **, p < 0.001 ***.

3. Results

There were two male (M1: #508-ZZ; M2: #512-ZZ) and two female (F1: #509-ZW; F2:
#513-ZW) PG cell lines used in this study. The cell number of these cell lines was measured
every 4 h for three days, using the XLS Imaging system with a built-in incubator. Our
aim was to examine the proliferation rate of the PGCs on Day 1, Day 2, and Day 3 after
the inhibition of gga-miR-302b-5P (5P) or gga-miR-302b-3P (3P) or using anti-gga-miR-
302b-5P and anti-gga-miR-302b-3P inhibitors together (5P/3P inhibition). For example,
the proliferation rate on the third day was calculated by dividing the average cell number
counted on the third day (h76) by the second day (h52). We compared the proliferation rate
of control and treated lines on the first day (28 h/4 h), on the second day (52 h/28 h) and
on the third day (76 h/52 h) (Supplementary Figure S1).

3.1. Characterization of Stem Cell- and Germ Cell-Specific Marker Expression Profile of PG Cell
Lines at Day 0

The used PG cell lines were characterized before the experiments.
Expression of CVH and POUV were measured. We found higher expression of CVH

(germ cell-specific marker, Figure 1a) in male lines (M1, M2) than in females (F1, F2). POUV
(stem cell-specific marker, Figure 1b) expression was the highest in the case of the M1 PGC
line. Furthermore, a significant difference was found between the proliferation rate of male
and female lines. In the case of males, we found a significantly higher proliferation rate
compared to female lines (Figure 1c). Gga-miR-302b-5P (Figure 1d) and gga-miR-302b-3P
(Figure 1e) miRNAs were also analysed at Day 0. The expression of both miRNAs was
the highest in the case of cell line M2, but the difference was not significant. Interestingly,
the 5P/3P ratio was the highest in cell line F2 (Figure 1f); although that was not the case
regarding the proliferation rate (Figure 1c).

The immunostaining was done to analyse the expression of stem cell-specific SSEA-1
and germ cell-specific CVH. We found high expression for examined markers in all cell
lines. Aggregation of cells in the case of the female lines (F1, F2) was also detectable
(Figure 2).

The cell number was increased in all cell lines during the cultivation period (4–76 h,
Figure 3B). The M1 and M2 (male, ZZ genotypes) lines showed a significantly decreased
proliferation rate on Day 2 and Day 3 compared to Day 1 (Figure 3A(a,b)). The proliferation
rate of F1 (female, ZW genotype, Figure 3A(c)) PGCs did not change, while the proliferation
rate of F2 (female, ZW genotype, Figure 3A(d)) line increased significantly on Day 2 and
Day 3 compared to Day 1. This outcome can explain why we got the highest 5P/3P ratio
in the case of F2 PGCs (Figure 1f). This finding fit with our earlier result [28] also. The
immunostaining revealed high SSEA-1 and CVH expression in all lines (Figure 3A(e–h)).
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Figure 1. Characterization of PGC lines M1, M2, F1 and F2 on Day 0 of the experiments. Expression
of CVH (a), POUV (b), gga-miR-302b-5P (d) and gga-miR-302b-3P (e) were analysed. GAPDH (in the
case of CVH and POUV) and miR-92 (in the case of microRNAs) were used as housekeeping genes in
the experiments. The proliferation rate (c) and 5P/3P ratio (f) for the PGC lines are also presented
(p < 0.01 **, p < 0.001 ***).

Figure 2. The immunostaining was performed with SSEA-1 (red), CVH (green) and TO-PRO™-3 for
nuclear staining (blue). We examined M1 (a), M2 (b), F1 (c) and F2 (d) PG cell lines (Scale: 50 μm).
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Figure 3. (A) The proliferation rate of the control PGC lines on Day 1, Day 2 and Day 3 (a–d) and
immunostaining (e–h) of the four lines are shown in the figure. The immunostaining was achieved
with SSEA-1 (red), CVH (green) and TO-PRO™-3 for nuclear staining (blue). (B) Analysis of the cell
number. The cell number measurements were performed every 4 h (from 4 h to 76 h). We calculated
the proliferation rates on Day 1, Day 2 and Day 3 (p < 0.05 *, p < 0.01 **).

3.2. Effect of Anti-gga-miR-302b-5P, -3P and 5P/3P Inhibition on the Proliferation Rate of PGC Lines

We aimed to examine the proliferation rate of the PGCs on Day 1, Day 2 and Day 3
after the inhibition of gga-miR-302b-5P or gga-miR-302b-3P or the inhibition of both
(Supplementary Figure S1).
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In the case of the M1 cell line (Figure 4a), on Day 2, the proliferation rate of 5P
inhibited cells was significantly lower compared to the control. On Day 3, both 5P and 3P
inhibited lines showed lower proliferation rates. The dual inhibition did not cause any
detectable differences. We fixed the cells after three days of cultivation. Immunostaining
was performed to detect the expression of SSEA-1 (stem cell-specific cell surface marker)
and CVH (germ cell-specific marker expressing in the cytoplasm) (Figure 4b–d). In the case
of 5P inhibition (Figure 4b), cytoplasm blebbing on most of the cell surface was visible,
while in the control condition on Day 0 and Day 3, we could not find membrane deformities
(Supplementary Figures S2–S4). The staining of these protrusions showed that they contain
only cytoplasm. No sign of nuclear degradation was visible.

Figure 4. (a) Proliferation rate of M1 (ZZ genotype) PGC line on Day 1, Day 2 and Day 3. M1-C:
non-inhibited, M1-5P: gga-miR-302b-5P inhibition, M1-3P: gga-miR-302b-3P inhibition, M1-5P/3P:
gga-miR-302b-5P and gga-miR-302b-3P inhibition. (b–d) Immunostaining of M1 PGCs after three
days of cultivation in different culture conditions. The immunostaining was achieved with SSEA-1
(red), CVH (green) and TO-PRO™-3 for nuclear staining (blue) (p < 0.01 **, p < 0.001 ***).

Cell line M2 (ZZ genotype) (Figure 5a) showed a significant proliferation rate increase
compared to the control after inhibition of 3P and 5P/3P on Day 1. On Day 2, no difference
was observed between the treated and the control groups. On Day 3, all three inhibitions
caused the proliferation to slow down. Small protrusions of the cytoplasm were present
only after inhibiting against the 5P (Figure 5b–d).

Cell line F1 (ZW genotype) (Figure 6a) showed a significant proliferation rate increase
compared to the control after inhibition of 5P and 3P on Day 1. On Day 2, also significant
proliferation rate increase was observed, but in the case of 3P and 5P/3P inhibition. Then,
on Day 3, all three inhibitions caused the proliferation to slow down. Small protrusions of
the cytoplasm were present after all inhibition treatments (Figure 6b–d).

Cell line F2 (ZW genotype) (Figure 7a) showed a significant proliferation rate increase
compared to the control after 3P and 5P/3P inhibition on Day 1. On Day 2, no difference
was observed between the treated and the control groups. Then, on Day 3, all three
inhibitions caused the proliferation to slow down. Small protrusions of the cytoplasm were
present after 3P and 5P/3P inhibition (Figure 7c,d).
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Based on our results, we can conclude that, on the third day of the experiment,
inhibition of 5P and 3P caused a drastic decrease in the proliferation rate for all cell lines
compared to the control (Figure 8); however, the time scale of inhibition was different
in the cell lines. Figure 8 shows the proliferation rate comparison on Day 3. It is visible
that the control samples had significantly higher proliferation rates in the case of M2, F1,
F2 (Figure 8b–d) than the treated ones. M1 PGCs did not show a difference compared to
control after 5P/3P inhibition (Figure 8a).

Figure 5. (a) Proliferation rate of M2 (ZZ genotype) PGC line on Day 1, Day 2 and Day 3. M2-C:
non-inhibited, M2-5P: gga-miR-302b-5P inhibition, M2-3P: gga-miR-302b-3P inhibition, M2-5P/3P:
gga-miR-302b-5P and gga-miR-302b-3P inhibition. (b–d) Immunostaining of M2 PGCs after three
days of cultivation with different culture conditions. The immunostaining was achieved with SSEA-1
(red), CVH (green) and TO-PRO™-3 for nuclear staining (blue) (p < 0.05 *, p < 0.01 **, p < 0.001 ***).

Figure 6. (a) Proliferation rate of F1 (ZW genotype) PGC line on Day 1, Day 2 and Day 3. F1-C:
non-inhibited, F1-5P: gga-miR-302b-5P inhibition, F1-3P: gga-miR-302b-3P inhibition, F1-5P/3P:
gga-miR-302b-5P and gga-miR-302b-3P inhibition. (b–d) Immunostaining of F1 PGCs after three
days of cultivation with different culture conditions. The immunostaining was achieved with SSEA-1
(red), CVH (green) and TO-PRO™-3 for nuclear staining (blue) (p < 0.05 *, p < 0.01 **, p < 0.001 ***).
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Figure 7. (a) Proliferation rate of F2 (ZW genotype) PGC line on Day 1, Day 2 and Day 3. F2-C:
non-inhibited, F2-5P: gga-miR-302b-5P inhibition, F2-3P: gga-miR-302b-3P inhibition, F2-5P/3P:
gga-miR-302b-5P and gga-miR-302b-3P inhibition. (b–d) Immunostaining of F2 PGCs after three
days of cultivation with different culture conditions. The immunostaining was achieved with SSEA-1
(red), CVH (green) and TO-PRO™-3 for nuclear staining (blue) (p < 0.05 *, p < 0.01 **).

Figure 8. (a) Comparison of the proliferation rate of M1 (a), M2 (b) (ZZ genotype) and F1 (c),
F2 (d) (ZW genotype) PGC lines on Day 3. C: non-inhibited, 5P: gga-miR-302b-5P inhibition, 3P:
gga-miR-302b-3P inhibition, 5P/3P: gga-miR-302b-5P and gga-miR-302b-3P inhibition. (e–h) Im-
munostaining of M1, M2, F1 and F2 PGCs after three days of cultivation in anti-gga-miR-302b-5P
inhibitor-containing medium. The immunostaining was achieved with SSEA-1 (red), CVH (green)
and TO-PRO™-3 for nuclear staining (blue). Arrows show the blebbings on the cell surface (p < 0.05 *,
p < 0.01 **, p < 0.001 ***).
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It is also shown by the immunostaining that the 5P inhibited lines had a higher amount
of blebbing cells than the other conditions (Figure 8e–h).

3.3. Determination of the Apoptotic, Late Apoptotic, and Necrotic Cell Ratio of PGC Lines

The apoptotic/necrotic staining was done with the Apoptotic Cell Detection Kit. The
cell number calculation was performed using the Arthur Novel Fluorescent Cell Counter.
We used two parallel measurements. The average apoptotic, late apoptotic, and necrotic
ratios are illustrated in Figure 9. We found that 5P-inhibited PG cells showed a significantly
lower apoptotic rate in all cell lines. The 5P/3P inhibition caused the highest percentage of
cell death. The highest apoptotic rates were found in the case of the F1 cell line.

Figure 9. Comparison of the apoptotic, late apoptotic, and necrotic cell percentage in M1 (a), M2 (b)
(ZZ genotype) and F1 (c), F2 (d) (ZW genotype) PGC lines.: C: non-inhibited, 5P: gga-miR-302b-5P
inhibition, 3P: gga-miR-302b-3P inhibition, 5P/3P: gga-miR-302b-5P andgga-miR-302b-3P inhibition.

4. Discussion

Chicken Primordial germ cells (PGCs) can be found in the central region of the forming
embryo disc. They are the first germ cell population during the development. These cells
are precursors of oocytes and spermatogonia. Our study investigated the effect of miR-
302b-5P and -3P on cell proliferation and apoptosis via a miRNA inhibition-based assay
in PGCs. The information collected by examining the factors affecting cell proliferation of
PGCs can lead to new data in stem cell biology [29].

It was published that Lin28 is a negative regulator of let-7 miRNA, and it is essential
for PGC development in mouse [30]. The miR-290-295 and miR-17-92 clusters are important
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in mouse PGCs. MiR-290-295 cluster deficiency in mice leads to embryo lethality and germ
cell deficiencies together with PGC migration problems [31]. Overexpression of Lin28 is
associated with human germ-cell tumors [30]. In chicken, miR-363 is involved in gonadal
development [3]. Moreover, miR-181a inhibits PGC differentiation [32].

The miR-302 cluster is embryonic stem cell-specific and evolutionarily conserved
in vertebrates. The miR-302/367 cluster, generally consisting of five members, miR-367,
miR-302d, miR-302a, miR-302c and miR-302b, is ubiquitously distributed in vertebrates and
occupies an intragenic cluster located in the gene La-related protein 7 (LARP7) [32]. The
cluster is cited for playing vital roles in diverse biological processes, such as the pluripotency
of human embryonic stem cells (hESCs), self-renewal and reprogramming [28].

The miR-302-367 promoter is known to be transcriptionally regulated by the ESC-
specific transcription factors Oct3/4, Sox2 and Nanog, and its activity is restricted to the
ESC compartment. Functionally, this cluster regulates the cell cycle in ESCs, promoting
self-renewal and pluripotency, therefore representing a master regulator in maintaining
hESC stemness. It helps overcome the G1 to S phase transition during the cell cycle.

It was observed that miR-302 is endogenously highly expressed in human embryonic
stem cells (hESCs) and human-induced pluripotent stem cells (hiPSCs). Inhibition of
miR-302 using antagomirs resulted in downregulation of the self-renewal rate of hESCs,
hiPSCs which was observed via cell colony formation assay [33].

We reported earlier a concordant dysregulation between the two arms of gga-miR-
302b-5P and 3P [28] In this study, we identify that inhibition of the 3P arm slightly decreased
the proliferation, indicating a role of the miR-302b-3P arm in cell proliferation. The cells
inhibited with the 5P arm had a lower apoptotic rate than the cells that showed a dual
inhibition. This result is consistent with Wu et al. [33], where the 5P acts as a proliferation
promoter and oncomiR. Inhibition of miR-302b 5P arm decreased the proliferation rate and
lowered the apoptotic rate, indicating a role of the 5P arm in promoting the proliferation
of PGCs in vitro and in vivo. Our experimental data have confirmed the proliferation rate
reduction after the inhibition of gga-miR-302b-5P and gga-miR-302b-3P (Figure 10).

It has been demonstrated that the members of the miR-302/367 cluster have a critical
role in regulating the balance of G1-to-S transition. Three target genes were identified:
CDK2, Cyclin D1/D2 and BMI-1 [34].

Figure 10. This figure summarizes our findings and the most relevant target genes of gga-miR-302b-
5P and gga-miR-302b-3P predicted by the bioinformatic analysis published previously [28,35,36].
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It is also essential to identify the miR-302b-5P and -3P expression pattern. In nature,
both the 5P or 3P miRNA form has been reported, and 5P/3P ratio depends on temporal,
spatial, physiological, and pathological conditions. Specific arm selection is supposed to
be thermodynamically controlled. Changes in strand selection in cancer cells or develop-
mental stages are possibly associated with the presence of signals. Dicer may affect the
5P/3P strand selection of concurrent expression in cancer cells. In summary, co-regulation
of the 5P/3P miRNA in normal and pluripotent tissues and cells is subjected to subtle
physiological changes in pre-miRNA processing enzymes and signals [29,37].

It was issued previously that miR-302b has an essential role in cellular glucose
metabolism. Glucose energy and metabolism are crucial for embryonic stem cells, in-
duced pluripotent stem cells, and germ cells. A variety of miRNAs regulate glucose
metabolism in the pancreas, liver, brain, and muscle adipose tissue. Research papers pub-
lished by Rengaraj and colleagues [12,32,38,39] described that miR-302b has a significant
regulatory effect on glucose phosphate isomerase (GPI), which plays an essential role in
glucose metabolism. Alteration of GPI can be associated with the abnormal function of
stem and germ cells.

Oct4 and Sox2 are transcription factors essential for pluripotency during early embryo-
genesis and maintaining embryonic stem cell (ESC) pluripotency. They bind to a conserved
promoter region of miR-302 [40]. MiR-302a is predicted to target many cell cycle regulators.
Moreover, miR-302a represses the translation of cyclin D1 in hESCs. The transcriptional
activation of miR-302 and the translational repression of its targets, such as cyclin D1, may
provide a link between Oct4/Sox2 and cell cycle regulation in pluripotent cells. Varying
stability and stoichiometry of such complexes offer a means to fine-tune developmental
decisions [41].

The apoptotic rate of the cells inhibited against gga-miR-302b-5P showed a negative
correlation, while the proliferation rate still dropped. Apoptosis occurs whenever there is
an injury to the cell that cannot be repaired. The most common cause of such injury is DNA
damage. Whenever cells detect DNA damage, they trigger the response of the p53 gene,
which is the most crucial inducer of apoptosis. The second pathological condition under
which apoptosis can be observed is whenever misfolded protein accumulates [42]. Multiple
types of death can be observed simultaneously in tissues or cell cultures exposed to the
same stimulus [43]. The externalization of phosphodiesterase is an early event of apoptosis,
occurring while the plasma membrane remains intact. The biological spectrum of cell
deaths is much more diverse. The formation of additional “blebbing” on the membrane
surface of inhibited cells needs to be addressed. The non-apoptotic membrane blebbing is
known to be a cellular migration mechanism [44].

We found that inhibition of miRNA gga-miR-302b-5P has a dual effect. It was reported
that the miR-302b acts as an anti-tumor specific miRNA. It has been stated that various
miRNAs regulate the intrinsic and the extrinsic pathway for apoptosis in cancer cells.
The role of miR-302b-5P in hepatocellular carcinoma (HCC) is still unclear [33]. Guo and
co-workers published that upregulation of the miRNAs leads to extensive upregulation
of pro-apoptosis genes and pathways, leading to extensive cell death and blebbing [45].
These results indicate the tumor suppressor role of miR-302b-3P in the pathogenesis of
gastric cancer. MiR-302b-3p promotes self-renewal properties in Leukemia Inhibitory
Factor-Withdrawn Embryonic Stem Cells [46]. miR-302b exhibited anti-tumor activity
by reversing EphA2 regulation, which relayed a signalling transduction cascade that
attenuated the functions of N-cadherin, β-catenin, and Snail (markers of Wnt/β-catenin
and epithelial-mesenchymal transition, EMT). This modulation of EphA2 also had distinct
effects on cell proliferation and migration in vivo [47].

MAPK signalling is responsible for maintaining pluripotency and proliferation in
mammals. It can be hypothesized that probably the high expression of gga-miR-302b-5P is
contributed to controlling the MAPK signaling pathway [21] and TGFβR2. Their targets
are downstream targets in other molecular pathways like p53 signalling, FOXO signaling,
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TGFβ signalling, and apoptosis. MiR-302b-5P might cause a high proliferation rate in PGC
lines through inhibiting the MAPK pathway components.

5. Conclusions

Our findings could help to improve the in vitro conditions for PGC cultivation to gain
stable germline competence comparable to in vivo PGCs. Many proteins and ligands are
targets of the gga-miR-302b-5P and -3P. We can hypothesize that the inhibition of the 5P
arms of miR-302b might lead to an upregulation of these pathways, causing a decrease
in proliferation and apoptosis rate. Investigating the cell cycle regulatory function of gga-
miR-302b-3P can help to understand its tumor suppressor role of miR-302b-3P in different
types of cancer.

Supplementary Materials: The following figures are available online at https://www.mdpi.com/
article/10.3390/genes13010082/s1, Figure S1: Description of the experiment, Figure S2: Immunos-
taining of control M1 PGCs on Day 1, Figure S3: Immunostaining of control M1 PGCs on Day 3,
Figure S4: Immunostaining of 5P inhibited M1 PGCs on Day 3.
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Abstract: ABCG2 is a membrane transporter protein that has been associated with multidrug
resistance phenotype and tumor development. Additionally, it is expressed in various stem cells,
providing cellular protection against endobiotics and xenobiotics. In this study, we designed
artificial mirtrons to regulate ABCG2 expression posttranscriptionally. Applying EGFP as a host
gene, we could achieve efficient silencing not only in luciferase reporter systems but also at the
ABCG2 protein level. Moreover, we observed important new sequential-functional features of
the designed mirtrons. Mismatch at the first position of the mirtron-derived small RNA resulted
in better silencing than full complementarity, while the investigated middle and 3′ mismatches
did not enhance silencing. These latter small RNAs operated most probably via non-seed specific
translational inhibition in luciferase assays. Additionally, we found that a mismatch in the first
position has not, but a second mismatch in the third position has abolished target mRNA decay.
Besides, one nucleotide mismatch in the seed region did not impair efficient silencing at the protein
level, providing the possibility to silence targets carrying single nucleotide polymorphisms or
mutations. Taken together, we believe that apart from establishing an efficient ABCG2 silencing
system, our designing pipeline and results on sequential-functional features are beneficial for
developing artificial mirtrons for other targets.

Keywords: mirtron; miRNA; ABCG2; silencing; multidrug transporter

1. Introduction

The human ABCG2 protein is one of the 48 known members of the human ATP-
binding-cassette (ABC) protein family. It was originally cloned from the placenta and
cells selected for multidrug resistance [1–3], but according to our present knowledge,
ABCG2 is also expressed in various differentiated tissues, including ovary, kidney, liver,
breast epithelial cells, intestinal epithelia, and the blood–brain barrier [4]. This multidrug
transporter protein provides resistance against various endo- and xenobiotics and hy-
pothesized to play a physiological role in the chemoimmunity defense system [5]. The
ABCG2 protein has also been identified in many types of tissue-derived stem cells and
in human embryonic stem cell lines (hESC), and its role is presumably the protection
against different toxins and stress [6,7]. Moreover, its expression was shown to be a
reliable marker of the “side-population phenotype” [8]; therefore, investigating its role
and function in various stem cells is still an important issue. There are several model
systems where ABCG2 is overexpressed or knocked out [9–11]; however, a model where
the function of ABCG2 is turned off in a carefully controlled and reversible manner is
lacking. MicroRNA (miRNA)-based regulation could present a versatile platform for
such purposes, providing a posttranscriptional fine-tuning of gene expression, thereby a
careful studying of protein function.

The majority of miRNAs are processed via the canonical miRNA biogenesis pathway.
The ~20–24 nucleotide (nt) long, single-stranded mature RNA derives from an imperfect
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RNA hairpin structure, which is usually transcribed from the genome by a Pol II poly-
merase [12,13]. This primary transcript (pri-miRNA) is then cleaved by a nuclear RNase
III-like enzyme Drosha (assisted by its partner protein, DGCR8), releasing a ~60–70 nt
long hairpin (called pre-miRNA; [14–17]). The pre-miRNA is then transported from the
nucleus to the cytoplasm by the Exportin-5 shuttle system [18–21]. In the cytoplasm, Dicer,
another RNase III-like enzyme, cleaves the pre-miRNA, liberating the double-stranded
miRNA:miRNA* molecule [22,23]. Dicer acts as a molecular ruler, and the cleavage
site can be measured either from the 5′- or the 3′-end of the pre-miRNA, depending on
the stability of the 5′-end [24–27]. During further processing, one strand (called guide
strand) of the liberated small RNA duplex is incorporated into an Argonaute (AGO)
protein-containing complex, forming a mature RISC (RNA induced silencing complex)
and guiding it to the target transcript. Up to our present knowledge, strand selection
is mainly determined by thermodynamic characteristics (strands with low thermody-
namic stability at their 5′-end are favorable) and the 5′ nucleotide identity (A and U are
favorable [28]). The regulatory effect of miRNAs is usually manifested by the destabi-
lization/degradation and/or translational inhibition of the target mRNA molecule via
the partial base pairing of the miRNA and the 3′-untranslated region (3′-UTR) of the
mRNA [29,30].

Non-canonical miRNA biogenesis pathways could bypass certain steps of the canon-
ical process, typically one or even both of the two cleavage steps [31–34]. Mirtrons,
which are generated in a Drosha-independent pathway, represent the most prominent
group of the alternatively processed miRNAs. They reside in short introns, which are
essentially equivalent to the precursor form (pre-miRNA) of the given miRNA. Thus,
the first step of the mirtronic miRNA processing is different from the canonical one: the
pre-miRNA is liberated from the primary transcript by the splicing machinery instead
of the Drosha/DGCR8 complex. The mirtron pathway was first described in Drosophila
melanogaster and Caenorhabditis elegans [35,36], and later, it was experimentally demon-
strated to be operational also in mammals [37–39].

Mirtrons, owing to their special features, are promising genetic tools for the regu-
lation of genes of interest. They could be expressed by Pol II promoters; therefore, their
expression can be spatiotemporally regulated, while their maturation does not interfere
in the nucleus with the endogenous canonical miRNA maturation pathway [37,40]. There
are several articles investigating the potential of artificially designed mirtrons as silencers
and showing additional advantages, such as embedding multiple artificial mirtrons in a
gene for delivery and investigating various therapeutic potentials [40–43].

In this study, we present the design of artificial mirtrons for silencing the ABCG2 mul-
tidrug transporter protein. Testing several potential candidates, we could successfully
silence targets in luciferase reporter assays. Moreover, we could also effectively reduce
the protein level of ABCG2. In addition, we observed important sequential-functional
features of the designed mirtrons. Changing the complementarity to the target in various
positions revealed the importance of the middle and 3′ region in more efficient repres-
sion, while one mismatch in the first position or the seed region did not abolish efficient
silencing. The various changes also influenced the balance between translation inhibition
and mRNA destabilization. As an important aspect, we also point out to consider the
presence of nucleotide polymorphisms when designing mirtrons against a particular gene
of interest.

2. Materials and Methods

2.1. Bioinformatics, Statistical Analysis

During mirtron design, we used several prediction programs to select promising
artificial mirtron sequences for further experimental investigations. After designing
the different mirtron sequences, we predicted their splicing from the EGFPm coding
context. We used the SpliceDB, Softberry program for splicing donor and acceptor site
predictions [44,45] and the Human Splice finder for branch point analysis [46]. For
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structural and delta G (Gibbs free energy) predictions, we used the mFold program [47].
We selected four artificial mirtrons for subsequent investigations, with variable structure
and prediction parameters (Supplementary Figures S1–S4). Regarding experimental
studies, experiments with three parallels were repeated at least twice. For statistical
analysis, a two-sided Student’s t-test was performed.

2.2. Plasmid Constructs

For the expression of artificial mirtrons, oligonucleotides corresponding to the sense
and antisense sequence of the specific mirtrons were hybridized to form a double-stranded
DNA, then inserted as an artificial intron into the PvuII site of EGFPm by blunt-end
ligation [39,48]. As a control, we used the third intron of the mouse IgCε gene [49] or a
canonical intronic miRNA (mir-33b), as we described earlier [39]. For luciferase constructs,
hybridized double-stranded oligonucleotides for the wild type and the seed region
mutated target sequences of corresponding mirtrons were ligated between the XhoI/NotI
restriction sites of Renilla luciferase 3′-UTR in the psiCHECK2 vector (Promega, Madison,
WI, USA). For ABCG2 experiments, a previously established pCDNA3.1_ABCG2 plasmid
was used [50]. All plasmid constructs were verified by Sanger sequencing.

2.3. Cell Cultures and Manipulation

HeLa cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
cat. #31966047) supplemented with 10% of fetal bovine serum (cat. #10500064), 1% of
L-glutamine (cat. #25030081), and 1% of penicillin/streptomycin (cat. # 15070063, all from
Thermofisher Scientific) using standard cell culture methodology. Cells were transfected
with FuGENE® HD reagent (Roche Applied Science, Penzberg, Germany) in a 6-well or
24-well plate, according to the manufacturer’s instruction. To stain the cell nuclei, 10 μM
of the Hoechst 33342 dye was used according to the standard protocol. EGFP and Hoechst
fluorescence was detected by an IX51 fluorescence microscope (Olympus, Shinjuku City,
Tokyo, Japan).

To establish cell lines stably expressing EGFPm-mirtron constructs, we applied
the Sleeping Beauty transposon-based gene delivery technology as described earlier [51].
Following transfection, cells were sorted for EGFP positivity at day 8 and subsequently at
day 15 using a FACS Aria High Speed Cell Sorter (Beckton-Dickinson, Franklin Lake, NJ,
USA) to obtain homogenously expressing cell populations. Stable expression was also
checked by subsequent FACS analyses. The established cell lines were further used for
mRNA level and western blot experiments.

2.4. RNA Analysis

Total RNA was isolated from cultured cells using Trizol reagent (Invitrogen, Waltham,
MA, USA). To remove genomic DNA contaminations, RNA samples were treated with
DNaseI (New England Biolabs, Ipswich, MA, USA) at 37 ◦C for 1 h. For cDNA prepa-
rations, 1 μg of total RNA was reverse transcribed with random primers using High
Capacity cDNA Reverse Transcription Kit (Thermofisher Scientific, Waltham, MA, USA).
For splicing experiments, a polymerase chain reaction was performed on cDNA pre-
pared from transiently transfected cells (1000 ng of artificial mirtron expressing plas-
mids were transfected into cells in a 6-well plate), using the following primers: 5′–
TTCTTCAAGTCCGCCATGCC (forward) and 5′–ACTTGTACAGCTCGTCCATGCCG
(reverse). To carry out real-time quantitative PCR (qPCR), we used specific TaqMan®

assays and reagents. Reactions were performed on StepOne™ or StepOnePlus™ plat-
forms, according to the manufacturer’s instructions (Thermofisher Scientific). For relative
quantitation, the ΔΔCt method was applied, and we used the RPLP0 mRNA (catalog
number: Hs9999902_m1) as endogenous control. For Renilla mRNA level experiments,
cells were transfected with 500 ng of respective sensor/mutant sensor expressing plasmid
in a 6-well plate. For Renilla luciferase mRNA detection, a custom-made TaqMan assay
was used, containing the following primers: 5′-CGAGTGGCCTGACATCGA (forward),
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5′-ACGAAGAAGTTATTCTCAAGCACCAT (reverse) and 5′-CAGGGCGATATCCTC
(probe, with 5′-FAM and 3′-MGB labeled). For firefly luciferase mRNA detection, the
following custom-made assay was used: 5′-GCTTCGAGG-AGGAGCTGTTC (forward),
5′-CCAGCAGGGCAGACTGAATTT (reverse) and 5′-CAGCC-TGCAAGACTAC (probe,
with 5′-FAM and 3′-MGB labeled). For ABCG2 mRNA level measurements, 1000 ng of
ABCG2 expressing and 500 ng of psiCHECK2 plasmids were co-transfected into cells,
seeded in 6-well plates. For qPCR analysis of ABCG2 mRNA, a pre-developed assay was
used (catalog number: Hs01053790_m1).

2.5. Luciferase Assay

In each experiment, 300 ng of the mirtron/control expressing plasmids were co-
transfected with 15 ng of sensor or mutant sensor luciferase plasmids into cells, seeded
on a 24-well plate. Sensors containing two copies of the respective target site were cloned
downstream of Renilla luciferase in the psiCHECK2 vector. Mutant sensors differ in
3 mismatched nucleotides in the predicted miRNA seed region. Luciferase activity was
measured at 48 h posttransfection by a 2030 Multilabel Reader luminometer (PerkinElmer,
Waltham, MA, USA) using the Dual-Luciferase Reporter Assay System (Promega). Signal
specific for firefly luciferase expressed from the same psiCHECK2 plasmid was used to
normalize for transfection efficiency. To fully exclude any non-specific effects, luciferase
activities of the sensors were also measured in the presence of an unrelated miRNA
(hsa-mir-33b) as non-cognate control.

2.6. Western Blot (Immunoblot)

Artificial mirtron and control expressing stable HeLa cell lines were transfected with
500 ng ABCG2 expressing plasmid in a 6-well plate. Cells were lysed and collected 48 h
after transfection. After briefly sonicated, samples were run on 7.5% acrylamide gel, then
electroblotted onto PVDF membrane (BioRad, Hercules, CA, USA). Membranes were
blocked by 5% milk/TBS-Tween and incubated with mouse monoclonal BXP-21 antibody
(kindly provided by Dr. George Scheffer) overnight at 4 ◦C for ABCG2 detection. Next,
membranes were incubated in HRP-conjugated Anti-Mouse IgG secondary antibody
solution (Jackson’s, cat # 715-035-151) for 1 h at room temperature. For signal detection,
an ECL reagent (Thermofisher Scientific) was used, and the membranes were exposed to
Agfa films. Monoclonal Anti-β-Actin-Peroxidase antibody (Sigma, cat. #A3854) was used
for β-actin detection as a control. Experiments were repeated at least three times, and one
representative experiment is shown in the figures. Expression levels were quantified by
densitometry of the scanned images using the ImageJ software.

3. Results

3.1. Artificial Mirtron Design

Although there are numerous advantages of mirtrons as silencers, for the process of
artificial mirtron design, some criteria should be considered. First, regarding splicing, a
GU 5′-end as 5′ splicing donor site and a (C)AG 3′- end as 3′ acceptor site is advantageous.
Then, a functional polypyrimidine tract and a branch point should be placed somewhere
in the mirtron sequence (Figure 1A). Additionally, as was mentioned above, there are
some features to be considered for proper processing by Dicer and for the loading of the
appropriate strand of the small RNA duplex into a functional RISC. Besides, there are
some other concerns regarding efficient silencing, such as the complementarity of the
small RNA to its target.
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Figure 1. Artificial mirtron design. (A) A schematic representation of essential splicing criteria of introns in humans.
Since mirtrons are small introns that are liberated by the splicing machinery instead of the Drosha/DGCR8 complex,
their sequences should contain the indicated sequence motifs. (B) A demonstration of the artificial mirtron design. In the
designed mirtronic pre-miRNAs, the 5′-arm gives the potential small guide RNA, and the loop region is originated from
Mus musculus mir-1224 loop region containing the branch point, while the 3′-arm contains the polypyrimidine tract. The
shown putative structure of the mmu-mir-1224 was predicted by the mFold program. (C) A schematic representation of
the mRNA of ABCG2 membrane transporter protein. Target sites are shown by red, while the experimentally investigated
targeting artificial mirtrons (arts) are also indicated.
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Theoretically, the guide strand can be placed either in the 5′- or in the 3′-arm of
a mirtron. However, in all cases, we chose the 5′-arm because, in this case, the most
important part of the potential guide RNA, the 5′-end and therefore the seed region
is well defined by splicing, avoiding potential heterogeneous ends, resulted by Dicer
processing. Hence, it is easier to plan target specificity and influence strand selection.
Concerning the branch point, we analyzed several mammalian mirtrons and found that
some of them have their potential branch point in the loop region, while some have it in
the 3′-arm region. We decided to position it in the loop region while the polypyrimidine
tract was placed in the 3′-arm. We used the mmu-mir-1224 mirtron loop sequence as the
loop of our artificial mirtrons since it had the best scores for branch point and splicing
prediction analysis during the design process (Figure 1B). Regarding target site selection,
we selected target sequences from the coding region of ABCG2 (Figure 1C) since it was
previously shown to be applicable [40] and because our earlier effort to target 3′ UTR
did not result in efficient silencing (data not shown). During the design process, we
selected AC dinucleotides in the ABCG2 cDNA beside pyrimidine-rich sequences in
the 5′ neighborhood to be the potential target of a 5′-arm derived mirtronic small RNA.
Thus, the 5′-arm of the artificial mirtron (artmir) is complementary to the target site,
the loop region contains the branch point, and the 3′-arm has the polypyrimidine tract
(Figure 1B). We designed several sequence variants to test complementarity/silencing
ability correlations and chose candidates for experimental investigations by bioinformatic
analysis. Here we show four artificial mirtron variants targeting two constitutive exons as
potential target sites: art1 and art2 for target I (residing in exon 12), and art3 and art4 for
target II (residing in exon 13; Figure 1C).

3.2. Investigating Splicing Ability of the Selected Artificial Mirtrons

For the expression of artificial mirtrons, we used our earlier established expression
system [39]. A modified EGFP sequence (EGFPm) was used, of which the coding region
was separated into two exons. The artificial mirtrons were cloned as introns between
the two exons. Therefore, EGFP fluorescence indicates accurate splicing, and artificial
mirtron expression can be easily monitored (Figure 2A).

In the case of all four artmirs, we observed quite strong EGFP expression in the
transfected cells, suggesting proper splicing (Figure 2B and Supplementary Figure S5).
Investigation of splicing by RT-PCR indeed revealed successful, very efficient splic-
ing. We detected a small amount of unspliced mRNA form only in the case of art1
(Figure 2C). Splicing accuracy was confirmed by sequencing of the gel-purified PCR
products (Supplementary Figure S6). Our experimental results were consistent with our
splicing predictions of the design phase. We chose sequences with very high values of
splicing donor, acceptor and branch point predictions, and among them, art1 had the
lowest values (see Supplementary Figures S1–S4).

Since the expression cassette in our plasmid was located inside a Sleeping Beauty
transposon (Figure 2A), co-transfection with a transposase expressing plasmid allowed
us to make stable cell lines by sorting the cells based on the EGFP signal. We successfully
established all four artificial mirtron-expressing stable cell lines for further experiments.

3.3. Functional Testing of Artificial Mirtrons by Luciferase Reporter Assay

Since all of the examined artmirs could be effectively spliced out from the host gene,
we tested their ability to silence gene expression. We used luciferase sensor assays, for
which two copies of the particular target were cloned downstream of the Renilla luciferase
coding region. Besides the fully complementary seed region containing sensor, we also
used a mutant sensor bearing 3 mismatches in the seed region to check seed region
specificity (Figure 3A).
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Figure 2. The splicing ability of selected artificial mirtrons (art1–4). (A) The Sleeping Beauty transposon constructs used for the
expression of artificial mirtrons as EGFPm introns. Arrows indicate primers used for RT-PCR. IR/DR: inverted repeat/direct
repeat sequences of the transposon. (B) Representative fluorescence microscopy images of HeLa cells expressing artmirs.
EGFP positive cells indicate successful splicing. (C) RT-PCR results for the analysis of splicing. The spliced forms of RNAs
are shown by black arrowheads. PCR products from plasmid DNA indicate the size of the unspliced mRNAs. M: DNA
ladder as a marker.
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Figure 3. Testing the silencing ability of artificial mirtrons by luciferase assay. (A) DNA sequence alignment of luciferase
targets and their respective artmirs (sense DNA sequences are shown). The psiCHECK2 vector-based sensor constructs
contained two antisense copies of the particular target, cloned downstream of Renilla luciferase reporter. Sensors and mutant
sensors (msensor) differ in 3 nucleotides in the potential seed region, indicated by the blue background. Art1 and art2 have
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a mismatch at their first position to the target since an extra G (its complementary ‘C’ in DNA is indicated by purple
background) was added to their 5′-end to fulfill mirtron criteria. Art3 is fully complementary to its sensor. Art1 and
art4 have extra mismatches in their middle and 3′-end regions (indicated by yellow background), compared to their
counterparts, art2 and art3, respectively. (B) Dual-luciferase assay measurements to assess the silencing ability of the
designed artmirs. Mean values of at least 3 parallel experiments are shown, and error bars represent standard deviations;
*: p < 0.001 relative to respective control. (C) To examine ‘seed-specific’ silencing, luciferase activity (Renilla/firefly) of
sensor-containing experiments are normalized to the respective mutant sensor values (set to 1 for each mirtron). *: p < 0.001,
relative to respective normalizing control. (D) Luciferase mRNA level measurements by qPCR. Error bars represent standard
deviations; *: p < 0.05, **: p < 0.01, relative to respective control.

For target I., we detected downregulation of both sensor types in the case of both
artmirs compared to a non-cognate control (Figure 3B left). Mutant sensors were silenced
at a similar extent, by ~30%. Regarding the sensor (having a fully complementary seed
region), both artmirs could achieve repression, but art2 had a much higher silencing
capacity on it. The extent of the repression was ~43% for art1, whereas ~87% for art2.
However, if we compare the downregulation of the sensor to the mutant sensor, we see a
significant difference only in the case of art2 (Figure 3C left). The knockdown efficiency,
in this case, was also high, more than 80%. For target II., we detected downregulation of
both sensor types in the case of the corresponding artmirs compared to a non-cognate
control (Figure 3B right). Silencing efficiencies were similar (~30%) among art3 and art4 in
the case of both sensor types. However, a comparison of the sensor repression to the
mutant sensor repression indicated no differences between artmirs and the non-cognate
control (Figure 3C right).

As mentioned above, we designed artmirs to have different sequence complemen-
tarity to the target (Figure 3A), and we wanted to test whether there is a difference
in their mechanism of silencing: is the observed luciferase repression realized by the
cleavage/destabilization of the target mRNA or via translational repression? For this,
we measured the mRNA level of Renilla luciferase by quantitative PCR. In the case of
target I., no significant decrease could be detected in the mutant sensor containing Renilla
luciferase mRNA. Regarding the sensor containing Renilla luciferase mRNA, we detected
a significant decrease only in the case of art2, where a ~30% reduction was observed,
compared to the control (Figure 3D left). Concerning target II., there was no change in
either sensor or mutant sensor containing Renilla luciferase mRNA level when art4 was
expressed. However, in the case of art3, we observed a slight, ~15% reduction of both
sensor types (Figure 3D right).

3.4. Targeting ABCG2 Expression by Artificial Mirtrons

Next, we investigated the ability of the designed mirtrons to silence the expression of
the human ABCG2 gene. First, we examined their impact on ABCG2 mRNA expression.
Compared to the control, we observed a significant decrease, ~45% only in the case of
art3 (Figure 4A).

Based on our previous luciferase experiments, we expected a reduction in the mRNA
level also for art2 (see Figure 3D). However, the human ABCG2 gene has various poly-
morphisms compared to the reference sequence and sequencing the target site I. of our
expression construct revealed the presence of one silent polymorphism (CCC > CCA,
Pro480Pro). This extra mismatch in the 3rd nucleotide position of the seed region of
art1 and art2 compared to the ABCG2 mRNA could well explain the results (Figure 4B).

Finally, we tested if the designed artmirs can influence ABCG2 expression at the
protein level. For this, we carried out western blot experiments. We could detect a
significant reduction in ABCG2 protein expression by art2 and a much less prominent
decrease by art3. However, in the case of art1 and art4, carrying extra mismatches in the
3′ and the middle region of the miRNAs, we observed no significant changes compared
to the control (Figure 4C,D).
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Figure 4. Targeting ABCG2 expression by artificial mirtrons. (A) Investigating the mirtron-induced silencing of
ABCG2 mRNA by qPCR. Mean values are shown, and error bars represent standard deviations; *: p < 0.005 relative
to respective control. (B) An illustration of artmirs complementary to the respective ABCG2 mRNA target site. Artmirs
were designed based on the reference sequence (NM_004827.3); however, experiments were carried out with a common
ABCG2 variant, therefore having a mismatch in target I. sequence (indicated by red background). Purple and yellow
backgrounds indicate nucleotides, as in Figure 3A. (C) Examination of ABCG2 protein repression by artmirs, a representative
western blot experiment is shown; normalized values of ABCG2 protein levels are shown under the gel image. (D) Relative
protein levels measured after ABCG2 silencing by the artificial mirtron constructs. The mean values of 3 independent
experiments are shown for artmirs, and the mean value of 5 independent experiments is shown for control (ctr). Error bars
represent S.E.M., *: p < 0.005.

4. Discussion

In this study, we aimed to design artificial mirtrons to silence ABCG2 expression
and investigate some sequential features that could influence efficient silencing. As was
mentioned above, mirtrons can serve as useful tools for gene silencing, and they can
be exploited in particular when genome editing is not amenable or silencing should be
reversible. As artificial introns, they could be placed in various reporter genes, or for
therapeutic applications, they may be combined with other genes of interest, achieving
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more than one genetic effect simultaneously with one expression cassette. Here, we
present an artificial mirtron-based approach by which a significant silencing effect can be
achieved on the ABCG2 multidrug transporter protein using the EGFP host protein. By
developing and combining with appropriate Pol II promoters, it can serve as a useful tool
for the investigation of ABCG2 function in various stem cells, including human embryonic
stem cells and cells exhibiting the so-called “side-population phenotype” [6,8,52]. To
date, there are only a few studies addressing the development of artificial conventional
mirtrons to silence gene expression and their potential use in therapeutic applications. In
those studies, the silencing effect of artmirs was investigated mostly in luciferase reporter
assays and at the target mRNA level [40,41,43]. In a subsequent article, the potential
application of 3′-tailed artificial mirtrons was studied, where in addition to the mRNA
level, an efficient decrease could also be detected on the indirectly measured protein
level of VEGFA [42]. Our data further strengthen the applicability of artificial mirtrons as
gene silencers since our careful design could result in mirtrons efficiently reducing the
ABCG2 expression when the target protein level was measured directly.

When examining the designed artmirs, interesting sequential features could be
observed. We designed artmirs complementary to their targets or having mismatches at
various positions. Using mutant sensors in luciferase assays revealed that 3 nucleotide
mismatches in the seed region did not abolish silencing at the protein level since all four
artmirs could have a silencing effect on the target, compared to the non-cognate control
(Figure 3B). The extent of silencing was comparable to that measured on the sensor for
art1, art3 and art4, indicating ‘non-seed-specific’ repression. However, in the case of
art2, a strong ‘seed-specific’ silencing effect was observed (~80% reduction). Regarding
mRNA levels, we detected a significant reduction in the Renilla mRNA level only in the
case of art2 and art3. Art2 reduced its sensor mRNA level by ~30%, while art3 had a
smaller effect but surprisingly on both sensor types (Figure 3D). Worth noting, that while
art3 is fully complementary to its target, art2 has one mismatch outside the seed region,
at the first position, due to the mirtron design rule (having G at the 5′-end). However,
despite this mismatch, art2 decreased its sensor mRNA level and more extensively than
art3. Nevertheless, when the target is located in the original genomic context, the ability
of art2 to reduce the ABCG2 mRNA level was abolished by an additional mismatch
positioned in the seed region (3rd position, Figure 4B). In summary, data of the luciferase
experiments suggest that art1 and art4 silenced their targets via translational repression,
while art2 and art3 could accelerate the degradation of their target mRNA to some extent,
even if having mismatches to the target (1st nucleotide of art2 in its sensor, or seed
mismatches in mutant sensor of art3).

Concerning ABCG2, only art3 repressed its mRNA level (~45%), but it only resulted
in a slight reduction of the amount of protein. Conversely, art2 had no impact on mRNA
level but exhibited a quite strong repression at the protein level. In contrast to these,
art1 and art4 had no effect on either ABCG2 mRNA or protein level. Considering the
sequence environment, ABCG2 mRNA has one, while Renilla mRNA has two target
sites; however, art3 can regulate the former one more efficiently (~45% versus 15%).
Nevertheless, it is worth noting, that in ABCG2 mRNA, the target sequence resides in
the cDNA region instead of the 3′ UTR. The results indicate that flanking sequences
could strongly influence the miRNA effect. In the natural mRNA context, art3 achieves a
slight decrease in ABCG2 protein level, most probably by degrading its mRNA, while
art2 operates only by translational repression.

Regarding our data, we noticed that in the case of the ‘miRNA-mimic’ artmirs
(art1 and art4) containing mismatches in the 3′ and the middle region, losing base pairing
at the investigated positions did not accelerate silencing either at luciferase or at the
ABCG2 protein level, compared to their respective counterparts (art2 and art3). In
addition, we also noticed that the presence of rare polymorphisms in the target region
should also be considered since they could influence base pairing and thereby efficient
silencing of the designed mirtrons (Figure 4B). On the other hand, some other sequential
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features can be very useful during artificial mirtron design: for example, our data support
the possibility of adding a non-complementary G to the 5′-end of a mirtron without
decreasing silencing ability, which is very important and useful since it is a strong mirtron
criterion [35,36].

Taken together, some of our results using artificial mirtrons are in line with earlier
data, such as the reduction of the target mRNA level in the case of full complementarity
between the target and the small RNA [29,53]. However, we observed some additional,
not expected features, e.g., a reduction in the target mRNA level when the first nucleotide
of the small RNA is not complementary. Further experiments are needed to reveal
whether these findings are common phenomena or a consequence of the given target
sequence and/or its context, which may have different accessibility by the RISC. Another
explanation could be an altered RISC assembly when the various small RNA guides are
preferentially associated with different Argonaute proteins. Notably, the most successful
silencer artmir of LRRK2 was associated with the greatest amount to AGO4 [41].

5. Conclusions

In summary, using our artificial mirtron design and testing scheme, we could suc-
cessfully establish an efficient silencing system for the ABCG2 multidrug transporter.
In addition, we observed important new sequential-functional features of the designed
mirtrons. Our silencing system could be directly applied to study the function of this
membrane protein in several in vitro or in vivo models. Moreover, combining the artmirs
with host proteins other than EGFP, this system would also be suitable for versatile, func-
tional studies in stem cells, where ABCG2 plays an important yet not fully understood
role. However, apart from the concrete established model system, we believe that our
mirtron design pipeline could also be efficiently applied to target other genes in future
studies.
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versus their unspliced form.
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Abstract: The binding of microRNAs (miRNAs) to their target sites is a complex process, mediated by
the Argonaute (Ago) family of proteins. The prediction of miRNA:target site binding is an important
first step for any miRNA target prediction algorithm. To date, the potential for miRNA:target site
binding is evaluated using either co-folding free energy measures or heuristic approaches, based on
the identification of binding ‘seeds’, i.e., continuous stretches of binding corresponding to specific
parts of the miRNA. The limitations of both these families of methods have produced generations
of miRNA target prediction algorithms that are primarily focused on ‘canonical’ seed targets, even
though unbiased experimental methods have shown that only approximately half of in vivo miRNA
targets are ‘canonical’. Herein, we present miRBind, a deep learning method and web server that
can be used to accurately predict the potential of miRNA:target site binding. We trained our method
using seed-agnostic experimental data and show that our method outperforms both seed-based
approaches and co-fold free energy approaches. The full code for the development of miRBind and a
freely accessible web server are freely available.

Keywords: miRNA:target prediction; miRNA binding; CLASH; convolutional neural network

1. Introduction

miRNAs are endogenous small (~17–25 nucleotides long) ncRNAs that negatively reg-
ulate gene expression at the level of messenger RNA (mRNA) [1]. The first miRNA (lin-4)
was discovered in Caenorhabditis elegans in 1993 [2,3]; in humans, the first miRNA that was
discovered is let-7, first identified in 2000 in C. elegans [4]. To date, 2654 mature human miR-
NAs have been deposited in the miRbase [5] miRNA database. miRNAs are processed from
hairpin-containing primary transcripts (pri-miRNAs); they are subsequently processed into
precursor miRNAs (pre-miRNAs) [6], exported to the cytoplasm [7], and cleaved into small
double-stranded RNAs [8,9]. The mature miRNA duplex is then loaded into an argonaute
(AGO) protein to form a miRNA-induced silencing complex (miRISC). Mature miRNAs
interact with the AGO proteins and guide them, via base pairing, toward target RNAs.
Such targeting may lead to translational repression and deadenylation-induced mRNA
degradation [10,11]. Each miRNA can have thousands of binding sites on the transcriptome,
and an mRNA can contain dozens of potential miRNA binding sites [12]. Animal miRNAs
occasionally show extensive, but more often only partial, complementarity with their target
sites [13,14]. The 5′ end of the miRNA, and especially the hexamer-spanning nucleotides
2–8, were identified very early on as being important for miRNA target recognition and
were termed the ‘seed’ region [15]. Target recognition is primarily achieved via base pair-
ing that involves the seed region [16]; however, seed pairing is not always sufficient for
functional target interactions, and additional interactions with the miRNA 3′ end may be
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necessary for specific targeting [17]. Targeting can also be facilitated by additional sequence
elements, such as an unpaired adenosine in the 5′-end of the miRNA [18]. An estimated
quantification of non-canonical miRNA binding sites calculates that approximately 60% of
all identified interactions are based on non-canonical seeds [19,20].

Early approaches to miRNA target prediction implemented additional features, such
as the evolutionary conservation levels of targets, positioning of target sites on 3′-UTRs,
nucleotide content of targets, and others [16]. Another family of miRNA target prediction
methods utilized alignment or co-fold methodologies, ignoring the ‘seed’ region [21–23]. In
these approaches, an idealized structure is calculated, based on the affinity of the miRNA
sequence to the putative target sequence; then, measures such as alignment score or the
free energy of binding of the two molecules are used to score binding potential. When
the first high-throughput miRNA targeting datasets became available [24,25], ‘seed’-based
approaches appeared to outperform the ‘folding’-based methods on all benchmarks of
precision and sensitivity [26]. The following years saw a wealth of high-throughput miRNA
targeting data being produced, utilizing techniques in the CLIP-Seq (cross-linking immuno-
precipitation sequencing) [27] family, which identified thousands of miRNA-target mRNA
pairs [28]. CLIP is based on the stabilization of protein-RNA complexes in their cellular
environment by UV cross-linking, the immunoprecipitation of ribonucleoprotein com-
plexes (RNPs), and the isolation and sequencing of bound RNAs. An important limitation
of such techniques is that they do not produce specific miRNA:target site pairs. Instead,
they produce peaks of Ago protein-binding to which miRNAs need to be assigned, often
using a miRNA target prediction program that utilizes the ‘seed’ heuristic. Even though
more functional non-canonical ‘seed’-binding sites are being continuously discovered, they
remain underrepresented by all miRNA prediction programs and databases of validated
miRNA targets.

CLASH (cross-linking, ligation, and sequencing of hybrids) is the first reported high-
throughput method for the direct identification of RNA–RNA interactions [18] The CLASH
method allows for the precise mapping of interactions for which the downstream conse-
quences are unknown and/or difficult to measure. Because cross-linking is performed
in living cells, the dynamic state of the RNA interactome can be probed as a function
of physiological conditions. It offers two types of information: precise AGO-binding
sites on RNAs (similar to CLIP methods), and RNA–RNA hybrids that are formed within
the AGO RNA-binding pocket [29]. In 2013, the first unbiased experimental method for
the identification of Ago1 miRNA binding sites in cell culture was performed, using the
CLASH technique. The study showed that approximately 60% of identified miRNA:target
duplexes contain a non-canonical ‘seed’, while 18% of targets show binding in the 3′ end
of the miRNA without any ‘seed’ binding [20]. In this seminal paper, the authors used a
miRNA:target site ‘co-fold free energy’ approach to predict the type of binding. Subsequent
studies utilized CLASH and CLEAR (covalent ligation of endogenous Argonaute-bound
RNAs) [30] techniques to identify more miRNA:target site pairs, and solidify the abundance
and functionality of ‘non-seed’ target sites. Despite this well-documented functionality of
the ‘non-seed’ target sites, the vast majority of miRNA target prediction programs today
still use the ‘seed’ heuristic as a first filtering step [31].

As the studies on miRNA:target binding rules present researchers with new challenges,
advances in computational approaches, including machine learning (ML), have gained
great significance. ML techniques have been applied to predict miRNA targets and there
have been several reviews covering advancements in the field [32–34]; however, ML
performance largely depends on the user-defined variables that were selected to train the
model. Among the early adopters of ML approaches for miRNA target prediction are
miRanda-mirSVR [35], DIANA-micro-T-CDS [36–38], mirTarget2 [39], TargetMiner [40],
and SVMicrO [41]. miRanda-mirSVR incorporates support vector regression (SVR), while
DIANA-micro-T-CDS utilizes generalized linear models (GLM); the rest of the mentioned
classifiers are based on support vector machines (SVM). Deep learning (DL), an emerging
field of ML, solves the issue of handcrafted features by embedding the computation of
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these features into the ML model itself [42]. Thus, DL is highly appropriate for uncovering
the miRNA binding rules, where clear rules or features are unknown. In the past decade,
Deep Neural Networks (DNN) [43] have found extensive use in many scientific fields,
including bioinformatics [44]. Convolutional neural networks (CNNs) are a subtype of
DNN that utilize several layers of convolutional neurons to learn increasingly complicated
representations of input data. Input data is provided in a raw format, allowing the CNN
to learn what patterns in the input data are important for a specific task. Selecting an
appropriate training dataset and suitable evaluation metrics are of pivotal importance
when building an effective DL model.

ResNet [45] is another type of DNN that uses an innovative architecture that enables
the training of very deep models. They address the problem of vanishing gradient and help
with optimization by utilizing a special kind of residual block that adds a skip connection.
ResNet is used as a backbone for many computer vision tasks.

An important factor to be addressed by the miRNA target prediction methods that are
based on classifiers is class imbalance. Each mRNA can be regulated by dozens of miRNAs
and each miRNA has thousands of potential binding sites on the transcriptome [12]. The im-
balance between the number of actual, experimentally verified binding sites (positive class)
and all other regions on the transcriptome (negative class) has a significant, deteriorating
effect on the performance of the prediction methods.

Since class imbalance is identified as the leading challenge influencing the performance
of any prediction model, we propose miRBind, a novel method dealing with this issue, which
is based on targeted sample selection and subsequent label smoothing. miRBind is a ResNet-
based method trained on unbiased miRNA:target site CLASH data [20] and is shown to
consistently outperform both ‘seed’ and ‘co-fold’ approaches in a binding-site classification
task. We also provide an alternative CNN approach, a six-convolutional-layer network,
with comparable performance. For ease of access, we provide a standalone Python program,
as well as a freely available web server with a user-friendly interface (GitHub repository
https://github.com/ML-Bioinfo-CEITEC/miRBind accessed on 28 November 2022, web
server https://ml-bioinfo-ceitec.github.io/miRBind/ accessed on 28 November 2022).

2. Materials and Methods

2.1. Data Preparation

We retrieved the positive miRNA:target interaction dataset from the original CLASH
study published by Helwak et al. [20]. We produced the negative dataset by randomly
matching the miRNAs and target sites found in the positive dataset. A detailed explanation
of the dataset’s production follows.

The positive dataset was constructed from the miRNA:target interactions identified by
Helwak et al. in 2013, via their CLASH [20] experiment. The interacting miRNA:target pairs
were downloaded and processed by standardizing the length of the miRNA sequences
to 20 nt, anchored at the 5′ end of the miRNA, and centering and resizing the target
coordinates to the window length of 50 bp. The resized target sequences were extracted
using bedtools and the hyb reference [46] (https://github.com/gkudla/hyb/tree/master/
data/db (accessed on 14 November 2021)). These processed miRNA:target pairs are
known as the positive dataset. The positive dataset was divided into training, testing, and
validation sets containing 15,392, 2000, and 1000 miRNA:target pairs.

Negative sets were constructed by excluding the interacting miRNA:mRNA partners
provided by the 2013 CLASH experiment. More specifically, we created the negative
datasets by matching real target sequences with random miRNAs from the same experi-
ment, excluding the original positive set. We have elected to adopt this approach instead of
choosing other parts of the genome/transcriptome as ‘fake’ targets, so as to avoid introduc-
ing any nucleotide content or other biases. We believe that shuffling the miRNA:target pairs
is a fair and realistic approach that matches the way in which miRNAs may be assigned
to Ago-CLIP peaks. To create the final datasets, positive and negative dataset parts were
combined for the training and validation sets for the positive:negative ratios of 1:1, 1:10,
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1:20, and 1:100. The CNN models were trained on all ratios, while miRBind was trained on
the 1:1, 1:10 and 1:20 ratios, and DNABERT was fine-tuned on the 1:1 and 1:10 training sets.
Testing sets were constructed for the positive:negative ratios of 1:1, 1:10 and 1:100.

To avoid any potential target sequence or experimental biases, we elected to completely
hide the sequences from the convolutional neural network during training, instead using
a two-dimensional representation of miRNA and putative target sequence, in which any
Watson–Crick binding nucleotide pair is represented by 1, and any non-binding pair by 0.
This creates a 20 × 50 two-dimensional matrix of 1 s and 0 s, which is the input for our
training method (Figure 1A).

 
Figure 1. (A) Ago binding sites that are identified by CLASH are converted to two-dimensional
arrays of matching and mismatching nucleotides, based on the miRNA and target sequence, and then
used as input to the CNN and ResNet. The input to the DNABERT is constructed by interlaying the
miRNA and target sequences with a 4-nt spacer. (B) A compact representation of the CNN network
architecture. (C) A representation of the miRBind architecture.

2.2. Independent Chimeric Read Dataset (miRNA eCLIP)

We have produced a novel evaluation dataset based on miRNA:target gene interac-
tions, using a novel miR-eCLIP method [47]. The experimental process was performed
on our behalf by Eclipse Bioinnovations (miR-eCLIP) and all primary data is deposited
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on NCBI:GEO with the accession (GSE218466). Briefly, Ago2-associated miRNA:target
chimeric pairs were identified by: (a) removing the sequenced reads that fully map (over
85% of read-length) to the reference genome; (b) identifying reads that partially map
on miRNA annotated in miRbase on a mature miRNA collection (Release 22.1), but not
in databases of rRNAs, tRNAs, yRNAs, and vRNAs (annotations from NCBI [48], En-
sembl [49], and the UCSC genome browser [50]—a full list of annotations can be found in
the pipeline documentation (see below); (c) unmapped (soft-clipped) parts of these miRNA
reads were remapped on the reference genome and annotated on known transcripts from
Ensembl. Multiple overlapping genomic alignments mapping to the same miRNA were
collapsed into single interactions and were extended to a 50 nt length around the center of
the genomic alignment, to make sure that the whole binding site was captured. In all, we
produced 477 such high-confidence miRNA:target gene interactions. Negative interactions
were again produced by randomly shuffling the miRNA and target sequences found in the
positive sample. The fully documented and publicly available pipeline for chimeric inter-
action detection is available at https://github.com/ML-Bioinfo-CEITEC/HybriDetector/
(accessed on 28 November 2022).

2.3. Benchmarking Approaches

There are certain factors that should be considered when selecting a method for bench-
marking comparison: (i) the method must be able to predict binding-site affinity (i.e., to
give a score representing the potential of a microRNA to bind to a target site), or, at the mini-
mum, binary classification of the binding site (e.g., seed binding); (ii) the method must work
directly on sequences and using sequences only (microRNA, target site); (iii) the method
must have an implementation method that is relatively easy to use (standalone program).
To this end, we excluded from our study the following prediction methods: (a) target
prediction methods that aim to predict microRNA:target gene interactions, (b) methods
based on a combination of multiple inputs (e.g., evolutionary conservation of the target),
and (c) methods that do not have the full implementation to predict target sites. It is not
feasible to re-implement those theoretical methods that lack functional code.

2.3.1. CNN Approach

We utilized a convolutional neural network consisting of multiple layered blocks,
composed of a convolutional layer, leaky ReLU, batch normalization, pooling, and a
dropout layer. The output of the last dropout layer is flattened and connected to the layered
blocks of dense, leaky ReLU, with batch normalization and a dropout layer. The last layer is
formed of a single neuron with a sigmoid activation function that outputs the probability of
input miRNA:target site binding. A schematic illustration of the network architecture can
be found in Figure 1B. The network was compiled with the Adam optimizer and utilized
the binary cross-entropy loss function. The models were trained over 10 epochs, with a
batch size of 32. To find the best set of parameters to use, a hyperparameter search was
performed separately for all positive:negative ratios (1:1, 1:10, 1:20, and 1:100), using the
training set for model training and the evaluation set for comparison. The best model
consisted of 6 blocks with convolutional layers, followed by 2 blocks with dense layers
(Figure 1B). Convolutional layers had kernels sized 5 × 5, the dropout rate in the dropout
layers was 0.3, and the learning rate was 0.00152. Through a subsequent evaluation, we
concluded that the best-performing model is the one trained on the 1:10 training set.

2.3.2. DNABERT

DNABERT [51] is a previously published transformer-based model that has achieved su-
perior performance across various downstream DNA sequence prediction tasks. DNABERT
uses tokenized k-mer sequences as its input, which also contains 3 additional tokens, and it
can be fine-tuned for multiple purposes. Since the input to DNABERT is a set of sequences,
we converted each miRNA:target pair into a single sequence, in which miRNA and tar-
get sequences were interlaid with 4 N nucleotides, as depicted in Figure 1A. We used a
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DNABERT model that was pretrained on the 6-mers and finetuned it on the 1:1 and 1:10
training sets, using a batch size of 64, 4 gradient accumulation steps, a learning rate of
2 × 10−4, a weight decay of 0.01, and early stopping with patience of 5.

2.3.3. miRBind

The architecture of miRBind is a modified version of ResNet [45], in which the initial
7 × 7 convolution and pooling layers are removed and the number of residual blocks
is optimized, as shown in Figure 1C. Since our input size is a 50 × 20 matrix, the initial
layer and pooling, if left in place, would reduce the input for the subsequent layers to 12
× 5, thus not allowing the network to learn from the data. The miRBind architecture is
illustrated in Figure 1C.

To address the imbalance between positive and negative classes in our 1:100 dataset,
we developed a novel approach called instance hardness-based label smoothing. The
approach is inspired by techniques presented in previous studies [52,53], which keep
important, discriminative samples in the final training dataset and discard easily classifiable
samples to rebalance the skewed ratio. Since the aim is to reduce the majority (negative)
class, a sample is considered important (or ‘hard’) if it was incorrectly classified as a false
positive. In order to ‘punish’ the false labeling of an instance, we utilized the probability,
p, that the model misclassified a sample, and we introduced a novel instance hardness
label smoothing approach, which changes the labels of samples to prevent models from
producing overconfident predictions. Our approach first calculates the estimates of instance
hardness (IH) on a model, or a committee thereof, to provide a better estimation of IH [54].
Subsequently, IH is smoothed out by being mapped from the range of [0,1] to the range
of [0,0.5]. This ensures that the new, soft labels are not flipped and that for those samples
that were the hardest to classify (an IH close to 1), the model is forced to be unsure rather
than learn a new label for the given samples. miRBind was trained on the 1:1, 1:10, and
1:20 training sets, with the 1:20 model exhibiting the best performance.

2.3.4. RNAhybrid

RNAhybrid [55] is, at its core, a variation of classic RNA secondary structure prediction.
It determines the most favorable hybridization site between two sequences (a short and a
long RNA) in a kind of domain mode. That means that the short sequence is hybridized
to the best-fitting part of the long sequence. The method offers a web-service interface, as
well as a standalone version. We evaluated the performance of the RNAhybrid by utilizing
its standalone version with the default parameters.

2.3.5. RNACofold

RNACofold [56] (henceforth mentioned as ‘cofold’) is a tool offered by the ViennaRNA
package [57]. It computes the hybridization energy and base-pairing pattern of an input
pair of interacting RNA molecule sequences. To simplify the performance comparison,
minimum free energy scores were normalized to a range from 0 to 1, where 1 represents
the strongest binding.

2.3.6. RNA22

RNA22 [58] is a pattern-based approach for the discovery of microRNA binding
sites and their corresponding microRNA/mRNA complexes that relies only on the se-
quences of miRNAs and their targets. The algorithm is based on a Markov chain that
finds recurring patterns in miRNA sequences. Potential targets are then searched with the
identified patterns, and areas with accumulated hits are paired with miRNAs, based on the
nucleotide pairing and free energy. The standalone version of the RNA22 program was
used and run with default parameters, apart from the ‘maximum folding energy for het-
eroduplex’, which was set to the maximum value of −5 kcal/mol. The score of the RNA22
was calculated as (1—p value), where p value is the output of RNA22 that characterizes
each miRNA:target pair with which the method is predicted to interact. Each score was
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subsequently normalized by taking into account the minimum and maximum values of
the scores.

2.3.7. Seed

The ‘seed’ approach identifies a perfectly complementary match of the 2–7 miRNA
hexamer on the target sequence. Since this is a binary decision, no area under the curve
may be calculated.

2.3.8. Web Interface

We built a publicly accessible, user-friendly web interface (https://ml-bioinfo-ceitec.
github.io/miRBind/ (accessed on 28 November 2022) that allows for the prediction of the
score (probability) of the binding between a user-submitted pair (or pairs) of miRNA and
the target site. The web interface is implemented in HTML/CSS and JavaScript. The default
model is trained on the CLASH dataset with a 1:1 positive:negative ratio. All relevant files
and the default model are available on the miRBind GitHub repository.

2.3.9. Evaluation Measures

For the assessment of classification tasks, a set of useful metrics are used. As has been
demonstrated, the area under the precision-recall curve (auPRC) is the most informative
visual analysis tool for highly imbalanced binary classification [59]. Sensitivity or recall
is the proportion of true positive observations. Precision (Pre) is the ratio of true positive
observations to the total number of predicted positive observations.

Recall =
TP

TP + FN
, (1)

Precision =
TP

TP + FP
, (2)

TP and FP are the numbers of true positive and false positive assessments, respectively.
Additionally, TN is the number of true negative assessments.

3. Results

To evaluate our models, we followed a two-step process: first, we evaluated the perfor-
mance of each of the DNN (miRBind, CNN, and DNABERT) for several positive:negative
ratios of the validation sets, and selected the model that performs best among them. A
complete overview of the evaluation of the models on the three ratios of the test sets is
presented in Table 1. The models with the highest area under the precision-recall curve
(auPRC) were the miRbind, CNN, and DNABERT models, trained on 1:20 and 1:10 and
fine-tuned on 1:1 training sets, respectively.

Subsequently, we evaluated the performance of these best-performing models with
the rest of the methods. To this end, we plotted the precision-recall curves (Figure 1) and
we calculated the areas under the curves (Figure 2 and Table 2). As we can see in Table 2,
miRBind outperforms ‘cofold’ with an AUPRC of 0.9689, vs. 0.7784 for ‘cofold’ with the
1:1 dataset. The difference is more pronounced in the more realistic 1:100 dataset, where
miRBind100 shows an AUPRC of 0.5372 vs. 0.0413 for ‘cofold’. RNAhybrid exhibits better
performance than the ‘cofold’ method, but this is still significantly lower than miRBind
across all test sets, with its performance rapidly deteriorating with the increasing ratio
of negatives. The ‘seed’ measure performs similarly to the co-fold method, showing a
high precision score on the 1:1 balanced dataset, which has previously offered a promising
method for miRNA target prediction programs, as well as for assigning miRNAs to CLIP-
Seq peaks. Based on the trade-off between precision and recall at different prediction score
thresholds (Figure 3), we have selected two score threshold cutoffs at 0.1 (‘normal’) and 0.5
(‘strict’) for general use.
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Table 1. The area under the precision-recall curve (AUPRC) for the miRBind, CNN, and DNABERT
models, tested against 1:1, 1:10, and 1:100 left-out test sets. The number used in the naming of
each model indicates the positive:negative ratio on which the model was trained. We selected the
best-performing miRBind and CNN models (miRBind20 and CNN10, henceforth called miRBind
and CNN, respectively), as the proposed methods of our work.

AUPRC Test Set 1:1 Test Set 1:10 Test Set 1:100

miRBind1 0.9495 0.7447 0.3079
miRBind10 0.9614 0.8092 0.4531
miRBind20 0.9689 0.8410 0.5372

CNN1 0.9602 0.7862 0.4095
CNN10 0.9634 0.7969 0.4464
CNN20 0.9590 0.7880 0.4365

CNN100 0.9599 0.8005 0.4466
DNABERT1 0.9267 0.6300 0.1923

DNABERT10 0.9250 0.6440 0.2286

Table 2. The area under the precision-recall curve for the miRBind, CNN, and DNABERT models,
and the RNAhybrid, ‘cofold’, RNA22, and ‘seed’ approaches, tested against 1:1, 1:10, and 1:100
left-out test sets. The ‘seed’ method is evaluated based on its sensitivity and precision.

AUPRC Test Set 1:1 Test Set 1:10 Test Set 1:100

miRbind 0.9689 0.8410 0.5372
CNN 0.9634 0.7969 0.4464

DNABERT 0.9267 0.6300 0.1923
RNAhybrid 0.8439 0.4539 0.0924

Cofold 0.7784 0.2842 0.0413
RNA22 0.6203 0.1507 0.0265

Seed Sens: 0.1425
Prec: 0.8796

Sens: 0.1425
Prec: 0.4612

Sens: 0.1425
Prec: 0.0824

The performance of the methods was also evaluated based on the area under the
receiver operator characteristics curve (AUROC), as shown in Table 3.

Table 3. Area under the receiver operator characteristics curve (AUROC) for the miRBind, CNN, and
DNABERT models, as well as the RNAhybrid, ‘cofold’, RNA22, and ‘seed’ approaches, tested against
1:1, 1:10, and 1:100 left-out test sets. The ‘seed’ method is evaluated based on the false positive rate
(fpr) and true positive rate (tpr).

AUROC Test Set 1:1 Test Set 1:10 Test Set 1:100

miRBind 0.9643 0.9654 0.9652
CNN 0.9612 0.9626 0.9628

DNABERT 0.9293 0.9310 0.9310
RNAhybrid 0.8351 0.8406 0.8381

Cofold 0.7839 0.7839 0.7812
RNA22 0.5343 0.5342 0.5375

Seed fpr: 0.0195
tpr: 0.1425

fpr: 0.0167
tpr: 0.1425

fpr: 0.0159
tpr: 0.1425

To further investigate the predictive power of our approach, we evaluated its perfor-
mance on the miRNA eCLIP dataset (Table 4). The precision-recall curves are presented in
Figure 4. We validate that the miRBind model outperforms other methods in all imbalance
categories. Our CNN model follows miRBind as the second-best method in all categories.
It is interesting that the simple seed measure performs with much higher precision in this
dataset than in the original CLASH data. Notably, in the 1:100 imbalanced dataset, the
seed for the miRNA eCLIP dataset has double the precision and double the sensitivity
than that for the CLASH dataset. This variation could point to differences between the
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seed-mediated binding affinities of Ago1 (CLASH) and Ago2 (miRNA eCLIP) proteins, or
other experimental variations between the two experiments. In contrast, all other methods,
including ours, seem to have a drop in performance between the two experiments.

Table 4. The area under the precision-recall curve (AUPRC) for miRBind, CNN, and DNABERT
models, as well as RNAhybrid, ‘cofold’, RNA22, and ‘seed’ approaches, tested against the 1:1, 1:10,
and 1:100 Ago eCLIP test sets.

AUPRC Test Set 1:1 Test Set 1:10 Test Set 1:100

miRbind 0.8413 0.4668 0.1545
CNN 0.8223 0.4268 0.1147

DNABERT 0.6787 0.1904 0.0238
RNAhybrid 0.7615 0.2932 0.0469

Cofold 0.6862 0.1946 0.0246
RNA22 0.7116 0.2628 0.0392

Seed Sens: 0.3774
Prec: 0.9278

Sens: 0.3774
Prec: 0.6020

Sens: 0.3774
Prec: 0.1586

Figure 2. Precision-recall curves for all the methods, tested against (a) 1:1, (b) 1:10, and (c) 1:100
left-out test sets.

Figure 3. The precision, recall, and F1 score (the harmonic mean of precision and recall) against
prediction score threshold for (a) 1:1, (b) 1:10, and (c) 1:100 datasets. The ‘normal’ (0.1) and ‘strict’
(0.5) score thresholds are suggested to users of miRBind.
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Figure 4. Precision-recall curves for all the prediction methods, tested against the (a) 1:1, (b) 1:10, and
(c) 1:100 Ago eCLIP test sets.

4. Discussion

We have shown that the assignment of targets to miRNAs based on the ‘seed’ or
‘co-fold’ methods is unreliable in the highly imbalanced 1:100 scenario. Although these
methods show over 90% precision in the balanced 1:1 scenario for a sensitivity/recall of
15–20%, in the 1:100 scenario, they produce nine false positives for each true positive they
identify, yielding a precision of approximately 10%. In contrast, miRBind shows an almost
perfect precision of up to 50% sensitivity/recall with the 1:1 balanced dataset and is more
robust with the imbalanced 1:100 dataset. For a sensitivity of 50%, miRBind retrieves an
approximately equal number of true positives and false positives.

We have additionally validated our method on a completely new dataset of miR eCLIP,
which was produced via a similar technique to the CLASH dataset used for training. The
fact that our method outperforms the state of the art in such a different dataset further
reinforces the theory that it has learned some rules of interaction between miRNAs and
their targets and that this is not some experiment-specific bias. Our method was trained
on CLASH data from the Ago1 protein and was tested on data from the miR eCLIP on
the Ago2 protein. Even though the two proteins are considered to have similar modes
of utilizing miRNAs to bind the targets, we see that the Ago2 dataset responds better
to a simple seed prediction than the Ago1 dataset. We can infer that the Ago2 dataset
is enriched in the canonical seed sequences, but we may not speculate if that represents
a real difference between the Ago1 and Ago2 proteins, or just a difference between the
CLASH and miR eCLIP methodologies. In principle, neither of these methods should
enrich seed-based binding over other modes of binding. However, we cannot be confident
as to whether some secondary effect of the experimental variation is in play.

To conclude, we presented two deep learning approaches for the prediction of
miRNA:target binding, comprising a CNN that consists of six convolutional layers and
a ResNet-based neural network. To avoid any potential target sequence or experimental
biases, we elected to completely hide the sequences from the networks during training. To
that end, we used a two-dimensional 50 × 20 representation of the miRNA and putative
target sequence, in which any Watson–Crick binding nucleotide pair is represented by 1,
and any non-binding pair by 0. To evaluate our approaches, we utilized three commonly
used methods, namely, ‘seed’, RNAcofold, and RNA22. We also explored the capabilities
of a pre-trained and fine-tuned DNABERT for the given task. We showed that our CNN
and ResNet-based approaches outperform the state-of-the-art methods for miRNA:target
site prediction.

We expect miRBind to be used by bioinformaticians interested in miRNA target
prediction, as part of a larger pipeline, and by researchers interested in miRNA binding,
for example, as a way to allocate miRNAs to CLIP-Seq peaks. For the first group of users
that may want to run large numbers of pairs, we provide a standalone Python script with
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the miRBind method, which can be used locally on a CPU or GPU or may even be run
on the freely available Google Colaboratory CPU and GPU. For the second group, who
may not have the programming expertise that is needed, we provide a free web server at
https://ml-bioinfo-ceitec.github.io/miRBind/ (accessed on 28 November 2022), which
users can utilize to predict the potential binding between any miRNA-like sequence and
any target sequence.

We believe that miRBind can be used to predict the pairing of miRNAs to their targets,
improving on more basic methods. The fact that it has been trained without theoretical
preconceptions beyond the Watson–Crick pairing makes it unbiased toward seed and
non-seed bindings, an important feature that is needed to explain the increasing number
of non-canonical binding sites that are being experimentally identified. One caveat of
miRBind is that it was trained on Ago1 CLASH data, while Ago2 is the dominant Ago
family protein involved with miRNAs. To date, no other Ago2 CLASH dataset has been
published; as such, our validation dataset will be extremely important for future miRNA
target-prediction methods. Additionally, the field is now open for further exploration of
the differences between the Ago1 and Ago2 binding rules.
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Abstract: MicroRNAs (miRNAs), small non-coding RNA molecules, regulate a wide range of critical
biological processes, such as proliferation, cell cycle progression, differentiation, survival, and
apoptosis, in many cell types. The regulatory functions of miRNAs in embryogenesis and stem
cell properties have been extensively investigated since the early years of miRNA discovery. In
this review, we will compare and discuss the impact of stem-cell-specific miRNA clusters on the
maintenance and regulation of early embryonic development, pluripotency, and self-renewal of
embryonic stem cells, particularly in vertebrates.

Keywords: microRNA clusters; embryonic stem cells; embryonic development; cell cycle regulators

1. Introduction

microRNAs (miRNAs) are endogenous, 22–25 nucleotide long non-coding RNAs that
post-transcriptionally regulate gene expression by binding to the 3′ untranslated region
(UTR) of their target mRNAs and inhibiting their translation or stability. The central reg-
ulatory role of miRNAs in multiple biological processes, including cell cycle regulation,
apoptosis, aging, cell fate decisions, and different signaling pathways, has been widely
described. Developmental studies in vertebrates demonstrated that miRNAs are crucial
molecules for embryogenesis (reviewed by [1,2]). Indeed, miRNAs play important roles in
stem cell properties by regulating self-renewal and differentiation (reviewed by [3,4]). In
this review, we will focus on the impact of stem-cell-specific miRNA clusters on the mainte-
nance and regulation of early embryogenesis and embryonic stem cell (ESC) pluripotency
in vertebrates, particularly in humans, mice, rabbits, and chickens.

2. Overview of microRNA Biogenesis

miRNA genes are transcribed by RNA Polymerase II/III into long primary transcripts
(pri-miRNA), which can also be polycistronic [5,6]. A significant percentage of miRNAs
are intragenic, residing within their host gene’s intronic or/and exonic regions [7]. They
are transcribed from introns, and occasionally from exons of protein-coding genes, sharing
the host gene’s expression regulators. Conversely, intergenic miRNAs are located between
genes and transcribed independently from their own promoters [6,8]. However, some
intergenic miRNAs can also be co-transcribed with their neighboring genes [9]. Many miR-
NAs are localized as a cluster on the same chromosome in a close proximity of maximum
10 kb [10,11]. They are co-transcribed from the same genomic loci as a single polycistronic
transcript [12,13]. They also share the same seed sequence, therefore sharing common target
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mRNAs and biological functions [10,14]. The biogenesis of miRNA can follow canonical or
non-canonical pathways.

In the canonical pathway, pri-miRNAs are mostly transcribed by RNA Polymerase
II [5]. Transcribed pri-miRNA forms a hairpin structure. This structure has two domains
that are recognized by the Drosha microprocessor complex (composed of Drosha and
Dgcr8). Drosha cleaves the stem of the hairpin and produces a shorter hairpin, termed
“precursor miRNA” (pre-miRNA) [15]. In the presence of the RanGTP cofactor, Exportin-5
translocates the pre-miRNA from the nucleus into the cytoplasm where Dicer further
cleaves it and generates a short, double-stranded miRNA precursor [16]. One of the strands
of the generated miRNA duplex is selected as a guide miRNA by Argonaute based on the
identities of the 5′ nucleotide of each strand and the relative thermodynamic stability of the
two ends of the duplex, while the other strand (miRNA*) is degraded. The guide miRNA
strand is then loaded into Argonaute 2 (AGO2), building the RISC complex which is
composed of the RNAse III-type nuclease Dicer and the PAZ/PIWI protein (AGO2) [17–19].
Once miRISC is built, it can bind to its target mRNA’s 3′-UTR through a complementary
sequence. A perfect base pairing results in target degradation, while an imperfect base
pairing results in translational silencing of the target mRNA. The miRNA structure contains
a well-conserved sequence of six nucleotides called the “seed” that represents the most
important feature of target recognition [20,21].

Non-canonical miRNAs are also derived from RNA Polymerase II; however, few
miRNAs can be transcribed from RNA Polymerase III. The non-canonical miRNA biogen-
esis occurs through a Drosha/Dgcr8 and/or Dicer-independent manner, when miRNAs
originate from introns (mirtrons) [22,23] or other small RNAs, such as snoRNAs, shRNAs,
tRNAs, tRNase Z, and endo-siRNAs [24–28]. miRNAs derived from endo-shRNAs and
tRNA precursors are transcribed by RNA Polymerase III [24,27].

In the Drosha/ Dgcr8-independent pathway (also called the mirtron pathway), introns
are primarily processed in the nucleus by the spliceosome and a debranching enzyme that
produces short hairpins called mirtrons. These hairpins are then exported to the cytoplasm
by Exportin-5 and cleaved by Dicer [22,23]. Even though the majority of introns in ver-
tebrates are elongated from several kilobases up to megabases in length, there are short
introns of 50–150 nt in length which may form hairpin structures [29,30]. Hence, mitrons
constitute only a small fraction of mammalian miRNAs. There are other subclasses of miR-
NAs with a potential pre-miRNA-like hairpin which are derived by an alternative Drosha/
Dgcr8-independent pathway. The processing of snoRNAs, shRNAs, tRNAs, tRNase Z, and
endo-siRNA precursors to miRNAs are also independent of Drosha/ Dgcr8 [24–28].

In the Dicer-independent pathway, the produced pri-miRNAs are processed by Drosha
into pre-miRNAs. However, these pre-miRNAs are not suitable substrates for Dicer;
therefore, they are loaded into Ago2 instead, and Ago2-dependent cleavage produces an
intermediate 3′ end. The final maturation occurs as the 3′-5′ trimming of the 5′ strand is
completed by a cellular nuclease [31,32]. In the Dicer-independent pathway, the tRNase
Z-dependent pathway precursor tRNA is cleaved by tRNase Z at the 3′ end [33].

3. Role of the miRNAs in Embryonic Development

Many miRNAs function during early embryonic development. The first known
miRNA, lin-4, plays a crucial role in the developmental timing of stage-specific cell lineages
in C. elegans [34]. Shortly after the discovery of lin-4, let-7 was recognized as an essential
miRNA to control the pattern of temporal development of larval cell fates during the adult
stage, which acts as a temporal switch between larval and adult fates. Loss of the let-7
gene activity leads to abnormalities in the pattern of larval development as a result of the
reiteration of larval cell fates during the adult stage, while overexpression of the let-7 gene
causes the early presence of adult cell fate during larval stages [35]. Both lin-4 and let-7
miRNAs are highly conserved; miR-125a and miR-125b are the mammalian orthologues of
lin-4 [36,37].
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The impact of miRNAs in embryonic development has been demonstrated in different
organisms either by dissecting the miRNA pathway or by functional and expression
pattern analyses of miRNAs. In mice, different miRNAs are present during all stages of
embryonic development. Deletion of Dicer, Dgcr8, or Ago2 induced early post-implantation
lethality [38–41]. Dicer 1 mutant mouse embryos exhibited a 50% lethality rate at the
7.5-day embryonic stage; surviving embryos exhibited morphological abnormalities and
suppressed Oct4 and brachyury expression, indicating an embryonic developmental arrest
and deficient pluripotency [38]. Homozygous deletion of the first and second exons of
the Dicer gene resulted in severe hypomorphic embryos with retarded phenotype and
mid-gestation death, suggesting an essential role for Dicer in normal mouse embryonic
development [42]. Moreover, Dgcr8 knockout mouse embryos died early in development
and displayed extreme morphological defects [41].

miRNA profiling uncovered developmental stage-specific miRNA expression. Zy-
gotes inherit both maternal and paternal miRNAs [43,44]; however, the maternal miRNA
pool is largely depleted between the one- and two-cell stages. Subsequently, miRNA
expression is increased upon the activation of zygotic transcription [43]. Remarkably, cer-
tain stem-cell-specific miRNAs, such as miR-290 cluster members, are the first de novo
expressed miRNAs in early embryogenesis [43,45,46]. Similarly, in rabbits, the expression
of ocu-miR-290 cluster members begins at early embryonic stages [47]. Furthermore, ocu-
miR-512-5p, which is evolutionarily related to miR-290 and its human homolog miR-371,
is also expressed in early stages of rabbit embryonic development [47]. miR-29b is an-
other important development regulator. It is highly expressed in the two-cell-stage mouse
embryos and downregulated in the four-cell stage. Inhibition of miR-29b led to early devel-
opmental blockade by downregulating Dnmt3a/b and disrupting DNA methylation [48].
The placenta-specific C19MC miRNAs play significant roles in the fate of trophoblasts.
For example, miR-519d regulates human trophoblast migration [49]. Additionally, a high
expression of ocu-miR-512-5p, another C19MC family member, was reported in rabbit
trophoblasts and hypoblasts, in line with its importance in pre-implantation [47]. Like-
wise, hsa-miR-512-3p miRNAs are among the most highly expressed miRNAs in human
blastocysts [50]. miR-376c (member of the hsa-miR-379/miR-656 cluster) promotes cell
proliferation and invasion of human trophoblast cells [51], whereas miR-155 inhibits their
cell proliferation and migration [52]. The miR-302 cluster is a highly expressed stem-cell-
specific miRNA cluster in rabbit pre-implantation embryos [47]. Similar to rabbits, miR-302
cluster members are highly expressed in the human blastocysts [50]. miR-21 is expressed
in both human and mouse oocytes and blastocysts [53,54]. It is associated with oocyte
maturation, blastocyst formation, and pre-implantation embryonic development [54]. The
let-7 family also plays a crucial role in mammalian embryonic development. The expression
of let-7 in mouse embryos regulates inner cell mass cell fate determination and reinforces
blastocyst formation [55].

4. Discovery of miRNA Clusters in Stem Cells

To date, many studies have demonstrated the regulatory function of miRNAs (both
canonical and non-canonical) in the self-renewal and differentiation of ESCs and iPSCs.
Many canonical miRNAs, such as miR-302 and miR-290 clusters, reportedly promote ESC
properties. miR-320 and miR-702 are the two first-discovered non-canonical miRNAs
expressed in mouse ESCs [56]. Interestingly, miR-133a regulates the transcription of the
DNMT3B gene in human ESCs through a non-canonical pathway when it is translocated
to the nucleus, while it regulates skeletal and cardiac muscle function via canonical target
mRNA repression in the cytoplasm [57].

DICER deletion has induced a proliferation defect, hindered teratoma and chimera
formation, and constrained the differentiation of mESCs [58,59] and hESCs [60]. Simi-
larly, Dgcr8-knockout mESCs proliferate slowly and exhibit either delayed or reduced
differentiation potential, accompanied by defects in embryonic anatomy and teratoma
formation [41,61]. While Dicer- and Dgcr8-mutant ESCs contributed to an overall analysis
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of miRNA functional aspects in ESC properties, cloning and deep sequencing of non-coding
small RNAs from stem cells led to the discovery and profiling of stem-cell-specific miRNAs
with potential functions in the self-renewal and differentiation of ESCs. ESC-associated
transcription factors, including OCT4, NANOG, SOX2, and REX1, regulate ES-specific
miRNAs through binding to their promoter region [62,63]. As a prominent example, the
miR-290/295 cluster was identified as a stem-cell-specific miRNA cluster in mice by cloning
and deep sequencing [64]. Subsequently, the human homolog clusters miR-302/367 and
miR-371/373 were also identified by cDNA cloning in human ESCs [65]. Additionally, the
deep sequencing of small RNAs showed that the rabbit ES-like cells highly express the ocu-
miR-302/367 cluster, which potentially maintains pluripotency by negatively modulating
Lefty [47].

4.1. miRNA Clusters Regulate Pluripotency

miR-302/367, miR-290/295, and their human homolog, the hsa-miR-371/373 cluster,
are highly expressed in vertebrate ESCs. They modulate self-renewal and pluripotency
through regulating cell cycle progression. These clusters are downstream targets of ESC-
specific transcription factors, including OCT4, SOX2, and NANOG, which are essential for
the self-renewal and maintenance of pluripotency in ESCs [47,63,66–68]. In both mouse and
human ESCs, OCT4 and SOX2 bind to conserved promoter regions of miR-302 and activate
its transcription. Furthermore, miR-302 directly suppresses differentiation marker genes,
resulting in the high-level expression of pluripotent-related transcription factors, such as
OCT4 [69]. miR-195 and miR-372a are also highly expressed in hESCs and maintain the
proliferative capacity and self-renewal of hESCs through negative cell cycle modulators [70].

4.2. miRNA Clusters Are Involved in Stem Cell Differentiation

miRNAs are also involved in the initiation of stem cell differentiation by suppressing
pluripotency-associated pathways. In human ESCs, post-transcriptional repression of
OCT4, SOX2, and KLF4 mediated by miR-145 leads to the suppression of self-renewal,
and consequently the induction of differentiation [71]. Likewise, miR-134, miR-296, and
miR-470 promote the differentiation of mouse ESCs by suppressing Nanog, Oct4, and
Sox2 [72,73]. miR-1305 induces the differentiation of human ESCs through the repression
of POLR3G, which is an activator of the OCT4/NANOG pathway [74,75]. Other differ-
entiation associated-miRNAs in mice are miR-34a, miR-100, and miR-137, which activate
differentiation marker genes via the regulation of epigenetic mediators through targeting
Sirt1, Smarca5, and Jarid1b mRNAs, respectively [76]. Furthermore, miR-27a and miR-24
silence self-renewal and promote differentiation by downregulating pluripotent-specific
transcription factors and signal transducers of mESC self-renewal networks. The downreg-
ulation of Oct4 and Foxo1 and further suppression of signaling pathways through direct
targeting of the LIF receptor gp130 and the two important signal transducers Smad3 and
Smad4 result in decreased expression of c-Myc, hence creating a mutual negative feedback
loop to upregulate the expression of the miRNAs to maintain the differentiated state [77].
The let-7 miRNA family members also regulate the transition from self-renewing stem
cells to differentiated cell types in both human and mouse ESCs. Contrary to the above-
mentioned pluripotent-specific miRNAs, let-7 miRNAs suppress the self-renewal of ESCs
through cell cycle progression [78–80].

It is important to note that miRNAs might have context-dependent functions and
can vary across different organisms and cell types. Numerous miRNAs contribute to the
maintenance of early embryonic development and embryonic stem cell properties. In the
following section, we highlight the well-studied stem-cell-specific miRNA clusters and
compare their expression profiles and functions in humans, mice, rabbits, and chickens.
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5. Major miRNA Clusters of ESCs

5.1. miR-302/367 Cluster
5.1.1. Characteristics of Cluster

The polycistronic human miR-302/367 cluster is located in the intron of the LARP7
gene at the 4q25 region and consists of ten miRNAs: miR-302a-3p, miR-302a-5p, miR-302b-
3p, miR-302b-5p, miR-302c-3p, miR-302c-5p, miR-302d-3p, miR-302d-5p, miR-367-3p, and
miR-367-5p [64,65,81]. All 3′ mature miRNAs share the same seed sequence of 5′-AAGTGC-
3′, except for miR-367 which harbors a slightly different seed sequence; however, they all
have common mRNA targets [68,82]. The cluster is well conserved among the vertebrates
(Figure 1). As it is shown in Figure 1, several species exhibit a common cluster structure,
comprising four miR-302s (a–b) and one miR-367. Interestingly, the Aves class expresses
an extra miRNA within the miR-302/367 cluster, such as gga-miR-1811 in chickens, which
shares a highly similar seed sequence with miR-367, suggesting that it might be generated
by the tandem duplication of miR-367 [81].

Figure 1. Genome organization and multiple sequence alignment of miR-302/367 precursor coding
regions in humans, mice, rabbits, and chickens. (a) Humans, mice, rabbits, and chikens exhibit a
common cluster structure, comprising four miR-302s and one miR-367. Interestingly, chikens express
an extra miRNA, gga-miR-1811, within the miR-302/367 cluster. (b) Multiple sequence alignment
of miR-302/367 precursor coding regions in humans, mice, rabbits, and chickens represent high
similarity of this cluster. The seed sequences are highlighted in yellow; mismatches are shown in
red. Mature -5p and -3p miRNA sequences are shown in blue. Mature sequence of gga-miR-1811 is
shown in green. The asterisks indicate sequence homology.

The miR-302/367 cluster’s promoter itself is a highly conserved region among verte-
brates [47,83]. The cluster’s expression is regulated by ESC-specific transcription factors
(OCT3/4, SOX2, KLF4, MYC, and NANOG) in mice and humans [68,84].

5.1.2. miR-302/367 Expression in Mice, Humans, and Rabbits

In addition to cell cycle regulation, miR-302 cluster members modulate the self-
renewal-related genes by repressing epithelial–mesenchymal transition and apoptotic
pathways [85]. The miR-302/367 cluster is predominantly expressed in human ESCs,
mouse epiblast stem cells (EpiSCs), and rabbit ES-like cells, whereas its expression in
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mouse ESCs is slightly lower [47,65,86]. In addition, it is highly expressed in human iPSCs
and downregulated upon differentiation [87]. Overexpression of the miR-302/367 cluster
in both mouse and human somatic cells results in cellular reprogramming the iPSC state
and preserves the stemness properties of ESCs [88,89].

In rabbits, miR-302 expression begins at 3.5 dpc of pre-implanted embryos, whereas
mouse embryos express miR-302 starting from day 6.5 dpc. The miR-302 cluster reaches the
highest expression at the 6 dpc stage in rabbit embryos, and at 7.5 dpc in mouse embryos;
its expression is rapidly downregulated by 8.5 dpc in mice [47,68].

5.1.3. Gga-miR-302b-3p/5p Expression in Chicken Embryos and PGCs

Most chicken stem-cell-specific miRNAs are conserved with other vertebrate model
species [90]. Gga-miR-302a is highly expressed in the chicken blastoderm and regulates the
undifferentiated state of blastodermal cells and primordial germ cells (PGCs) by silencing
Sox11, a somatic transcription factor [91]. It has also been reported that gga-miR-302b
regulates glucose phosphate isomerase (GPI) expression; therefore, it modulates chicken
PGC proliferation [92]. A recent study based on an inhibition assay demonstrated that gga-
miR-302b (both -3p and -5p miRNAs) promotes the proliferation of PGCs and decreases
apoptosis. In addition, the dual inhibition of -3p and -5p miR-302b caused an excessive
increase in the number of apoptotic cells [93].

5.1.4. Targets of miR-302/367 Cluster

To achieve the functional characterization of miRNAs, it is crucial to identify their tar-
get genes. Cell cycle regulators were the first-identified miR-302/367 targets both in human
and mouse ESCs. In human ESCs, miR-302 modulates G1/S transition by directly target-
ing components of the cell cycle pathway, such as CYCLIN D1 and D2, cyclin-dependent
kinase 2 (CDK2), CDK4, RB, E2F1, P130, and CDK6 [68]. In addition to repressing CYCLIN
D1/D2 and other cell cycle components, it promotes S phase entry through an alternative
pathway [94]. Likewise, in mouse ESCs, miR-302/367 suppresses the cyclin-dependent
kinase inhibitor 1, also known as p21, thus inducing the G1 to S phase transition and
cell proliferation [61]. It is also suggested that miR-302a modulates cell cycle progression
in mouse ESCs through the negative regulation of Lats2, a tumor suppressor gene [95].
Sodium butyrate-mediated upregulation of the miR-302/367 cluster preserves the expres-
sion of key cell cycle regulators and supports self-renewal of human ESCs [96]. On the
other hand, it also downregulates BNIP3L/Nix, thus inhibiting spontaneous apoptosis
in hESCs [97]. LEFTY1 and LEFTY2 (Nodal inhibitors) are other prominent targets of
miR-302 members. Post-transcriptional downregulation of LEFTY by miR-302 inhibits the
expression of TGFβ/Activin/ NODAL family proteins and retains the pluripotency of
hESCs through activating SMAD2/3 and inducing NANOG expression [98–100]. Similarly,
Lefty has been identified as a direct target of miR-302 in rabbit ES-like cells by the transient
inhibition of ocu-miR-302a [47]. SMAD7 is a direct target of miR-367 in human pancreatic
cancer cells and it promotes the invasion and metastasis of pancreatic cancer cells through
the TGF-β signaling pathway [101]. miR-302/367 also promotes BMP signaling through di-
rect targeting of BMP inhibitors, including TOB2, DAZAP2, and SLAIN1, thus maintaining
pluripotency by repressing neural differentiation [102,103].

In addition to cell cycle and signaling pathway regulation, the miR-302 cluster mod-
ulates multiple key epigenetic regulators in somatic cells, including the lysine-specific
histone demethylase enzymes AOF1 and AOF2 (also called KDM1B and KDM1A, respec-
tively) and the methyl-CpG binding proteins MECP1 and MECP2. Post-transcriptional
suppression of these epigenetic regulators by miR-302 members induces global DNA
demethylation and promotes reprogramming and iPS cell establishment [104]. Further-
more, MBD2 (methyl-DNA binding domain protein 2) is a direct target of miR-302 to
accomplish complete reprogramming of the iPS cell [105]. The main targets of miR-302/367
clusters are schematically presented in Figure 2.
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Figure 2. Main targets of miR-302/367 cluster. The miR-302-367 cluster plays a central role in
maintaining ESC pluripotency and self-renewal by regulating different signaling pathways. The
cytoplasmic mature miR-302/367 gene products positively regulate self-renewal by modulating G1/S
transition through direct targeting of the cell cycle regulators, such as CYCLIN D1/D2 and CDK4/6.
Additionally, they promote S phase entry via an alternative Rb-independent pathway. These mature
miRNA products also maintain the pluripotency of ESCs by targeting Nodal/Activin inhibitors,
such as LEFTY. They also promote BMP signaling through direct targeting of BMP inhibitors (TOB2,
DAZAP2, and SLAIN1), thus maintain pluripotency by repressing neural differentiation. Moreover,
miR-302/367 members promote reprogramming and iPS cell establishment through induction of
global DNA demethylation by post-transcriptional suppression of epigenetic regulators such as
AOF1/2, MECP1/2, and MBD2.

5.2. C19miRNA Cluster
5.2.1. Characteristics of C19M Cluster

C19MC (chromosome 19 miRNA cluster), one of the longest miRNA gene clusters in
the human genome, is located on chromosome 19 and extends for about 100 kb. The cluster
contains 46 highly homologous pre-miRNA genes, producing 56 mature miRNAs. Despite
the high similarity of miRNAs in the cluster, they harbor 16 distinct seed sequences [106].
The cluster itself exhibits a unique genomic structure: most miRNA genes are flanked
by ~400–700 bp Alu repeated sequences and short exons with highly repetitive DNA
elements [107,108]. The Alu element reportedly mediates gene duplication events in this
region, resulting in the expansive miRNA cluster and allowing for its high expression from
the multiple copies [107,109]. Reciprocally, free Alu transcripts are post-transcriptionally
suppressed by expressed miRNAs from the cluster; thus, the genome self-destruction
caused by high rates of duplicative Alu transposition can be prevented [107]. In addition,
hsa-miR-371/373 is located in close proximity to C19MC at about 20 kbp downstream of
the cluster.

It has been suggested that C19MC miRNAs are primate-specific and have no ortholo-
gous regions in the mouse genome; however, we have previously identified three homologs
in rabbits, including ocu-miR-512, ocu-miR-498, and ocu-miR-520e [47]. All three mature
rabbit miRNAs presented high sequence similarity to their human homologs. They are lo-
cated 5′ to the rabbit miR-290/295 cluster on the reverse strand of the pseudo-chromosome
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chrUn0226 in the same order as in humans (Figure 3a,b). Ocu-miR-520e shares the common
consensus seed sequence of “AAGTGCT” with its human homologs, but ocu-miR-512
harbors a slightly different seed sequence.

Figure 3. Genome organization and multiple sequence alignment of human C19MC cluster and three
rabbit homologs. (a) Three rabbit homologues pre-miRNAs of human C19MC including ocu-miR-512,
ocu-miR-498, and ocu-miR-520e are located on contig ChrUn0226 in same order as human C19MC
on Chr.19. (b) Multiple sequence alignment represented high sequence similarity of rabbit mature
miRNAs with their human homologues. Ocu-miR-520e shares the common consensus seed sequence
of “AAGTGCT” with its human homologs, but ocu-miR-512 harbors a slightly different seed sequence.
The seed sequences are highlighted in yellow. Mismatches in seed sequences are shown in red. The
asterisks indicate sequence homology.

5.2.2. Expression of Human C19MC Cluster and Its Rabbit Homologs

The C19MC cluster miRNAs are trophoblast-specific and are highly expressed in the
placenta [108]. In humans, C19MC is exclusively expressed from the paternal chromosome
driven by an upstream promoter region. Mono-allelic expression of the C19MC cluster was
demonstrated to be regulated through the DNA demethylation of the CpG-rich promoter
region. Transcription of the C19MC cluster results in a primary transcript harboring the
entire C19MC gene cluster, which is further processed into precursor miRNA and subse-
quently generates mature miRNAs via the Dgcr8-Drosha complex [110]. A recent study
demonstrated that the pri-miRNA maturation of C19CM is tissue-specific and enhancer-
mediated. A strong association of Drosha with the promoter/enhancer regions in human
results is necessary for the efficient pri-miRNA maturation and to achieve a high expression
level in placenta cells compared to the stem cells [111].

C19MC miRNAs are present in primary human-trophoblast-derived vesicles, par-
ticularly in the villous trophoblasts (VTs) [49,112]. They have also been detected in hu-
man extravillous trophoblasts (EVTs), where they may regulate migration [49]. Among
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C19MC-related miRNAs, ocu-miR-512 showed a high expression level in trophoblasts and
hypoblasts of rabbit pre-implanted embryos [47].

In addition to the placenta, C19MC miRNAs are expressed in human ESCs and
contribute to stemness [113,114]. Almost all C19MC miRNAs are active in naïve human
ESCs, display high expression levels, and are epigenetically silenced in primed hESCs [115].
Unlike hESCs, rabbit ES-like cells do not exhibit a significant expression level of C19MC,
which may reflect the primed state of rabbit ES-like cells [47]. The cluster is also expressed
in human iPSCs and enhances reprogramming by suppressing epithelial-to-mesenchymal
transition [116,117].

Furthermore, C19MC miRNAs are selectively expressed in various cancer types, such
as breast cancer, hepatocellular carcinoma, embryonal brain tumors, infantile hemangioma,
testicular germ cell tumors, parathyroid tumors, and thyroid adenomas. The overexpres-
sion of cancer-derived, circulating C19MC miRNAs, which commonly correspond to tumor
size and proliferative state, makes them attractive potential biomarkers for diagnosis and
treatment response monitoring [118–125].

5.2.3. Targets of C19MC Cluster

Computational miRNA target prediction tools identified 4734 target genes for the
C19MC cluster [114,115]. Among them, genes involved in chromatin structure modifi-
cations [114], the p53 pathway (including CCNG2, CDKN1A, PMAIP1, TP53INP1, and
ZMAT3), and the extracellular matrix (ECM) [115] were enriched in hESCs.

miR-524 enhances somatic cell reprogramming by targeting TP53INP1 (Tumor Protein
P53 Inducible Nuclear Protein 1), promotes cell proliferation, and inhibits apoptosis [116].
Moreover, miR-524 downregulates ZEB2 and SMAD4 (epithelial–mesenchymal-transition-
related genes) and promotes mesenchymal-to-epithelial transition, which is required for
the initiation of reprogramming [126,127].

5.3. Mmu-miR-290/295, hsa-miR-371/373, and ocu-miR-290/295 Clusters
5.3.1. Cluster Characteristics

The mmu-miR-290/295, hsa-miR-371/373, and ocu-miR-290/295 clusters are highly
conserved in humans, mice, rabbits, chimpanzees, rats, dogs, and cows [128,129]; however,
some differences are present in their structure, number of members, and genomic location.

The mmu-miR-290/295 cluster, which is the most abundant miRNA cluster in mouse
ESCs [130], is coded by a 2.2 kb region located on chromosome 7 (Figure 4a). The single
spliced primary transcript is processed into 14 mature miRNAs: miR-290-5p, miR-290-3p,
miR-291a-5p, miR-291a-3p, miR-291b-5p, miR-291b-3p, miR-292-5p, miR-292-3p, miR-
293-5p, miR-293-3p, miR-294-5p, miR-294-3p, miR-29-5p, and miR-295-3p [64,128]. All
pre-miRNAs of the cluster share the same “AAGTGC” seed sequence, except for the
miR-293 pre-miRNA (Figure 4b). The cluster’s transcription is regulated by a 332 nt
intragenic enhancer region within the cluster [131]. Additionally, pluripotency-associated
transcription factors, such as Oct4, Sox2, Snai, c-Myc, and Nanog, directly control the
cluster expression by binding an upstream promoter element [66,132].

miR-371/373, a human ortholog of the mmu-miR-290/295 cluster, is located in close
proximity to C19MC on chromosome 19 (Figure 4a) [64,125]. The hsa-miR-371/373 cluster
is transcribed into four pre-miRNAs, pre-miR-371a, pre-miR-371b, pre-miR-372, and pre-
miR-373, and further processed into six mature mRNAs: miR-371a-3p, miR-371a-5p, miR-
371b-3p, miR-371b-5p, miR-372, and miR-373 [65,133,134]. The ESC-specific seed sequence
“AAGTGC” can be found in all of the cluster’s miRNAs (Figure 4b).

Rabbit homologs of the mmu-miR-290/295 cluster are located on the reverse strand of
a short pseudo-chromosome (chrUn0226) and are comprised of three mature miRNAs: ocu-
miR290-5p, ocu-miR-292-3p, and ocu-miR-294-3p (Figure 4a). The ocu-miR-294-3p miRNA
has also been mapped on chromosome 2 of the rabbit genome. Like hsa-miR-371/373,
the ocu-miR290/295 cluster is located 3′ to the rabbit C19MC (Figure 4a). Interestingly,
based on putative secondary structure prediction, ocu-miR-290-5p and ocu-miR-292-3p

77



Genes 2023, 14, 1434

form a single pre-miRNA. Only ocu-miR-294 contains the stem-cell-specific seed sequence
“AAGTGCT” (Figure 4b) [47].

Figure 4. Genome organization and multiple sequence alignment of mmu-miR-290/295, ocu-miR-
290/295, and hsa-miR-371/373 precursors in mice, humans, and rabbits. (a) miR-371/373, a human
ortholog of the mmu-miR-290/295 cluster, is located in close proximity to C19MC on chromosome 19
and comprises of four pre-miRNAs. Rabbit homologs of the mmu-miR-290/295 cluster are located
on the reverse strand of a short pseudo-chromosome (chrUn0226) and are comprised of three mature
miRNAs. Similar to hsa-miR-371/373, the ocu-miR290/295 cluster is located 3′ to the rabbit C19MC.
(b) All pre-miRNAs of mmu-miR-290/295 and hsa-miR-371/373 share ESC-specific seed sequence of
“AAGTGC” except for mmu- miR-293 pre-miRNA. From rabbit cluster only ocu-miR-294 contains the
same seed sequence. The seed sequences are highlighted in yellow. Mismatches in seed sequences
are shown in red. Mature -5p and -3p miRNA sequences are shown in blue. The asterisks indicate
sequence homology.

5.3.2. Evolution of mmu-miR-290/295, hsa-miR-371/373, and ocu-miR-290/295 Clusters

It is speculated that clustered miRNAs evolved via gene duplication, genomic rear-
rangements, and specific gene repressions. Evolving novel clusters might have comprised
highly homologous miRNAs or could be joined with other miRNA families. In addition,
miRNA family members can either be located in a cluster family or distributed randomly
throughout the genome [135–137].

A cluster sequence and repeat analysis showed a close evolutionary relationship
between human, mouse, and rabbit miRNA clusters. The miR-290/295 cluster has likely
evolved from miR-290 or miR-291a and appears to be the evolutionary precursor. The
individual pre-miRNA hairpin sequences of mmu-miR-290/295 and hsa-miR-371/373
clusters are homologous to each other. It appears that mouse miR-290/295 is the possible
origin of the human miR-371/373 cluster, while the hsa-miR-371/373 cluster itself gave
rise to another miRNA cluster, the hsa-miR-512 cluster, located in close proximity to its
ancestor on human chromosome 19 [67]. Moreover, the enthalpy levels of pre-miR-372
and pre-miR-373 are similar to mmu-miR-291a, mmu-miR-291b, and mmu-miR-294 [67].
It has also been demonstrated that hsa-miR-373 is a member of the miR-520/373 family,
composed of the hsa-miR-302/367, hsa-miR-371/373, and hsa-miR-520 clusters that share
identical seed sequences [138–140].
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Furthermore, according to the seed sequence and target interaction analysis, it seems
that mmu-miR-290/295 and hsa-miR-371/373 share the same seed repertoire, given that
in mice the cluster transcribes seven pre-miRNAs and in humans the cluster transcribes
just three pre-miRNAs but the pre-miR-371 carries all the seeds to form the orthologs
pre-miR-290, pre-miR-292, and pre-miR-293 in mice [141].

As mentioned above, the rabbit miR-290/295 cluster resides in only three miRNA
members, representing a low evolutionary conservation with its homolog cluster in mice.
Moreover, ocu-miR-290-5p and ocu-miR-292-3p form a single pre-miRNA, in contrast to
the mouse homolog cluster which encodes three pre-miRNAs (pre-miR-290, pre-miR-291a,
and pre-miR-292) in the same genomic region [47]. In addition, in proximity to the ocu-
miR-290/295 cluster on the contig chromosome, there are three miRNAs of the C19MC
cluster of ocu-miR-512, ocu-miR-520e, and ocu-miR-498, similar to the human and mouse
cluster distribution. Hence, it is possible that these rabbit miRNAs located on the contig
chromosome might recapitulate the evolution of human homologs and derive from the
same ancestor by a duplication event [47].

5.3.3. The Expression of mmu-miR-290/295, hsa-miR-371/373, and
ocu-miR-290/295 Clusters

Mmu-miR-290/295 miRNAs are the first de novo expressed miRNAs in mouse em-
bryos, starting at the two- to four-cell stage and exhibiting high expression in blasto-
cysts [43,45,46]. The cluster is abundantly expressed in undifferentiated mESCs and main-
tains the pluripotent state of mESCs [66,130]. The overexpression of mmu-miR290/295
miRNAs under serum starvation retains the stem cell properties of mESCs and regulates
the cell cycle by preventing a G1 stop and extending the survival of the stem cell popu-
lation [67]. In addition, the simultaneous introduction of mmu-miR-290/295 along with
Oct4, Sox2, and Klf4 (OSK) enhances the reprogramming of mouse embryonic fibroblasts
into mouse iPSCs [142].

In contrast to mmu-miR-290/295, hsa-miR-371/373 expression in human ESCs is
considerably lower and comprises only 1% of the total miRNA pool in hESCs [65,143]. Hsa-
miR-372 and hsa-miR-373 display a high level of expression in human testicular germ cell
tumors, indicating their oncogenic potential [133]. The introduction of hsa-miR-372 along
with hsa-miR-302b enhanced the reprogramming efficiency of human fibroblasts [144].

The ocu-miR-290/295 miRNAs show low expression levels in rabbit ES-like cells,
whereas they are highly expressed during preimplantation embryonic development, imply-
ing their potential role during early embryonic development [47].

Taken all together, the expression patterns of mmu- and ocu-miR-290/295 and hsa-
miR-371/373 in ESCs and in early embryos suggest a prominent function in early embryonic
development.

5.3.4. miR-290/295 Cluster Targets

The mmu-miR-290/295 cluster is a well-described cell cycle regulator miRNA cluster.
A short G1 phase and lack of a G1/S checkpoint are characteristics of the ESC cell cycle.
The mouse miR-290/295 cluster regulates G1/S transition through the downregulation of
cell cycle inhibitors such as p21, Lats2, Wee1, and Fbxl5, thus maintaining the pluripotent
state of mouse ESCs [56,61,67,145]. Additionally, rapid G1/S transition promoted by mmu-
miR-294 miRNA is Retinoblastoma gene (Rb)-independent. The accumulation of cells in G1
is regulated by direct targeting of the Rb family under nutrient starvation [94]. On the other
hand, the mmu-miR-290/295 cluster reportedly represses S/G2 transition through p53 and
Cyclin D1 [67,146]. Therefore, the mmu-miR-290/295 cluster contributes to pluripotency by
accelerating G1 and extending the S phase in mESC.

Furthermore, mmu-miR-290/295 modulates DNA methylation in the pre-implantation
embryos by the targeting of retinoblastoma-like 2 (Rbl2) and the subsequent inhibition of
Dnmt3b [62,147]. On the one hand, pluripotent-associated transcription factors such as
Oct4, Sox2, and Nanog either directly or indirectly regulate the transcription of DNMT3B.
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On the other hand, the core promoter region of the mmu-miR-290/295 cluster is a direct
target for pluripotent-associated transcription factors. Altogether, pluripotent-associated
transcription factors, the mmu-miR-290/295 cluster, Rbl2, and Dnmt3b build a regula-
tory network that regulates DNA methylation in early embryonic development and in
ESCs [148]. Moreover, mmu-miR-290/295 directly targets Dkk-1, which is a Wnt pathway
inhibitor, resulting in the upregulation of c-Myc, a downstream target of the Wnt signaling
pathway [149,150]. Thus, mmu-miR-290/295 miRNAs partially favor pluripotency upon
differentiation.

The mmu-miR-290/295 cluster together with miR-302/376 promote transition from
naïve to primed pluripotency by enhancing the activity of the MEK pathway through
the direct repression of Akt1 [151]. In addition, mmu-miR-290/295 miRNAs are required
for the incorporation of two core components of polycomb repressive complexes 2 (Prc2),
Ezh2, and Suz12 into promoters of bivalent differentiation genes in order to maintain the
pluripotent state of mouse ESCs [152,153].

The mmu-miR-290/295 cluster also enhances the reprogramming of somatic cells and
the quality of mouse iPSCs [89,142]. Mmu-miR-291 post-transcriptionally suppresses the
methyltransferase Ash1l expression and consequently downregulates HOX genes, which in
turn promote reprogramming through polycomb-mediated gene silencing [153].

In summary, the mmu-miR-290/295 cluster modulates both stemness and differen-
tiation characteristics of mouse ESCs and embryos by regulating the cell cycle, de novo
DNA methylation, apoptosis, and the transcription of pluripotent-associated transcription
factors (Figure 5). To date, no target gene has been predicted for the rabbit miR-290/295
cluster. Certainly, target recognition and the investigation of functional characteristics are
indispensable to discovering and describing the impact of the ocu-miR-290/295 cluster in
early embryonic development and stem cell biology.

 

Figure 5. Main targets of miR-290/294 cluster. The miR-290/295 cluster modulates both stemness
and differentiation characteristics of mouse ESCs and embryos by regulating cell cycle, de novo
DNA methylation, apoptosis, and transcription of pluripotent-associated transcription factors. The
cytoplasmic mature miR-290/295 members maintain pluripotency of mESC by accelerating G1 and
extending S phase through direct targeting of cell cycle inhibitors such as p21, Lats2, Wee1, and Fbxl5,
and also repressing S/G2 transition. These mature miRNAs also incorporate Prc2, Ezh2 and Suz12
into promoters of bivalent differentiation genes. The miR-290/295 cluster together with miR-302/376
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promote transition from naïve to primed pluripotency by enhancing the activity of MEK pathway
through direct repression of Akt1. These mature miRNAs partially favor pluripotency upon differen-
tiation by direct targeting of Dkk-1, a Wnt pathway inhibitor, resulting in upregulation of c-Myc. The
mature miR-290/295 gene products also modulate DNA methylation in the pre-implantation embryos
by targeting of Rbl2 and subsequent inhibition of Dnmt3b. The miR-290/295 cluster also enhances
the reprogramming of somatic cells and the quality of mouse iPSCs through post-transcriptional
suppression of Ash1l expression and consequently downregulation of HOX genes, which in turn
promote reprogramming through polycomb-mediated gene silencing.

5.3.5. Targets of hsa-miR-371/373 Cluster

To date, very little known is about how the hsa-miR-371-373 cluster can integrate into
the pluripotency regulation of stem cells. The miR-372 miRNA together with miR-195
can partially rescue DICER knockdown phenotypes in hESCS but this is not sufficient to
influence the cell cycle kinetics in wild-type hESCs. However, miR-372 represses P21 (a
CDK inhibitor); thus, it indirectly controls the G1/S transition and consequently regulates
hESC division [70].

Due to its high level of expression and its potential biomarker capacity in different
human tumor cells, its mechanism of action has been further dissected in relation to its
oncogenic function. The miR-371/373 cluster activates WNT/β-catenin signaling through
the repression of DKK1, which in turn induces cell growth and the invasive activity of tumor
cells in humans [154]. However, it is not determined if the miR-371-373 cluster preserves the
pluripotency of hESCs by activation of the WNT/β-catenin signaling pathway. In testicular
germ cell tumor cells, the suppression of LATS2 by miR-371/373 miRNAs prevents p53-
mediated CDK inhibition and promotes tumorigenic growth [133]. Moreover, miR-373
miRNA represses CD44, thus leading to tumor migration and invasion in human breast
cancer [138].

It also has been reported that miR-371/373 regulates glycolysis through the repression
of MBD2I, resulting in promoting the expression of MYC and thus increasing human
fibroblast reprogramming [155].

6. Conclusions

miRNAs are well-recognized, major post-transcriptional regulators of most cellu-
lar events including proliferation, cell cycle progression, differentiation, survival, and
apoptosis in many cell types. Extensive research on the regulatory function of miRNAs
indicates that miRNAs play crucial roles in stem cell properties. Pluripotent stem cells
have enormous potential in the field of regenerative medicine, disease modeling, and
new drug discoveries. In this review, we aimed to compare and discuss the regulatory
functions of stem-cell-specific miRNA clusters and their action on the maintenance and
regulation of ESC biology in vertebrates. We also discussed the expression profile of stem-
cell-specific miRNAs in early embryogenesis, which may play an important role in the
establishment and maintenance of pluripotent progenitor cells. Furthermore, we compared
the stem-cell-specific human miRNAs with our other vertebrate model species.

Several miRNA clusters have been identified to regulate the stemness and pluripo-
tency of stem cells. The most important miRNA clusters which are highly expressed in
ESCs of vertebrates are miR-302/367 and miR-290/295 and its human homologue miR-
371/373. They regulate the self-renewal and pluripotency of ESCs through the modulation
of cell cycle progression. These miRNA clusters share a highly conserved seed sequence,
“AAGUGCU” (referred to as stem-cell-specific miRNA) (Figures 2 and 4), and induce the
pluripotency of ESCs by direct targeting of the 3′ UTR of key ESC transcription factors,
such as OCT4, SOX2, and NANOG. They also play a predominant role in vertebrate early
development. Likewise, C19MC miRNAs are highly expressed in human ESCs, contribute
to the stemness state of hESCs, and prevent their differentiation. Some members of C19MC
miRNAs and their rabbit homologs also share the same stem-cell-specific “AAGTGCT”
seed sequence (Figure 3).
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The profiles of ESC-specific miRNA clusters and their relative functions in vertebrates
which have been discussed through this review are summarized in Table 1.

Table 1. Summary of ESC-specific miRNAs and their relative function.

Cell Type miRNAs Expression Level Function Signaling Pathways Targets

Mouse ESCs miR-302/367
cluster Low expression

Regulation of pluripotency,
self-renewal, and
reprogramming

Cdkn1a [61]
TGF-β signaling pathway
BMP signaling pathway

NA
Lats2 [95]

miR-290/295
cluster High expression

Regulation of cell cycle
progression

and
naïve pluripotency

ATM/ATR chek2-p53
pathway

Wnt signaling pathway
MEK Pathway activation

Cyclin D1, p21, Lats2
[67,146]

Dkk-1 [150]
Akt1 [151]

Early phases of differentiation DNA methylation
HOX gene inactivation

Rbl2 [62,147]
Ash1l [153]

Human ESCs miR-302/367
cluster High expression

Regulation of pluripotency,
self-renewal, and
reprogramming

Cyclin D1/D2 and
Cdk2 [68]

Nodal–Activin pathway

LEFTY [98–100]
BNIP3L/Nix [97]

miR-371/373
cluster High expression Cell cycle regulation

Reprogramming
G1/S transition

P53 pathway
P21 [70]

MBD2 [155]

C19MC High expression in
naïve hESCs

and iPCs

Pluripotency maintenance
Chromatin structure

modification
pathway [114]

NA

Prevent differentiation ECM- related
pathway [115] NA

Derivation and maintenance
of human trophoblast stem

cells
P53 pathway

CCNG2 DKN1A
PMAIP1 ZMAT3
TP53INP1 [115]

Rabbit ES-like
cells

miR-302/367
cluster High expression Regulation of pluripotency

and self-renewal Nodal–Activin pathway Lefty [47]

miR-290/295
cluster Low expression Early embryonic

development NA NA

C19MC Low expression Early embryonic
development NA NA

Chicken PGC
line

miR-302b
miR-302a High expression Cell proliferation

Prevent differentiation
Glycolysis metabolism
Somatic gene silencing

Gpi3 [92]
Sox11 [91]

NA: not addressed.

This review gives outstanding insights into the cell cycle regulation of stem cells by
miRNAs. A deep understanding of regulatory molecular networks in which miRNAs
are interacting will greatly enhance our knowledge of miRNAs’ contribution to stem cell
biology and therefore open promising avenues toward stem cell therapy.
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Abstract: Background: The 14q32 cluster is among the largest polycistronic miRNA clusters. miR-
NAs encoded here have been implicated in tumorigenesis of multiple organs including endocrine
glands. Methods: Critical review of miRNA studies performed in endocrine tumors have been
performed. The potential relevance of 14q32 miRNAs through investigating their targets, and
integrating the knowledge provided by literature data and bioinformatics predictions have been
indicated. Results: Pituitary adenoma, papillary thyroid cancer and a particular subset of pheochro-
mocytoma and adrenocortical cancer are characterized by the downregulation of miRNAs encoded
by the 14q32 cluster. Pancreas neuroendocrine tumors, most of the adrenocortical cancer and
medullary thyroid cancer are particularly distinct, as 14q32 miRNAs were overexpressed. In
pheochromocytoma and growth-hormone producing pituitary adenoma, however, both increased
and decreased expression of 14q32 miRNAs cluster members were observed. In the background of
this phenomenon methodological, technical and biological factors are hypothesized and discussed.
The functions of 14q32 miRNAs were also revealed by bioinformatics and literature data mining.
Conclusions: 14q32 miRNAs have a significant role in the tumorigenesis of endocrine organs.
Regarding their stable expression in the circulation of healthy individuals, further investigation
of 14q32 miRNAs could provide a potential for use as biomarkers (diagnostic or prognostic) in
endocrine neoplasms.

Keywords: miRNA; 14q32; miRNA cluster; DLK1-MEG3 locus; endocrine tumor; pituitary ade-
noma; adrenocortical cancer; neuroendocrine tumor; pheochromocytoma; thyroid cancer

1. Introduction

MicroRNAs (miRNAs) are single-stranded, small (~17–22 nucleotide long), pro-
tein non-coding RNA molecules that regulate gene expression post-transcriptionally by
RNA interference. According to the canonical miRNA biogenesis, the mature miRNA is
generated from a hairpin RNA precursor molecule produced by RNA polymerase II or
III [1].

After biogenesis, the mature miRNA incorporates into a protein complex called
miRISC (miRNA-induced silencing complex) [2]. In the miRISC complex miRNAs lead
to translational repression, mRNA destabilization or mRNA cleavage through miRNA-
mRNA interaction via base complementarity. MiRNAs target mRNAs mainly at 3′
untranslated regions but even the coding sequence or 5′UTR have been described to be
miRNA target regions [2]. Recently, it has been discovered that in some particular cases
miRNAs can even enhance gene expression [2].

Approximately 30–50% of all protein-coding genes are thought to be controlled by
miRNAs [3]. As one miRNA targets several transcripts, and one mRNA is regulated
by numerous miRNAs, the net physiological outcome is the result of a miRNA-target
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network. The role of miRNAs is primarily considered to set the gene expression to an
optimal level as an adaptive process called “fine tuning” [4].

MiRNAs have been shown to be involved in the control of many physiological
and pathophysiological processes, such as proliferation, differentiation, metabolism and
apoptosis through the modulation of target gene expression. Altered miRNA expression
has been identified in several endocrine diseases including neoplasms [5,6]. Depending
on their target molecules, miRNAs are considered as oncomiRs or tumor suppressor
miRNAs, and therefore they are often considered potentially useful biomarkers. MiRNAs
are highly tissue-specific, and they may be unique identifiers of certain tumor types, even
having different effects in different cell/tissue types.

The 14q32 miRNA cluster is among the largest polycistronic clusters comprising
almost a hundred small non-coding RNAs, including a significant number of miRNAs [7].
MiRNAs located in this region cover over 5% of the known human miRNA genes [8,9].

The 14q32 region is called the DLK1-DIO3 domain or DLK1-MEG3 cluster. Indeed,
this cluster contains protein-coding (Delta-like 1 (DLK1), Deiodinase Iodothyronine Type
III (DIO3) and Retrotransposon-like Gene 1 (RTL1)) and nonprotein-coding genes (ncR-
NAs, such as Maternally Expressed Gene 3 (MEG3), Maternally Expressed Gene 8 (MEG8)
and RTL1 antisense (RTL1-AS)), small nucleolar RNAs (snoRNAs) and miRNAs. This
approximately 300 kilobase miRNA region can be divided into two parts: cluster A and
cluster B. Cluster A includes MEG3 and RTL1 genes, while cluster B can be found 5′ from
MEG9 and DIO3 genes (Figure 1A).

 

Figure 1. The imprinted 14q32 region. (A) On the paternal and maternal alleles middle: exons colored by grey indicate
imprinted genes, exons colored by green indicate transcriptionally active state. DMR status is presented by grey (methylated)
and white (unmethylated) circles. Black stripes represent imprinted miRNA genes, red stripes represent transcriptionally
active miRNA genes. (B) On the heatmap (right): Representative expressional change of 14q32 miRNAs in endocrine
tumors (downregulation and overexpression are presented compared to physiological, monoallelic expression. Heatmap
was constructed using the data of 59 studies (see details in the methods section)). MiRNAs indicated on the heatmap are
listed in Table 1 indicating the exact chromosomal localization. Colors indicate expression (blue color was used for low and
red for high expression, grey represents monoallelic expression, white: no data available).
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As miRNA expression can be influenced by several factors, Goossens and colleagues
investigated the effect of the most common confounding factors: sex and age on the
miRNA expression profile of this region [10]. The finding that 14q32 miRNA expression
did not differ between men and women, and that no correlation with age was observed,
highlighted the importance of this miRNA cluster in cell biology [10]. This was further
supported by others who described that the 14q32 maternally imprinted locus was a
major source of longitudinally stable circulating miRNAs as measured by small RNA
sequencing of healthy individuals [11]. In addition, the serum level of 14q32 miRNAs was
not significantly affected by common confounders such as age, body mass index (BMI) or
time of centrifugation, nor alternative methods of expression data normalization [11].

14q32 miRNAs are frequently described deregulated in human diseases and can-
cers [12–14]. In line with the finding that miRNAs are highly tissue-specific [7,15],
14q32 miRNAs are considered both oncogenic and tumor suppressing depending on
cell type [14,16].

The expression of 14q32 genes is regulated by genomic imprinting. The differential
expression of alleles inherited from a mother or father at the genomic imprinted loci
is realized by different methylation. The regulatory loci of the methylated nucleotides
are called differentially methylated regions (DMRs). Differential methylation patterns at
DMRs provide monoallelic expression from either maternal or paternal allele. Generally,
imprinted genes have a key role in regulating growth and other physiological functions
during embryonic development. Germline deletions and uniparental disomy of this locus
in humans associate with developmental abnormalities and dysmorphism, suggesting
that the 14q32 locus might have significant importance in development [17–24]. As several
maternally imprinted genes limit growth during development, they usually possess a
tumor-suppressor role in human cancer [25]. In line with this, the DLK1-MEG3 cluster
was frequently affected by allelic loss or epigenetic changes in various cancers [26–29].
In the 14q32 region, the paternally expressed protein coding genes are DLK1, DIO3 and
RTL1 [30]. From the maternal allele MEG3, MEG8 and RTL1-AS long noncoding RNAs are
expressed [9,31]. This imprinted gene expression of this locus is under the control of three
DMRs [20,32]: a DMR located 11 kb upstream of MEG3 (also called intergenic differentially
methylated region, IG DMR), a DMR 1.3 kb upstream of the MEG3 transcription start site
(MEG3-DMR) and a DMR found in the DLK1 promoter (DLK1-DMR) [33] (Figure 1A).

The MEG3-IG DMR, which is methylated on the paternal allele and unmethylated on
the maternal allele, functions as the primary imprinting control region (ICR) for the entire
locus during development [34], whereas MEG3-DMR serves as the principal regulator in
adult tissues [20]. This imprinted methylation pattern provides the reciprocal expression
of DLK1 and MEG3.

Accordingly, 14q32 miRNAs are also involved in the imprinting regulation [7,35]
and altered 14q32 miRNA expression have been described in several diseases including
malignancies [36–41]. Several studies have shown downregulation of miRNAs from
the 14q32 region in different types of cancer, such as ovarian, breast, prostate, bladder,
osteosarcoma, and gastrointestinal stromal, with significant correlations to poor prognosis
and aggressiveness [42–48]. The tumor suppressor role has been recognized in several
of the downregulated 14q32 miRNAs through targeting key oncogenes in glioblastoma,
neuroblastoma, metastatic lung cancer, hepatic cancer and rhabdomyosarcoma [25,49–51].
In contrast, miRNAs from the 14q32 region may act as oncogenes as well [52–54], sug-
gesting that these miRNAs may have different biological roles depending on the tissue of
origin and genetic background.

14q32 miRNAs also influence prognosis of various cancers. Oshima et al. presented
that the expression of 14q32 miRNAs was a favorable prognostic factor in patients with
metastatic cancer [41]. Based on studies of Lussier et al. 2011 and 2012, the term oligomiR
was introduced [55,56]. There were miRNAs differentially expressed between patients
with limited numbers and slow progression of metastases (oligometastases) compared to
patients with widely disseminated or rapidly progressive metastatic disease [55,56]. Inter-
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estingly, miRNAs encoded in the 14q32 were significantly enriched among oligomiRs [22].
Additionally, 14q32 miRNAs suppressed lung and liver metastases and correlated with
improved clinical outcomes. In osteosarcoma 14q32 miRNAs also had prognostic sig-
nificance, as an inverse correlation was described between aggressive tumor behavior
(increased metastatic potential and accelerated time to death) and the residual expression
of this miRNA locus [47].

Despite of the relevance of 14q32 miRNAs in other malignancies, regarding endocrine
tumors, there has no comprehensive review published about the role of 14q32 miRNA
cluster. In this work, the authors aimed to collect high-throughput miRNA studies
performed in endocrine tumor samples, to extract the role and potential relevance of
14q32 miRNAs through investigating miRNA targets and to integrate the knowledge
provided by literature data and bioinformatics predictions.

2. Materials and Methods

Literature mining was performed using Pubmed database using the following
keywords: “14q32” or “miRNA” or “DLK1-MEG3” and combined with either of “en-
docrine tumors”, “neuroendocrine tumor”, “pituitary adenoma”, “adrenocortical tu-
mor”, “pheochromocytoma” or “thyroid cancer”. Publication focused on 14q32 miR-
NAs regarding endocrine tumors, and high-throughput miRNA profiling studies of
endocrine tumors were selected to construct an expression heatmap (Figure 1B, Table
1). Downregulated/over- expressed miRNAs were included when at least one study
reported it significantly without conflict (conflict was considered when another study
reported the opposite change). When conflicting information was observed between
studies, gradient colour was used. Unfortunately, as in many studies, raw data were
not available and only the significant lists were reported; only “downregulated” and
“overexpressed” characteristics could be considered irrespectively of fold change. The
heatmap itself was generated in Microsoft Excel (Microsoft Office Professional Plus 2013).

Table 1. MiRNA studies used for heatmap generation.

Tumor Type Study miRNA Profiling Platform

NET Lung Yoshimoto et al., 2018 [57] microarray
Mairinger et al., 2014 [58] TaqMan array

Deng et al., 2014 [59] microarray
Rapa et al., 2015 [60] PCR array
Wong et al., 2020 [61] NGS

Pancreas Zimmermann et al., 2018 [62] TaqMan array
Roldo et al., 2006 [63] microarray
Jiang et al., 2015 [64] PCR array
Zhou et al., 2016 [65] microarray (GSE43796) reanalysis
Lee et al., 2015 [66] Nanostring nCounter

small intestinal Yoshimoto et al., 2018 [57] microarray
Arvidsson et al., 2018 [67] microarray

Li et al., 2013 [68] microarray
Miller et al., 2016 Nanostring nCounter

PPGL Castro-Vega et al., 2015 [69] NGS
Tömböl et al., 2010 [70] TaqMan array

de Cubas et al., 2013 [71] microarray
Meyer-Rochow et al., 2010 [72] microarray

Calsina et al., 2019 [73] individual qPCR

ACC Tömböl et al., 2009 [74] TaqMan array
Chabre et al., 2012 [54] microarray
Özata et al., 2011 [75] microarray
Assié et al., 2014 [76] NGS
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Tumor Type Study miRNA Profiling Platform

Pituitary GH Mao et al., 2010 [77] microarray
D’Angelo et al., 2012 [78] microarray

Bottoni et al., 2007 [79] microarray
Butz et al., 2009 [80] TaqMan array

Cheunsuchon et al., 2011 [81] individual qPCR
He et al., 2019 [82] NGS

ACTH Gentilin et al., 2013 [83] individual TaqMan assay
Amaral et al., 2009 [84] individual TaqMan assay
Stilling et al., 2010 [85] microarray

Cheunsuchon et al., 2011 [81] individual qPCR

PRL He et al., 2019 [82] NGS
Müssnich et al., 2015 [86] microarray

Chen et al., 2012 [87] NGS
Cheunsuchon et al., 2011 [81] individual qPCR

NFPA He et al., 2019 [82] NGS
Darvasi et al., 2019 [88] NGS, TaqMan array and microarray

Butz et al., 2011 [89] TaqMan array
Liang et al., 2015 [90] individual qPCR

Cheunsuchon et al., 2011 [81] individual qPCR
Müssnich et al., 2015 [86] microarray

Bottoni et al., 2007 [79] microarray

OC Krokker et al., 2019 [91] NGS

Thyroid MTC Lassalle et al., 2016 [92] microarray
Hudson et al., 2013 [93] Taqman array

Nikiforova et al., 2008 [94] Taqman array

PTC Geraldo et al., 2017 [95] NGS (obtained from The Cancer
Genome Atlas dataset)

Rosignolo et al., 2017 [96] Taqman array
Tetzlaff et al., 2007 [97] microarray
Linwah et al., 2011 [98] microarray
Jacques et al., 2013 [99] microarray

Lassalle et al., 2011 [100] microarray
Mancikova et al., 2015 [101] NGS

Peng et al., 2014 [102] microarray
Riesco-Eizaguirre et al., 2015 [103] NGS

Saiselet et al., 2015 [104] NGS
Swierniak et al., 2013 [105] NGS

FTC Nikiforova et al., 2008 [94] TaqMan array
Rossing et al., 2012 [106] microarray
Dettmer et al., 2013 [107] Taqman array
Jacques et al., 2013 [99] microarray

Lassalle et al., 2011 [100] microarray
Mancikova et al., 2015 [101] NGS

Wojtas et al., 2014 [108] microarray

ATC Hébrant et al., 2014 [109] microarray
Visone et al., 2007 [110] microarray

Boufraqech et al., 2015 [111] microarray
Braun et al., 2010 [112] microarray

ACC: adrenocortical carcinoma; ACTH: corticotroph adenoma; ATC: anaplastic thyroid cancer; FTC: follicular thyroid carcinoma; GH:
growth hormone; MTC: medullary thyroid carcinoma; NET: neuroendocrine tumor; NFPA: nonfunctional pituitary adenoma; OC:
oncocytoma; PPGL: pheochromocytoma-paraganglioma; PRL: prolactin; PTC: papillary thyroid carcinoma.

Also, miRbase MIMAT IDs of dominant mature 14q32 miRNAs were used for bioin-
formatics analysis (http://www.mirbase.org/, access date: 25 February 2021). Path-
way analysis for 14q32 miRNA targets by gene set enrichment analysis for KEGG path-
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ways was performed using DIANA TOOLS miRPath v.3 following target prediction
by microT-CDS algorithm (http://snf-515788.vm.okeanos.grnet.gr/, access date: 25
February 2021). Gene ontology was assessed using miRDB Target Ontology Analy-
sis module by selecting enrichment for Biological Process and Molecular Function (
http://mirdb.org/ontology.html, access date: 25 February 2021).

3. miRNAs in Endocrine Tumors

3.1. Neuroendocrine Tumors (NET)

Neuroendocrine tumors (NETs) are a group of heterogeneous neoplasms arising
from neuroendocrine cells throughout the body (most commonly from the gastrointestinal
system or lungs). Although gastro-entero-pancreatic NETs (GEP-NETs) represent less than
1% of all digestive system cancers it consists 7–21% of all neuroendocrine neoplasms [113].
Lung NETs originate from pulmonary neuroendocrine cells accounting for approximately
25% of primary lung neoplasms and they are classified into typical carcinoids (TCs, well
differentiated, low-grade), atypical carcinoids (ACs, well-differentiated, intermediate-
grade), large cell neuroendocrine carcinomas (LCNECs, poorly differentiated, high-grade)
and small cell lung cancer (SCLCs, poorly differentiated, high-grade) subtypes [114].

In GEP-NETs tissue, however, several miRNA studies have been published [115,116],
scarce information was available regarding 14q32 miRNA profiles. In the study by Jiang
et al., 29 overexpressed miRNAs derived from 14q32 were identified in insulinomas
vs. normal islets, and several showed high abundance in insulinoma cells [64,117].
Unfortunately, this finding was not reported by others [65]. MiRNAs of this region were
associated with prognosis, since miR-485–3p encoded at 14q32 region was significantly
elevated in the metastatic tumors compared to the primary pancreatic NETs (pNET)
(Table 2) [66]. Investigating small intestine (siNET) and colorectal NET, studies did
not identify differentially expressed miRNAs encoded at 14q32 [118–121]. However,
similar to pNET, miRNAs were linked to progression as 14q32 encoded miR-494 was
significantly overexpressed in metastases compared to primary siNET [68]. Interestingly,
by using miRNA expression profiling, Yoshimoto et al. described a similar pattern of
miRNAs of carcinoids of the lung and gastrointestinal NETs, which was different from
adenocarcinomas, small cell lung cancers and normal mucosal cells, suggesting a common
origin of systemic carcinoids/NETs [57]. Also, miR-494 was downregulated in carcinoid
vs. adenocarcinoma/normal tissue group [57]. Regarding lung NET types, Rapa et al.
detected several 14q32 miRNAs (miR-409-3p, miR-409-5p, miR-376a, miR-376b, miR-381)
upregulated in typical compared to atypical lung carcinoids [60]. Measured on 46 lung
carcinoid tumors, a more extensive list of miRNAs expressed from 14q32 cluster detected
as downregulated compared to their adjacent normal tissue pair samples by Deng et al.
(miR-487b, miR-410, miR-369, miR-376a, miR-432, miR-409, miR-494, miR-136, miR-370,
miR-127 and miR-154) [59].

Table 2. Summary of the most important dysregulated, 14q32 encoded miRNAs in different endocrine neoplasms.

NET

miR-485-3p increased in the metastatic tumors compared to the primary pNET

miR-494
overexpressed in metastases compared to primary siNET

downregulated in carcinoid vs. adenocarcinoma/normal lung tissue

miR-376a, miR-376b, miR-381, miR-409-3p, miR-409-5p, upregulated in typical compared to atypical lung carcinoids

miR-127, miR-136, miR-154, miR-369, miR-370, miR-376a, miR-410,
miR-432, miR-409, miR-487b, miR-494 downregulated in lung carcinoid compared to adjacent normal tissue

miR-409-3p, miR-409-5p, miR-411, miR-431-5p, miR-485 and miR-539 downregulated in metastatic carcinoids compared to non-metastatic
lung NET

miR-127, miR-136, miR-154, miR-485, miR-770-5p negative correlation with tumor biology of lung NET
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PPGL

miR-493-5p commonly downregulated in all PCC molecular subtypes (based on
germline mutation)

miR-127-3p, miR-136, miR-154-3p/5p, miR-323a-3p, miR-337-5p/-3p,
miR-369-5p, miR-370, miR-376a-5p, miR-376c, miR-377, miR-382,

miR-409-5p, miR-410, miR-485-3p és 5p, miR-487a, miR-495, miR-539,
miR-543, miR-758, miR-889

downregulation in MAX-related PPGLs and a subset of sporadic PCC

miR-154-3p, hsa-miR-369-5p, hsa-miR-485-5p, hsa-miR-487a,
hsa-miR-495, hsa-miR-543, hsa-miR-656, hsa-miR-889 overexpression in TMEM127-related PPGL cases

miR-541 overexpressed in VHL-related PCC vs. sporadic PCC, decreased
expression in recurrent tumors compared to primary tumors

miR-154, miR-337-3p upregulated in a subset of metastatic PCC compared to non-metastatic
cases

miR-409-3p, miR-369-3p downregulation in a subset of metastatic PCC compared to benign PCC

miR-431 upregulated in malignant tumors compared to benign

Adrenocortical Tumors

miR-370 overexpressed in APA compared to non-APA adrenal tumors

miR-299 downregulated in KCNJ5 mutant APA vs. non-KCNJ5 mutant samples

14q32 miRNA cluster whole miRNA cluster downregulation in Mi1 subset of ACC

miR-136, miR-127-3p, miR-487b, miR-376c and miR-432 overexpressed in ACC compared to normal adrenal cortex

miR-376a, miR-376b overexpression in ACC vs. ACA

miR-376a downregulated in ACC vs. NF adenoma, CPA and normal adrenal
cortex

miR-299-5p, miR-485-5p overexpressed in ACC vs. NF adenoma, CPA and normal adrenal cortex

miR-370, miR-376a, miR-376b, miR-376c, miR-377, miR-379, miR-382,
miR-411, miR-487a, miR-494, miR-495 downregulated in non-aggressive ACC as compared to aggressive ones

miRNA-665 overexpressed in ACC as compared to benign adrenocortical tumors

miR-431 implicated in adjuvant therapy response in ACC

PitNET

miR-127-3p, miR-154, miR-329, miR-337, miR-369-5p, miR-376c,
miR-432, miR-433 downregulated in PRL adenoma vs. normal

miR-410 overexpressed in PRL adenoma vs. normal

miR-411-3p overexpressed in GH adenoma vs. normal

miR-381, miR-654-3p downregulated in GH adenoma vs. normal

miR-127, miR-134, miR-136, miR-154, miR-323a, miR-337, miR-369,
miR-370, miR-376a-1, miR-376a-2, miR-376b, miR-376c, miR-379,

miR-380, miR-381, miR-382, miR-409, miR-410, miR-411, miR-431,
miR-432, miR-433, miR-487b, miR-493, miR-494, miR-495, miR-539,

miR-543, miR-544a, miR-654, miR-656, miR-770-5p, miR-889

downregulated in NF adenoma vs. normal

miR-1185-1-3p upregulated in NF adenoma vs. normal

miR-127-3p, miR-136, miR-154, miR-299-5p, miR-323-5p, miR-329,
miR-369-3p, miR-369-5p, miR-376c, miR-377, miR-411-3p, miR-431-3p,

miR-433, miR-493
downregulated in corticitroph adenoma vs. normal

miR-431, miR-493 overexpressed in corticotroph carcinoma vs. adenoma

miR-127, miR-136, miR-154, miR-299, miR-323a, miR-323b, miR-329-1,
miR-329-2, miR-369, miR-370, miR-376a-1, miR-376a-2, miR-376b,

miR-376c, miR-379, miR-381, miR-382, miR-409, miR-411, miR-431,
miR-485, miR-487b, miR-494, miR-539, miR-654, miR-889

downregulated in oncocytoma vs. normal

Thyroid Carcinoma

miR-9, miR-127, miR-136, miR-154, miR-323, miR-376a,c, miR-370,
miR-487b upregulated in MTC vs. normal

miR-299 downregulated in FTC
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miR-134, miR-136, miR-409, miR-654 overexpressed in PTC

miR-134, miR-300, miR-379, miR-382, miR-494-3p, miR-494-5p, miR-495 downregulated in PTC

miR-654-3p inverse correlation with PTC progression

ACA: adrenocortical adenoma; ACC: adrenocortical carcinoma; APA: aldosterone producing adenoma; CPA: cortisol producing adenoma;
FTC: follicular thyroid carcinoma; GH: growth hormone; KCNJ5: potassium inwardly rectifying channel subfamily J member 5; MAX:
MYC associated factor X; MTC: medullary thyroid carcinoma; NET: neuroendocrine tumor; NF: nonfunctional; PCC: pheochromocytoma;
pNET: pancreatic neuroendocrine tumor; PPGL: pheochromocytoma-paraganglioma; PRL: prolactin; PTC: papillary thyroid carcinoma;
siNET: small intestinal neuroendocrine tumor; TMEM127: transmembrane protein 127; VHL: von Hippel-Lindau tumor suppressor.

Several studies evaluated the role of miRNAs as prognostic markers [116]. Among
others, miR-409-3p, miR-409-5p, miR-431-5p, miR-411, miR-485 and miR-539 encoded
at 14q32 were significantly downregulated in metastatic carcinoids compared to non-
metastatic lung NETs, while miR-409-3p, miR-409-5p and miR-431-5p were found down-
regulated in cases with vascular invasion [60,116].

Also among 14q32 miRNAs, the expression of miR-127, miR-136, miR-154, miR-485,
miR-770-5p showed negative correlation with tumor biology of lung NET, and miR-377*
was identified, showing a significant impact on survival time [58].

A recent study reported that among the most abundant miRNAs in lung NET types,
miR-127 encoded at 14q32 showed high expression in typical carcinoids tumors [61].
Besides, no 14q32 miRNA was identified as discriminatory miRNAs characteristic to
typical carcinoid, atypical carcinoid, small cell lung cancer or large cell neuroendocrine
carcinomas in the study of Wong et al. [61].

3.2. Pheochromocytoma-Paraganglioma (PPGL)

The rare pheochromocytomas (PCC) and paragangliomas (PGL) (together PPGL,
incidence 1–8:1,000,000) arise from the same type of neural crest tissue of the sympathetic
and parasympathetic paraganglia [122]. While tumors of the adrenal medulla are called
PCCs, neoplasms developing from the head and neck, thoracic, abdominal or pelvic
regions paraganglia are referred as PGLs. These tumors are usually benign and the
10-year overall survival is around ~96%, but 10% of PCC and even 40% of PGL occur
as metastatic disease resulting in a 5-year survival below 50% [122]. Interestingly, PPGL
has an extremely high rate of genetic susceptibility, when a germline mutation leads
to autosomal dominant genetic syndromes (multiple endocrine neoplasia type 2A and
2B caused by RET mutations, von Hippel Lindau syndrome due to VHL mutations,
neurofibromatosis type 1 with NF1 mutations or hereditary PG syndrome caused by
mutations of succinate dehydrogenase (SDH) genes, PPGL genes including KIF1b, PHD2,
TMEM127, MAX, FH, MDH2, GOT2 and SLC25A11 [123]. Unfortunately, there are neither
clear histopathological signs of malignant behavior or efficient therapy for malignant
PPGL. Therefore, miRNAs have been good candidates being potential biomarkers.

Expectedly, miRNA profile in different genetic subtypes was also distinct and based
on a high-throughput miRNA profiling [70,72,124] several 14q32 miRNAs were dys-
regulated in PPGL [71]. 14q32 encoded miR-493* was commonly downregulated in all
molecular subtypes based on germline mutation [71]. The 14q32 miRNA profile (20
miRNAs) showed significant downregulation in MAX-related PPGLs and a subset of
sporadic PC samples as well [71]. In TMEM127-related cases overexpression of eight
14q32 miRNAs were detected [71]. MiR-541 was found significantly overexpressed in
VHL-related PCCs vs. sporadic counterparts, and these miRNAs had a lower level of
expression in recurrent tumors compared to primary PCC [70]. As hypermethylation of
DLK-MEG3 locus was reported in approximately 10% of PCC samples [69], the pathogenic
role of downregulated miRNAs located here was also proposed [125]. Indeed, in a com-
prehensive multi-omic approach, miRNA profiling by next generation sequencing (NGS)
revealed 7 homogeneous subgroups of PCC. PCC samples of the Mi1,2 and Mi4-7 clusters
exhibited higher 14q32 miRNA expression compared to Mi3 [69], while Mi3 subgroup was
characterized by a strong silencing of the imprinted DLK1-MEG3 cluster. In this study 15
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of 17 tumors belonging to cluster Mi3 displayed loss-of-heterozygosity (LOH) at the 14q32
locus harboring DLK1-MEG3. The authors hypothesized that the loss of the maternal un-
methylated allele might explain the repression of this imprinted miRNA cluster that was
also supported by the methylation analysis of MEG3 promoter [69]. Interestingly, PCC
samples belonging to this Mi3 cluster were not associated with any germline mutation
(they were all sporadic tumors) and they belonged to a distinct mRNA expression cluster
(C2B) [69]. In line with these results, another large-scale study found the upregulation of
miR-154, miR-337-3p in a subset of metastatic PCC compared to non-metastatic cases [73].
The downregulation of miR-409-3p, miR-369-3p was also identified in a different subset
of metastatic tumors compared to benign ones [73]. In another study comparing benign
and malignant cases, miR-431 was detected as upregulated in malignant tumors [72].

3.3. Adrenocortical Tumors

In aldosterone producing adenomas (APA), no differentially expressed miRNAs
encoded at 14q32 were detected [126–128]. Interestingly, another study identified miR-410
and miR-433 as Wnt/β-catenin signaling regulatory miRNAs with significantly differ-
ent expression between APA and peritumoral adrenal tissues using microarray [129].
A study investigating APA compared to non-APA adrenal tumors (adrenocortical ade-
noma (ACA), subclinical hypercortisolism (SH), non-functioning adrenal adenoma (NF))
identified miR-370 as overexpressed in aldosterone producing tumors. Also, similar to
pheochromocytoma, in APA miRNA signature was also reflected in germline mutation
carrier status [130], and miR-299 from locus 14q32 was found downregulated in KCNJ5
mutant APA vs. non-KCNJ5 mutant samples [130].

Regarding adrenocortical carcinoma (ACC), a combined genomic approach classified
tumor samples into 3 clusters (Mi1-3) based on miRNA expression pattern [76]. ACC sam-
ples in cluster Mi1 showed the largest miRNA expression differences relative to normal
adrenal samples. Samples in this Mi cluster were characterized by the downregulation of
38 miRNAs expressed from 14q32 locus and by the upregulation of miRNAs belonging
to the Xq27.3 miRNA cluster [76]. By using SNP array and DNA methylation analysis,
this study identified LOH of chromosome arm 14q in all Mi1 ACC tumors associated
with MEG3 promoter methylation. The authors suggested that the loss of the maternal
unmethylated allele resulted in silencing of the 14q32 miRNA cluster in Mi1 ACC tu-
mors, suggesting that this region had a key role in ACC pathogenesis [76]. Özata and
his colleagues, however, found 5 miRNAs from 14q32 (miR-136, miR-127-3p, miR-487b,
miR-376c and miR-432) overexpressed in ACC compared to normal adrenal cortex, but
no 14q32 miRNAs were identified in association with survival [75]. Additionally, miR-
376a and miR-376b overexpression were also described in ACC vs. ACA samples [54].
Interestingly, while miR-376a was detected as downregulated miRNA, miR-299-5p and
miR-485-5p were found overexpressed in ACC vs. hormonally nonfunctioning adenoma,
cortisol-producing adenoma and normal adrenal cortex [74].

Regarding ACC behavior miR-370, miR-376a, miR-376b, miR-376c, miR-377, miR-
379, miR-382, miR-411, miR-487a, miR-494, and miR-495 encoded at 14q32 miRNA cluster
were downregulated in non-aggressive ACC as compared to aggressive ones [54]. In
another study, miRNA-665 was overexpressed in ACC as compared to benign adreno-
cortical tumors [131]. MiR-431 was also reported to be underexpressed in patients with
ACC with progressive disease undergoing adjuvant therapy (mitotane, chemotherapy,
and radiotherapy) compared to therapy responders [132]. Restoration of miR-431 in-
creased cell responses to adjuvant therapy and led to cell cycle arrest at S phase. Authors
demonstrated that Zinc Finger E-Box Binding Homeobox 1 (ZEB1), a target of miR-431,
was implicated in reversal of the epithelial-mesenchymal transition (EMT), leading to
increased cell responses to adjuvant therapies in ACC [132].

Interestingly, DLK1 was found as a marker of adrenal gland tumor, which was in
line with findings that 14q32 miRNAs (except for Mi1 subgroup) were upregulated in
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ACC suggesting a common transcriptional regulation of the entire locus in ACC (Figure
1) [133].

3.4. Pituitary Neuroendocrine Tumors (PitNET)

Pituitary adenomas are among the most frequent intracranial tumors with a high
incidence rate of approximately 10–15% [134]. Although the great majority of them are
benign, they represent significant morbidity by mass effect or by hormonal disturbance.
Generally, pituitary adenomas are sporadic; only 5% of them occur as part of genetic
syndromes such as MEN1, MEN4, Carney complex or McCune-Albright syndrome.
Interestingly, miRNAs has been extensively investigated in pituitary tumors, including
not only expressional reports, but functional studies [6]. As more than one hundred
original publications have reported, findings have been extensively summarized by
excellent reviews [6,135,136]. Here, authors aimed to only highlight the role of 14q32
miRNAs in pituitary adenomas using high-throughput studies comparing pituitary
adenoma samples to normal pituitary tissues.

Prolactinomas. In a work using next generation sequencing, no 14q32 miRNAs
were reported differentially expressed in prolactinomas [82]. However, with a targeted
approach, Cheunsuchon et al. found 7 of 18 investigated 14q32 miRNAs in prolactin
(PRL)-secreting tumors significantly down-regulated [81]. In line with these results,
D’Angelo et al. detected downregulated miR-432 in PRL adenoma tissues and using
functional in-vitro assays, high-mobility group AT-hook 2 mRNA (HMGA2) proved
to be a miR-432 target [78]. On the contrary, Chen et al. detected miR-432 and miR-
493 upregulation compared to normal anterior pituitary gland samples; moreover, they
reported a significant positive correlation between the expression of the two miRNAs and
the serum level of prolactin [87]. Additionally, of the 14q32 miRNA cluster, miR-410 was
found to be upregulated in prolactinomas [86], as well as in 6 out of the 12 GH-secreting
adenomas. This finding suggested that a reduced miR-410 expression seemed to be
restricted to gonadotroph adenomas.

Growth hormone (GH) producing tumors. Numerous underexpressed miRNA lo-
cated at 14q32 were identified using NGS and PCR array [80,82] (Figure 1). However, this
was not entirely supported by other studies [77,78,81]. While some reported overexpres-
sion of miR-136 in GH-producing adenomas based on microarray profiling [77], a recent
study using NGS and Bottoni et al. reported its downregulation compared to normal pitu-
itary [79,82]. Nevertheless, miR-411-3p was overexpressed and miR-381 with miR-654-3p
were downregulated from 14q32 locus [77,82]. MiR-370-3p was detected to be under-
expressed in pituitary adenomas compared to normal pituitary and in non-functional
pituitary adenomas (NFPA) compared to functional ones [137]. Furthermore, its level
showed correlation with GH expression determined by immunohistochemistry [137].
Palumbo et al. identified 17 miRNAs to be differentially expressed in GH-producing pitu-
itary tumors; however, none were encoded at 14q32 [138]. Pituitary tumor-transforming 1
(PTTG1) was identified as a target of miR-126 and miR-381 encoded at 14q32 cluster [139].
Also, Liang et al. demonstrated that overexpression of 4 14q32 miRNAs (miR-655, miR-
300, miR-381 and miR-329) inhibited proliferation, migration and invasion, but induced
apoptosis in GH3 and MMQ rat pituitary cells and regulated the PTTG1 expression [90].
The authors suggested a negative feedback loop between PTTG1 targeting miRNAs,
PTTG1 and p53 where p53 transcriptionally activated the expression of the four miRNAs,
while PTTG1 inhibited the transcriptional activity of p53 [90]. Among 14q32 miRNAs the
downregulated miR-432 inhibited cell proliferation of GH3 cells and has a negative role
on the growth regulation of pituitary adenoma by targeting HMGA2 [78].

Non-functioning pituitary adenomas (NFPA). Several miRNAs mapped to 14q32
showed significant underexpression compared to normal pituitary in NFPA detected by
different platforms [86,88,89]. Besides 32 downregulated miRNAs, MEG3 and DLK1 also
showed underexpression in NFPA samples [89]. Indeed, another study investigating
the silencing of the imprinted DLK1-MEG3 locus in human NFPAs [81] also reported
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numerous 14q32 encoded miRNAs expression as lost or significantly diminished com-
pared to normal pituitary. Furthermore, the authors identified these miRNA expression
alterations together with increased methylation of MEG3-IG DMR [81,140,141]. This was
in line with the finding that MEG3 was not expressed in NFPAs; therefore the authors
suggested that the silencing of the DLK1-MEG3 locus played an important role in human
NFPA pathogenesis [81,140,141]. Among 14q32 miRNAs miR-1185-1-3p was identified
upregulated, while miR-493 downregulated [82]. Bottoni et al. found that miR-154,
miR-127 and miR-134 were downregulated in NFPA and were predictive miRNAs for
the histotype [79]. Others identified downregulation of miR-432 encoded at 14q32 in
NFPA and gonadotroph adenomas [90]. The functional role of miR-432 was investigated
in HP75 human pituitary adenoma cells, and miRNA transfection led to a significant
reduction of cell number compared to controls [78]. Regarding gonadotroph adenomas
reduced miR-410 expression seemed to be restricted to gonadotroph adenomas compared
to other adenoma types [86]. Authors validated cyclin B1 (CCNB1) as target of miRNA-410
since its overexpression reduced CCNB1 at protein and mRNA levels, decreasing cell
proliferation.

Corticotroph adenomas. Cheunsuchon et al. investigated 18 members of the 14q32
miRNA cluster, among which several miRNAs identified as significantly downregulated
(miR-127-3p, miR-136, miR-154, miR-299-5p, miR-329, miR-369-3p, miR-369-5p, miR-376c,
miR-377 and miR-433) and only miR-431 was found overexpressed in tumors compared
to normal tissues [81]. Although more than a few downregulated miRNAs were detected
in adrenocorticotropin (ACTH)-secreting tumors, their expression levels were considered
significantly higher compared to those found in NFPAs [81]. Accordingly, DLK1 was
found downregulated in corticotroph tumors [81]. While Stilling et al. detected 5 other
miRNAs significantly downregulated located at 14q32 (miR-323-5p, miR-136*, miR-411*,
miR-431*, miR-493) in corticotroph adenomas [85], others failed to detect any differentially
expressed miRNAs from 14q32 region [84].

Pituitary carcinomas. In corticotroph carcinomas, miR-323-5p was downregulated
in comparison to normal pituitary, and miR-493 was upregulated in carcinoma vs.
adenoma [85]. It was suggested that miRNA-493 interacted with galectin-3 (LGALS3,
lectin, galactoside-binding, soluble, 3) and Runt-related transcription factor 2 (RUNX2)
genes, [142–145]. These data also showed that galectin-3 had a role in regulating cell
proliferation and apoptosis of pituitary cells.

Pituitary oncocytoma. In pituitary oncocytoma, numerous underexpressed miRNAs
(40% of all downregulated miRNAs) compared to normal control were mapped to 14q32
region [91].

3.5. Thyroid Carcinoma

Thyroid cancer is the most frequent malignant endocrine tumor. The majority of
them (~95%) arise from follicular cells and classified as papillary (PTC, 75–80%), follicular
(FTC, 10–15%) or anaplastic thyroid cancer (ATC, 0.2–2%) [146]. Tumors developing
from calcitonin secreting parafollicular C cells are a distinct entity, and called medullary
thyroid cancer (MTC) representing ~5–10% of all thyroid cancers [146]. This subtype
commonly occur sporadically; however, approximately 10–25% of them are hereditary
and appear as part of MEN2 syndrome, caused by germline mutations of the RET proto-
oncogene [146]. Most of the well differentiated thyroid cancer (including PTC, FTC) has
excellent prognosis; however, patients with ATC have 6–12 months median survival [147].

Nikiforova et al. detected markedly different profiles of miRNA expression be-
tween MTC and all other thyroid tumors that derives from follicular cells, reflecting
tissue-specific characteristics of miRNAs [94]. Among these, several 14q32 miRNAs were
overexpressed in MTC compared to normal and other thyroid cancer types [94]. Expect-
edly, Lassalle et al. detected numerous miRNAs differentially expressed between sporadic
and hereditary MTC cases including miR-136, miR-487b, miR-376a,c, and miR-127 located
at 14q32 miRNA cluster [92]. Interestingly, the highly expressed miR-375 was revealed
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as a novel circulating prognostic marker for MTC patients as well, as MTC patients had
significantly higher miR-375 plasma levels than healthy controls and subjects in remis-
sion [148]. Additionally, high circulating miR-375 level was associated with significantly
reduced overall survival and was a strong prognostic factor of poor prognosis [148].

Numerous miRNAs were described in non-medullary thyroid cancer types, how-
ever, with controversial results. Therefore, a comprehensive re-analysis integrating 21
thyroid cancer miRNA studies by Saiselet et al. determined the commonly reported
differentially expressed miRNAs in non-medullary thyroid carcinomas compared to
normal tissues [149]. Of the investigated studies, in FTC and ATC, no differentially ex-
pressed miRNA encoded at 14q32 miRNAs occurred except the downregulated miR-299
in FTC [149,150]. However, 4 overexpressed (miR-134, miR-136, miR-409, miR-654) and
several underexpressed (miR-124, miR-134, miR-300, miR-379, miR-382 and miR-494-3p,
miR-494-5p and miR-495) 14q32 miRNA were identified in PTC samples. In a more recent
study, the global downregulation of miRNAs from the 14q32 region in human PTC was
also confirmed [95]. The decreased miR-654-3p levels with long-term PTC progression
in Tg-Braf mice was also observed and the level of miR-654-3p inversely correlated with
epithelial-mesenchymal transition (EMT) [95]. The in-vitro restoration of miR-654-3p in-
hibited cell proliferation and migration and induced reprogramming of metastasis-related
genes, supporting the tumor suppressor role for this miRNA [95]. Interestingly, in another
study analyzing miRNA expression profiles in classical-type PTC, follicular-variant PTC,
and tall-cell variant, no 14q32 miRNA was detected compared normal adjacent thyroid
tissues [96].

From a clinical point of view miRNAs are suggested as potential biomarkers, as
cytology following fine-needle aspiration biopsy (FNAB) are interpreted as indeterminate
without definitive diagnosis regarding thyroid tumors in 3–6% to 10–25% [147]. However,
miRNAs located at 14q32 did not help in discriminating benign vs. malignant thyroid
lesions from FNAB samples [6].

4. Different Expression of 14q32 miRNA Cluster Members

14q32 locus contains more than forty miRNAs, and previously it had been thought
that they were generated from one polycistronic transcript containing the whole miRNA
cluster under a coordinated regulation with the MEG3 non-coding RNA located up-
stream [7,12,151]. Also, hyper-methylation of the 14q32 DMRs was described to associate
with decreased 14q32 miRNA expression and vice versa, suggesting that the entire im-
printed cluster is regulated jointly [37,44,45,152].

However, in several endocrine tumors, the pattern of 14q32 miRNAs were not
so homogenous. Indeed, in other tissues and tumor types, similar findings were de-
scribed [10,153,154]. Also, in non-tumorous cells not all of the members of 14q32 miRNA
cluster were expressed in all tissues and 14q32 miRNAs demonstrated varying level of
expression, suggesting other possible regulating mechanisms [155]. Indeed, the expres-
sion of protein-coding and non-coding genes encoded at the 14q32 locus was regulated
by epigenetic changes, but the exact mechanism behind controlling this process is not
entirely known [21,36,46,68,156,157].

However, several mechanisms have been identified in the context of this variable
expression of the cluster members, among which methylation was the most obvious.
Genomic imprinting imbalance could result in the differential modulation of paternally
and maternally expressed genes from the 14q32 region that might serve as an explanation,
at least in part, for the increased levels of DIO3 observed in some papillary thyroid cancer
samples [95,153,158]. Various DNA methylation patterns of the 14q32 locus were observed
in different blood vessel types, which were not associated with miRNA expression [10].
Direct correlation was not possible to be proven between 14q32 estimated methylation
fraction of multiple cytosines followed by guanine residues (CpG) in the 3 DMRs located
along 14q32 and 14q32 miRNA expression [10]. Moreover, neither DNMT gene expression
or DNA methylation did not correlate with primary or mature miRNA expression [10]. In
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urothelial carcinoma, distinctive epigenetic alterations were again observed at the three
regions controlling DLK1 and MEG3 expression [154]. The authors suggested that altered
nucleosomal positioning could account for the irregular patterning of DNA methylation;
namely, that one specific CpG site became significantly hypomethylated in cancer cells,
while methylation of flanking sites rather increased [154].

Recent studies have shown that chromatin remodeling by lncRNA-mediated mechanisms,
may also participate in regulating the expression of the 14q32-encoded miRNAs [46,68].

Additionally, Greife and colleagues demonstrated the loss of active and gain of
repressive histone modifications at all regulatory sequences using chromatin immunopre-
cipitation [154].

Differences in miRNA splicing, primary transcript processing or pre-miRNA cleavage and
maturation were also reported related to 14q32 miRNAs [159]. Some suggested that the
expression of miRNA clustered on 14q32 might be particularly sensitive to changes in the
miRNA biogenesis pathway [159–161]. A large proportion of 14q32 encoded miRNAs
contained structural features associated with Dicer-independent processing [162], there-
fore Ago2-dependent pre-miRNA processing [162,163] was particularly important for
the biogenesis of miRNA in this cluster. Goossens et al. reinforced that miRNA-specific
expression fingerprints implied individual regulation of 14q32 miRNA expression [10].

RNA Binding Proteins (RBPs) were other post-transcriptional regulators of miRNA
expression. RBPs bound precursor miRNAs and promoted or inhibited their maturation.
For instance, Myocyte Enhancer Factor 2A (MEF2A) was such an RBP regulating miR-
329 and miR-494 encoded at 14q32 chromosomal region [164]. Cold-inducible RNA-
binding protein (CIRBP) and hydroxyacyl-CoA dehydrogenase trifunctional multienzyme
complex subunit β (HADHB) were also RNA binding proteins that regulated 14q32
miRNA expression [165].

The different expressional pattern regarding this miRNA cluster was also observed
by Manodoro et al., who attributed it to the presence of the binding sites of CCCTC-
binding factor (CTCF) which was implicated in transcriptional activation/repression and
imprinting [32,157,166]. CTCF exerted its regulatory function by binding to unmethylated
DNA in an allele-specific manner [167,168]. Interestingly, it was found that different
CTCF binding sites display a different influence on 14q32 miRNA expression depending
on the position [157].

Altogether, these data suggest that multiple mechanisms other than genetic muta-
tions or chromosomal loss might be involved in the regulation of 14q32-encoded miRNAs.

5. Functional Impact of 14q32 miRNAs

By analyzing function of individual 14q32 miRNAs, besides several molecular func-
tions and biological processes, TGFβ and Wnt signaling were also identified, which are
frequently involved in tumor development (Supplementary Table S1).

However, as 14q32 miRNAs more or less function in cooperation, we performed
target prediction and gene set enrichment analysis to investigate the net effect of their
co-expressional pattern. Several cancer-related pathways (including TGF-β signaling, Ras
signaling, ErbB signaling), pathways involved in invasiveness and metastasis develop-
ment (e.g., proteoglycans in cancer, adherens junction) or influencing pluripotency and
stemness were identified as a potentially functional role (Table 3).

Literature/experimental data also suggested the regulation of axon guidance, actin
cytoskeleton, focal adhesion, mammalian target of rapamycin, calcium, mitogen-activated
protein kinase and ErbB signaling pathways by 14q32 miRNAs [159]. Liu et al. found
that these miRNAs were highly associated with cellular pluripotency [35]. Interestingly,
the transcription factor, MEF2A regulated the expression of 14q32 miRNAs being a direct
target of miR-329 [169]. Uppal and colleagues, using mRNA profiling and bioinformatics,
demonstrated that 14q32 miRNAs target genes in PI3K/AKT/mTOR and TGF-β path-
ways were involved in focal adhesion, cell–extracellular matrix interactions, gap junctions
and actin cytoskeleton, resulting in impaired adhesion, invasion and migration, processes
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that were essential for the development of metastases [22,170,171]. The regulation of
PI3K/AKT/mTOR and TGF-β pathways by 14q32 miRNAs was also strengthened by
Qian and colleagues in hemopoietic stem cells as well [172].

Table 3. Top 20 significant signaling pathway regulated by 14q32 miRNAs.

KEGG Pathway p-Value # Genes
#

miRNAs

Hippo signaling pathway (hsa04390) 2.635 × 10−7 103 47
Proteoglycans in cancer (hsa05205) 2.507 × 10−6 132 48

Pathways in cancer (hsa05200) 3.424 × 10−6 255 48
Adherens junction (hsa04520) 1.345 × 10−5 57 41

TGF-β signaling pathway (hsa04350) 1.582 × 10−5 58 45
Axon guidance (hsa04360) 2.465 × 10−5 88 45

Rap1 signaling pathway (hsa04015) 3.946 × 10−5 141 48
Glioma (hsa05214) 4.825 × 10−5 47 43

Ras signaling pathway (hsa04014) 4.825 × 10−5 146 49
Circadian rhythm (hsa04710) 6.429 × 10−5 27 37

Lysine degradation (hsa00310) 9.643 × 10−5 33 43
Signaling pathways regulating pluripotency

of stem cells (hsa04550) 0.0001 96 50

FoxO signaling pathway (hsa04068) 0.0001 92 46
Thyroid hormone signaling

pathway (hsa04919) 0.0001 79 46

Ubiquitin mediated proteolysis (hsa04120) 0.0004 93 44
Dorso-ventral axis formation (hsa04320) 0.0006 24 36

Prion diseases (hsa05020) 0.0009 17 26
ErbB signaling pathway (hsa04012) 0.0011 63 45

Renal cell carcinoma (hsa05211) 0.0015 48 41
Pancreatic cancer (hsa05212) 0.0023 48 43

In osteosarcoma, the decrease of 14q32 miRNA levels stabilized c-MYC protoonco-
gene expression and consequently increased the level of oncogenic miR-17-92 miRNA
cluster [173]. Cell cycle and epithelial-mesenchymal transition (EMT) were also proved
to be influenced by 14q32 miRNAs [38,47,95,174]. Genes involved in metastasis devel-
opment were also enriched among 14q32 miRNA targets [47]. Cyclin dependent kinase
5 (CDK5) and Twist Family BHLH Transcription Factor 1 (TWIST1) have been reported
to increase metastasis through regulating cell cycle and EMT and they were found to
be upregulated in osteosarcoma tumors with low levels of 14q32 miRNAs [47,174,175].
Furthermore, thymidine kinase 1 (TK1), that expressed at high levels in proliferating
cells and appeared to correlate with high risk in multiple cancer types, was negatively
correlated with 14q32 miRNA expression [47,176–178].

In thyroid cancer, the role of 14q32 miRNAs was particularly investigated. Geraldo
et al. showed that 14q32 miRNAs contributed to tumor progression and metastasis
by targeting key regulators of cell adhesion, migration, proliferation, hypoxic response
and wound healing [95]. The reintroduction of miR-654-3p reversed EMT by targeting,
hence increasing the expression of cadherin 1 (CDH1) and catenin α 1 (CTNNA1), and
decreasing the expression of Snail Family Transcriptional Repressor 2 (SNAI2) [95]. Also,
it was demonstrated that genes involved in tumor progression (ECM-remodeling and
metastasis) were restored after transfection of a miR-654-3p mimetic [95].

Angiogenesis and neovascularization were also significantly regulated by 14q32 miR-
NAs. This was confirmed by identifying vascular endothelial growth factor A (VEGFA)
as a target of miR-494 [169], as well as of miR-127 [179]. Furthermore, miR-495 were
demonstrated to target C-C motif chemokine ligand 2 (CCL2), through which it affects
proliferation and apoptosis of human umbilical vein endothelial cells (HUVECs) [180].
Forkhead box O1 (FOXO1) influencing endothelial growth and proliferation [181], wound
closure and vascular density was also identified as a target molecule of miR-544 in

102



Genes 2021, 12, 698

colorectal cancer [181–183]. The role of 4 14q32 miRNAs was additionally proved in
in vivo experiments, as the inhibition of miR-329, miR-494, miR-487b and miR-495 in
mice stimulated neovascularization after hind limb ischemia [10,169].

6. Summary and Discussion

Altogether, 14q32 miRNAs have an important role in development and tumorige-
nesis. The importance of this miRNA cluster regulatory function is represented by the
finding that their expression is stable in healthy cells, and even in cell-free serum samples.
Their expression is also independent of the most common confounding factors, such as
age, sex or BMI. Several studies have shown downregulation of miRNAs from the 14q32
region in different types of cancer; however, 14q32 miRNAs are overexpressed in some
cancer types reflecting the tissue-specificity of miRNA function.

Among different endocrine tumors in pituitary adenoma and oncocytoma, papillary
thyroid cancer and a particular subset of pheochromocytoma and adrenocortical cancer
are characterized by the downregulation of almost all miRNAs encoded by the 14q32
cluster. In the subgroups of ACC and PCC, the silencing of the imprinted 14q32 cluster
due to LOH of chromosome arm 14q or 14q32 locus. In other tumor types including NFPA
and/or gonadotroph pituitary adenomas increased methylation of the region DMRs could
explain the orchestrated downregulation of the coding and non-coding gene expression
of the entire region.

Interestingly, pancreas NET, most of the adrenocortical cancer cases and medullary
thyroid cancer are particularly distinct, as 14q32 miRNAs are overexpressed in these
tumors. The role of these overexpressed miRNAs should be further investigated in
relation to tumorigenesis.

In the third group of endocrine tumor types such as pheochromocytoma and growth-
hormone producing tumors, and based on the expression pattern of 14q32 miRNAs,
however, both increased and decreased expression of 14q32 miRNAs cluster members
were observed. In the background of this phenomenon, methodological, technical and
biological factors can be hypothesized as well. Different researcher groups applied differ-
ent study design, different sample numbers, RNA extraction and miRNA quantification
methods which all could lead to controversial results. Also, as detailed above, several
biological explanations have been revealed in the context of the various expressional
pattern of the different members of 14q32 miRNA clusters; e.g., different methylation
pattern, chromatin remodeling, histone modifications, alteration of miRNA biogenesis,
the effects of RNA binding proteins and transcription factors. These factors await being
further investigated in pheochromocytoma and growth-hormone producing pituitary
adenomas.

Unfortunately, the function of 14q32 in endocrine tumors is not so broadly investi-
gated compared to other tumor types. However, in different types of pituitary adenoma
cell lines, 14q32 miRNAs proved their tumor suppressor role by inducing cell cycle arrest
and cell growth inhibition by targeting PTTG1 and HMGA2. In PTC, the significance
of another 14q32 miRNA, miR-654-3p, was demonstrated in in vivo experiments as it
influenced proliferation, migration, metastasis-related gene expression and EMT.

14q32 miRNAs are also associated with disease prognosis. In endocrine tumors
several 14q32 miRNAs were identified as prognostic markers in pancreatic, small intesti-
nal and lung NET. Some of these miRNAs are also linked to patient survival in lung
NET. In PCC 14q32 miRNAs indicated metastatic cases compared to non-metastatic cases,
assisting the discrimination of benign and malignant tumors. Also, the higher expression
of miRNAs encoded at 14q32 were associated with aggressive ACC cases. Finally, while
in MTC, 14q32 miRNA miR-375 has not only been reported as a strong prognostic factor
of poor prognosis, but its higher level was associated with reduced overall survival,
while on the contrary, the decreased 14q32 miRNA in PTC was associated with long-term
progression.
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Based on data presented in Figure 1, we found some miRNAs unique among en-
docrine tumor types (miR-337 and miR-758 overexpression in pNET, miR-329 and miR-541
overexpression in PCC/PGL and miR-376c overexpression in MTC). However, there is
no full consensus among miRNA profiling studies; i.e., not all studies identified the
same miRNAs differentially expressed, and therefore these findings should be further
validated. The discrepancy can be due to different study design, difference in sample
number (statistical power) and also due to technical factors (e.g., different platforms
for high-throughput profiling). Analyzing expressional pattern of 14q32 miRNA cluster
instead of individual miRNAs, characteristic/unique expression profile was described
in MTC compared to other thyroid carcinoma type [94] or in different types of pituitary
adenoma [79,81]. Furthermore, even the same type of endocrine tumor, pheochromo-
cytoma can be grouped by different miRNA pattern according to germline mutational
background [71]. As 14q32 miRNAs were found to be dysregulated in several cancer
types, globally, they cannot be considered as unique tissue biomarkers. Another level
of use can be their application in liquid biopsy samples e.g., in circulation. This is sup-
ported by the finding that 14q32 miRNAs were stable in serum and their level was not
significantly affected by common confounder factors [11]. Already, the potential use of
circulating miRNAs has been suggested in endocrine tumors. In ACC a unique, tissue
specific miRNA, miR-483-5p has been suggested as a potential candidate as predictive
marker for recurrence [54], and miR-146a-5p and miR-221-3p as serum biomarkers for
post-treatment monitoring of PTC patients [96]. Unfortunately, to our best knowledge, no
14q32 mapped miRNA in circulation has been investigated in endocrine tumors. How-
ever, in non-endocrine tumor types their expression indicate prognosis and survival [155].
Accordingly, this miRNA cluster was proved to influence EMT process and metastasis
development [95,132], hence, they may be used as prognostic biomarker in endocrine
tumors as well.

The evolutional role and constraint can be considered another point of view of
imprinted miRNAs [184–186]. It was suggested that imprinted noncoding RNAs was
under distinctive selective forces when regulating transcripts of the allele inherited from
the other parent [184–187]. Accordingly, when an mRNA had sequence complementary
to an imprinted miRNA, the complementary miRNA-mRNA sequences pair originated
from different alleles. This can be considered a communication between the maternal
and paternal alleles, hence the two alleles coordinate their activities [186]. The kinship
theory considers genomic imprinting as a mechanism to change gene dosage, because
it has a differential effect on the fitness of matrilineal and patrilineal relatives [184–187].
Additionally, Haig and Mainieri suggested that when an imprinted miRNA targets an
unimprinted mRNA, their interaction may have different fitness consequences for the
loci encoding the miRNA and mRNA [184]. In a recent study, HMGA2 was proposed as
an attractive candidate to be one of the original targets because its 3′ regulatory region
contained multiple predicted target sites for 14q32 miRNAs, with some of these target
sites evolutionarily older than the 14q32 miRNA cluster [184]. HMGA2 have special role
in this context as it has reported to be overexpressed in several cancer type including
endocrine tumors and often regulated by miRNAs [188,189], which also highlights the
role of 14q32 miRNAs in tumorigenesis.

7. Conclusions

Similar to other cancer types, 14q32 miRNAs have a significant role in the tumorige-
nesis of endocrine glands. In different endocrine tumor types this miRNA cluster reflects
the general tissue specificity of miRNAs regarding expression pattern, tumor suppressor
or oncogene function, and they have a significant impact on prognosis as well. Regarding
the stable expression of 14q32 miRNAs in healthy individuals in circulation, the further
investigation of this miRNA cluster could provide an option to use them as diagnostic or
prognostic biomarkers in endocrine neoplasms.
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Abstract: MicroRNA (miRNA), a significant class of regulatory non-coding RNA (ncRNA),
can regulate the expression of numerous protein-coding messenger RNAs (mRNAs).
miRNA plays an important part in shaping the human transcriptome. So far, in the
human genome, about 2500 miRNAs have been found. Acute myeloid leukemia (AML)
belongs to a malignant clonal disorder of hematopoietic stem cells and is characterized
by the uncontrolled clonal proliferation of abnormal progenitor cells in the bone marrow
and blood. For the past several years, significant scientific attention has been attracted
to the role of miRNAs in AML, since alterations in the expression levels of miRNAs may
contribute to AML development. This review describes the main functions of non-coding
RNA classes and presents miRNA biogenesis. This study aims to review recent reports
about altered microRNA expression and their influence on AML cell survival, cell cycle,
and apoptotic potential. Additionally, it summarizes the correlations between miRNAs and
their target mRNAs in AML and outlines the role of particular miRNAs in AML subtypes
according to ELN recommendations.

Keywords: microRNA; acute myeloid leukemia; non-coding RNA

1. Introduction

MicroRNAs (miRNAs), one of the ncRNA classes, are short molecules, typically
composed of 19–25 nucleotides, which can regulate gene expression by reducing target
genes’ expression (either by degrading mRNA or inhibiting mRNA translation) [1]. miRNA
can function as oncogenes (oncomiRs) or tumor suppressors. Due to their high stability in
body fluids and tissues, miRNAs are promising biomarkers of various diseases, including
cancers [2,3]. miRNA levels can be assessed by measuring their expression. The rapid
development of molecular techniques and advancements in transcriptomics have expanded
our understanding of miRNA and gene expression in oncology [4]. miRNA biogenesis is
complex and involves several stages, beginning with transcription of DNA sequences to
produce primary miRNA transcripts (pri-miRNAs). These are then processed into precursor
miRNAs (pre-miRNAs) and, ultimately, into mature miRNAs [5,6]. Dysregulations of
expression levels of various miRNAs are described in multiple diseases, including AML.
Abnormal miRNA expression levels may serve as a valuable diagnostic or prognostic
marker in AML [7]. In this review, we describe the different classes of ncRNA, summarize
miRNA biogenesis, and examine alterations in miRNA expression in the context of AML.
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2. Types of Non-Coding RNAs

It has been confirmed that less than 2% of the human genome undergoes the tran-
scription and translation processes that lead to protein synthesis, while the rest consists of
non-coding DNA. The ENCODE and FANTOM projects have shown that most non-coding
DNA sequences are transcriptionally active. The transcribed but not translated sequences
are known as non-coding RNAs (ncRNAs) [8–11]. ncRNA includes rRNAs (ribosomal
RNAs), tRNAs (transfer RNAs), siRNAs (small interfering RNAs), miRNAs (microRNAs),
lncRNAs (long non-coding RNAs), circRNAs (circular RNAs), piRNAs (piwi-interacting
RNAs), snRNAs (small nuclear RNAs), snoRNAs (small nucleolar RNAs), eRNA (enhancer-
derived RNA), paRNA (promoter-associated RNA), and others. In eukaryotic cells, we can
distinguish regulatory and housekeeping types of ncRNA. The first group of ncRNAs plays
an epigenetic function and regulates gene expression at the post-transcriptional and tran-
scriptional stages, while the second group controls essential cellular functions. Structurally,
non-coding RNAs are divided into short (fewer than 200 nucleotides) and long (more
than 200 nucleotides) categories [12,13]. ncRNAs play a pivotal role in many biological
processes, including translation (e.g., rRNA, tRNA, snoRNA, snRNA), control of epigenetic
variations (e.g., lncRNA), alternative splicing (e.g., snRNA, snoRNA), gene expression
regulation (e.g., miRNA, eRNA, snRNA, lncRNA, siRNA, piRNA, paRNA), and miRNA
regulation (e.g., circRNA). The primary function of miRNAs is to regulate gene expression
at the post-transcriptional level by destabilizing mRNA or inhibiting translation. miRNA
targets over 60% of protein-coding genes, which can be responsible for essential cellular
processes such as cell growth, apoptosis, differentiation, development, or the development
of the disease process [14]. Over the past few decades, advancements in high-throughput
molecular biology techniques, particularly those based on sequencing and complementary
hybridization, have greatly expanded the amount of data available on ncRNAs. However,
despite the growth in our knowledge regarding ncRNA, the functions of many remain
unknown [15,16]. Our present understanding of ncRNAs and the genes they regulate is
summarized in Table 1 below.

Table 1. Characteristics of non-coding RNA (ncRNA) according to GENCODE [17].

Abbreviation/
Numbers of
Nucleotides

Full Name Main Function Type
Number of
Genes by

GENCODE *
Reference

lncRNA/>200 long non-coding
RNA

epigenetic, transcriptional,
post-transcriptional regulation regulatory 35,934 [18]

snRNA/75–300 small nuclear RNA
spliceosome formation, which

catalyzes the splicing
of pre-mRNA

housekeeping 1901 [19,20]

miRNA/19–25 microRNA

gene expression regulation at the
post-transcriptional level through

the destabilization of mRNA
or inhibition
of translation

regulatory ~2500 ** [21–23]

snoRNA/60–300 small nucleolar
RNA

regulation of spliceosomal and
ribosomal functions, maintenance

of the structure of rRNA
housekeeping 942 [24,25]

tRNA/70–80 transfer RNA
protein synthesis by

codon–anticodon interactions
during translation

housekeeping 416 ** [26,27]
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Table 1. Cont.

Abbreviation/
Numbers of
Nucleotides

Full Name Main Function Type
Number of
Genes by

GENCODE *
Reference

rRNA/up to~5000 ribosomal RNA

ribosome subunits formation,
which take part in translation,

indicating the precise positioning
of ribosomal proteins within

the ribosome

housekeeping 47 [28,29]

siRNA/21–23 small interfering
RNA

suppression of genes expression
by RNA interference (RNAi) regulatory N/A [30]

circRNA/N/A circular RNA regulation of miRNA through the
sponge effect regulatory ~11,000 ** [31,32]

piRNA/24–32 piwi-interacting
RNA

gene suppression by
interactions with

PIWI proteins
regulatory ~20,000 ** [33–35]

paRNA/200–500 promoter-
associated RNA

scaffolding for proteins regulating
gene expression e.g., during

chromatin remodelling
or transcription

regulatory N/A [36]

eRNA/50–2000 enhancer RNA regulation of gene expression by
modulating chromatin regulatory N/A [37,38]

* Statistics about the current GENCODE Release (version 47); ** Data from article cited as a reference;
N/A—not available.

3. MicroRNA Biogenesis

MicroRNAs are small, endogenous, single-stranded, approximately 19–25 nucleotides
in length, highly evolutionarily conserved molecules, and their roles continue to be ex-
plored. These short regulatory RNAs mediate post-transcriptional silencing of genes,
typically by complementary binding to target mRNAs in the location of their 3′ untrans-
lated regions (UTRs) [39,40]. One miRNA has the potential to control the expression of
numerous messenger RNAs (mRNAs), resulting in mRNAs’ translational repression or
degradation [41]. miRNAs play a role in regulating numerous cellular physiological pro-
cesses, and alterations in their expression level can significantly influence the progression
of numerous diseases [42].

The first miRNA, lin-4, was discovered in the nematode Caenorhabditis elegans in
1993. It was shown to be essential for postembryonic development by downregulating the
expression of the protein LIN-14 [43].

In the human genome, two categories of miRNA are distinguished: intragenic and
intergenic. These two groups differ in the transcription process and location in the genome.
Intragenic miRNA is transcribed by RNA polymerase II (Pol II) and intergenic by RNA
polymerase II or III (Pol III). In a significant proportion, the first group is transcribed to-
gether with their host genes by the same promoters, while the other group, using their own
promoters, can be transcribed autonomously from host genes or co-transcribed with neigh-
boring genes. Emerging studies have revealed that this co-transcription is not an absolute
rule in the case of intragenic miRNAs. These two categories of miRNA are located differ-
ently in the genome—intragenic miRNA within protein-coding and non-coding genes, and
intergenic between genes. Intragenic miRNAs can be further classified based on their posi-
tion into intronic, exonic, exon-intron junction, and antisense gene strands [44]. Sometimes,
miRNA genes are organized into clusters, where multiple miRNA genes are present at the
same locus and can be transcribed simultaneously into one long primary transcript that
encodes several miRNAs [45].
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The production of miRNAs is a complicated process that involves several stages.
Depending on the origin of the miRNA, its biogenesis is divided into two pathways:
canonical and non-canonical. This study will focus on the canonical pathway, which is
the most prevalent route of miRNA synthesis. Initially, DNA sequences are transcribed
into primary miRNA transcripts (pri-miRNAs). These pri-miRNAs are then processed into
precursor miRNAs (pre-miRNAs) and, ultimately, into mature miRNAs [46,47].

The canonical pathway starts with the transcription of miRNA genes into pri-miRNA
by Pol II or III. These are long stem-loop structures composed of hundreds to thousands of
nucleotides (nts), and the pri-miRNA carries the mature miRNA within the 3′ or 5′ arm
(or both) [48,49]. The pri-miRNA undergoes splicing similarly to protein-coding mRNAs,
and during polyadenylation, it acquires a 5′ m7G cap and a 3′ poly(A) tail [50]. Then, the
pri-miRNA undergoes cleavage by the Microprocessor, a complex that includes one Drosha
ribonuclease III (DROSHA) molecule and two molecules of its cofactor DiGeorge syndrome
critical region 8 (DGCR8), a dsRNA binding protein. Microprocessor has a heterotrimeric
structure. DROSHA cleaves approximately 11 base pairs from the ssRNA-dsRNA junc-
tion, which DGCR8 recognizes. Consequently, a smaller stem-loop precursor miRNA
(pre-miRNA) is realized, about 80 nucleotides long, with one defined mature miRNA
end [51–53]. The GHG motif in a stem part of pri-miRNA supports DROSHA in precisely
recognizing the cleavage site [54].

The pre-miRNA is then transported to the cytoplasm by the RanGTP/Exportin-5
complex, which prevents nuclear degradation and enables transport [55]. RanGTP is subse-
quently hydrolyzed to RanGDP [56]. The pre-miRNA undergoes further processing in the
cytoplasm by a complex which cleaves its loop. As a consequence, a 22-nt double-stranded
miRNA duplex is realized. Duplexes have 2-nt 3′ overhangs at both ends, providing
the second end of mature miRNA. This cleaving complex is composed of cytoplasmic
ribonuclease III Dicer, transactivation response element RNA-binding protein (TRBP), and
a protein activator of the double-stranded RNA-activated protein kinase (PACT) [57,58].
The duplex miRNA/*miRNA consists of the mature miRNA and the passenger strand
(denoted by a star*) [59]. The duplex interacts with an Argonaut protein (AGO), and the
duplex unwinds, leading to the destruction of the star strand. Along the course of one of
the processes, when the central region of the duplex is complimentary, the star strand is
cleaved by Argonaute 2 (AGO2), which is further degraded by the C3PO nuclease com-
plex. The mature miRNA binds to the AGO protein, forming a miRNA-induced silencing
complex (miRISC). It is possible that both strands of the precursor are incorporated into
the RISC complex, with both strands serving as sources for mature miRNAs. When the
mature miRNA derives from the 5′ strand of the stem-loop precursor, it is referred to as
5p, and when it derives from the 3′ strand, it is called 3p [60,61]. miRNA generally exhibit
a complementarity with the 3′ UTR of their target mRNAs, through a crucial segment
known as the “seed” region. This specific sequence, situated at the 2–7 nucleotide positions
of the 5′ end of the mature miRNA, plays a vital role in the binding process. However,
interactions with other regions, including the 5′ UTR, gene promoters, or coding sequences,
have also been reported [4,62–64].

A non-canonical miRNA biogenesis pathway involves miRtrons, a class of miRNAs lo-
cated within the introns of coding genes. MiRtrons form hairpin-containing lariat structures,
which, after splicing, bypass Microprocessor cleavage. These molecules are debranched by
the debranching enzyme 1 (DRB1) and are subsequently treated as pre-miRNA, ready for
exporting to the cytoplasm by Exportin-5 [55].

After miRISC connects with its target, it triggers either mRNA decay or translation
repression. The miRISC complex requires miRNA and Argonaute proteins (specifically
AGO1-4 in humans) to become functional. However, it has been proved that miRISC
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consists of many other components: GW182 proteins (a family of proteins rich in trypto-
phan and glycine repeats, specifically TNRC6A-C in humans), the CCR4-NOT complex
(carbon catabolite repression—negative on TATA-less complex), the PAN2/PAN3 complex
(two subunits of the poly(A)-specific ribonuclease PAN complex), DCP1 (decapping pro-
tein 1), DDX6 (RNA helicase), and GIGYF2 (GRB10 interacting GYF protein 2). Several
mechanisms of miRNA-induced silencing exist. GW182 proteins have been shown to
be involved in the structural formation of the miRISC complex and in repressing target
mRNA. They interact with AGO proteins through their N-terminal domain, while their
C-terminal silencing domain is responsible for either transcriptional repression or mRNA
degradation. Although their full function remains unclear, it has been observed that these
proteins can silence the expression of target mRNAs independently of AGO proteins. Trans-
lation repression also occurs during the deadenylation process, which is mediated by the
deadenylase CCR4-NOT complex. Additionally, the PAN2/PAN3 complex contributes to
miRNA-induced deadenylation. In addition, the mechanism of translational repression
entails decapping, which refers to the removal of the 5′ cap structure from mRNA by the
decapping enzyme DCP2, activated by DCP1. The recruitment of DDX6 and GIGYF2 can
also lead to transcriptional repression by inhibiting the eIF4F (eukaryotic translation Initia-
tion Factor 4E) complex, which is responsible for translation initiation. If a miRNA matches
targets complimentary in its central region (9–11 nucleotides), mRNA can be cleaved by the
endonuclease activity of AGO2 [60,65–68]. The canonical pathway of microRNA biogenesis
is illustrated in Figure 1.

Figure 1. The canonical pathway of miRNA biogenesis. The initial stages of miRNA synthesis occur
in the nucleus. The first stage is the transcription of the miRNA gene by RNA polymerase II or III.
This process produces the primary miRNA transcript. The Microprocessor complex, consisting of
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one Drosha molecule and two DGCR8 molecules, cleaves the pri-miRNA to form precursor miRNA.
The precursor miRNA is then transported to the cytoplasm by the RanGTP/Exportin-5 complex.
In the cytoplasm, the Dicer enzyme, with TRBP and PACT, cut the pre-miRNA, which generates
miRNA/*miRNA duplexes. Mature miRNA, which is defined in one strand of the duplex, after its
unwinding, as a single-stranded particle, is preserved within an active RISC complex, leading to the
formation of miRISC, while the passenger strand is degraded. Subsequently, the expression of target
mRNA is silenced by either cleaving the mRNA or inhibiting translation. The graphic was created
using the program Mind the Graph (mindthegraph.com).

4. microRNA in AML

AML is a malignant clonal disorder of hematopoietic stem cells [69]. It is charac-
terized by the uncontrolled clonal proliferation of abnormal progenitor cells in the bone
marrow and blood [70]. Specific DNA alterations that affect the functions of normal bone
marrow cells can cause them to transform into leukemia cells [71]. The majority of pa-
tients diagnosed with AML undergo a treatment that involves chemotherapy or undergo
hematopoietic stem cell transplantation (HSCT), and certain subtypes of AML are treated
with targeted therapies [72]. However, despite the advancements made in the past few
years, the overall five-year survival rate continues to be disappointing [73,74]. According
to the National Cancer Institute, the 5-year relative survival rate for AML was 31.9% during
2014–2020 [75]. Research has demonstrated that non-coding RNAs are intricately linked to
the development and progression of AML, highlighting their significant role in the disease’s
pathogenesis [76,77].

Altered expression levels of miRNAs are recognized as a significant mechanism in
the pathogenesis of AML [78]. A precise understanding of these small molecules’ role is
important for diagnosing, prognosticating, and developing therapies for AML patients [79].
This study reviews the role of miRNAs as potential molecular targets in AML. The articles
for this review were selected based on the following inclusion criteria: (1) studies focused
on AML; (2) examinations of miRNA expression levels using techniques such as reverse
transcription quantitative polymerase chain reaction (RT-qPCR), sequencing, microarray
technology, or data obtained from relevant databases; (3) the relationship between miRNAs
and their target genes analysed using dual luciferase assays or databases (e.g., TargetScan,
miRDB, ENCORI); (4) studies that included both a study and a control group; and (5) articles
and abstracts published within the last ten years, from which data on miRNA alterations
were collected [80–82]. The data presented in Tables 2 and 3 refer to articles describing the
expression of miRNA and their target genes. Table 2 focuses on downregulated miRNAs
in AML, and Table 3 refers to upregulated miRNAs in AML. In order to simplify the
text, miRNA names were shortened, and the “hsa-” prefix referring to Homo sapiens was
removed. The growth of molecular biology has been striking, and the number of articles
on miRNA has significantly increased. The selection of relevant articles was facilitated
using the PICO tool https://jefflibraries.libguides.com/PICO/WhyPICO (accessed on
28 March 2025).

Dysregulated miRNA expression can result from various genomic changes in AML,
including deletions, insertions, translocations, and, rarely, somatic copy number alterations
of miRNA genes [16,83]. Deletions or copy loss of miRNA genes can lead to decreased
miRNA expression, while amplifications or copy gains of miRNA genes can result in
increased miRNA expression, which is recognized to be involved in AML development.
For example, 5q deletion, a frequent alteration in AML and MDS, has been correlated with
significantly downregulated miR-146a expression [84]. Common alterations in AML, such
as loss of 7q or CEBPA impairment, have been associated with suppressed miR-29b [85].
Additionally, CEBPA loss has been linked to reduced miR-34a expression, a tumour sup-
pressor in AML [86]. Translocations may lead to dysregulated expression of miRNA genes
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located near the breakpoints. For instance, elevated miR-125b expression has been observed
with coexisting translocation t(2;11)(p21;q23) [87]. Furthermore, oncoproteins arising from
fusion genes, which are common chromosomal alterations in AML, can lead to changes
in miRNA expression, as observed in cases of MLL-rearranged AML, with upregulated
miR-17-92 cluster and miR-9 [88,89].

Other important mechanisms that alter miRNA expression include epigenetic mod-
ifications, such as DNA methylation. For instance, improper EVI1 expression impedes
myeloid cell differentiation, partly through DNA hypermethylation and downregulation
of miR-9 [90]. The expression levels of miR-126/126* might be partially influenced by
the process of methylation in AML [91]. Also, methylation deregulation of miR-193a is
associated with myeloid leukemogenesis [92].

It is also suggested that altered miRNA expression may be linked to transcription
factors. For example, E2F1 is proposed as the miR-223 gene’s transcriptional inhibitor in
AML [93]. Moreover, changes in chromatin accessibility, whether global or specific, can
influence miRNA expression [94].

While mutations in the sequences of mature miRNAs are unlikely to directly alter
their expression levels, such mutations could impact the specificity of target binding. For
example, in the case of miR-142-3p, single-nucleotide variants (SNVs) that may affect
target binding have been reported, although such occurrences are rare. On the other hand,
polymorphisms in the 3′ UTR of miRNAs occur more frequently and can contribute to
AML by regulating multiple genes [16]. Furthermore, the relationship between AML cell
metabolism and miRNA expression could have an important impact on the advancement
of the disease [95].

Understanding the role of miRNA in AML is crucial for selecting suitable miRNA can-
didates as potential therapeutic targets. When microRNAs that function as oncomiRs are
overexpressed, they can contribute to the development of AML. Therefore, as a therapeutic
approach, these miRNAs should be downregulated to prevent disease progression. Con-
versely, miRNAs that act as tumour suppressors, when downregulated, can also promote
disease development. In this case, these miRNAs should be overexpressed to help prevent
AML [96]. There are some possible strategies which can be used to modulate miRNA
expression, as shown in Figure 2. The promise of miRNA-based therapies is gaining more
interest in the fight against various cancers. As of now, specific RNA-based therapies have
received approval for medical use, but none have been approved for AML yet. So far, such
treatments have neither undergone phase III clinical trials nor been approved by the U.S.
FDA for clinical use [97].

Many studies describe the expression of miRNA in AML. Some of them are well
studied, and their function in AML is understood. Nevertheless, studies on miRNAs
are ongoing, and new reports continue to arise in the meantime, which is why little
is known about certain miRNAs in AML, and the role of some miRNAs is still being
investigated. Sometimes, their function is confusing, so collecting data on miRNA is crucial
for considering their role. miRNAs described below are characterized by altered expression
in AML. This review presents their role mostly on AML cells and describes their function
in that disease.
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Figure 2. Schematic illustration of the potential role of miRNA in AML pathogenesis and their
possible modulation in therapeutics.

Numerous papers have shown that the miR-29 family is significantly downregulated
in AML, suggesting its role as a tumour suppressor in this disease. Wang et al. correlated
negatively miR-29a relative expression with lncRNA XIST and MYC expression. They
demonstrated that knocking down XIST led to an increased expression of miR-29a and
a decreased expression of both MYC protein and mRNA, as well as reduced the tumorigenic
ability of AML cells (KG-1) in vivo in mice [98]. Similarly, Tang et al. reported a negative
correlation between expression levels of miR-29b-3p and both the mRNA and protein
levels of HuR. The overexpression of miR-29b-3p led to a reduction in cell migration and
cell proliferation, a decrease in colony-forming ability, and an increased apoptosis, along
with K56a and U937 cell cycle arrest [99]. Furthermore, Randazzo et al. observed the
co-occurrence of overexpressed miR-29a, miR-29c, and DNMT3A mutations in AML in
contrast to patients without DNMT3A mutations [100]. Ngankeu et al. identified a germline
polymorphism (a T base deletion) in the miR-29b-1/miR-29a cluster, which occurs more
frequently in patients with core-binding factor AML (CBF-AML) [101].

miR-34a is generally considered a tumour suppressor in AML. Research has provided
that the expression of miR-34a in AML is downregulated. Higher expression levels of
miR-34a were present in AML patients with a platelet count lower than 34.5 × 109/L
and in those who achieved earlier complete remission (CR), as showed Abdellateif et al.
Conversely, lower expression levels of miR-34 were observed in AML patients who were
refractory to treatment. No correlation was found between the expression level of miR-34a
and overall survival (OS) or event-free survival (EFS) [102]. An inverse correlation has been
noted between the expression of miR-34a and PD-L1 in AML. Upregulation of miR-34a led
to reduced cell surface PD-L1 expression, inhibited PD-L1 surface expression induced by
IFN-γ in AML cells (HL-60), inhibited apoptosis of PD-L1+/CD8+ T cells, and disrupted
IL-10 production in AML cells treated with IFN-γ [103]. Furthermore, the expression level
of miR-34a was found to be lower in AML patients with intermediate and poor prognoses
compared to healthy controls and AML patients with good prognoses. Overexpressed miR-
34a led to suppressed KG-1a cells, inhibited DHAC2 expression and triggered the death
of leukemic stem cells (LSCs). In vivo, upregulation of miR-34a was shown to prolong
survival and inhibit weight loss in mice transfected with LSCs [104]. Higher expression of
miR-34a has been correlated with a favourable cytogenetic risk, while lower expression
was associated with the M5 AML subtype [105]. Wen et al. provided evidence for the
pivotal function of LSCs eradication of miR-34c-5p. Mice treated with engineered exosomes
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containing miR-34c-5p demonstrated prolonged survival, accompanied by a decrease
in tumor burden, compared to other treated groups, indicating that these engineered
exosomes might potentially serve an inhibitory function in the AML progression [106].
While miR-34c is also noted as a downregulated miRNA in AML, its suppressive function
is not as clear-cut as that of miR-34a. Peng et al. associated lower miR-34c-5p expression
levels with an adverse prognosis in AML and negatively correlated expression of miR-34c-
5p with RAB27B mRNA and protein expression levels [107]. Similarly, Yang et al. showed
that lower miR-34c expression levels were associated with significantly shorter OS in AML
patients, indicating that miR-34c has the potential to emerge as a valuable biomarker [108].
The restoration of miR-34a expression has been proposed as a potential therapeutic strategy
to inhibit tumour growth in patients with solid tumours [109].

Several studies have shown that the expression of miR-142 is downregulated, suggest-
ing its role as a tumour suppressor in AML. Zhang et al. negatively correlated miR-142-3p
expression with the expression of both protein and mRNA of the target HMGB1. Addition-
ally, the expression of miR-142-3p was lower in cell lines resistant to the drug (HL-60/ATRA
and HL-60/ADR), compared to HL-60. Overexpression of miR-142-3p increased the sen-
sitivity of HL-60/ATRA and HL-60/ADR cells, promoting apoptosis in these cells [110].
Elsewhere, miR-142-5p relative expression was found to be significantly reduced in THP-1,
HL-60, TF-1, NB4, and U937 cell lines; it was also demonstrated that miR-142-5p is in-
versely correlated with PFKP (platelet isoform of phosphofructokinase) expression, and
with lncRNA XIST expression, compared to the control cell line (HS-5). In their study,
lncRNA knocking down increased the expression of miR-142-5p, which resulted in the
downregulation of PFKP in AML cells (U937 and THP-1) and inhibited cell cycle, prolifera-
tion, viability and colony formation. This also induced apoptosis in AML cells. Conversely,
knocking down miR-142-5p led to AML progression, highlighting the role of the lncRNA
XIST/miR-142-5p/PFKP axis in this disease [111]. miR-142 was also found to be downregu-
lated in pediatric samples compared to healthy samples, and its expression was negatively
correlated with the expression of circ-004136 [112]. Moreover, miR-142 expression has been
described as downregulated in chronic myeloid leukemia (CML), miR-142 knockdown in
mice has been linked to the development of a blast crisis [113].

Research indicates that miR-9 expression is reduced in AML, suggesting its function
as a tumour suppressor. Liu et al. showed that overexpression of miR-9 enhances daunoru-
bicin sensitivity in AML cells. Additionally, Zhu et al. found a negative correlation between
miR-9 expression and CXCR4 expression. miR-9 has been shown to reduce the proliferation
and mobility of AML cells while increasing their apoptotic rate [114–116].

Recent studies also suggest a suppressive role for miR-20 in AML. Studies show
that the relative expression of miR-20a-5p is decreased in AML. Bao et al. reported that
lower relative expression of miR-20a-5p, according to the median value, is associated with
shorter OS in AML patients compared to higher expression levels. They also found an
inverse correlation between expression levels of miR-20a-5p and protein phosphatase 6
catalytic subunit, PPP6C. Upregulation of miR-20a-5p led to the inhibition of proliferation
in AML cells (THP-1, U937), induction of cell cycle arrest, and increased apoptosis. An
in vivo study showed that miR-20a-5p upregulation in mice resulted in smaller tumour
sizes [117]. Ping et al. reported that the upregulation of miR-20a-5p inhibits the growth of
AML cells through circRNA circ_0009910 [118]. In addition, miR-20a, along with miR-106b
and miR-125b, contributes to the degradation of the PML-RARA oncoprotein [119].

A recently published article found that miR-103a-2-5p has tumor suppressive proper-
ties. The relative expression level of miR-103a-2-5p was found to be lower in samples from
AML patients and AML cell lines (OCI-AML3, MOLM-13, THP-1, OCI-AML2 and MV4-11)
in contrast to samples from healthy donors and normal cells (HS-5). Additionally, there
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was a negative correlation between the level of miR-103a-2-5p and the expression of its
target, LILRB3, at both the mRNA and protein levels. Higher expression levels of miR-103a-
2-5p were associated with longer OS. miR-103a-2-5p overexpressed inhibited proliferation,
promoted cell cycle arrest, significantly increased the apoptosis rate and reduced migration
of AML cells, and attenuated their clonality in AML cells (THP-1, MV4-11). An in vivo
study revealed slower tumour growth in mice injected with miR-103a-2-5p encapsulated in
cationic liposomes (CLPs) [120].

Some studies suggest that miR-133 and miR-135a may play a suppressive role in
AML. Research indicates that miR-133 and miR-135a expression levels are downregu-
lated [121–124]. Cheng et al. negatively correlated the expression of these miRNAs with
their target gene, CDX2. In HL-60 AML cells treated with all-trans-retinoic acid (ATRA),
there was a significant induction in the expression of both miRNAs. Overexpression of
these miRNAs led to reduced proliferation of AML cells (NB4, HL-60). Among various
AML subtypes, in M1, M2, and M3, the expression levels of both miRNAs were observed to
be higher compared to other subtypes. Furthermore, the study showed that patients who
achieved complete remission (CR) exhibited higher relative expression of these miRNAs
compared to those who did not, correlating with a better leukemia-free survival rate [125].
According to databases by Wang et al., the target genes for miR-133 include ZC3H15 and
BCLAF1. An in vitro study using NB4 cells revealed that introducing miR-133 reduced
the capacity for proliferation and accelerated apoptosis [123]. In addition, patients with
a favourable karyotype demonstrated elevated expression of miR-133, which correlated
with longer OS and relapse-free survival (RFS) [121]. A negative correlation was also ob-
served between expression levels of miR-135a and HOXA10. In their examination of AML
blood samples and AML cell lines (HL-60, AML193, AML2, and AML5), they noted de-
creased relative expression of miR-135a compared to normal blood samples and the normal
cell line HS-5. Higher expression levels of miR-135a were associated with a better prognosis,
that is, with longer OS in AML patients. Overexpression of miR-135a significantly elevated
cellular apoptosis and suppressed the proliferation and cell cycle of HL-60 and AML5
cells [124]. Liu et al. also showed that miR-133 targets the CXCL12 gene, and inhibiting
miR-133 expression can enhance the sensitivity of HL-60/ADR cells to daunorubicin [126].

miR-137 is reported as downregulated and suggested to act as a tumour suppressor in
AML. miR-137 expression was found to be negatively correlated with c-KIT expression,
and restoring miR-137 expression inhibited proliferation and promoted differentiation [127].
Additionally, Wang et al. inversely correlated the expression levels of miR-137 and TRIM25.
Overexpressing miR-137 resulted in reduced proliferation, migration, and invasion of
AML cells [128].

Similarly, miR-148 is also described as downregulated and acts as a tumour suppressor
in AML [129,130]. Wang et al. reported that the expression of its direct target, DNMT1,
was inversely correlated with miR-148 expression. Moreover, overexpression of miR-148
inhibited the proliferation and increased the apoptosis of AML cells [130].

Research indicates that miR-185 is downregulated in AML. Pang et al. highlighted
the role of miR-185 as a tumour suppressor, reporting significantly lower levels of relative
miR-185 expression in specimens collected from AML patients and AML cell lines com-
pared to specimens from healthy individuals and normal cells. They found that GPX1
expression was negatively correlated with miR-185-5p expression. Overexpression of miR-
185-5p decreased the viability, proliferation, invasion, and apoptosis of AML cells (HL-60,
KG-1) [131]. Similarly, Zhang et al. also described downregulated miR-185 expression
in AML samples and cell lines compared to normal samples, noting its regulation by
TUG1 lncRNA [132].
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The expression of miR-192 is found to be downregulated in AML. A study conducted
by Wu et al. [133] examined the role of the circ_0001602/miR-192-5p/ZBTB20 axis, revealing
that circ_0001602 and ZBTB20 expression levels were upregulated, while miR-192-5p
expression levels were downregulated in AML cell lines (THP-1, HL-60, NB4) and patient
samples compared to samples from healthy individuals and the HS-5 cell line. Knockdown
of circ_0001602 resulted in reduced proliferation of AML cells and induced apoptosis and
cell cycle arrest. However, a deficiency of miR-192-5p abolished this effect. Moreover,
overexpression of miR-192-5p reduced cell viability, inhibited cell cycle progression, and
induced cell apoptosis in AML cell lines; however, this effect was diminished after the
addition of ZBTB20. This evidence suggests a sponge effect of circ_0001602 affecting this
miRNA; the study also highlights the downstream influence of miRNA on its target gene,
which overall indicates a pivotal role of the examined axis in the progression of AML.
Additionally, the expression of miR-192 was downregulated in AML pediatric patients
compared to healthy controls [134]. Ke et al. reported downregulated expression of miR-192
in AML patients compared to controls and its binding to CCNT2, indicating that miR-192
functions as a tumour suppressor. Overexpression of miR-192 induced cell cycle arrest,
apoptosis, and cell differentiation [135].

Research shows that miR-451 is downregulated in AML and suggests its role as
a tumour suppressor. Krakowsky et al. found an inverse correlation between the expression
of miR-451 and MDR1 expression, suggesting that miR-451 has the potential to enhance the
chemotherapy sensitivity of FLT3-ITD+ cells by targeting MDR1. Li et al. found that miR-
451a was one of the significantly decreased miRNAs, alongside miR-185-5p, miR-443b-3p,
miR-199a-5p, and miR-151a-3p among the examined miRNAs. Furthermore, Song et al.
suggested the role of the hnRNP A1/miR-451/c-Myc axis in AML development. Su et al.
discovered that miR-451 targets YWHAZ and suppresses YHWAZ-AKT signalling pathway
in AML. Overexpression of miR-451 resulted in increased apoptosis rates of AML cells and
inhibited their proliferation [136–140].

Recently, studies by Wu et al. and by Xie et al. have shown that miR-455-3p is
downregulated in AML. The first study indicates that miR-455-3p functions as a tumour
suppressor in AML [141,142]. The second study demonstrated a negative correlation
between miR-455-3p and its target gene, UBN2. AML cells transfected with the miR-455-3p
mimic exhibited decreased proliferation, inhibited cell viability, induced cell cycle arrest,
and induced both apoptosis and autophagy. The study highlighted the critical regulatory
role of miR-455-3p in AML through the mediation of peroxisome proliferator-activated
receptor α (PPARα) [142].

miR-485-5p was identified as downregulated and suggested to function as a tumour
suppressor in AML. Wang et al. found a negative correlation between miR-485-5p expres-
sion and its target gene, SALL4. The upregulation of miR-485-5p elevated the apoptotic
rate and attenuated the proliferative ability of AML cells (AML5 and U937) [143,144].

Similarly, miR-495 was described as downregulated, and Wang et al. confirmed its
suppressive role in AML [145–148]. Lei et al. reported that the relative expression levels
of miR-495-3p and miR-543 were lower in AML bone marrow samples and AML cells
(HL-60 and Kasumi-1) compared to control bone marrow samples and control cells (HS-5).
They found that the expression of the target gene PDK1 was negatively correlated with the
levels of these miRNAs. In AML cell lines treated with matrine, the expression levels of
miR-495-3p and miR-543 increased. Overexpression of these miRNAs led to attenuated
viability, promoted apoptosis, induced cell cycle arrest, and inhibited glycolysis, indicating
their regulatory role in AML under matrine treatment [146].

miR-520a is also downregulated in AML and is recognized as a tumour suppres-
sor, according to studies by Chen et al. and Xiao et al. The first author correlated re-
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versely the expressions of miR-520a-3p and MUC1, demonstrating that overexpression of
miR-520a-3p inhibited proliferation and induced apoptosis of AML cells (THP-1) [149].
Xiao et al. similarly showed that the overexpression of miR-520a reduced proliferation and
cell viability while inducing apoptosis. The functional study demonstrated that the anti-
proliferative effects of miR-520a were primarily due to its ability to block the PI3K/AKT
signalling pathway [150].

The expression of miR-30e-5p was also found to be downregulated and negatively
correlated with CYB561 expression. Overexpression of miR-30e-5p delayed the onset of
leukemia in mice with KMT2A::MLLT3. Additionally, upregulation of miR-30e-5p also
impaired the self-renewal abilities of LSCs. Notably, no significant correlation was reported
in the case of miR-30e-3p in AML samples compared to healthy samples [151].

Ye Q et al. reported that the relative expression of miR-211-5p was downregulated
in pediatric AML samples compared to control samples and was negatively correlated
with the expression of its target gene, JAK2. Overexpression of miR-211-5p, induced by
cryptanshinone (CPT), led to increased apoptosis of LSCs, decreased LSC proliferation
and viability, and reduced concentrations of proinflammatory cytokines (IL-1β, TNF-α).
Inhibition of miR-211-5p resulted in the opposite effect, highlighting its regulatory role in
CPT-treated AML cells [152].

Xie et al. showed that miR-409-3p was downregulated in the THP-1 cell line compared
to the normal cell line (HS-5). miR-409-3p negatively regulated its target gene, RAB10.
Overexpression of miR-409-3p reduced the proliferation of THP-1 cells and increased
apoptosis, thus exerting its suppressive effect in AML [153].

Wang et al. demonstrated that the expression of miR-454-3p was significantly de-
creased in AML cells, and the target for miR-454-3p is ZEB2. Overexpression of miR-454-3p
in THP-1 cells resulted in reduced cell viability, induced cell cycle arrest, and promoted
apoptosis and autophagy, confirming its role as a tumour suppressor in AML [154].

The circPLXNB2/miR-654-3p/CCND1 axis was examined in AML by Wang et al.
They found that the relative expression of miR-654-3p in AML patients was downregulated,
and CCND1 was identified as its direct target. Elevated expression of miR-654-3p led to
decreased proliferation of HL-60 and Kasumi-1 cells, increased apoptosis, and induced cell
cycle arrest [155].

miR-1294 was downregulated in AML and negatively regulated by circFN1, as de-
scribed by Wang et al. AML cells (HL-60) transfected with the miR-1294 mimic exhibited
significantly lower cell proliferation and invasion abilities compared to those transfected
with the negative control (NC) mimic. Moreover, apoptosis was higher in miR-1294 mimic-
transfected cells than in the NC mimic-transfected cells. The study confirmed that miR-1294
negatively regulates its target gene, ARHGEF10L, thereby demonstrating the regulatory
role of the circFN1/miR-1294/ARHGEF10L axis in AML [156].

Conversely, miR-10 is reported to be upregulated in AML, and its role is characterized
as oncogenic. Zhi et al. found a correlation between higher expression levels of miR-10a-5p
and shorter OS. Additionally, Wang et al. reported overexpressed miR-10b in pediatric
specimens in contrast to the ITP group and was negatively correlated with HOXD10
expression. Overexpression of miR-10b accelerated the proliferation of AML cells (HL-60),
increased the number of cells in the S phase, and decreased the apoptosis rate [157–160].

miR-21 is described as upregulated and acting as an oncogene in AML. Li et al. neg-
atively correlated miR-21 expression with KLF5 expression. miR-21 inhibition decreased
AML cell proliferation. Moreover, overexpression of miR-21 resulted in decreased KLF5
expression, thereby promoting tumorigenesis in vivo [161]. Higher levels of miR-21 expres-
sion were associated with shorter OS and RFS in AML patients [162]. Notably, in patients
with mutated NPM1, the expression of miR-21 was markedly increased [163].
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Similarly, miR-17 was also found to be upregulated in AML [164–166]. Studies indicate
that miR-17-5p is upregulated in AML cells (THP-1 and HL-60) compared to normal
cells (HS-5). The expression levels of its target gene, JAK1, and the lncRNA SUCLG2-
AS1 are negatively correlated with miR-17-5p, as shown by Liu et al. Their research
demonstrated that SUCLG2-AS1 modulates the expression of JAK1 and influences the
leukemic (THP-1, HL-60) cells’ apoptosis, proliferation, invasion, and migration via miR-
17-5p. Furthermore, miR-17-5p modulates apoptosis, invasion, and migration of AML
cells through JAK1, highlighting the regulatory role of the lncRNA SUCLG2-AS1/miR-
17-5p/JAK1 axis in AML [165]. Wang et al. also reported an upregulation of miR-17-5p
expression in AML samples compared to healthy volunteers, noting that higher expression
of miR-17-5p correlated with shorter RFS and OS in AML patients. Additionally, the
research indicates a negative correlation between miR-17-5p and BECN1 expression. After
treatment with vitamin D, miR-17-5p expression decreased and reduced AML cell (HL-60)
proliferation [166].

According to Huang et al., miR-93 is upregulated in AML and activates the PI3K/AKT
pathway via DAB2. Knocking down miR-93 inhibited AML cell proliferation. Moreover,
miR-93 downregulation led to AML cells’ apoptosis and cell cycle arrested. Conversely,
overexpression of miR-93 led to an increase in tumour size in mice in vivo [167].

A recent study indicated that the relative expression of both miR-106b-5p and its
target, Rab10 mRNA and protein, is upregulated in AML. In patients at the initial stage
of AML, lower expression levels of miR-106b-5p and Rab10 protein were associated with
higher survival rates [168].

miR-126 is upregulated in inv(16)(p12q22) AML, as demonstrated by Zhang et al.
A decrease in miR-126 expression resulted in inhibited AML cell survival and activity
in vivo [169].

miR-146 was also described as being upregulated in AML. Wang et al. found that
the relative expression of miR-146a was significantly increased in pediatric AML patients
compared to healthy children. Moreover, the miR-146a expression level was negatively cor-
related with the expression of its target, CNTFR. When miR-146a was downregulated, there
was a significant decrease in proliferation, increased apoptosis, and reduced migration of
leukemic cells (HL-60) [170]. Li et al. confirmed the upregulation of miR-146b-5p in exam-
ined patients with AML in contrast to healthy samples of RNA collected from extracellular
vesicles (EVs) in serum. Additionally, their study identified other upregulated miRNAs, in-
cluding miR-10a-5p, miR-155-5p, miR-100-5p, and let-7a-5p, while downregulated miRNAs
included miR-185-5p, miR-4433b-3p, miR-199a-5p, miR-451a, and miR-151a-3p [171].

miR-155 is similarly recognized as upregulated in AML, suggesting an oncogenic role
in AML [172–176]. Garavand et al. observed no correlation between miR-155-5p expression
and either KRAS or CREB expression [172]. Xue et al. found that the relative expression of
miR-155 was upregulated in samples from AML patients and cell lines compared to healthy
volunteers and CML cell lines, with a negative correlation to relative SHIP1 expression.
After inhibition of miR-155, the proliferation of AML cells (THP-1, U937) decreased, and
the apoptosis rate increased [173]. Hatem et al. also reported in AML an upregulation of
miR-155 along with miR-10a and let-7a [176].

miR-181 was identified as upregulated in AML and is thought to function as
an oncomiR [177–179]. A study of the miR-181 family by Sue et al. found that the ex-
pression of miR-181a, miR-181b, miR-181c, and miR-181d was higher in AML samples
compared to controls. This study indicates a negative correlation between these miRNAs
and genes PRKCD, CTDSPL, and CAMKK1. The study highlighted the role of the miR-181
family in granulocytic and macrophage-like differentiation [179].
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According to Gao et al., miR-1306-5p is increased in AML and acts as a tumour
oncogene. The relative expression of PHF6 was negatively correlated with miR-1306-5p
expression levels. Downregulation of miR-1306-5p led to decreased proliferation and
increased apoptosis of AML cells [180].

The function of miR-22 remains unclear. Many studies suggest that it acts as a tumour
suppressor and report the downregulation of miR-22 in AML. On the other hand, a singular
study indicates upregulation of miR-22 expression in AML. For instance, Jiang et al. found
that the relative expression of miR-22 was significantly lower in de novo AML and negatively
correlated with CRTC1 and FLT3 expression. Restoring miR-22 expression inhibited in vitro
AML colony formation, promoted apoptosis of AML cells, and decreased AML cell viability
and growth in the MONOMAC-6 cell line. In an in vivo study, it was reported that the
upregulation of miR-22 significantly inhibited leukemogenesis in mice, supporting its anti-
tumour role in AML [181]. Similarly, Shen et al. reported downregulated expression of
miR-22 in de novo AML, finding a reverse association between expression of miR-22 and
MECOM(EVI1), and a positive correlation with the expression level of transcription factor
PU.1. The study proved that upregulation of miR-22 alleviated differentiation inhibition
in AML bone marrow blasts, resulting in a notable reduction in the HL60 and THP1 cells
growth [182]. Qu et al. also noted downregulated miR-22 expression in AML and associated
it with worse OS and RFS in AML patients. Additionally, increased levels of miR-22 were
observed in pre- and post-treated specimens and was linked with the achievement of CR [183].
On the other hand, Yao et al. presented upregulated expression of miR-22-3p and miR-22-5p
in AML [184]. Although the expression of miR-22 is described differently in various research
studies, the significant majority of them focus on the anti-tumour function of this miRNA.

The expression of miR-92a shows a dual role in studies on AML, appearing both
upregulated and downregulated. For example, Gu et al. reported significantly lower
relative levels of miR-92a expression in AML cell lines (HL-60 and THP-1) compared
to a normal cell line (HS-5). They negatively correlated the expression of miR-92a with
MTHFD2 expression, suggesting a suppressive role for miR-92a in AML. Moreover, the
upregulation of miR-92a inhibited AML cell proliferation and induced a surge in apoptosis
by regulating MTHFD2 [185]. On the other hand, Su et al. highlighted the role of the
circ_0002232/miR-92a-3p/PTEN axis in AML, showing that in AML patients, miR-92a-
3p was upregulated in contrast to healthy donors. Sue et al. correlated inversely the
expressions of miR-92a and PTEN. [186]. Saadi et al. described increased expression of
miR-92a and miR-181a in AML patients compared to the control group [187]. Additionally,
Rashed et al. demonstrated that the post-induction level of miR-92a expression was
significantly higher in patients who achieved CR compared to those who did not, indicating
that miR-92a has the potential to be an effective biomarker [188].

miR-199 is predominantly recognized as a tumour suppressor in AML; however, there
is some limited evidence suggesting that it may act as an onco-miR in a specific context.
Most of the research indicates that the expression level of miR-199 is downregulated in AML.
For example, Qi and Zhang found a correlation between decreased miR-199 expression and
poor risk stratification in pediatric AML patients [189]. Likewise, Li et al. demonstrated
that patients with relapsed/refractory AML had lower expression of miR-199a-5p than those
who achieved CR. They also discovered that miR-199a-5p directly targets DRAM1, and
overexpression of miR-199a-5p inhibited autophagy and reduced chemoresistance upon
adriamycin treatment [190]. Ellson et al. associated miR-199 higher expressions with improved
OS and EFS in AML patients [191]. Favreau et al. noted that lower expression of miR-199b
correlated with shorter OS in AML patients and indicated its prognostic significance in the
FAB-M5 subtype [192]. Conversely, Alemdehy et al. suggested that miR-199a-3p functions as
an onco-miR in AML, showing that this miRNA caused AML in an in vivo mice model [193].
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In contrast, the role of miR-222 is more frequently reported as oncogenic in AML
studies; however, there is one article that indicates its potential suppressive function in
AML. Yuan et al. reported decreased miR-222-3p expression in isolated exosomes secreted
by bone marrow mesenchymal stem cells (BM-MSC) in AML patients compared to the
exosomes from healthy donors. They found that upregulation of miR-222-3p elevated
the Th1/Th2 ratio, confirmed in vivo, and induced apoptosis of AML cells (HL-60). The
expression of miR-222-3p was also found to be negatively correlated with IRF2 expres-
sion [194]. Pei et al. reported an increase in the relative expression of both miR-221 and
miR-222 in AML samples compared to healthy ones, noting a negative correlation between
miRNA expression and YOD1 expression. Downregulation of miR-221/222 increased the
p53 protein level and reduced its ubiquitination [195]. Liu et al. observed higher relative
expression of miR-222-3p in AML cell lines (NB4, U937, KG1a, THP1) compared to periph-
eral blood mononuclear cells (PBMCs) from healthy controls, identifying AXIN2 as a target
for miR-222-3p. Downregulation of miR-222-3p led to decreased viability and induced
apoptosis of AML cells (NB4 and U937) [196]. Likewise, Pavlovic et al. also reported
upregulation of miR-222 in AML, supporting its oncogenic function [197].

miR-361 has been reported as both downregulated and upregulated in AML. Xu et al.
reported decreased relative expression of miR-361-3p in KMT2A-rearranged AML patients
and AML cell lines (THP-1, HL-60, KG-1A, KO52) compared to control subjects and the
cell line (HS-5). They confirmed a negative correlation between the expression of miR-
361-3p and KMT2A. Overexpression of miR-361-3p decreased proliferation, migration,
and invasion of AML cells (HL-60) [198]. Conversely, Liu et al. reported an increased
relative expression of miR-361-3p in AML patients and the AML cell line (HL-60) compared
to healthy donors, indicating its binding to BTG2. The downregulation of miR-361-3p
expression reduced proliferation and increased cell apoptosis under 9s-HODE, a major
active derivative of linoleic acid, suggesting an oncogenic role of miR-361-3p in AML [199].

Table 2. List of downregulated miRNAs in AML and their target genes; effect on AML cells while
microRNA is overexpressed; type and size of microRNA expression study/control group.

↓-miRNA Target
Effect on AML/Leukemic Cells
When miRNA Is Overexpressed

Method (Study Group/Control
Group or Cell Lines)

Reference

miR-9 CXCR4
Reduction of proliferation and

mobility of AML cells. Increased
apoptosis rate of AML cells.

RT-qPCR (36 AML BM/10 BM;
NB4, HL-60, Kasumi-1, SKNO-1,

KG-1a/normal CD34+ cells),
miRNA mimics

(Kasumi-1, SKNO-1)

[116]

miR-20a-5p PPP6C

Inhibition of cell proliferation,
induction of cell cycle arrest and

apoptosis. Decrease in tumor
size in vivo.

RT-qPCR (61 AML BM/61 BM;
Kasumi-1, THP-1, U937,

HL-60/HS-5), miRNA mimics
(THP-1, U937)

[117]

miR-22

CRTC1
FLT3

Inhibition of cell colony forming,
viability, and growth. Inhibition

of leukemogenesis in mice
in vivo. Promotion of

cell apoptosis.

RT-qPCR (42 AML
MNC/5 MNC),

miRNA mimics (MONOMAC-6,
THP-1, KOCL-48)

[181]

EVI1
Relieved blockage in the

differentiation of bone marrow
blasts. Inhibition of cell growth.

RT-qPCR (79 AML PB MNC/114
PB MNC; 41 AML BM MNC/8

BM MNC; 50 AML BM
CD34+/10 BM CD34+), miRNA

mimics (HL-60, THP1)

[182]
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Table 2. Cont.

↓-miRNA Target
Effect on AML/Leukemic Cells

When miRNA Is Overexpressed
Method (Study Group/Control

Group or Cell Lines)
Reference

miR-29a MYC Inhibition of cell tumorigenic ability
in mice in vivo.

RT-qPCR (62 AML BM MNC/20 BM
MNC; KG-1/BM MNC), miRNA

mimics (KG-1)
[98]

miR-29b-3p HuR

Inhibition of cell proliferation,
colony-forming capability, and cell
migration. Promotion of cell cycle

arrest at G0/G1 phase
and apoptosis.

RT-qPCR (K562, NB4, U937,
K562/G01, Kasumi-1, HL60/PB

MNC), miRNA mimics (K562, U937)
[99]

miR-30e-5p CYB561
Impaired cell self-renewal. Inhibited

onset of KMT2A::MLLT3-driven
leukemia in mice in vivo.

RT-qPCR (29 AML BM MNC/6 BM
MNC), miRNA mimics

(KMT2A::MLLT3 AML cells)
[151]

miR-34a

PD-L1

Reduction in cell surface PD-L1
expression. Reduction in

INF-γ-induced PD-L1 surface
expression, apoptosis of PD-L1/CD

8+ T cells and IL-10 production
upon IFN-γ

RT-qPCR (13 AML BM/5 BM),
miRNA mimics (HL-60, Kasumi-1) [103]

DHAC2
Suppressed proliferation. Induced
LSC death. Prolonged survival in

AML mice in vivo.

RT-qPCR (30 AML BM/10 BM),
miRNA mimics (KG-1a) [104]

miR-92a MTHFD2 Inhibition of cell proliferation and
promotion of apoptosis.

RT-qPCR (HL-60, THP-1/HS-5),
miRNA mimics (HL-60, THP-1) [185]

miR-103a-2-5p LILRB3
Inhibition of cell proliferation,

migration, and clonality. Promotion
of apoptosis and cell cycle arrest.

RT-qPCR (30 AML BM MNC/BM
MNC), miRNA mimics (THP-1,

OCI-AML2, OCI-AML3, MV4-11)
[120]

miR-133 ZC3H15
BCLAF1

Inhibition of AML cell proliferation.
Acceleration of AML cell apoptosis.

miRNA sequencing (102 AML
samples/CD34+) *, miRNA

mimics (NB4)
[123]

miR-135a HOXA10
Inhibition of AML cell proliferation
and cell cycle. Acceleration of AML

cell apoptosis.

RT-qPCR (29 AML PB/11 PB;
HL-60, AML193, AML2,

AML5/HS-5), miRNA mimics
(HL-60, AML5)

[124]

miR-133a
miR-135a CDX2 Inhibition of AML cell proliferation.

RT-qPCR (59 AML BM/9 BM),
miRNA mimics (HEK-293,

NB4, HL-60)
[125]

miR-137

C-kit
Inhibition of proliferation and
promotion differentiation of

AML cells.

RT-qPCR (49 AML BM/57 BM),
miRNA mimics (Kasumi-1, K562) [127]

TRIM25 Inhibited AML cells proliferation,
migration and invasion.

RT-qPCR (45 AML BM/45 BM; HEL,
Kasumi-1, HL-60, MEG01/HS-5),

miRNA mimics (Ksaumi-1, HL-60)
[128]

miR-142-3p HMGB1 Improvement of drug sensitivity in
AML cells.

RT-qPCR (23 AML PB MNC/15 PB
MNC), miRNA mimics

(HL-60/ATRA, HL-60/ADR)
[110]

miR-142-5p PFKP
Inhibition of AML cell proliferation,

viability, cloning, and cycle.
Induction of AML cell apoptosis.

RT-qPCR (THP-1, HL-60, TF-1, NB4,
U937/HS-5), miRNA mimics

(THP-1, U937)
[111]

miR-148 DNMT1 Inhibition of proliferation and
induction of apoptosis of AML cells.

RT-qPCR (80 AML BM MNC/20 BM
MNC; U937, THP-1, Kasumi-1/20

BM MNC), miRNA mimics
(U937, Kasumi-1)

[130]
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Table 2. Cont.

↓-miRNA Target
Effect on AML/Leukemic Cells

When miRNA Is Overexpressed
Method (Study Group/Control

Group or Cell Lines)
Reference

miR-185-5p GPX1
Inhibition of viability, proliferation,

invasion, and promotion
of apoptosis.

RT-qPCR (37 AML BM/37 BM;
MOLM-14, HL-60, KG-1/HS-5),
miRNA mimics (KG-1, HL-60)

[131]

miR-192-5p

ZBTB20 Inhibition of cell viability. Induction
of cell apoptosis and cell cycle arrest.

RT-qPCR (52 AML BM/34 BM
THP-1, HL-60, NB4/HS-5), miRNA

mimics (THP-1, HL-60)
[134]

CCNT2 Induction of cell cycle arrest,
apoptosis, and cell differentiation.

RT-qPCR (10 AML BM/10 BM; NB4,
HL-60/10 BM), miRNA mimics

(NB4, HL-60)
[135]

miR-199a-5p DRAM1
Reduction of chemoresistance upon

ADM treatment. Inhibition
of autophagy.

RT-qPCR (32 AML
relapsed/refractor BM/11 complete

remission BM), miRNA mimics
(K562/ADM, K562)

[190]

miR-211-5p JAK2
Reduction of AML cell proliferation,

viability, and inflammation.
Induction of AML cell apoptosis.

RT-qPCR (50 AML PB/50 PB),
miRNA mimics (CPT treated LSCs) [152]

miR-222-3p IRF2 Increased Th1/Th2 ratio. Induction
of cell apoptosis.

RT-qPCR (20 BM of AML patients
and healthy donors), miRNA

mimics (HL-60)
[194]

miR-361-3p KMT2A Reduction of cell proliferation,
migration, and invasion.

RT-qPCR (30 AML PB/30 PB;
HL-60, KG-1a, KO52, THP-1/HS-5),

miRNA mimics (HL-60, H562)
[198]

miR-409-3p RAB10 Inhibition of cell proliferation and
induced apoptosis.

RT-qPCR (THP-1, NB4/HS-5),
miRNA mimics (THP-1) [153]

miR-451 YWHAZ
Suppression of AML cell

proliferation. Increased AML
cell apoptosis.

RT-qPCR (69 AML PB MNC/80 PB
MNC; 56 AML BM MNC/9 BM

MNC; 32 AML BM CD34+/9 BM
CD34+), miRNA

mimics (NB4, HL-60)

[140]

miR-454-3p ZEB2
Inhibited viability and induced cell
cycle arrest. Induction of apoptosis

and autophagy.

RT-qPCR (NB4, THP-1, KG-1a,
U937/PB MNC), miRNA

mimics (THP-1)
[154]

miR-455-3p UBN2

Inhibition of cell proliferation
and viability.

Induction of cell apoptosis,
autophagy, and cell cycle arrest.

RT-qPCR (16 AML PB/16 PB;
HL-60, Kasumi-1, KG1, THP-1,

MV4-11/PB MNC), miRNA mimics
(HL-60)

[142]

miR-485-5p SALL4 Inhibition of cell proliferation and
induction of cell apoptosis.

RT-qPCR (35 AML BM/35 BM;
AML2, AML193, Kasumi-1, HL-60,

AML5, U937/HS-5), miRNA mimics
(AML5, U937)

[144]

miR-495-3p
miR-543 PDK1

Inhibition of cell proliferation, cell
glycolysis, viability under matrine.
Induction of cell apoptosis and cell

cycle arrest under matrine.

RT-qPCR (31 AML BM/31 BM;
HL-60, Kasumi-1/HS-5), miRNA

mimics (HL-60, Kasumi-1)
[147]

miR-520a-3p MUC1 Inhibition of cell proliferation and
induction of apoptosis.

RT-qPCR (25 AML PB/25 PB),
miRNA mimics (THP-1) [150]

miR-654-3p CCND1
Inhibition of cell proliferation,
induction of apoptosis and cell

cycle arrest.

RT-qPCR (51 AML PB/51 PB; HL-60,
Kasumi-1/HS-5), miRNA mimics

(HL-60, Kasumi-1)
[155]

miR-1294 ARHGEF10L
Inhibition of AML cell proliferation

and invasion.
Induction of AML cell apoptosis.

RT-qPCR (16 plasma/16 plasma;
HL-60/HS-5), miRNA

mimics (HL-60)
[156]

*—data from GEO database; BM, bone marrow; MNC, mononuclear cells; PB, peripheral blood.
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Table 3. List of upregulated miRNAs in AML and their target genes; effect on AML cells while
microRNA is knockdown; type and size of microRNA expression study/control group.

↑-miRNA Target
Effect on AML Cells While
miRNA Is Downregulated

Method (Study Group/Control
Group or Cell Lines)

Reference

miR-10b HOXD10 ND RT-qPCR (108 AML serum
samples/25 serum samples) [158]

miR-17-5p

JAK1

Inhibition of cell proliferation,
migration, invasion, and

promotion of apoptosis when
lncRNA SUCLG2-AS1

overexpressed.

RT-qPCR (THP1, HL60/HS-5),
miRNA mimics (THP-1, HL-60) [165]

BECN1
Inhibition of AML cell

proliferation after treatment of
vitamin D.

RT-qPCR (144 AML PB/45 PB),
miRNA mimics (HL-60) [166]

miR-21 KLF5 Reduction of AML
cells proliferation.

RT-qPCR (SKM-1, HL-60/HS-5),
miRNA mimics (SKM-1, HL-60) [161]

miR-92a-3p PTEN ND RT-qPCR (115 AML BM
MNC/48 BM MNC) [186]

miR-93 DAB2

Inhibition of AML cells
proliferation. Promotion of cell

cycle arrest and apoptosis of
AML cells.

RT-qPCR (28 AML BM MNC/30
BM MNC), miRNA mimics

(THP-1, HL-60, HS-5)
[167]

miR-106-5p RAB10 ND RT-qPCR (85 AML BM MNC/15
BM MNC) [168]

miR-146a CNTFR

Reduction of leukemic cells
proliferation and migration.

Increasing leukemic
cells apoptosis.

RT-qPCR (11 AML BM/10 BM),
miRNA mimics (HL-60) [170]

miR-155 SHIP1
Inhibition of AML cell

proliferation and promotion
of apoptosis.

RT-qPCR (30 AML BM or PB
MNC/10 BM MNC), miRNA

mimics (U937, THP-1)
[173]

miR-181
family

PRKCD
CTDSPL
CAMKK1

Modulation of granulocytic and
macrophage-like differentiation.

RT-qPCR (95 AML PB MNC/
75 PB MNC;

36 AML BM CD34+/9 BM
CD34+), miRNA mimics (HL-60)

[179]

miR-221
miR-222 YOD1 Increasing p53 protein level and

reducing its ubiquitination.

RT-qPCR (18 AML PB/20 PB
and 6 BM), miRNA mimics

(U2OS, HCT116)
[195]

miR-222-3p AXIN2 Decreased cell viability and
induced apoptosis.

RT-qPCR (KG1a, NB4, U937,
THP1/PB MNC), miRNA

mimics (NB4, U937)
[196]

miR-361-3p BTG2 Inhibition of cell proliferation
and induction of apoptosis.

RT-qPCR (34 AML PB/5 PB;
HL-60/5 PB), miRNA

mimics (HL-60)
[199]

miR-1306-5p PHF6
Inhibition of AML cell

proliferation and induction of
apoptosis rate.

RT-qPCR (48 AML BM/30 BM;
HL-60, Kgla, K562,

THP-1/HS-5), miRNA mimics
(HL-60, K562)

[180]

BM, bone marrow; MNC, mononuclear cells; PB, peripheral blood; ND, no data.
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miRNA Associated with Genetic Abnormalities

According to the 2022 ELN recommendations, AML is classified into numerous sub-
types with respect to genetic abnormalities, including: AML with recurrent genetic ab-
normalities, AML with mutated TP53, AML with myelodysplasia-related cytogenetic
abnormality, and AML not otherwise specified (AML NOS). AML with recurrent genetic
abnormalities constitute a large group of AML subtypes, which comprises: APL with
t(15;17)(q24.1;q21.2)/PML::RARA, AML with t(8;21)(q22;q22.1)/RUNX1::RUNX1T1, AML
with inv(16)(p13.1q22) or t(16;16)(p13.1;q22)/CBFB::MYH11, AML with t(9;11)(p21.3;q23.3)/
MLLT3::KMT2A, AML with t(6;9)(p22.3;q34.1)/DEK::NUP214, AML with inv(3)(q21.3q26.2)
or t(3;3)(q21.3;q26.2)/GATA2, MECOM(EVI1), AML with other rare recurring transloca-
tions, AML with mutated NPM1, AML with in-frame bZIP mutated CEBPA, and AML with
t(9;22)(q34.1;q11.2)/BCR::ABL1. Some studies indicate the significance of miRNAs in the
development of leukemia, particularly regarding distinct subtypes of the disease, which
may prove valuable clinically in the future. Data is collected in Table 4.

A few reports indicate particular miRNAs which may be relevant in the t(8;21) AML
subtype; for instance, miRNA let-7b, when overexpressed, is reported to reduce AML1-ETO
protein expression. Additionally, miRNA let-7b is noted to inhibit the proliferation of t(8;21)
AML cell lines and induce differentiation, indicating that this miRNA may play a role in
the leukemic characteristics associated with the t(8;21)(q22;q22.1) chromosomal transloca-
tion [200]. miR-223 is reported as downregulated in t(8;21) AML and is identified as a direct
target of the AML1/ETO oncoprotein. AML1/ETO alters the expression level of miR-
223, ultimately restoring cell differentiation in cases of AML with t(8;21)(q22;q22.1) [201].
miR-9-1 is showed as downregulated in AML associated with the t(8;21) chromosomal
translocation. RUNX1::RUNX1T1 is regulated by miR-9-1, and silencing miR-9-1 has been
shown to increase the oncogenic activity of RUNX1::RUNX1T1. Additionally, the miR-9-1
overexpression reduces proliferation and promotes differentiation of t(8;21) cell lines [202].
Higher expression levels of miR-126 are reported to be associated with poor prognosis in
patients with t(8;21) AML [203]. miR-130a expression is presented as increased in t(8;21)
AML, which induce apoptosis and differentiation of t(8;21) AML cells. The level of miR-
130a is suggested to be important for t(8;21) AML maintenance [204]. miR-383 is presented
as upregulated in AML1-ETO positive AML, and AML1-ETO regulates its expression.
In turn, miR-383 negatively regulates THAP10 expression, which functionally inhibits
leukemogenesis of t(8;21) AML [205].

In APL with fusion gene PML::RARA, miR-15b is described to have an essential
function in the proliferation and differentiation of acute promyelocytic leukemia. Also,
miR-15b is indicated as a tumour suppressor in APL, and its target gene is CCNE1 [206].
miR-125b is described in APL, and its overexpression in t(15;17) APL expands PML-RARA-
induced leukemogenesis in vivo [207]. micoRNA-382-5p is important in the differentiation
of ATRA-induced APL, which targets PTEN [208].

In AML with fusion gene CBFB::MYH11, miR-126 was examined in vivo. The
study indicated that deleting miR-126 prevented the development of leukemia in 50%
of CBFB::MYH11 knock-in mice and significantly extended their survival. The study also
revealed that abnormal expression of miR-126 significantly contributes to the onset of
leukemogenesis and maintains AML induced by CBFB::MYH11 [169].

In the context of AML with fusion gene MLLT3::KMT2A, miR-30e is described to play
a crucial role in developing this AML subtype. In vivo, the study showed that the overex-
pression of miR-30e delays the development of KMT2A::MLLT3-driven leukemia [151].

AML with mutated NPM1 showed upregulated miR-10a compared to NPM1 wild-
type AML, indicating its potential role in NPM1-mutated AML by targeting MDM4 [209].
Moreover, miR-21 is reported to be overexpressed in NPM1-mutated AML, where it targets
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PDCD4. This abnormal expression is thought to contribute to the pathogenesis of NPM1-
mutated AML [163]. Additionally, miR-215-5p is reported to be involved in downregulating
SMC1A in NPM1-mutated AML. Expression of miR-215-5p was significantly higher, and
expression of SMC1A was considerably lower in NPM1(transcript A)-mutated AML cells
than in AML control cells [210].

In AML with mutated TP53 and a complex karyotype, miR-34a is reported to be
downregulated, while miR-100 is reported to be upregulated. miR-34a was correlated with
resistance to chemotherapy and inferior survival. Among AML with biallelic TP53 and
complex karyotype, miR-34a expression was divided into quartiles, and higher (the fourth
quartile) expression of miR-34a was associated with better OS [211]. TP53 encodes the TP53
protein, a well-known tumor suppressor. When activated, TP53 serves as a transcriptional
activator for numerous genes that regulate cellular functions. Mutations in TP53 can have
various consequences. One effect is the loss of its tumour-suppressive function, which can
occur due to point mutations (primarily affecting exons 5–8) or truncating variants (caused
by indels) or TP53 loss (caused by large deletions) that lead to a nonfunctional TP53 [212].

Chen et al. demonstrated that miR-363-3p can potentially trigger the RUNX1mut AML
onset [213]. Barreyro et al. showed that Hematopoietic Stem and Progenitor Cells (HSPCs)
lacking miR-146a but with RUNX1mut progresses to AML. These reports suggest a crucial
role of both miR-363-3p and miR-146a in RUNX1mut AML [214].

Table 4. miRNAs associated with genetic abnormalities in AML.

Genetic Abnormality miRNA Reference

t(8;21)(q22;q22.1)/
RUNX1::RUNX1T1

let-7b [200]
miR-223 [201]
miR-9-1 [202]
miR-126 [203]
miR-130a [204]
miR-383 [205]

t(15;17)(q24.1;q21.2)/
PML::RARA

miR-15b [206]
miR-125b [207]

miR-382-5p [208]

inv(16)(p13.1q22) or
t(16;16)(p13.1;q22)/

CBFB::MYH11
miR-126 [169]

t(9;11)(p21.3;q23.3)/
MLLT3::KMT2A miR-30e [151]

NPM1
miR-10a [209]
miR-21 [163]

miR-215-5p [210]

TP53
miR-34a

[211]miR-100

RUNX1
miR-363-3p [213]
miR-146a [214]

5. Conclusions

In this review, we summarized the downregulated and upregulated miRNAs observed
in AML, highlighting the presence of both types. Research has demonstrated that many
miRNA expression levels are downregulated in AML. Studies have also indicated that
forced upregulation of some miRNAs can inhibit the tumorigenic potential of AML cells.
The downregulation and suppressive role of the miR-29 family and miR-34a are well-

133



Genes 2025, 16, 446

established in numerous studies on AML. Additionally, various reports also highlight the
suppressive role of miR-142 in this context. Recent studies have suggested the suppressive
role of miR-20a-5p, miR-22, miR-133, miR-135a, miR-185, miR-192, miR-199, miR-451,
miR-485-5p, miR-495, miR-520a, miR-9, and miR-137; however, further investigation is
needed. There have also been isolated reports on the suppressive role of miR-103a-2-5p,
miR-454, miR-455-3p, and miR-148, but little is known about their functions, and further
studies are required. Additionally, miR-211-5p, miR-30e-5p, miR-409-3p, miR-654-3p, and
miR-1294 appear to be downregulated in AML and require further studies.

Research has reported that the expression levels of many miRNAs are elevated in
AML. Studies have shown that forced downregulation of certain miRNAs can inhibit the
tumorigenic potential of AML cells. The upregulation and oncogenic functions of miR-10,
miR-17, miR-21, miR-155, miR-181 family, and miR-222 have been documented, alongside
isolated reports on the oncogenic function of miR-1306-5p. However, these also require
further research. Additional upregulated microRNAs in AML include miR-93, miR-106b-
5p, miR-126, and miR-146, all of which need more research to clarify their roles in AML.
Some microRNAs have been described as upregulated and downregulated; for instance,
miR-92a and miR-361, suggesting that their functions remain unclear and warrant furtherer
studies.

The accumulating data increasingly supports the idea that miRNA expression could
significantly influence clinical outcomes in AML, and their potential is actively being
explored. Many miRNAs have been correlated with patient prognosis. Higher miR-34a
expression levels were associated with achieving CR [115], overexpression of miR-9 im-
proved daunorubicin sensitivity in AML cells [178], higher miR-133 expression level was
linked with longer OS and RFS [130], higher miR-135a expression was associated with
better prognosis [134], and lower miR-106b-5p expression and Rab10 protein expression
at the initial stage were associated with longer survival rates [193]. Conversely, dimin-
ished levels of miR-34a expression have been associated with an unfavorable prognosis in
AML [115], lower miR-142-3p expression levels were associated with drug-resistant AML
cell lines [137], lower miR-20 expression was correlated with shorter OS [48], higher miR-
10a-5p was associated with shorter OS [185], and higher miR-21 and miR-17-5p expressions
were linked to worse OS and RFS [189,190].

In particular subtypes of AML, according to ELN recommendations, we can high-
light the role of some miRNAs in their leukemogenesis. miR let-7b, miR-9-1, miR-
126, miR-130a, miR-223, and miR-383 seem to play an important role in AML with
t(8;21)(q22;q22.1)/RUNX1::RUNX1T1. miR-15b, miR-125b, and miR-382-5p seem to play an
essential role in APL with t(15;17)(q24.1;q21.2)/PML::RARA. In AML with inv(16)(p13.1q22)
or t(16;16)(p13.1;q22)/CBFB::MYH11, miR-126 seems to play a crucial role. In AML with
fusion gene MLLT3::KMT2A, miR-30e appears to play an important role. In NPM1mutAML,
miR-10a, miR-21, and miR-215-5p appears essential. In TP53mutAML, miR-34a plays
a pivotal role. In turn, in RUNX1mutAML, miR-146a and miR-363-3p may occur crucial.

Overall, the available evidence underscores the promising potential of miRNAs as
novel therapeutic targets in AML. Changes in miRNA expression levels could serve as
additional molecular markers for better assessment of AML patients’ prognosis, especially
when combined with other molecular and cytogenetic risk factors. This review highlights
many promising genetic biomarkers that could aid in AML diagnosis, prognosis, and
therapy response in the future; however, further studies are necessary. The use of miRNAs
in therapy still faces many challenges, such as the capability of one miRNA to regulate
multiple mRNAs simultaneously, leaving a vast number of possible miRNA-mRNA in-
teractions yet to be explored. Over the past decades, studies on miRNAs have provided
valuable insights into their biological functions, roles in disease development, and methods
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for effectively delivering them into organisms. It is possible that in the future, miRNA
expression profiles might serve as markers for measurable residual disease in AML. It
is essential to note that the outcomes of miRNA expression can differ depending on the
analysis platforms employed and the various AML subtypes examined, which should be
considered in future research.
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