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Abstract
MicroRNAs (miRNAs) are a class of endogenous small noncoding RNAs that participate in a majority of biological pro-
cesses via regulating target gene expression. The post-transcriptional repression through miRNA seed region binding to 
3′ UTR of target mRNA is considered as the canonical mode of miRNA-mediated gene regulation. However, emerging 
evidence suggests that other regulatory modes exist beyond the canonical mechanism. In particular, the function of intra-
nuclear miRNA in gene transcriptional regulation is gradually revealed, with evidence showing their contribution to gene 
silencing or activating. Therefore, miRNA-mediated regulation of gene transcription not only expands our understanding 
of the molecular mechanism underlying miRNA regulatory function, but also provides new evidence to explain its ability 
in the sophisticated regulation of many bioprocesses. In this review, mechanisms of miRNA-mediated gene transcriptional 
and post-transcriptional regulation are summarized, and the synergistic effects among these actions which form a regulatory 
network of a miRNA on its target are particularly elaborated. With these discussions, we aim to emphasize the importance 
of miRNA regulatory network on target gene regulation and further highlight the potential application of the network mode 
in the achievement of a more effective and stable modulation of the target gene expression.
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Introduction

MicroRNAs (miRNAs) are a class of single-strand non-
coding RNAs about 22 nucleotides that are highly con-
served evolutionarily and play important regulatory roles 
in a vast range of cellular processes in eukaryotic cells 
[1]. Most miRNAs are transcribed by RNA polymerase 
II (Pol II) in the nucleus, and then the transcripts referred 
to as pri-miRNAs are cleaved by Drosha and its essential 
cofactor DGCR8 [2]. After cleavage, hairpin-shaped pre-
cursor miRNAs (pre-miRNAs) with the length of 60–70 
nucleotides(nt) are generated [3–5] and further exported 
to the cytoplasm by exportin-5 (XPO5) [6–8]. Dicer1, a 
member of the RNase III family, is responsible for the 
maturation of miRNAs in the cytoplasm, where it binds 
to the end of pre-miRNAs and produces approximately 
22-nt miRNAs duplex [9]. Finally, the functional strand 
of miRNA duplex is incorporated into a miRNA-induced 
silencing complex (miRISC) assembled by Dicer1, trans-
activation-responsive RNA-binding protein (TRBP; also 
known as TARBP2) and Argonaute proteins (AGO1, 
AGO2, AGO3 or AGO4) to exert its post-transcriptional 
regulatory function [10–12].

It is generally accepted that miRNAs can directly 
mediate post-transcriptional gene silencing (PTGS) in 
the cytoplasm through as short as the 6nt seed sequence 
of miRNAs and the complementary sequences in the 
3′-untranslated region (UTR) of target mRNA [13, 14]. 
Most studied miRNAs may follow the principle con-
cluded by van den Berg et al. that complementarity degree 
between miRNA and its target mRNA determines the way 
of gene suppression. Exact matching has been proved to 
induce mRNA cleavage, whereas partial matching leads to 
translational inhibition [15]. However, the exact mecha-
nism remains controversial and needs more evidence to 
be clarified.

Since miRNAs are responsible for the subtle and pre-
cise regulation of gene expression, several scientific issues 
about their function and mechanism are put forward. For 
example, is the canonical regulation of target by miRNA 
competent in the sophisticated regulation of gene expres-
sion? Are there any other types of regulation also contrib-
uting to the miRNAs-mediated regulation of gene expres-
sion besides canonical way? And whether seed sequence of 
miRNA is the only effective region in target recognition of 
miRNA? Up to now, more and more evidence shows that 
mature miRNAs can be detected in the nucleus. Although 
the function of nuclear miRNA has not been fully clarified, 
the majority of studies demonstrate that nuclear miRNA 
could induce transcriptional gene silencing (TGS) or tran-
scriptional gene activating (TGA) [16–23]. Additionally, 
the imperfect matches between miRNAs seed sequence 

and their target mRNAs indicate the possibility that near-
seed or non-seed region of miRNAs may play roles in gene 
regulation, which have been proved by a series of reports 
[14, 24–27]. As the mechanism of miRNA-mediated gene 
regulation has been identified to be far more intricate 
than the canonical mode, a blueprint of huge gene regula-
tion network mediated by either different binding sites of 
miRNA on target gene or different functional regions in 
miRNA is gradually revealed.

In this review, we summarize the diverse mechanisms of 
miRNA-mediated gene transcriptional and post-transcrip-
tional regulation in mammalian cells and elaborate the syn-
ergistic action among these regulations. With these exam-
ples, we aim to elicit that the multipoint actions of miRNAs 
and its regulatory network are involved in the sophisticated 
regulation of gene expression and further shed new light on 
the potential application of this network regulation by miR-
NAs in providing new insights for more effective and stable 
modulation of the target genes expression.

Transcriptional gene regulation by miRNA

Cellular distribution and nucleocytoplasmic 
shuttling of miRNA

Generally, miRNAs are involved in many processes as 
regulators through post-transcriptional regulation in the 
cytoplasm, and their subcellular distributions are thus 
very important to their potential functions [14]. It has been 
already proved that miRISC within the cytoplasm of the 
eukaryotic cell locates in Processing body (P-body) which 
consists of many enzymes involved in mRNA turnover, indi-
cating that P-body is a pivotal place for the post-transcrip-
tional silencing by miRNA [28]. Besides P-body, miRNAs 
have been observed in other cytoplasmic organelles, such as 
mitochondria [29, 30], endoplasmic reticulum, Golgi, lyso-
some, etc., and play a series of roles in regulating cellular 
function [31]. For instance, muscle-specific miR-1 which 
was specifically induced during myogenesis can enter mito-
chondria, where it stimulates translation of multiple specific 
mtDNA-encoded transcripts within mitochondria and AGO2 
was required in this process [30].

At first, it was thought that the subcellular distributions 
of miRNAs were mainly in the cytoplasm, consistent with 
the discovery that the main function of miRNAs was to 
form miRISC and induce post-transcriptional regulation. 
However, researchers find that some mature miRNAs were 
also detected in the nucleus. In 2004, Meister and his col-
leagues detected the first miRNA (miR-21) in the nucleus 
and about 20% of mature miR-21 extracted from Hela cells 
were distributed in the nucleus [32]. Hwang et al. reported 
that human miR-29b was predominantly localized to the 
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nucleus in mitotic cells [33]. And further research indicated 
that miRISC-related components including AGO2, Dicer1, 
TRBP, and TRNC6A/GW182 complexes were all found in 
the mammalian nucleus and miRNAs in complex with these 
factors can form miRISC which enables them to play the role 
of silencing nuclear RNA and inducing site-specific cleavage 
in the nucleus [34].

Since miRNAs in the nucleus also have the functions 
in RNA silencing (RNAi), their source arouses research-
ers’ interest. Mature miRNAs might be either transported 
back to the nucleus after being processed in the cytoplasm 
or directly produced in the nucleus. The shuttling of dif-
ferent RNA species including miRNAs between cytoplasm 
and nucleus is complicated and multiple mechanisms exist. 
Since small tRNAs, which are smaller than miRNAs, can-
not pass the nuclear pore complex (NPC) without active 
transportation [35], it is unlikely that miRNAs can freely 
diffuse through the NPC and transfer from cytoplasm to 
nucleus. There might be transporters which mediate the 
transportation of mature miRNAs between cytoplasm and 
nucleus. Importin 8 (IPO8), a member of the karyopherin 
β family, is discovered to play a vital role in mediating the 
cytoplasm-to-nucleus transport of mature miRNAs and this 
process requires Ago2 complex [36]. Besides transporters, 
the sequence of miRNA, especially 3′ terminal sequence, 
is also a factor in determining its subcellular localization. 
Hwang et al. deduced that an AGNGUN element at the 3′ 
terminus of miR-29b was essential for its nucleus localiza-
tion through mutagenesis studies [33]. Jeffries et al. found 
that 7 from 21 miRNAs highly expressed in the nucleus had 
an ASUS (S=C or G) motif in their 3′ terminus in neural 
stem cells [37]. However, a series of evidence also sup-
ports the hypothesis that nuclear mature miRNAs might be 
directly processed in the nucleus. In 2010, Brameier et al. 
reported that H/ACA box and C/D box small nucleolar 
RNAs (snoRNAs) in the nucleus can give rise to numerous 
small RNA fractions with lengths of ≥ 18 nt, some of which 
have miRNA-like functions, such as locating in the stem 
regions of predicted RNA structures and effectively silenc-
ing gene expression [38]. In another study about nucleolus 
miRNA in rat myoblasts, Politz et al. described that some 
miRNA precursors are present in the nucleolus, indicating 
the possibility of nuclear maturation of the miRNAs. They 
also found that miR-664 is highly abundant in the nucleo-
lus and completely homologous to a fraction of snoRNA 
SNORA36B/ACA36b. This is consistent with Brameier’s 
finding of snoRNAs-derived small RNAs [39].

However, there remain several issues to be clarified. First, 
although some miRNAs can enter the nucleus through kar-
yopherins, the molecular mechanism is still unclear. That is 
to say, the common transportation rules of miRNAs between 
nucleus and cytoplasm need to be further explicated. 
Recently, Pitchiaya et al. have developed single-molecule 

fluorescence-based tools to dissect the subcellular trafficking 
of miRNAs, which might be a helpful approach for the study 
of miRNA nucleocytoplasmic shuttling [40]. Second, as a 
novel and additional working mode, the exact mechanism 
and function of intranuclear miRNAs are not fully explained. 
With in-depth study, the inhibitory or activating roles of 
intranuclear miRNAs in gene transcription has gradually 
been discovered.

Transcriptional gene silencing (TGS)

It is well known that miRNA mainly play regulatory roles 
in the cytoplasm at the post-transcriptional level. However, 
lots of mature miRNAs have been found in the nucleus as 
discussed above and it is becoming evident that these miR-
NAs can also induce transcriptional gene silencing (TGS) 
[16, 22, 23, 41]. Since miRNAs usually function through 
sequence complementarity, there is also evidence showing 
putative binding sites of miRNAs in gene promoter regions 
with perfect or partial sequence complementarity, which 
enables nuclear miRNA to regulate gene transcription. For 
example, miR-320, a conserved miRNA encoded within 
the promoter region of POLR3D in the antisense orienta-
tion, inhibits its host gene transcription. The authors also 
expanded their study to search for miRNAs targeting gene 
promoter region in trans. By searching for miRNA target 
sites in 200 bp upstream of transcriptional start sites with 
bioinformatics analysis, they identified numerous miRNAs 
that potentially function in this way [16].

For most of reported TGS, miRNAs interact with their 
complementary promoter-associated RNA(s) or have 
putative binding sites in the promoter region, resulting in 
a decrease of RNA Pol-II activity and recruiting of core-
pressor or stabilization of a pre-existing repressor complex, 
and consequently leading to the target gene transcriptional 
silencing [17, 19, 20, 42, 43]. And in these situations, epige-
netic modifications, such as DNA methylation, modification 
of H3K27me3 and H3K4me3, usually participate and might 
play a relatively prominent role [18, 44]. For example, miR-
10a targets the promoter region of HOXD4 gene by its 3′ end 
sequence and inhibits HOXD4 expression at the transcrip-
tional level, which requires the presence of Dicer, Ago1, 
and Ago3. This function of miR-10a is not only related to 
promoter-associated noncoding RNAs, but also associated 
with de novo DNA methylation in HOXD4 promoter and tri-
methylation of H3K27me3 [17]. Moreover, our recent work 
first discovered a new mechanism of miRNA in the regula-
tion of gene transcription, where the non-seed sequence of 
miR-552-3p could directly bind to the loop hairpin in the 
cruciform structure of CYP2E1 promoter, prevent the inter-
action between the promoter and its transcription activator 
SMARCE1, and finally suppresses CYP2E1 transcription 
[23].
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Besides protein-coding genes, nuclear miRNAs also regu-
late the biogenesis of non-coding RNAs at the transcriptional 
level. MALAT-1 is a conserved non-coding RNA, and it has 
been reported that miR-9 can bind to Ago2 in the nucleus 
and regulate the transcription of MALAT-1 [45]. Moreover, 
nuclear miRNAs can also interact with other pri-miRNAs 
and regulate the biogenesis of respective miRNAs. MiR-709 
mainly locates in the nucleus and has 19nt completely com-
plementary with the sequence of pri-miR-15a/16-1. MiR-
709 suppresses the processing of pre-miR-15a/16-1 from 
pri-miR-15a/16-1 and finally decreases the level of mature 
miR-15a/16-1, which leads to cell apoptosis [46].

Transcriptional gene activating (TGA)

Besides transcriptional gene silencing, numerous studies 
also demonstrate the different function of nuclear miRNA 
in transcriptional gene activation. This mode of regulation 
was first reported in 2008, in which miR-373 can enhance 
E-cadherin and CSDC2 transcription and it depends on the 
miRNA target sites in the promoters of both genes [47]. 
In addition, miR-744 activates mouse cyclin B1 (Ccnb1) 
transcription by recruiting Ago1 to its promoter region. All 
these findings indicate that nuclear miRNAs could induce 
transcriptional gene activating (TGA) [48].

During the past 10 years, several hypotheses have been 
proposed based on experimental results, helping us better 
understand miRNA-mediated TGA. One possible mecha-
nism is that miRNAs could bind to the enhancer. Some 
miRNAs have been found enriched in the enhancer region 
and activate gene transcription via chromatin remod-
eling [49–52]. For example, miR-24-1 which locates at 
the enhancer region could promote enhancer activation 
and finally induce the expression of its neighboring genes 
FBP1 and FANCC [41]. Another alternative hypothesis of 
miRNA-mediated TGA is generated from bidirectional tran-
scription of the human genome. As reported, the transcrip-
tion of E-cadherin can be modulated by its antisense tran-
script, and significant suppression of E-cadherin antisense 
transcript induced by miR-373 is correlated with the up-
regulatory role of miR-373 in E-cadherin sense/mRNA tran-
script expression [53]. However, since this type of regulation 
through targeting complementary sequence within antisense 
transcripts including the long non-coding RNAs (lncRNAs) 
and promoter-associated RNAs (pRNAs) transcribed from 
the antisense strand of genome mostly came from siRNAs 
testing [53, 54], more observation of miRNA-mediated TGA 
by this mode should be discovered to validate this hypoth-
esis. Additionally, miRNAs could induce TGA by recruiting 
a protein complex with transcriptional activators to the gene 
promoter. For example, miR-589 could bind to the cyclooxy-
genase-2 (COX-2) promoter and activate gene transcription 
which required the involvement of RNAi factors, Ago2 and 

GW182, as a scaffold [55]. The last but not least, nuclear 
miRNAs could also form a functional positive feedback loop 
on transcription of its host gene. For example, miR-483-5p 
which is embedded within the IGF2 gene could up-regulate 
IGF2 expression transcriptionally, resulting in increased 
tumorigenesis in vivo [56].

Post‑transcriptional gene regulation 
by miRNA

For most miRNAs, matching with 3′ UTR of the mRNA is 
required for functional inhibition of the target genes. But 
with the in-depth study, the researches about the recogni-
tion sites by miRNAs have been expanded to the coding 
regions [57–60] or 5′ UTR [61] of targets. As reported, 
some miRNAs target the coding sequence of mRNA via the 
whole sequence, which is similar to siRNAs, and finally sup-
press mRNAs translation or stabilization. The interaction 
between the seed sequence of miRNAs and coding regions 
of mRNAs was discovered as well. For example, there are 
many miR-181a seed-matched sites within coding sequences 
of zinc finger genes (ZNFs), which is the mechanism of miR-
181a-mediated downregulation of a large number of ZNFs 
[57]. As for 5′ UTRs, they may also interact with miRNA 
even though they usually have high GC content which tends 
to form secondary structure. For instance, miR-24 can 
inhibit Jab1 translation by directly binding to its 3′ UTR 
and 5′ UTR [62]. MiR-US25-1 from human cytomegalovirus 
(HCMV) binds to target sites primarily within 5′ UTRs of 
many genes associated with cell cycle control, demonstrat-
ing that a viral miRNA mediates translational repression of 
multiple cellular genes by targeting mRNA 5′ UTRs [63]. 
Interestingly, miRNAs targeting the 5′ UTRs can also trig-
ger positive regulation on gene expression, in which some 
miRNAs bind to the 5′ UTR of target mRNAs to stabilize 
the target mRNAs or activate translation. For example, miR-
122 can bind to the 5′ UTR of the positive-strand of HCV 
RNA genome to slow down the decay of the viral genome 
in infected cells, which led to the stimulation of viral protein 
expression and promotion of viral replication [64]. MiR-10a 
has been reported to interact with the 5′ UTR of mRNAs 
encoding ribosomal proteins to enhance their translation, 
which is the mechanism of miR-10a-induced global protein 
synthesis [65]. Mouse microRNA, miR-196b, can specifi-
cally target the 5′ UTR of the long insulin2 splice isoform 
to displace the RNA-binding protein HuD which represses 
insulin translation and as a result increase insulin translation 
[61]. Apparently, the interaction of miRNAs and 5′ UTR 
tends to induce an activation of translation rather than a 
repression, which provides a potential therapeutic strategy 
for rare disease caused by genetic defect.
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A possible role of multiple modes of miRNA 
action in their sophisticated regulation 
of gene expression

The regulation of gene expression is a complicated multi-
step process. To produce a functional protein is subject to 
several factors, starting from transcription to translation 
and then post-translational modification, in which miR-
NAs participate in most processes and play pivotal roles 
in this highly sophisticated regulatory system. Besides 
post-transcriptional regulation, the discoveries of tran-
scriptional regulation have greatly enriched the modes of 
miRNA action in fine-tuning protein expression, includ-
ing interaction with promoter or regulation of epigenetic 
modifications to directly regulate promoter activity, and 
modulation of the transcriptional factor to indirectly 
regulate promoter activity, etc. Recently, the multi-omics 
techniques are applied to determine the gene regulatory 
function of a given miRNA as exhaustively as possible, 
by which more and more non-canonical regulations might 
be revealed. For example, the change of miR-223 could 
induce transcriptomic and proteomic changes in monocyte 
cells. However, the changes between transcript and protein 
levels were not always consistent and only some of the 
deregulated proteins had binding sites for miR-223, which 
indicates non-canonical regulations might exist between 
miR-223 and its targets [66, 67].

Additionally, the function of miRNA non-seed sequence 
also contributes to functional miRNA target recognition 
and this non-canonical interaction between miRNA and 
its target is extensive in mammalian cells, which expands 
our understanding in the manner of miRNA non-canonical 
regulation. Seed sequence, usually considered to be 6–8 
ribonucleotide long at the 5′ end of the miRNA, is a key 
region of miRNA. However, there are also many imperfect 
matches between miRNAs seed sequence and their target 
mRNAs, which might be compensated by supplemental 
components in near-seed region sites to exert function 
in PTGS [68–70]. The observation that only 73% of the 
Ago-mRNA interactions can be explained by seed matches 
for Ago-bound miRNAs in mouse brain and the rest 27% 
have no predicted seed matches gives a hint of miRNA 
non-seed sequence playing a role in target recognition [71, 
72]. And this probability was proved in succession by sev-
eral reports which demonstrated miRNA 3′ end or cen-
tral region can interact with the different region of target 
mRNA (3′ UTR, 5′ UTR, and coding region) or promoter 
region of the target gene [14, 24–27].

Therefore, endogenous miRNAs can control or fine-
tune gene expression via a variety of ways and different 
regions, which enables miRNAs for a subtle and precise 
regulation in the modulation of gene expression.

Network regulation of a miRNA on its target

MiRNAs participate in a vast range of biological processes 
via the subtle and precise regulation of gene expression. Since 
the mechanisms of miRNAs regulating gene expression have 
been identified to be far more intricate than the canonical 
mode, a blueprint of huge gene regulation network mediated 
by either different binding sites of miRNA or different func-
tional regions in miRNA is gradually revealed. On one hand, 
miRNAs not only target 3′ UTR of the mRNA, but also inter-
act with other parts of the mRNA, such as 5′ UTR or coding 
sequence, and even gene promoter. On the other hand, besides 
the generally accepted function of miRNA targeting 3′ UTR of 
the mRNA via its seed region, several studies have bioinfor-
matically predicted or functionally validated that the non-seed 
sequence of miRNAs could target mRNA transcripts or gene 
promoter as well. Based on these complicated mechanisms, 
single miRNA could impact on a series of pathways or axes 
to regulate one target gene expression (Fig. 1).

Co‑regulation by 3′ UTR and promoter

Our previous results first discovered the dual-inhibition of 
miRNA via PTGS and TGS [23]. MiR-552-3p was found to 
inhibit human cytochrome P450 (CYP) 2E1 translation via 
canonical regulatory mode, in which its seed sequence par-
tially matches with CYP2E1 3′ UTR and the mutants in seed 
sequence suppressed the luciferase activity of the reporter 
containing 3′ UTR of CYP2E1. Interestingly, the non-seed 
sequence of miR-552, which is complementary to a loop 
hairpin of the cruciform structure in the CYP2E1 promoter, 
inhibits the binding of SMARCE1 and RNA polymerase II to 
the promoter and directs the TGS on CYP2E1. Moreover, this 
dual-inhibition is more effective in gene regulation, evidenced 
by experiments with wild-type, seed region mutant and non-
seed region mutant of miR-552-3p.

Wang et al. discovered another case of dual-inhibition with 
PTGS and TGS. They predicted and validated that miR-215-5p 
inhibited the expression of PCDH9 at both mRNA and pro-
tein levels by targeting its promoter and 3′ UTR, respectively. 
Differently, the whole sequence of miR-215-5p is involved in 
recognition of the PCDH9 promoter. In this study, they proved 
the inhibitory effect of miR-215-5p on recombinant PCDH9 
containing its own promoter and 3′ UTR more effective than 
that containing the promoter or 3′ UTR alone, which indicates 
the benefit of synergetic suppression by miRNA [73].

Co‑regulation by 3′ UTR and transcriptional factor

Transcription factor and miRNA both are pivotal play-
ers participated in the regulation of gene expression in 
higher eukaryotes. To date, numerous reports have already 
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identified the network between miRNAs and transcription 
factors [74]. For example, we demonstrated miR-491-3p 
downregulated ABCB1, a key factor in multidrug resistance, 
not only through its canonical regulatory role by directly tar-
geting the ABCB1 3′-UTR, but also by targeting the 3′-UTR 
of Sp3, a transcription factor of ABCB1, to indirectly regu-
late the transcription of ABCB1. This dual inhibitory path-
way finally leads to increased sensitivity of hepatoma cells 
to chemotherapeutic drugs [75].

The similar dual regulation is also discovered in another 
work from our lab. It is worth pointing out that we provide 
evidence again showing that a miRNA regulate the same tar-
get by matching to different sequences through its different 
regions. In our study, miR-1254 inhibits heme oxygenase-1 
(HO-1) translation, dependent on its seed sequence com-
plementary to HO-1 3′ UTR, and suppress HO-1 transcrip-
tion, dependent on its non-seed sequence targeting TFAP2A 
which is transcription factor of HO-1 [26]. This coordination 
of miRNAs different regions achieves a more effective and 
stable inhibition effect on the target gene, and consequently 
inhibits tumor growth of NSCLC.

Co‑regulation by 3′ UTR and signal cascades

The dual inhibition of miRNA is also achieved by the 
way of regulation of target gene 3′ UTR and the key fac-
tors in signal cascades associated with the target gene. 
The research of Sokolova et al. expounded on this type of 
dual regulation. First, miR-20a downregulates CDKN1A 
expression through direct binding to the 3′-UTR of 
CDKN1A mRNA. Second, miR-20a can subvert the 

TGF-β-mediated c-myc (an inhibitor of the CDKN1A 
promoter) repression via interference with the expres-
sion of factors in Smad/E2F-based core repressor com-
plex to indirectly reduce CDKN1A promoter activity [76]. 
Another study in our lab also proved that this kind of dual 
regulation does exist in the sophisticated modulation of 
gene expression. We observe that miR-338-5p can down-
regulate ABCB1 by directly interacting with the ABCB1 
3′ UTR and target the EGFR/ERK1/2 pathway to inhibit 
the expression of ABCB1 by pairing with EGFR 3′ UTR, 
resulting in increased sensitivity of hepatoma cells to DOX 
[77].

Co‑regulation by 5′‑UTR and 3′‑UTR​

Most synergetic effects usually occur between transcrip-
tional and translational levels, however, some researches 
have also reported that a miRNA can target both 3′ UTR 
and 5′ UTR of mRNA, and achieve co-regulation on its 
target. Hsa-miR-34a was reported to target AXIN2 through 
both UTRs, in which the translation of mRNA luciferase 
reporter with both 3′ UTR and 5′ UTR of AXIN2 was 
more sensitive to miR-34a mimics or inhibitors (blocking 
endogenous miR-34a), compared to the reporter contain-
ing only 3′ UTR or 5′ UTR. These results suggest that both 
the 5′ UTR and the 3′ UTR of AXIN2 are functional target 
sites for miR-34a in the cells. Of course, this dual transla-
tional regulation is not restricted to miR-34a/AXIN2, and 
the similar regulation can be detected in miR-34a/WNT1 
and has-miR-605/SEC24D [78], indicating that this might 
not be rare in higher eukaryotes.

Fig. 1   Multiple modes of 
miRNA action. The regulation 
by miRNA on its target can be 
achieved by a interacting with 
different binding sites including 
promoter, promoter-associated 
RNA, pri-miRNA, etc. in the 
nucleus to modulate target gene 
transcription or 5′ UTR, coding 
region, 3′ UTR of mRNA in the 
cytoplasm to modulate target 
gene translation. b The different 
functional region in miRNA 
including seed sequence, 
non-seed sequence or whole 
sequence. All these modes 
of miRNA action enable the 
network regulation between a 
miRNA and a target gene
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Significance of dual regulation for miRNA’s 
sophisticated regulation of gene expression

In fact, miRNA’s fine control of the target genes expression 
depends on not only the diverse mechanisms, but also the 
complicated regulatory network. It is well known that a sin-
gle miRNA can target several genes and one gene can also be 
targeted by multiple miRNAs. For example, miR-135b can 
regulate multiple important components in human Hippo 
pathway, including LATS2, BTRC, NDR2, and LZTS [79], 
while three miRNAs, miR-101, miR-129-5p, and miR-221, 
were identified to specifically target the 3′ UTR of FMR1 
and regulate its expression [80]. Recently, emerging evi-
dence pointed out a new network mode, the so-called “dual 
regulation” between one miRNA and one gene (Fig. 2). As 
summarized above, this network consists of coordination 
between 3′ UTR and promoter, 3′ UTR and transcriptional 
factor, 3′ UTR and signal cascades, 3′ UTR and 5′ UTR. 
This regulatory network within one miRNA and one target 
display the specificity in target recognition of miRNA and 
effectiveness in miRNA-mediated gene expression.

With the further research in this field, we believe more 
and more findings will prove that the dual regulation of 

miRNA on one target is universal and facilitate us to grad-
ual deepen the recognition of the complexity of miRNA/
target interactions and gene expression regulation network.

Potential application of the dual regulation 
in the development of small nucleic acid drug

Nucleic acid drugs are another emerging wave of modern 
medicine after small molecules and antibody drugs, in 
which obvious progress is found in miRNAs-related drugs 
including miRNAs itself and antisense oligonucleotides 
(ASO, antagomiR). MicroRNAs play important regula-
tory roles in a vast range of biological processes and are 
involved in the pathogenesis of most diseases. Compared 
with small molecule and biological molecule, miRNAs 
have their own unique advantages in druggability. Moreo-
ver, the discoveries of dual regulation of miRNA on one 
target might further help to enhance competitive advan-
tage for its characteristics in the achievement of a pro-
ductive and stable inhibition on the target with a smaller 
dose, which requires more preclinical and clinical trials 
to confirm.

Fig. 2   Different patterns of dual regulation on a target gene by 
miRNA. Currently, dual regulation of miRNA consists of coordina-
tion between 3′ UTR and promoter (a), in which miRNAs can directly 
regulate target gene transcription in nucleus and directly regulate tar-
get gene translation in cytoplasm; 3′ UTR and transcriptional factor 
(b), in which miRNAs can indirectly regulate target gene transcrip-
tion in the nucleus by controlling the levels of transcriptional factors 

of the target in cytoplasm and directly regulate target gene translation 
in cytoplasm; 3′ UTR and signal cascades (c), in which miRNAs can 
indirectly regulate target gene mRNA or protein levels by modulat-
ing related signal pathways in the cytoplasm and directly regulate tar-
get gene translation in cytoplasm; 3′ UTR and 5′ UTR (d), in which 
miRNAs can directly regulate target gene translation in cytoplasm by 
interacting with the 3′ UTR and 5′ UTR of target mRNA
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Conclusions

As summarized above, miRNA can regulate gene transcription 
or translation in different manners via seed sequence, non-seed 
sequence or whole sequence, which provide a feasibility for 
synergism of dual or multi-regulation on one target gene by 
one miRNA. Since the dual regulation of miRNA on its tar-
get usually occurs at different levels, the spatiotemporal rela-
tionship between these two separated regulations needs to be 
figured out in the future research of dual-regulation. As well 
known, endogenous miRNAs usually have mild effects on their 
targets, however, dual-regulation of miRNA could form com-
plex networks and finally produce additive effects at cellular 
and physiological levels. It is worth knowing that the precise 
modeling of miRNAs is the most important thing during the 
whole process. That is to say, does dual-regulation of miRNA 
happen simultaneously or successively? Is there a space–time 
specificity of this dual-regulation under different cellular or 
physiological conditions? Which regulation attributes more 
during disease progression? To address these questions, 
we need to have a better understanding of recognition rules 
between miRNA and its target and the functions of miRNA’s 
different region. Fortunately, technologies to identify miRNA 
targets have been improved a lot in these years. Transcriptome-
wide and proteome-wide analyses along with RNA-sequencing 
and mathematical modeling approaches could help us to have 
an integrative comprehension of the whole regulatory network-
biology of miRNA [81].

In addition, as for the miRNA with dual regulation both at 
the transcriptional level in nucleus and translation level in the 
cytoplasm, the nucleocytoplasmic shuttling of this miRNA 
should also be clarified. To understand the mechanisms of 
sublocation, cellular function and even dysfunction in disease 
of miRNA, we may need super-resolution imaging tools with 
single-molecule sensitivity and dynamic imaging capability 
to allow direct visualization of molecular interactions in cells 
[40].

In conclusion, the exploration of these scientific issues will 
help us to deeply understand the subtle regulation of miRNA 
and guide the development of miRNA-related nucleic acid 
drugs.
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