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Dengue virus (DENV) is a small envelope virus of Flaviviridae that is mainly transmitted by
Aedes aegypti and Aedes albopictus. It can cause dengue fever with mild clinical symptoms
or even life-threatening dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS). At present, there are no specific drugs or mature vaccine products to treat DENV.
microRNAs (miRNASs) are a class of important non-coding small molecular RNAs that
regulate gene expression at the post-transcriptional level. It is involved in and regulates
a series of important life processes, such as growth and development, cell differentiation,
cell apoptosis, anti-virus, and anti-tumor. MiRNAs also play important roles in interactions
between host and viral genome transcriptomes. Host miRNAs can directly target the
genome of the virus or regulate host factors to promote or inhibit virus replication.
Understanding the expression and function of miRNAs during infection with DENV and
the related signal molecules of the miRNA-mediated regulatory network will provide new
insights for the development of miRNA-based therapies.

Keywords: microRNA, dengue virus, host-pathogen interaction, virus replication, signaling/signaling pathways

INTRODUCTION

Dengue virus (DENV) is an important infectious agent of flavivirus, which is mainly transmitted
by vector insects such as Aedes aegypti and Aedes albopictus. It can cause severe diseases in
humans, such as dengue fever, dengue hemorrhagic fever (DHF), and dengue shock syndrome
(DSS). DENV, an infectious virus prevalent in tropical and subtropical areas (Lambrechts et al.,
2010) is widely distributed among humans, has a high incidence, and causes great harm.
microRNAs (miRNAs), a small noncoding RNA (18-25 nucleotides) that exists widely in all
kinds of plants, animals, and microorganisms, are a key transcription factor that affects gene
expression. miRNAs can combine with 3'-untranslated regions (3'-UTRs) of messenger RNA
(mRNA) to prevent translation events by degrading mRNA or inhibiting translation (Bartel,
2004), which may play an important role in the direct or indirect regulation of viral and host
genome transcriptomes. At present, research on the interaction mechanism of miRNAs between
DENV and host genome transcriptomes is lacking. Understanding miRNA expression and
related target signaling pathways during DENV infection will provide new ideas for miRNA-
based therapies. This paper reviews the regulatory role and mechanism of miRNA in DENV infection.

Introduction to DENV

Dengue virus is a single-stranded positive-strand RNA (+ssRNA) virus that belongs to Flaviviridae.
DENV can be divided into four serotypes according to its antigenicity: 1, 2, 3, and 4. The DENV
genome is about 11 kb in length and 45-55 nm in diameter. The 5' and 3' ends of the virus
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RNA have untranslated regions containing several 100 nucleotides.
The remaining DENV fragment is a single open reading frame.
After infecting host cells, the viral genome is transcribed and
translated into a total protein, which is cleaved into three structural
proteins (C protein, prM/M protein, and E protein) and seven
nonstructural proteins (NSI, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5; Perera and Kuhn, 2008) by viral and cellular proteases.
Among them, E protein is the largest structural protein and
the main envelope protein of DENV particles. Nonstructural
proteins have many functions: They provide enzyme activity for
biochemical reactions, and they provide suitable internal
environments for viral RNA replication, including remodeling
of the cell membrane and the inhibition of host antiviral reaction.
Nonstructural protein 1 (NSI1) has multiple polymer structures.
In the early stages of infection, NS1 binds to the endoplasmic
reticulum (ER) in the form of a dimer and anchors the viral
replication complex (RCS) to the membrane. As the infection
subsides, NS1 is secreted out of the cell in the form of a hexamer,
which results in the body’s immune response to the virus (Muller
and Young, 2013). NS2A, NS2B, NS4A, and NS4B are membrane
binding proteins and components of the viral genome RCS.
Among the four serotypes of DENV, NS5 has more than 70%
homology and is the most conservative protein. NS5 has a variety
of enzyme functions, including roles in N-terminal
methyltransferase activity and C-terminal RNA-dependent RNA
polymerase activity (Koonin, 1991; Klema et al, 2016). NS3
protein, a hydrophilic multifunctional protein with protease, RNA
helicase, and RNA polymerase activity, plays an important role
in processes, such as viral genome replication, packaging, and
maturation (Tian et al, 2013).

PATHOGENESIS OF DENV AND HOST
IMMUNITY

Invasion and Replication of DENV

Dengue virus infection begins with the bite of A. aegypti or
A. albopictus infected by DENV, which can infect many kinds
of cells, such as dendritic cells, macrophages, endothelial cells,
and hepatocytes (Fang et al., 2013). The virus enters host cells
through receptor-mediated endocytosis, in which the envelope
glycoprotein E protein binds to receptors on the surfaces of
host cells. Under neutral and slightly alkaline conditions, the
E protein on the surface of the mature virus is in the form
of a homodimer (Modis et al., 2004). In the acidic environment
of the nucleosome, the E protein is restructured from a dimer
to a trimer (Modis et al., 2004). This conformational change
provides the energy required to bind the viral envelope to the
host cell membrane and fuse the viral lipid bilayer and the
cell membrane (Modis et al., 2004). E protein interacts with
proteins on the surfaces of various mammalian and mosquito
host cells during the invasion of the virus, but the real receptor
for the virus has not yet been determined (Perera-Lecoin et al.,
2013). The main receptors studied to date include heparin
sulfate (Chen et al., 1997), dendritic cell-specific intracellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN) on
dendritic cells (Tassaneetrithep et al, 2003), and mannose

receptor (Miller et al., 2008). The virus enters the cell mainly
through clathrin-mediated endocytosis (van der Schaar et al.,
2008), which enables the viral genome to enter the cytoplasm.
Subsequently, it uses the organelles and nutrients of host cells
to synthesize genes and various proteins. The newly synthesized
genome combines with capsids to form a nucleoprotein complex
that sprouts into the ER cavity to infect the lipid bilayer (Yu
et al,, 2008). At the same time, the virus E protein and prM
protein were produced (Yu et al., 2008). Immature virus particles
are transmitted through the secretory pathway. In the Golgi
network, prM protein lysis mediated by furin results in the
rearrangement of E protein, homodimerization, and the formation
of mature virus particles that are then released (Yu et al., 2008).

Immune Regulation of Host Resistance to
DENV

Once the virus invades cells and replicates, host cells can
quickly recognize pathogen-associated molecular patterns through
pattern recognition receptors (PRRs). For example, viral RNA,
replication intermediates formed by virus nonstructural protease
NS5, double-stranded RNA, and various proteins synthesized
by the virus can initiate innate immune responses and guide
adaptive immune responses to resist invasion by pathogenic
microorganisms. PRRs include toll-like receptors (TLRs; Tsai
et al., 2009), retinoic acid inducible gene I protein/melanoma
differentiation factor 5(RIG-I/MDAD5; Nasirudeen et al., 2011),
and miRNAs (Trobaugh et al., 2014). The ability of these innate
components to recognize DENV may have different effects on
the life cycle of the virus and the host’s response to infection.
In fact, the mutual recognition pattern of PAMP-PRR activates
interferon regulatory factors, including IRF3, IRF7, and NF-kB.
Interferon type I (IFN), chemokines, and cytokines are expressed
to promote the expression of antiviral genes and the inflammatory
response. When the virus infects the body, it can proliferates
in the capillary endothelial cells and releases into the blood
to form viremia, and it then further infects mononuclear
macrophages in the blood and tissue to cause dengue fever.
The occurrence of severe DHF and DSS may be mainly due
to the effects of antibody-dependent enhancement (ADE;
Halstead, 1982), cross-reactive T cell response (Mongkolsapaya
et al, 2003), and cytokine storm (Clark, 2007).

microRNA

RNA interference (RNAi) is a post-transcriptional gene-silencing
mechanism mediated by small RNAs with length of 20-30
nucleotides, including miRNAs, small interfering RNAs (siRNAs),
and PIWI-associated RNAs (piRNAs; Malone and Hannon,
2009; Castel and Martienssen, 2013). They can guide sequence-
specific gene silencing in complex with an Argonaute protein
(AGO protein) and cofactors and then involves the degradation
of mRNA molecules, thereby preventing gene expression. It
has demonstrated that RNAi phenomenon plays essential roles
across eukaryotic organisms in genome defense against viruses
and transposons: when the siRNAs are derived from viruses,
they function as guides to specifically target the invading viruses
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for RNAi and thereby inhibit viral replication and infection
(Castel and Martienssen, 2013). However, a role for cellular
miRNAs in the defense against viral infection in mammalian
organisms has thus far remained elusive (Cullen, 2006).
Delightfully, RNA-based therapeutics, such as siRNAs, miRNAs,
antisense oligonucleotides (ASOs), aptamers, synthetic mRNAs,
and CRISPR-Cas9, have great potential to target a large part
of the currently undruggable genes and gene products and to
generate entirely new therapeutic paradigms in disease (Dowdy,
2017). A classical case is a liver-specific miRNA- miR-122,
which is expressed almost exclusively in liver cells with more
than 50,000 copies per cell (Filipowicz and Grosshans, 2011).
It has been revealed that miR-122 is an essential host factor
for hepatitis C virus (HCV) infection and an antiviral target,
and clinical proof-of-concept studies have demonstrated that
an miR-122 inhibitors Miravirsen, an LNA-modified anti-miR-
122, can efficiently reduce viral load in chronically infected
HCV patients without detectable resistance (Janssen et al., 2013;
Bandiera et al., 2015).

Biosynthesis of miRNA

In animals, miRNA genes are transcribed into primary
transcripts (pri-miRNAs) by RNA polymerase II (RNA Pol
II) in the nucleus, with a length of about 300-1,000 bases
(Lee et al., 2004). In the nucleus exists a nuclear protein
complex called a microprocessor complex that contains
ribonuclease III endonuclease Drosha; DiGeorge syndrome
chromosomal region 8 (DGCR8); and some minor cofactors,
such as DEAD box RNA helicase P68 (DDX5) and p72
(DDX17). This microprocessor complex processes pre-miRNAs
into hairpin structures of 70-90 nucleotides (Lee et al.,
2003), namely, miRNA precursors. Subsequently, pre-miRNAs
are transported from the nucleus to the cytoplasm by
exportin5 protein (Bohnsack et al., 2004) and cleaved to
form a Mir/Mir * complex of about 22 nt by Dicerl, an
RNase IIT (Knight and Bass, 2001). Finally, one chain of
the Mir/Mir * complex combines with ago (agol and ago2)
protein to form the RNA-induced silencing complex (RISC).
The chain that binds to the protein is called miRNA, and
the other chain is called miRNA*. Mature miRNA is retained
in the RISC, and miR * is released to and degraded in the
cytoplasm (Krol et al., 2010). miRNA-bound RISCs mediate
posttranscriptional  silencing through two  different
mechanisms depending on their complementarity with target
mRNA sequences (Bartel, 2004). Because of the endonuclease
activity of ago2, complete complementary matching of
miRNA and the target sequence usually leads to the
degradation of mRNA, whereas an incomplete complementary
combination of miRNA and the target sequence inhibits
translation (Bartel, 2004).

Regulation of miRNA

microRNA is an important factor regulating gene expression
and is widely involved in physiological and pathological
processes, such as early development, cell proliferation,
apoptosis, cell death, the metabolism of fat, and so on

(Bushati and Cohen, 2007). Each miRNA can have multiple
target genes, and several miRNAs can regulate the same
gene. This complex regulatory network can not only regulate
the expression of multiple genes through one miRNA but
also regulate the expression of a single gene through a
combination of several miRNAs (Catalanotto et al., 2016).
Mammalian miRNAs may control the activity of about 30%
of protein coding genes and participate in the regulation of
most cells; they are also closely related to most diseases
(Filipowicz et al., 2008). Studies have shown the effects of
miRNA deletion (Giraldez et al,, 2005) and the role of
miRNAs in signal transduction pathways (Boehm and Slack,
2005; Hu et al., 2020), cell proliferation (Brennecke et al.,
2003), cell differentiation and apoptosis (Yin et al., 2020),
and lipid metabolism (Xu et al., 2003). miRNAs also play
an important role in infection with viruses. Viruses can use
miRNAs to evade host immune monitoring and regulate
host factors to promote their own replication. In contrast,
miRNAs in host cells can promote or inhibit viral replication
by targeting viral genome RNA and regulating their own
host factors. A microarray study that used the blood of
patients with acute DENV infection showed that the expression
of 348 miRNAs changed after DENV infection; 17 miRNAs
were found that may be used to distinguish mild dengue
fever from severe DHF with complications (Tambyah et al.,
2016). In another study, expression of broad-spectrum miRNAs
in serum samples of three patients with DENV type 1
(DENV-1) and three healthy volunteers was analyzed with
miRNA PCR array technology. A total of 41 miRNAs were
upregulated and 12 miRNAs were downregulated in the serum
of DENV-1 patients compared to healthy controls (Ouyang
et al, 2016). Analyses of receiver operating characteristic
(ROC) curves showed that serum hsa-miR-21-5p and hsa-miR-
146a-5p can distinguish patients with dengue fever infection
with good sensitivity and specificity. Moreover, functional
analyses of these miRNAs show that they are involved in
inflammation and cell proliferation. Therefore, these miRNAs
are expected to be potential biomarkers for a diagnosis of
DENV (Wen et al., 2015; Ouyang et al., 2016). Increasing
numbers of studies have shown that miRNA plays an important
role in DENV, which is discussed in detail below.

THE ROLE OF miRNA IN REGULATING
DENV AND RELATED SIGNALING
PATHWAYS

miRNAs Target the DENV Genome Directly
to Inhibit or Promote DENV Replication
miBRNAs That Inhibit DENV Replication by
Targeting Viral Genomes

microRNAs usually induce translation inhibition by binding
to MRE sites of target mRNAs. To date, many miRNAs have
been identified that can affect DENV replication by directly
targeting viral genome sequences. For example, miR-548 g-3p
can regulate the replication of DENV-1, -2, -3, and -4 by
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directly targeting the stem ring structure of the virus 5'-UTR
promoter element and can also interfere with the translation
of DENV, thus inhibiting expression of the virus protein
(Giraldez et al., 2005). Previous studies have found that the
5-UTR of the DENV genome contains two defined elements
essential for viral replication. At the 5' end, a large stem-loop
(SLA) structure functions as the promoter for viral polymerase
activity. Next to the SLA, there is a short stem-loop that
contains a cyclization sequence known as the 5' upstream
AUG region (5UAR). The cis-acting elements in the 5-UTR
may involve in controlling viral protein translation, RNA
synthesis, and encapsidation (Lodeiro et al., 2009; Gebhard
et al, 2011). At the same time, overexpression of miR-484
and miR-744 can inhibit virus replication by acting on 3'-UTRs
of the four serotypes of DENV, which indicates that miR-484
and miR-744 are two possible host factors inhibiting DENV
infection (Castrillén-Betancur and Urcuqui-Inchima, 2017).
Similarly, the 3'-UTR of the DENV is indispensable for their
replication as they can promote the translation of the virus
(Gebhard et al., 2011; Manzano et al., 2011). Castillo et al.
(2016) found through bioinformatics analysis that host miR-133a
can target 3'-UTRs of all four DENV serotypes and 3'-UTR
of DENV downregulates endogenous expression of miRNA-
133a in Vero cells during the first hours of infection. In
addition, miR-133a overexpression inhibited DENV replication
and this antiviral effect may be mediated by regulation of
the host factor polypyrimidine tract binding (PTB) protein,
a target of miR-133a (Castillo et al., 2016).

Yan et al. (2014) showed that miR-252 was highly expressed
(more than three times uninfected) in a DENV-2 infection
model of the mosquito C6/36 cell line and could downregulate
expression of E protein through E protein gene targeting
DENV-2, thus inhibiting DENV replication. It is noteworthy
that the E protein of DENV plays an essential role in the
process of virus attachment, fusion with host cell membrane
and virus assembly, and can induce a protective immune
response by neutralizing antibodies (Yu et al., 2008; Anasir
et al.,, 2020). Therefore, understanding the impact of miRNA
on DENV E protein has led to the exploration of miRNA-
based drug discovery of antiviral. Finally, Lee et al. (2017)
found that the water extract of Flos Lonicerae can upregulate
expression of Let-7a in human and mouse blood, and Let-7a
in turn can target the NSI region of DENV-2 (nt 3,313-3,330)
to inhibit the replication of DENV-2. Recent studies have

revealed that DENV NSI directly promotes vascular
permeability by inducing a strong proinflammatory vasoactive
response by mediating TLR 4 signaling (Stacey et al., 2015)
and endothelial glycocalyx disruption (Puerta-Guardo et al,
2016). And it can activate platelets via TLR 4, leading to
thrombocytopenia and hemorrhage (Chao et al, 2019).
Therefore, this study provides a new insight for prevention
and treatment of DENV infection through induction of the
innate miRNA Let-7a by honeysuckle (Lee et al.,, 2017).

miBRNAs That Promote DENV Replication by
Targeting Viral Genomes
However, limited miRNAs can directly target viral genomes
to promote viral replication but the specific mechanism
remains to be investigated. Researchers screened a miRNA
that was significantly differentially expressed after DENV-2
infection in HepG2 cells, namely, miR-21, and found that
expression of miR-21 increased significantly and promoted
the replication of DENV-2 after viral infection of HepG2
cells. However, prior to DENV infection of HepG2 cells, a
significant reduction in DENV-2 production was observed
after treatment with the miR-21 antagonist anti-miR-21
(AMO-21); thus, miR-21 is expected to be an intervention
target for dengue treatment (Kanokudom et al., 2017).
However, the mechanism of the replication of DENV induced
by miR-21 is unclear; miR-21 may directly target the NSI
protein sequence of the DENV-2 genome (Miranda et al,
2006). Besides, Zhou et al. (2014) found a midgut-specific
miRNA in an A. albopictus vector, namely, miR-281, after
mosquito C6/36 cells were infected with DENV-2. miR-281
may target the 5-UTR of DENV-2 genomic RNA and
upregulate in response to viral infection, thus promoting
DENV replication, whereas antagonism or knockout of
miR-281 reduces the viral RNA level in A. albopictus (Zhou
et al., 2014). These miRNAs, which inhibit or promote viral
replication by targeting viral genomes, play a direct role
in regulating viral infection and reasonable regulation of
miRNAs expression and may avoid the excessive production
of cellular inflammatory factors, thus avoiding the risk of
DHE. miRNA-based therapeutics, such as miRNA mimics
and inhibitors of miRNAs may have great potential to directly
regulate virus replication and thus treat DENV-related diseases.
Relevant summaries of miRNA are shown in Table 1 and
in the schematic diagram in Figure 1.

TABLE 1 | microRNAs that directly target viral genomes to inhibit or promote viral replication.

miRNA Experimental model Target Effects References
miR-548 g-3p uas7 DENV 5’-UTR Inhibit Wen et al., 2015
miR-484, miR-744 Vero DENV 3’-UTR Inhibit Castrillon-Betancur and Urcuqui-Inchima, 2017
miR-133a Vero DENV 3’-UTR Inhibit Castillo et al., 2016
miR-252 C6/36 Viral gene E Inhibit Yan et al., 2014
Let-7a Blood of humans and mice NS1 sequence Inhibit Leeetal., 2017
(nt:3,313-3,330)
miR-21 HepG2 NS1 sequence Promote Miranda et al., 2006; Kanokudom et al., 2017
miR-281 C6/36 DENV 5’-UTR Promote Zhou et al., 2014
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miRNAs Inhibit or Promote DENV
Replication by Regulating Host Factors
Since viruses are parasitic organisms that rely on a range of
host cytokines for replication and infection, many miRNAs
have been shown to indirectly regulate DENV replication by
regulating host factors or immune responses. miRNAs can
affect the process of viral translation and replication by acting
on related cytokines and regulating related signaling pathways.
A large number of studies have clarified how related miRNAs
affect related signaling pathways and thus regulate viral
replication and disease progression (Barbu et al., 2020). Besides,
miRNAs can also enhance or limit cellular responses to
infection, such as immune responses or defense mechanisms
(Trobaugh et al., 2014).

miRNAs That Inhibit DENV Replication by
Regulating Host Factors

miRNAs That Inhibit DENV Replication by Regulating
IFN System

After the virus invasion, the body will take the lead in initiating
the innate immune response. And the type I interferon system
inhibits viral infection by establishing a homeostasis in both
infected and uninfected cells. DENV infection triggers the
production of type I IFN after viral RNA is detected by TLRs

and RIG-I-like (RLR) receptors, and signaling cascades are
initiated via connector molecules, such as MyD88, MAVs, or
STING (Diamond and Pierson, 2015). Type I IFN binding to
cells induces a JAK-STAT-dependent signaling cascade that
ultimately leads to the expression of hundreds of IFN-stimulating
genes (ISGs), some of which block specific steps in the DENV
lifecycle (Schoggins et al., 2012). However, DENV is able to
resist the production of type I IFN and signal transduction
of key myeloid targets. In addition to regulating DENV
replication, the antagonistic type I IFN signaling pathway in
antigen-presenting cells attenuated or skewed the adaptive
immune response (Diamond and Pierson, 2015).

A previous study has demonstrated that mammals can use
cellular miRNAs to fight viral infections through the interferon
system (Pedersen et al., 2007), and several studies have confirmed
that dysregulated miRNAs can mediate the interferon system to
regulate viral replication after DENV infection. For example,
expression of Let-7c is upregulated and it has been shown to
have a positive effect on protecting cells from oxidative stress
and inflammation when DENV infects the human hepatoma
cell line Huh-7 and monocyte macrophage line U937-DC-SIGN,
and Let-7c directly targets the Basic Leucine Zipper Transcription
Factor-1 (BACH1; Escalera-Cueto et al., 2015). However, BACH1
inhibited the expression of heme oxygenase-1 (HO-1) and
antioxidant genes involved in oxidative stress response.
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Therefore, the upregulation of Let-7c expression indirectly inhibits
the replication of DENV-2 and DENV-4 in Huh-7 cells through
the modulation of host factors like BACH1 and HO-1. The
research of miRNAs that modulate their expression after DENV
infection in other cell types may give useful clues about the
host molecules that may participate during viral infection (Escalera-
Cueto et al., 2015). Another study showed that the antiviral
effects of HO-1 are related to the recovery of the antiviral IFN
immune response signal pathway and the inhibition of DENV
protease activity by biliverdin, a byproduct of heme degradation
catalyzed by HO-1 (Tseng et al, 2016). A recent study found
that overexpression of miR-155 in Huh-7 cells inhibits virus
replication in vitro (Su et al., 2020). In vivo, overexpression of
miR-155 can protect ICR suckling mice from the threat of DENV
infection, and miR-155 also induces HO-1-mediated antiviral
response by targeting BACH1 (Su et al., 2020). Finally, the HO-1-
mediated inhibition of NS2B/NS3 protease activity enhances
induction of antiviral interferons and inhibits virus replication
(Su et al, 2020). These studies suggest that HO-1 and related
miRNAs can be used as potential therapeutic targets to control
DENV replication. Related studies have shown that miR-155
regulates immune cells, including dendritic cells, B cells, and T
cells, and targets essential molecules involved in regulating the
immune system as well as participating in multiple signaling
pathways, including MAPK, insulin, Wnt, and MAPK/NF-kB
(Pashangzadeh et al., 2021). In view of this, miR-155 may also
play a crucial role in the immune regulation of DENV by targeting
a wide range of pathways across different immune responses.
Zhu et al. (2014) found that expression of miR-30e* is upregulated
in HeLa cells and U937 cells infected by DENV and then activates
the NF-«kB pathway by targeting IKBa, an inhibitor of the innate
immune signaling pathway of the virus 3'-UTR. Thus, it promotes
expression of IFN-B and its downstream genes, such as
oligoadenylate synthase-1 gene (OAS1), myxovirus resistance
protein A gene (MxA), and interferon-induced transmembrane
protein 1 gene (IFITM1), thus inhibiting virus replication (Zhu
et al, 2014). In a previous study on cancer, microRNA-30e *
was also reported to promote human glioma cell invasion in an
orthotropic xenograft model by directly targeting the IxBa 3'-UTR
and suppresses IkBa expression and then disrupting the NF-xB/
IkBa negative feedback loop (Jiang et al,, 2012). This miRNA-
mediated epigenetic regulation may lead to a more efficient and
direct activation of NF-kB in a cascading manner than the
phosphorylation and ubiquitination mediated activation by
IKK-induced phosphorylation. Hence, these studies emphasize
the direct regulation of miR-30e* on NF-kB signaling pathway,
which is an important intracellular nuclear transcription factor
involved in the body’s inflammatory response and immune
response. Another study found that the miR-34 family (including
miR-34a, miR-34c, miR-449a, and miR-449b) has similar natural
regulatory effects in response to a variety of flavivirus infections,
including DENV (Smith et al., 2017). Upregulation of miR-34
family expression inhibits the Wnt signaling pathway, resulting
in the inhibition of phosphorylation of glycogen synthase kinase
3 (GSK3p). GSK3p sends positive feedback to the IFN signal
pathway by interacting with serine kinase TBK1, which promotes
phosphorylation of IRF3 and subsequent transcriptional activation

of IFN-I and other ISGS, thus promoting antiviral response
(Smith et al, 2017). The miR-34 family increases production of
IFN-I and expression of ISGS by inhibiting the Wnt signaling
pathway and thus inhibits virus replication (Smith et al., 2017;
Figure 2). In fact, miR-34a has demonstrated various regulatory
effects on cancer cells by targeting multiple genes and signaling
pathways, and has shown great promise in animal models of
myeloma, hepatocellular carcinoma, lung cancer, and breast cancer
(Misso et al., 2014). It is currently being tested in human trials
on the efficacy of hepatic and hematologic cancers (Misso et al,
2014). These studies highlight the role of miR-34a in the antiviral
response and the possibility that small molecule antagonists in
the Wnt signaling pathway that have been suggested as anticancer
therapies (Dihlmann and von Knebel, 2005) may be important
antiviral targets.

In short, these studies emphasize that miRNA mediates the
regulation of interferon system in immune response by related
target genes, and then triggers the host’s antiviral response.

miRNAs That Inhibit DENV Replication by Regulating
Other Host Factors

The intracellular environment is complex and involves numerous
signaling pathways, which are also crucial for cellular metabolism.
Many miRNAs can also influence viral replication by regulating
cytokines other than immune responses. Diosa-Toro and other
scholars have found another miRNA with antiviral effects, namely,
miR-3614-5p (Diosa-Toro et al., 2017). They found that when
human macrophages were not infected with DENV, expression
of miR-3614-5p was upregulated, and this overexpression reduced
the infectivity of DENV (Diosa-Toro et al., 2017). The researchers
predicted that adenosine deaminase acting on RNA1 (ADARI),
a protein that can promote viral replication, is one of the targets
of miR-3614-5p and proved that ADARI can improve the
infectivity of DENV in the early stages of cell infection with
the virus (Diosa-Toro et al, 2017). This study extends the
knowledge of the contribution of human miRNAs in the
construction of networks of interactions between DENV and
its human host cells. Wu et al. (2014) showed that miR-223
was significantly decreased after infection with DENV-2 in human
endothelial Eahy926 cells and that this overexpression inhibited
the replication of DENV-2. This is because miR-223 downregulates
the expression of STMN1 through the STMN1 gene, a microtubule
instability protein targeting the 3'-UTR of viral RNA, thus
inhibiting virus replication (Wu et al, 2014). STMNI1 is a
microtubule depolymerization protein that is closely related to
the formation of spindle bodies in cell mitosis. Therefore, STMN1
can regulate mitosis and may affect the life cycle of DENV.
However, the exact mechanism of how STMNI affects the
replication of DENV-2 remains to be elucidated.

Ritu Mishra and other scholars have explored the role of
miRNA in mediating the regulation of deubiquitinases in the
host proteasome (Mishra et al, 2019). Ubiquitin-specific
proteinase 42 (USP42) is a deubiquitination enzyme that is
widely expressed in various human tissues (Quesada et al,
2004). USP42 is co-localized with RNA Pol II in the nucleus,
binds with histone H2B, and deubiquitinates H2B. The decrease
in USP42 expression regulates the ubiquitination of H2B and
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FIGURE 2 | Pattern of miR-34 (the black arrow) and miR-424 (the red arrow) that inhibit or promote DENV replication by regulating host factors. (a) The induction of
the innate response by virus infection or other stimuli through pattern recognition/retinoic acid inducible gene | (RIG-I)-like receptors. (b)Viral infection leads to
activation of innate immunity and first induces phosphorylation of TANK-binding kinase 1 (TBK1). (c) This is followed by the phosphorylation or homodimerization of
the interferon regulatory factor 3 (IRF3), (d) and then it translocated into the nucleus, where it induces the transcription of type | Interferons (IFNs) and interferon-
stimulated genes. (e) Meanwhile, the viral infection also activate the Wnt signaling pathway, (f) leading to the repression of the Glycogen synthase kinase 3 beta
(GS3Kp) phosphorylation, and (g) which suppresses the IFN pathway by interacting with TBK1. The intersection between these two pathways suggests that the Wnt
signaling pathway has the ability to modulate the innate inflammatory response. (h) miR-34 can act as an inhibitor of the Wnt signaling pathway to enhance type

I IFN signaling, leading to a cellular antiviral status (Smith et al., 2017). (i) miR-424 suppresses expression of the E3 ubiquitin ligase SIAH1; (j) SIAH1 binds to and
ubiquitinates the innate immune adaptor protein MyD88; (k) SIAH1 knockdown inhibits proteasome-dependent degradation of MyD88; (1) Inhibition of SIAH1
increases MyD88-Mediated NF-kB signaling during DENV2 infection; (m) and further promote the production of the NF-kB-activated proinflammatory cytokines.

inhibits the basic and induced transcription of many promoters
(Hock et al, 2014). DENV infection causes a dose-dependent
downregulation of host DUB-USP42, and the DENV-NS5 gene
alone is enough to cause this downregulation (Mishra et al.,
2019). When NS5 is overexpressed, miR-590 is upregulated in
a dose-dependent manner. Luciferase assay confirmed the direct
regulatory interaction between miR-590 and the 3'-UTR of
USP42 (Mishra et al., 2019). This study showed that DENV
infection upregulates expression of miR-590 in human microglia,
then downregulates expression of host ubiquitinase
protein-USP42, thus inhibiting the replication of DENV (Mishra
et al, 2019). Besides, the regulation of miR- 590 by mimics
and antagonists also affects the expression level of TRAF6, a
major regulator of host inflammatory response (Mishra et al.,
2019). This study provides a new insight for miR-590 to regulate
virus replication by mediating host proteasome. Besides, miR-590
also showed dysregulation in the sera of dengue infected patients

(Ouyang et al., 2016). These results hint us that miR-590 plays
a crucial role in DENV infection, but its exact regulatory
mechanism remains to be elucidated.

Another study found that miR-424 inhibits expression of
E3 ubiquitin ligase SIAH1 by activating unfolded protein
response (UPR) during the infection of HeLa cells by DENV-2
(Murphy Schafer et al., 2020). The downregulation of SIAH1
can inhibit the replication of DENV, which indicates that this
target plays a role in the antiviral activity of miR-424, at least
to a certain extent (Murphy Schafer et al., 2020). SIAH1 binds
to MyD88, an important transducing protein in the TLR
signaling pathway, and ubiquitinates it. Moreover, the antiviral
effect of SIAHI1 is reduced in cells from which MyD88 has
been deleted by CRISPR/Cas9 gene editing (Murphy Schafer
et al, 2020). In addition, in cells in which SIAH1 has been
downregulated by miR-424 or siRNA knockout by SIAHI, the
MyD88-mediated NF-kB signaling pathway is enhanced by
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DENV-2 infection or by imiquimod, a TLR7 ligand (Murphy
Schafer et al., 2020; Figure 2). This study indicates that the
target SIAH1 plays an important role in the antiviral activity
of miR-424 to some extent and hints us that an additional
pathway by which DENV2 harnesses aspects of the UPR to
dampen the host innate immune response and promote
viral replication.

miRNAs That Promote DENV Replication by
Regulating Host Factors

As viruses continue to evolve, they have also gradually evolved
a set of new mechanisms to evade host immune monitoring
or use host factors to promote their own replication. After
viral infection, some dysregulated miRNAs perform a role of
promoting viral replication.

As we know, immune-mediated cytokine storms plays a
vital role in understanding the pathogenesis of dengue fever
(Srikiatkhachorn et al., 2017). DENV infection induces massive
immune activation and the production of high amounts of
proinflammatory cytokines, such as tumor necrosis factor-alpha
(TNF-a) and IFN, which may contribute to the
immunopathogenesis of severe DENV infection, such as DHF/
DSS (Srikiatkhachorn et al., 2017). Wu et al. (2013) found
that expression of miR-146a was significantly upregulated after
DENV-2 infection of human primary monocytes and human
peripheral blood monocytes and that miR-146a inhibits the
production of IFN-f by targeting tumor necrosis factor receptor-
associated factor 6 (TRAF6). Another study found that
Enterovirus 71 upregulates expression of miR-146a through
mediating activator protein 1 (Ho et al, 2014). Moreover,
miR-146a targets interleukin-1 receptor-associated kinase
(IRAK1) and TRAF6 to mediate the TLR signaling pathway
and reduce the production of IFN-I, to escape the immune
attack of the host (Ho et al., 2014). Knockout or neutralization
of virus-induced miR-146a blocks this signaling cascade, restores
IRAK1 and TRAF6 expression, increases IFN-I production,
and thus inhibits viral replication and improves mouse survival
(Ho et al., 2014). This study provides new insight into whether
other viruses also evade host immune defense mechanisms
through similar mechanisms. Pu et al. (2017) confirmed that
miR-146a negatively regulates the autophagy process of A549
cells and THP-1 cells by targeting TRAF6; that is, overexpression
of miR-146a significantly blocks DENV-2 induced autophagy,
whereas the inhibition of miR-146a expression mediated by
locked nuclear acid (LNA) counteracts this effect. Based on
this finding, the miR-146a antagonist may play an essential
role in restoring the production of host IFN and inhibiting
viral replication.

And some cytotoxic molecules, such as perforin and granzymes
may involve in cytokine storms (Mongkolsapaya et al., 2006;
Mathew and Rothman, 2008). Liu et al. (2016) identified the
regulatory role of miR-378 in a serine esterase granzyme B
(Grzb), which can induce target cell death through multiple
pathways, and the protective effects of Grzb in inhibiting DENV
replication in vivo. Expression of miR-27a *, miR-30e, and
miR-378 was downregulated in patients with DENV infection,
and expression of Grzb in natural killer (NK) cells and CD8+

T cells was significantly increased by DENV infection (Liu
et al., 2016). Further studies have shown that the main source
of Grzb is NK cells. miR-378 rather than miR-27a * or miR-30e
inhibits expression of Grzb in NK cells, and overexpression
of miR-378 in DENV-infected mice can inhibit expression of
Grzb and promote the replication of DENV (Liu et al,, 2016).
Previous studies have found that I type IFN stimulation enhanced
the expression of cytolytic molecules by downregulating miRNA-
378 and miR-30e, two kinds of miRNAs with abundant expression,
and thus enhanced the cytotoxicity of human NK cells through
analysis of miNome in human NK cells (Wang et al, 2012).
Therefore, the possibility of miR-378 regulating viral replication
by mediating the interferon system cannot be ruled out.

Finally, miR-927 can promote replication of the virus in
C6/36 mosquito cells during acute and persistent infection
with DENV-2 (Avila-Bonilla et al., 2020). A double luciferase
gene reporter experiment confirmed that Filamin (FLN) is a
direct target of miR-927 and that FLN is essential in actin
rearrangement and related to the regulation of the toll pathway
(Avila-Bonilla et al., 2020). Several studies have demonstrated
that the Toll pathway plays an essential role as an anti-DENV
mechanism in both A. aegypti mosquitoes (Xi et al., 2008;
Luplertlop et al., 2011) and mosquito cells (Sim and Dimopoulos,
2010). Overexpression or downregulation of miR-927 leads to
changes in Cecropin A, G, and Defensin D expression in toll
pathway reactions (Avila-Bonilla et al, 2020). In conclusion,
this study confirmed that miR-927 is an important factor
regulating DENV-2 acute and persistent infection in mosquito
cells, and may regulate innate immune response by inhibiting
FLN to promote DENV infection, thereby performing a pro-viral
activity (Avila-Bonilla et al, 2020). Relevant miRNAs are
summarized in Table 2.

In conclusion, these findings highlight opportunities to use
miRNAs as tools for discovering and describing the unique
cytokines involved in promoting or limiting viral replication,
which will open up new avenues for antiviral research. The
feasibility of miRNA-based treatments for DENV is worthy of
further study.

miRNAs Can Be Used as Diagnostic
Markers

Nowadays, a series of studies has revealed that miRNAs can
be used as biomarkers in the diagnosis of some diseases. For
example, miR-486-5p (Tian et al, 2019) and miR-200a-3p
(Di et al., 2020) have been identified as potential diagnostic
and prognostic markers for lung cancer and colorectal cancer,
respectively. In addition, several miRNAs related to cardiac
metabolism have been found that can participate in lipid
metabolism and can be regarded as potential biomarkers for
the early diagnosis or progress of type II diabetes and coronary
heart disease (Mens et al., 2020). Dynamic changes in serum
miR-122 and its content at weeks 12 and 24 can be used as
independent predictors of virologic response in patients with
chronic hepatitis B with high viral loads being treated with
nucleoside analogues (Wu et al., 2019). Chen et al. (2014)
revealed the relationship between miR-150 and suppressors
of cytokine signaling (SOCS1) in DENV-2 infection of peripheral
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TABLE 2 | microRNAs that inhibit or promote dengue virus (DENV) replication by regulating host factors.

miRNA Experimental model Target Effects References

Let-7c Huh-7, U937-DC-SIGN BACH1 Inhibit Escalera-Cueto et al., 2015;
Tseng et al., 2016

miR-155 Huh-7 BACH1 Inhibit Su et al., 2020

miR-30e* Hela, U937, PBMCs kB Inhibit Zhu et al., 2014

miR-34 family HelLa Whnt pathway Inhibit Smith et al., 2017

miR-3,614-5p Primary human macrophage ADART mRNA Inhibit Diosa-Toro et al., 2017

miR-223 EAhy926 cells STMN1 mRNA Inhibit Wu et al., 2014

miR-590 Human microglia cells USP42 Inhibit Mishra et al., 2019

miR-424 Hela SIAH1 Inhibit Murphy Schafer et al., 2020

miR-146a Primary human monocytes and THPI cells TRAF6 Promote Wu et al., 2013

miR-378 Human NK cells Gzmb in NK cells Promote Liu et al., 2016

miR-927 C6/36 FLN Promote Avila-Bonilla et al., 2020

blood mononuclear cells (PBMCs). In this study, expression
of SOCS1 and gamma interferon (IFN-vy), an antiviral, antitumor,
and immunoregulatory agent, was significantly reduced in
monocytes of DHF patients. Moreover, 24 h after infection
of PBMCs with DENV-2, increased SOCS1 expression and
decreased miR-150 expression were detected. When miR-150
simulators were transfected into CD14(+) cells infected with
DENV-2, it inhibited the induction of SOCS1 expression in
a dose-dependent manner (Chen et al, 2014). This study
emphasized that the upregulation of miR-150 expression in
CD14(+) cells is related to the downregulation of SOCS1
expression, and the pathogenesis of DHF and miR-150 may
serve as a potential biomarker (Chen et al., 2014). Another
study investigated some dysregulated miRNAs in 20 patients
with dengue fever and 20 patients with severe dengue fever.
It was found that the expression of miR-150 in peripheral
blood cells of patients with severe dengue fever was significantly
higher than that of patients with dengue fever, and miR-150
could target zeste homolog 2 enhancer (EZH2; Hapugaswatta
et al,, 2020), a factor which is involved in the induction of
multiple inflammatory, stress, and antipathogen pathways
(Arbuckle et al., 2017). Therefore, in the early stage of dengue
infection, the differential expression of miR-150 and EZH2
may be serve as reliable biomarkers of disease severity.
Furthermore, in a recent study, high-throughput sequencing
of RNA from plasma samples of 39 dengue patients revealed
that circulating microRNAs could distinguish different stages
of dengue disease, so they have the potential to serve as a
marker for dengue disease progression (Saini et al., 2020).

Limitations of Research on

DENV-Associated miRNAs

Taken together, we summarized the existing relationship between
cellular miRNAs and viral infection, miRNAs can not only
directly target the viral genome to regulate the life cycle of
the virus, but also mediate host innate and adaptive immune
processes by regulating various host factors, which may closely
be related to the incidence and severity of dengue fever. Although
growing evidence has demonstrated the association between
cellular miRNAs and viral infection and some miRNAs involved
in inflammatory response has been described, these studies

have mainly focused on cell models and little is known about
the relationship between miRNAs and the pathogenesis of DHF.
A recent study sequenced miRNomes from six deaths and
compared them with five controls to characterize microRNAs
expression profiles in human liver tissue during DHF (de
Oliveira et al, 2021). Eight microRNAs were found to
be differentially expressed, including endothelial cell regulatory
molecule miR-126-5p, liver specific homeostasis regulator
miR-122-5p, and interferon regulator miR-146a-5p. Enrichment
analysis with predicted target genes of microRNAs revealed
regulatory pathways of apoptosis, involving MAPK, RAS, CDK,
and FAS (de Oliveira et al,, 2021). Immune response pathways
were related to NF-kB, CC and CX families, IL, and TLR.
This is the first description of the human microRNA and
isomicroRNA profile in liver tissues from DHF cases and the
results demonstrated the association of miR-126-5p, miR-122-5p,
and miR-146a-5p with DHF liver pathogenesis, involving
endothelial repair and vascular permeability regulation, control
of homeostasis, and expression of inflammatory cytokines (de
Oliveira et al., 2021). However, in clinical treatment, tissue
samples are not readily available, and it is desirable to study
the relationship between miRNA and the pathogenesis of DENV
infection and DHF in serum or blood samples. Above, we referred
to enhanced miR-150 expression is associated with depressed
SOCS1 expression involved in DHF (Chen et al, 2014) and
we have discussed how differential expression of miRNAs in
blood samples in clinical patients can be used to distinguish
between the severity of dengue patients (Tambyah et al., 2016),
and dysregulated miRNAs in serum samples may mediate
inflammatory responses and cell proliferation (Ouyang et al.,
2016), which expands our understanding of the pathogenesis
of miRNAs and DHF in vivo studies.

Existing research has shown that serum miRNAs have
many innate advantages: they exist widely in eukaryotes and
are highly conserved and it is only expressed in specific
tissues and is tissue specific; miRNA has specific expression
in different growth and development stages of cells, which
has a time sequence. Besides, the expression of miRNA was
inhibited at the level of protein translation, so the change
of miRNA in disease was earlier than that of protein markers
(Brase et al., 2010). The above characteristics make miRNAs
have the potential to become a new disease detection marker.
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At present, the detection of serum miRNA is still in the
early stage of research, and there are several problems as
follows: the detection method is complicated, and the price
is relatively expensive, which is not conducive to extensive
clinical application. In addition, the detection of serum miRNAs
needs to be standardized and the reference range of serum
miRNA as disease-related markers needs further demonstration.
Finally, the sample size of clinical trials is generally small,
and there is a lack of long-term follow-up data (Brase et al.,
2010). Furthermore, secreted miRNAs, especially those in
Extracellular Vesicles (EVs) such as exosomes, may mediate
paracrine and endocrine communication between different
tissues and thus modulate gene expression and the function
of distal cells (Mori et al., 2019).

SUMMARY

Several studies have shown that miRNA plays an important
role in DENV infection. However, studies of the targets of
miRNAs and the regulatory network associated with the host
or viral genome transcriptome of miRNA are still limited, and
descriptions of the relevant signaling pathways of miRNA in
DENV infection, replication, and host immunity are lacking.
At present, some researchers are trying to develop more scientific
and accurate methods of predicting miRNA targets (Quillet
et al., 2019) and to integrate multiple regulatory networks to
predict the function of miRNA (Deng et al.,, 2019), but these
studies are far from sufficient. Moreover, because of the lack
of suitable animal models for studying DENV infection, the
functions of many host factors still need to be evaluated in vivo.
One biological characteristic of miRNA is that it can target
multiple mRNAs, so the pathophysiological effects observed

REFERENCES

Anasir, M. I, Ramanathan, B., and Poh, C. L. (2020). Structure-based design
of antivirals against envelope glycoprotein of dengue virus. Viruses 12:367.
doi: 10.3390/v12040367

Arbuckle, J. H., Gardina, P. J., Gordon, D. N., Hickman, H. D., Yewdell, J. W.,
Pierson, T. C., et al. (2017). Inhibitors of the histone methyltransferases
EZH2/1 induce a potent antiviral state and suppress infection by diverse
viral pathogens. MBio 8, e01141-e01117. doi: 10.1128/mBi0.01141-17

Avila-Bonilla, R. G., Yocupicio-Monroy, M., Marchat, L. A., Pérez-Ishiwara, D. G.,
Cerecedo-Mercado, D. A., Del Angel, R. M., et al. (2020). miR-927 has pro-
viral effects during acute and persistent infection with dengue virus type 2 in
C6/36 mosquito cells. J. Gen. Virol. 101, 825-839. doi: 10.1099/jgv.0.001441

Bandiera, S., Pfeffer, S., Baumert, T. E, and Zeisel, M. B. (2015). miR-122--a
key factor and therapeutic target in liver disease. J. Hepatol. 62, 448-457.
doi: 10.1016/j.jhep.2014.10.004

Barbu, M. G., Condrat, C. E., Thompson, D. C., Bugnar, O. L., Cretoiu, D,,
Toader, O. D., et al. (2020). MicroRNA involvement in signaling pathways
during viral infection. Front. Cell Dev. Biol. 8:143. doi: 10.3389/fcell.2020.00143

Bartel, D. P. (2004). microRNAs: genomics, biogenesis, mechanism, and function.
Cell 116, 281-297. doi: 10.1016/S0092-8674(04)00045-5

Boehm, M., and Slack, F. (2005). A developmental timing microRNA and its
target regulate life span in C. elegans. Science 310, 1954-1957. doi: 10.1126/
science.1115596

Bohnsack, M. T., Czaplinski, K., and Gorlich, D. (2004). Exportin 5 is a
RanGTP-dependent dsRNA-binding protein that mediates nuclear export of
pre-miRNAs. RNA 10, 185-191. doi: 10.1261/rna.5167604

by regulating miRNA expression may be related to subtle
changes in the mRNA levels of different targets (Nguyen et al.,
2018). Meanwhile, each mRNA molecule may contain several
or even dozens of potential miRNA targets, so the specificity
of miRNA inhibition on target genes requires further study,
and accurate means of evaluating the miRNA genome
transcriptome should be developed. In addition, because miRNA
may be the main factor regulating disease and inflammation,
the improper design of miRNA operations may have unexpected
side effects, so it is necessary to develop excellent vectors to
precisely limit the release of miRNA mimics and inhibitors
to infected and inflammatory tissue (Nguyen et al, 2018).
Moreover, abnormal expression of miRNA may lead to innate
immune and adaptive immune deregulation, resulting in failure
to resist invasive pathogens and autoimmune diseases (Lee
et al., 2014), which have negative impacts on host health. In
conclusion, in-depth understanding of miRNAs and miRNA-
mediated signaling pathways in DENV replication and pathology
will provide insights for the development of targeted drugs.

AUTHOR CONTRIBUTIONS

YS, TL, and CL: literature search. YS, TL, CL, and CC: figures.
XH and XJ: study design. YS: writing. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was supported by the Scientific Research Foundation
of Fuzhou University (GXRC-19025) and Research Fund of
Fujian Provincial Department of Finance (202102).

Brase, J. C., Wuttig, D., Kuner, R., and Siiltmann, H. (2010). Serum microRNAs
as non-invasive biomarkers for cancer. Mol. Cancer 9:306. doi:
10.1186/1476-4598-9-306

Brennecke, J., Hipfner, D. R., Stark, A., Russell, R. B., and Cohen, S. M. (2003).
Bantam encodes a developmentally regulated microRNA that controls cell
proliferation and regulates the proapoptotic gene hid in drosophila. Cell
113, 25-36. doi: 10.1016/S0092-8674(03)00231-9

Bushati, N., and Cohen, S. M. (2007). microRNA functions. Annu. Rev. Cell
Dev. Biol. 23, 175-205. doi: 10.1146/annurev.cellbio.23.090506.123406

Castel, S. E., and Martienssen, R. A. (2013). RNA interference in the nucleus:
roles for small RNAs in transcription, epigenetics and beyond. Nat. Rev.
Genet. 14, 100-112. doi: 10.1038/nrg3355

Castillo, J. A., Castrillon, J. C., Diosa-Toro, M., Betancur, J. G., St Laurent, G.
3rd. Smit, J. M., et al. (2016). Complex interaction between dengue virus
replication and expression of miRNA-133a. BMC Infect. Dis. 16:29. doi:
10.1186/512879-016-1364-y

Castrillon-Betancur, J. C., and Urcuqui-Inchima, S. (2017). Overexpression
of miR-484 and miR-744 in Vero cells alters dengue virus replication.
Mem. Inst. Oswaldo Cruz 112, 281-291. doi: 10.1590/0074-0276016
0404

Catalanotto, C., Cogoni, C., and Zardo, G. (2016). MicroRNA in control of
gene expression: an overview of nuclear functions. Int. J. Mol. Sci. 17:1712.
doi: 10.3390/ijms17101712

Chao, C. H,, Wu, W. C, Lai, Y. C, Tsai, P. ], Perng, G. C,, Lin, Y. S, et al.
(2019). Dengue virus nonstructural protein 1 activates platelets via toll-like
receptor 4, leading to thrombocytopenia and hemorrhage. PLoS Pathog.
15:e1007625. doi: 10.1371/journal.ppat.1007625

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 714409


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.3390/v12040367
https://doi.org/10.1128/mBio.01141-17
https://doi.org/10.1099/jgv.0.001441
https://doi.org/10.1016/j.jhep.2014.10.004
https://doi.org/10.3389/fcell.2020.00143
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1126/science.1115596
https://doi.org/10.1126/science.1115596
https://doi.org/10.1261/rna.5167604
https://doi.org/10.1186/1476-4598-9-306
https://doi.org/10.1016/S0092-8674(03)00231-9
https://doi.org/10.1146/annurev.cellbio.23.090506.123406
https://doi.org/10.1038/nrg3355
https://doi.org/10.1186/s12879-016-1364-y
https://doi.org/10.1590/0074-02760160404
https://doi.org/10.1590/0074-02760160404
https://doi.org/10.3390/ijms17101712
https://doi.org/10.1371/journal.ppat.1007625

Suetal.

microRNAs in DENV

Chen, Y., Maguire, T., Hileman, R. E., Fromm, J. R, Esko, J. D,, Linhardt, R. .,
et al. (1997). Dengue virus infectivity depends on envelope protein binding
to target cell heparan sulfate. Nat. Med. 3, 866-871. doi: 10.1038/nm0897-866

Chen, R. E, Yang, K. D., Lee, I. K., Liu, J. W,, Huang, C. H,, Lin, C. Y,, et al.
(2014). Augmented miR-150 expression associated with depressed SOCS1
expression involved in dengue haemorrhagic fever. J. Inf. Secur. 69, 366-374.
doi: 10.1016/j.jinf.2014.05.013

Clark, I. A. (2007). The advent of the cytokine storm. Immunol. Cell Biol. 85,
271-273. doi: 10.1038/sj.icb.7100062

Cullen, B. R. (2006). Is RNA interference involved in intrinsic antiviral immunity
in mammals? Nat. Immunol. 7, 563-567. doi: 10.1038/ni1352

Deng, L., Wang, ], and Zhang, J. (2019). Predicting gene ontology function
of human microRNAs by integrating multiple networks. Front. Genet. 10:3.
doi: 10.3389/fgene.2019.00003

de Oliveira, L. F, de Andrade, A. A. S., Pagliari, C., de Carvalho, L. V,
Silveira, T. S., Cardoso, J. E, et al. (2021). Differential expression analysis
and profiling of hepatic miRNA and isomiRNA in dengue hemorrhagic
fever. Sci. Rep. 11:5554. doi: 10.1038/s41598-020-72892-w

Di, Z., Di, M., Fu, W,, Tang, Q., Liu, Y., Lei, P, et al. (2020). Integrated
analysis identifies a nine-microRNA signature biomarker for diagnosis and
prognosis in colorectal Front. Genet. 11:192. doi: 10.3389/
fgene.2020.00192

Diamond, M. S., and Pierson, T. C. (2015). Molecular insight into dengue
virus pathogenesis and its implications for disease control. Cell 162, 488-492.
doi: 10.1016/j.cell.2015.07.005

Dihlmann, S., and von Knebel, D. M. (2005). Wnt/beta-catenin-pathway as a
molecular target for future anti-cancer therapeutics. Int. J. Cancer 113,
515-524. doi: 10.1002/ijc.20609

Diosa-Toro, M., Echavarria-Consuegra, L., Flipse, J., Fernandez, G. J., Kluiver, J.,
van den Berg, A, et al. (2017). MicroRNA profiling of human primary
macrophages exposed to dengue virus identifies miRNA-3614-5p as antiviral
and regulator of ADARI expression. PLoS Negl. Trop. Dis. 11:¢0005981. doi:
10.1371/journal.pntd.0005981

Dowdy, S. E (2017). Overcoming cellular barriers for RNA therapeutics. Nat.
Biotechnol. 35, 222-229. doi: 10.1038/nbt.3802

Escalera-Cueto, M., Medina-Martinez, 1., del Angel, R. M., Berumen-Campos, J.,
Gutiérrez-Escolano, A. L., and Yocupicio-Monroy, M. (2015). Let-7c
overexpression inhibits dengue virus replication in human hepatoma Huh-7
cells. Virus Res. 196, 105-112. doi: 10.1016/j.virusres.2014.11.010

Fang, S., Wu, Y,, Wu, N,, Zhang, J., and An, J. (2013). Recent advances in DENV
receptors. TheScientificWorldJOURNAL 2013:684690. doi: 10.1155/2013/684690

Filipowicz, W., Bhattacharyya, S. N., and Sonenberg, N. (2008). Mechanisms
of post-transcriptional regulation by microRNAs: are the answers in sight?
Nat. Rev. Genet. 9, 102-114. doi: 10.1038/nrg2290

Filipowicz, W., and Grosshans, H. (2011). The liver-specific microRNA miR-122:
biology and therapeutic potential. Prog. Drug Res. 67, 221-238. doi:
10.1007/978-3-7643-8989-5_11

Gebhard, L. G., Filomatori, C. V,, and Gamarnik, A. V. (2011). Functional
RNA elements in the dengue virus genome. Viruses 3, 1739-1756. doi:
10.3390/v3091739

Giraldez, A. J., Cinalli, R. M., Glasner, M. E., Enright, A. J., Thomson, J. M.,
Baskerville, S., et al. (2005). microRNAs regulate brain morphogenesis in
zebrafish. Science 308, 833-838. doi: 10.1126/science.1109020

Halstead, S. B. (1982). Immune enhancement of viral infection. Prog. Allergy
31, 301-364.

Hapugaswatta, H., Amarasena, P, Premaratna, R, Seneviratne, K. N., and
Jayathilaka, N. (2020). Differential expression of microRNA, miR-150 and
enhancer of zeste homolog 2 (EZH2) in peripheral blood cells as early
prognostic markers of severe forms of dengue. J. Biomed. Sci. 27:25. doi:
10.1186/512929-020-0620-z

Ho, B. C, Yu, L. S, Lu, L. E, Rudensky, A., Chen, H. Y,, Tsai, C. W, et al. (2014).
Inhibition of miR-146a prevents enterovirus-induced death by restoring the
production of type I interferon. Nat. Commun. 5:3344. doi: 10.1038/ncomms4344

Hock, A. K., Vigneron, A. M., and Vousden, K. H. (2014). Ubiquitin-specific
peptidase 42 (USP42) functions to deubiquitylate histones and regulate
transcriptional activity. J. Biol. Chem. 289, 34862-34870. doi: 10.1074/jbc.
M114.589267

Hu, H., He, X., Zhang, Y., Wu, R, Chen, J,, Lin, Y., et al. (2020). MicroRNA
alterations for diagnosis, prognosis, and treatment of osteoporosis: A

cancer.

comprehensive review and computational functional survey. Front. Genet.
11:181. doi: 10.3389/fgene.2020.00181

Janssen, H. L., Reesink, H. W,, Lawitz, E. ]., Zeuzem, S., Rodriguez-Torres, M.,
Patel, K., et al. (2013). Treatment of HCV infection by targeting microRNA.
N. Engl. ]. Med. 368, 1685-1694. doi: 10.1056/NEJMoal209026

Jiang, L., Lin, C., Song, L., Wu, J., Chen, B., Ying, Z., et al. (2012). MicroRNA-30¢e*
promotes human glioma cell invasiveness in an orthotopic xenotransplantation
model by disrupting the NF-kB/IkBa negative feedback loop. J. Clin. Invest.
122, 33-47. doi: 10.1172/JCI58849

Kanokudom, S., Vilaivan, T., Wikan, N., Thepparit, C., Smith, D. R., and
Assavalapsakul, W. (2017). miR-21 promotes dengue virus serotype 2 replication
in HepG2 cells. Antivir. Res. 142, 169-177. doi: 10.1016/j.antiviral.2017.03.020

Klema, V. J., Ye, M., Hindupur, A., Teramoto, T., Gottipati, K., Padmanabhan, R.,
et al. (2016). Dengue virus nonstructural protein 5 (NS5) assembles into
a dimer with a unique Methyltransferase and polymerase Interface. PLoS
Pathog. 12:e1005451. doi: 10.1371/journal.ppat.1005451

Knight, S. W,, and Bass, B. L. (2001). A role for the RNase III enzyme DCR-1 in
RNA interference and germ line development in Caenorhabditis elegans.
Science 293, 2269-2271. doi: 10.1126/science.1062039

Koonin, E. V. (1991). The phylogeny of RNA-dependent RNA polymerases of
positive-strand RNA  viruses. J. Gen. Virol. 72, 2197-2206. doi:
10.1099/0022-1317-72-9-2197

Krol, J., Loedige, I, and Filipowicz, W. (2010). The widespread regulation of
microRNA biogenesis, function and decay. Nat. Rev. Genet. 11, 597-610.
doi: 10.1038/nrg2843

Lambrechts, L., Scott, T. W,, and Gubler, D. J. (2010). Consequences of the
expanding global distribution of Aedes albopictus for dengue virus transmission.
PLoS Negl. Trop. Dis. 4:¢646. doi: 10.1371/journal.pntd.0000646

Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., et al. (2003). The nuclear
RNase III Drosha initiates microRNA processing. Nature 425, 415-419. doi:
10.1038/nature01957

Lee, Y., Kim, M., Han, J., Yeom, K. H., Lee, S., Baek, S. H., et al. (2004).
MicroRNA genes are transcribed by RNA polymerase II. EMBO J. 23,
4051-4060. doi: 10.1038/sj.emboj.7600385

Lee, H. M., Nguyen, D. T, and Lu, L. E (2014). Progress and challenge of
microRNA research in immunity. Front. Genet. 5:178. doi: 10.3389/
fgene.2014.00178

Lee, Y. R, Yeh, S. E, Ruan, X. M., Zhang, H., Hsu, S. D., Huang, H. D,, et al.
(2017). Honeysuckle aqueous extract and induced let-7a suppress dengue
virus type 2 replication and pathogenesis. J. Ethnopharmacol. 198, 109-121.
doi: 10.1016/j.jep.2016.12.049

Liu, S, Chen, L., Zeng, Y., Si, L., Guo, X., Zhou, ], et al. (2016). Suppressed
expression of miR-378 targeting gzmb in NK cells is required to control
dengue virus infection. Cell. Mol. Immunol. 13, 700-708. doi: 10.1038/cmi.2015.52

Lodeiro, M. F, Filomatori, C. V., and Gamarnik, A. V. (2009). Structural and
functional studies of the promoter element for dengue virus RNA replication.
J. Virol. 83, 993-1008. doi: 10.1128/JV1.01647-08

Luplertlop, N., Surasombatpattana, P, Patramool, S. Dumas, E,
Wasinpiyamongkol, L., Saune, L., et al. (2011). Induction of a peptide with
activity against a broad spectrum of pathogens in the Aedes aegypti salivary
gland, following infection with dengue virus. PLoS Pathog. 7:¢1001252. doi:
10.1371/journal.ppat.1001252

Malone, C. D.,, and Hannon, G. J. (2009). Small RNAs as guardians of the
genome. Cell 136, 656-668. doi: 10.1016/j.cell.2009.01.045

Manzano, M., Reichert, E. D., Polo, S., Falgout, B., Kasprzak, W., Shapiro, B. A,,
et al. (2011). Identification of cis-acting elements in the 3'-untranslated
region of the dengue virus type 2 RNA that modulate translation and
replication. J. Biol. Chem. 286, 22521-22534. doi: 10.1074/jbc.M111.234302

Mathew, A., and Rothman, A. L. (2008). Understanding the contribution of
cellular immunity to dengue disease pathogenesis. Immunol. Rev. 225,
300-313. doi: 10.1111/j.1600-065X.2008.00678.x

Mens, M. M. ], Maas, S. C. E, Klap, J, Weverling, G. ], Klatser, P,
Brakenhoff, J. P. J., et al. (2020). Multi-omics analysis reveals microRNAs
associated with cardiometabolic traits. Front. Genet. 11:110. doi: 10.3389/
fgene.2020.00110

Miller, J. L., de Wet, B. J., Martinez-Pomares, L., Radcliffe, C. M., Dwek, R. A.,
Rudd, P. M., et al. (2008). The mannose receptor mediates dengue virus
infection of macrophages. PLoS Pathog. 4:e17. doi: 10.1371/annotation/98b92fca-
fa6e-4bf3-9b39-13b66b640476

Frontiers in Microbiology | www.frontiersin.org

11

August 2021 | Volume 12 | Article 714409


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/nm0897-866
https://doi.org/10.1016/j.jinf.2014.05.013
https://doi.org/10.1038/sj.icb.7100062
https://doi.org/10.1038/ni1352
https://doi.org/10.3389/fgene.2019.00003
https://doi.org/10.1038/s41598-020-72892-w
https://doi.org/10.3389/fgene.2020.00192
https://doi.org/10.3389/fgene.2020.00192
https://doi.org/10.1016/j.cell.2015.07.005
https://doi.org/10.1002/ijc.20609
https://doi.org/10.1371/journal.pntd.0005981
https://doi.org/10.1038/nbt.3802
https://doi.org/10.1016/j.virusres.2014.11.010
https://doi.org/10.1155/2013/684690
https://doi.org/10.1038/nrg2290
https://doi.org/10.1007/978-3-7643-8989-5_11
https://doi.org/10.3390/v3091739
https://doi.org/10.1126/science.1109020
https://doi.org/10.1186/s12929-020-0620-z
https://doi.org/10.1038/ncomms4344
https://doi.org/10.1074/jbc.M114.589267
https://doi.org/10.1074/jbc.M114.589267
https://doi.org/10.3389/fgene.2020.00181
https://doi.org/10.1056/NEJMoa1209026
https://doi.org/10.1172/JCI58849
https://doi.org/10.1016/j.antiviral.2017.03.020
https://doi.org/10.1371/journal.ppat.1005451
https://doi.org/10.1126/science.1062039
https://doi.org/10.1099/0022-1317-72-9-2197
https://doi.org/10.1038/nrg2843
https://doi.org/10.1371/journal.pntd.0000646
https://doi.org/10.1038/nature01957
https://doi.org/10.1038/sj.emboj.7600385
https://doi.org/10.3389/fgene.2014.00178
https://doi.org/10.3389/fgene.2014.00178
https://doi.org/10.1016/j.jep.2016.12.049
https://doi.org/10.1038/cmi.2015.52
https://doi.org/10.1128/JVI.01647-08
https://doi.org/10.1371/journal.ppat.1001252
https://doi.org/10.1016/j.cell.2009.01.045
https://doi.org/10.1074/jbc.M111.234302
https://doi.org/10.1111/j.1600-065X.2008.00678.x
https://doi.org/10.3389/fgene.2020.00110
https://doi.org/10.3389/fgene.2020.00110
https://doi.org/10.1371/annotation/98b92fca-fa6e-4bf3-9b39-13b66b640476
https://doi.org/10.1371/annotation/98b92fca-fa6e-4bf3-9b39-13b66b640476

Suetal.

microRNAs in DENV

Miranda, K. C.,, Huynh, T,, Tay, Y., Ang, Y. S.,, Tam, W. L., Thomson, A. M.,
et al. (2006). A pattern-based method for the identification of MicroRNA
binding sites and their corresponding heteroduplexes. Cell 126, 1203-1217.
doi: 10.1016/j.cell.2006.07.031

Mishra, R., Sood, V., and Banerjea, A. C. (2019). Dengue NS5 modulates
expression of miR-590 to regulate ubiquitin-specific peptidase 42 in human
microglia. FASEB Bioadv. 1, 265-278. doi: 10.1096/fba.2018-00047

Misso, G., Di Martino, M. T., De Rosa, G., Farooqi, A. A., Lombardi, A.,
Campani, V., et al. (2014). Mir-34: a new weapon against cancer? Mol.
Ther. Nucleic Acids. 3:e194. doi: 10.1038/mtna.2014.47

Modis, Y., Ogata, S., Clements, D., and Harrison, S. C. (2004). Structure of
the dengue virus envelope protein after membrane fusion. Nature 427,
313-319. doi: 10.1038/nature02165

Mongkolsapaya, ], Dejnirattisai, W, Xu, X. N, Vasanawathana, §.,
Tangthawornchaikul, N., Chairunsri, A., et al. (2003). Original antigenic
sin and apoptosis in the pathogenesis of dengue hemorrhagic fever. Nat.
Med. 9, 921-927. doi: 10.1038/nm887

Mongkolsapaya, J., Duangchinda, T., Dejnirattisai, W., Vasanawathana, S.,
Avirutnan, P, Jairungsri, A., et al. (2006). T cell responses in dengue
hemorrhagic fever: are cross-reactive T cells suboptimal? J. Immunol. 176,
3821-3829. doi: 10.4049/jimmunol.176.6.3821

Mori, M. A., Ludwig, R. G., Garcia-Martin, R., Brandao, B. B., and Kahn, C. R.
(2019). Extracellular miRNAs: From biomarkers to mediators of physiology
and disease. Cell Metab. 30, 656-673. doi: 10.1016/j.cmet.2019.07.011

Muller, D. A., and Young, P. R. (2013). The flavivirus NS1 protein: molecular
and structural biology, immunology, role in pathogenesis and application
as a diagnostic biomarker. Antivir. Res. 98, 192-208. doi: 10.1016/j.
antiviral.2013.03.008

Murphy Schafer, A. R., Smith, J. L., Pryke, K. M., DeFilippis, V. R., and
Hirsch, A. J. (2020). The E3 ubiquitin ligase SIAHI1 targets MyD88 for
proteasomal degradation during dengue virus infection. Front. Microbiol.
11:24. doi: 10.3389/fmicb.2020.00024

Nasirudeen, A. M., Wong, H. H., Thien, P, Xu, S., Lam, K. P, and Liu, D. X.
(2011). RIG-I, MDAS5 and TLR3 synergistically play an important role in
restriction of dengue virus infection. PLoS Negl. Trop. Dis. 5:¢926. doi:
10.1371/journal.pntd.0000926

Nguyen, T. H,, Liu, X,, Su, Z. Z,, Hsu, A. C,, Foster, P. S., and Yang, M.
(2018). Potential role of microRNAs in the regulation of antiviral responses
to influenza infection. Front. Immunol. 9:1541. doi: 10.3389/fimmu.2018.01541

Ouyang, X., Jiang, X., Gu, D., Zhang, Y., Kong, S. K., Jiang, C., et al. (2016).
Dysregulated serum MiRNA profile and promising biomarkers in dengue-
infected patients. Int. J. Med. Sci. 13, 195-205. doi: 10.7150/ijms.13996

Pashangzadeh, S., Motallebnezhad, M., Vafashoar, F, Khalvandi, A., and
Mojtabavi, N. (2021). Implications the role of miR-155 in the pathogenesis
of autoimmune diseases. Front. Immunol. 12:669382. doi: 10.3389/
fimmu.2021.669382

Pedersen, I. M., Cheng, G., Wieland, S., Volinia, S., Croce, C. M., Chisari, E V,,
et al. (2007). Interferon modulation of cellular microRNAs as an antiviral
mechanism. Nature 449, 919-922. doi: 10.1038/nature06205

Perera, R., and Kuhn, R. J. (2008). Structural proteomics of dengue virus.
Curr. Opin. Microbiol. 11, 369-377. doi: 10.1016/j.mib.2008.06.004

Perera-Lecoin, M., Meertens, L., Carnec, X., and Amara, A. (2013). Flavivirus
entry receptors: an update. Viruses 6, 69-88. doi: 10.3390/v6010069

Pu, ], Wu, S, Xie, H,, Li, Y., Yang, Z., Wu, X,, et al. (2017). miR-146a inhibits
dengue-virus-induced autophagy by targeting TRAF6. Arch. Virol. 162,
3645-3659. doi: 10.1007/s00705-017-3516-9

Puerta-Guardo, H., Glasner, D. R, and Harris, E. (2016). Dengue virus NSI1
disrupts the endothelial Glycocalyx, leading to hyperpermeability. PLoS
Pathog. 12:e1005738. doi: 10.1371/journal.ppat.1005738

Quesada, V., Diaz-Perales, A., Gutiérrez-Ferndndez, A., Garabaya, C., Cal, S,
and Lopez-Otin, C. (2004). Cloning and enzymatic analysis of 22 novel
human ubiquitin-specific proteases. Biochem. Biophys. Res. Commun. 314,
54-62. doi: 10.1016/j.bbrc.2003.12.050

Quillet, A., Saad, C., Ferry, G., Anouar, Y., Vergne, N., Lecrog, T, et al. (2019).
Improving bioinformatics prediction of microRNA targets by ranks aggregation.
Front. Genet. 10:1330. doi: 10.3389/fgene.2019.01330

Saini, J., Bandyopadhyay, B., Pandey, A. D., Ramachandran, V. G., Das, S.,
Sood, V., et al. (2020). High-throughput RNA sequencing analysis of plasma
samples reveals circulating microRNA signatures with biomarker potential

in dengue disease progression. mSystems 5, €00724-e00720. doi: 10.1128/
mSystems.00724-20

Schoggins, . W, Dorner, M., Feulner, M., Imanaka, N., Murphy, M. Y., Ploss, A.,
et al. (2012). Dengue reporter viruses reveal viral dynamics in interferon
receptor-deficient mice and sensitivity to interferon effectors in vitro. Proc.
Natl. Acad. Sci. U. S. A. 109, 14610-14615. doi: 10.1073/pnas.1212379109

Sim, S., and Dimopoulos, G. (2010). Dengue virus inhibits immune responses
in Aedes aegypti cells. PLoS One 5:¢10678. doi: 10.1371/journal.pone.0010678

Smith, J. L., Jeng, S., McWeeney, S. K., and Hirsch, A. J. (2017). A MicroRNA
screen identifies the Wnt Signaling pathway as a regulator of the interferon
response during Flavivirus infection. J. Virol. 91, €02388-¢02316. doi: 10.1128/
JVI1.02388-16

Srikiatkhachorn, A., Mathew, A., and Rothman, A. L. (2017). Immune-mediated
cytokine storm and its role in severe dengue. Semin. Immunopathol. 39,
563-574. doi: 10.1007/s00281-017-0625-1

Stacey, K. J., Watterson, D., Modhiran, N., and Young, P. R. (2015). Response
to comment on “dengue virus NS1 protein activates cells via toll-like receptor
4 and disrupts endothelial cell monolayer integrity” and “dengue virus NS1
triggers endothelial permeability and vascular leak that is prevented by NS1
vaccination” Sci. Transl. Med. 7:318Ir314. doi: 10.1126/scitranslmed.aad8657

Su, Y. C, Huang, Y. E, Wu, Y. W, Chen, H. E, Wu, Y. H,, Hsu, C. C,, et al.
(2020). MicroRNA-155 inhibits dengue virus replication by inducing heme
oxygenase-1-mediated antiviral interferon responses. FASEB J. 34, 7283-7294.
doi: 10.1096/1].201902878R

Tambyah, P. A., Ching, C. S., Sepramaniam, S., Ali, J. M., Armugam, A., and
Jeyaseelan, K. (2016). microRNA expression in blood of dengue patients.
Ann. Clin. Biochem. 53, 466-476. doi: 10.1177/0004563215604001

Tassaneetrithep, B., Burgess, T. H., Granelli-Piperno, A., Trumptheller, C.,
Finke, J., Sun, W, et al. (2003). DC-SIGN (CD209) mediates dengue virus
infection of human dendritic cells. J. Exp. Med. 197, 823-829. doi: 10.1084/
jem.20021840

Tian, Y., Chen, W,, Yang, Y., Xu, X., Zhang, J., Wang, J., et al. (2013). Identification
of B cell epitopes of dengue virus 2 NS3 protein by monoclonal antibody.
Appl. Microbiol. Biotechnol. 97, 1553-1560. doi: 10.1007/s00253-012-4419-z

Tian, F, Wang, J., Ouyang, T., Lu, N,, Lu, ], Shen, Y, et al. (2019). MiR-486-5p
serves as a good biomarker in nonsmall cell lung cancer and suppresses
cell growth With the involvement of a target PIK3R1. Front. Genet. 10:688.
doi: 10.3389/fgene.2019.00688

Trobaugh, D. W,, Gardner, C. L., Sun, C., Haddow, A. D., Wang, E., Chapnik, E.,
et al. (2014). RNA viruses can hijack vertebrate microRNAs to suppress
innate immunity. Nature 506, 245-248. doi: 10.1038/nature12869

Tsai, Y. T, Chang, S. Y, Lee, C. N,, and Kao, C. L. (2009). Human TLR3
recognizes dengue virus and modulates viral replication in vitro. Cell.
Microbiol. 11, 604-615. doi: 10.1111/j.1462-5822.2008.01277.x

Tseng, C. K,, Lin, C. K,, Wu, Y. H,, Chen, Y. H., Chen, W. C,, Young, K. C,,
et al. (2016). Human heme oxygenase 1 is a potential host cell factor
against dengue virus replication. Sci. Rep. 6:32176. doi: 10.1038/srep32176

van der Schaar, H. M., Rust, M. ], Chen, C., van der Ende-Metselaar, H.,
Wilschut, J., Zhuang, X., et al. (2008). Dissecting the cell entry pathway of
dengue virus by single-particle tracking in living cells. PLoS Pathog. 4:e1000244.
doi: 10.1371/journal.ppat.1000244

Wang, P, Gu, Y., Zhang, Q., Han, Y., Hou, J., Lin, L., et al. (2012). Identification
of resting and type I IFN-activated human NK cell miRNomes reveals
microRNA-378 and microRNA-30e as negative regulators of NK cell cytotoxicity.
J. Immunol. 189, 211-221. doi: 10.4049/jimmunol.1200609

Wen, W., He, Z,, Jing, Q, Hu, Y, Lin, C, Zhou, R, et al. (2015). Cellular
microRNA-miR-548g-3p modulates the replication of dengue virus. J. Inf.
Secur. 70, 631-640. doi: 10.1016/j.jinf.2014.12.001

Wu, Y., Gao, C,, Cai, S., Xia, M., Liao, G., Zhang, X,, et al. (2019). Circulating
miR-122 is a predictor for virological response in CHB patients with high
viral load treated with nucleos(t)ide analogs. Front. Genet. 10:243. doi:
10.3389/fgene.2019.00243

Wu, N.,, Gao, N., Fan, D.,, Wei, ], Zhang, ], and An, J. (2014). miR-223
inhibits dengue virus replication by negatively regulating the microtubule-
destabilizing protein STMNI in EAhy926 cells. Microbes Infect. 16, 911-922.
doi: 10.1016/j.micinf.2014.08.011

Wu, S., He, L, Li, Y., Wang, T, Feng, L., Jiang, L., et al. (2013). miR-146a
facilitates replication of dengue virus by dampening interferon induction
by targeting TRAF6. J. Inf. Secur. 67, 329-341. doi: 10.1016/j.jinf.2013.05.003

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 714409


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.cell.2006.07.031
https://doi.org/10.1096/fba.2018-00047
https://doi.org/10.1038/mtna.2014.47
https://doi.org/10.1038/nature02165
https://doi.org/10.1038/nm887
https://doi.org/10.4049/jimmunol.176.6.3821
https://doi.org/10.1016/j.cmet.2019.07.011
https://doi.org/10.1016/j.antiviral.2013.03.008
https://doi.org/10.1016/j.antiviral.2013.03.008
https://doi.org/10.3389/fmicb.2020.00024
https://doi.org/10.1371/journal.pntd.0000926
https://doi.org/10.3389/fimmu.2018.01541
https://doi.org/10.7150/ijms.13996
https://doi.org/10.3389/fimmu.2021.669382
https://doi.org/10.3389/fimmu.2021.669382
https://doi.org/10.1038/nature06205
https://doi.org/10.1016/j.mib.2008.06.004
https://doi.org/10.3390/v6010069
https://doi.org/10.1007/s00705-017-3516-9
https://doi.org/10.1371/journal.ppat.1005738
https://doi.org/10.1016/j.bbrc.2003.12.050
https://doi.org/10.3389/fgene.2019.01330
https://doi.org/10.1128/mSystems.00724-20
https://doi.org/10.1128/mSystems.00724-20
https://doi.org/10.1073/pnas.1212379109
https://doi.org/10.1371/journal.pone.0010678
https://doi.org/10.1128/JVI.02388-16
https://doi.org/10.1128/JVI.02388-16
https://doi.org/10.1007/s00281-017-0625-1
https://doi.org/10.1126/scitranslmed.aad8657
https://doi.org/10.1096/fj.201902878R
https://doi.org/10.1177/0004563215604001
https://doi.org/10.1084/jem.20021840
https://doi.org/10.1084/jem.20021840
https://doi.org/10.1007/s00253-012-4419-z
https://doi.org/10.3389/fgene.2019.00688
https://doi.org/10.1038/nature12869
https://doi.org/10.1111/j.1462-5822.2008.01277.x
https://doi.org/10.1038/srep32176
https://doi.org/10.1371/journal.ppat.1000244
https://doi.org/10.4049/jimmunol.1200609
https://doi.org/10.1016/j.jinf.2014.12.001
https://doi.org/10.3389/fgene.2019.00243
https://doi.org/10.1016/j.micinf.2014.08.011
https://doi.org/10.1016/j.jinf.2013.05.003

Suetal.

microRNAs in DENV

Xi, Z., Ramirez, J. L, and Dimopoulos, G. (2008). The Aedes aegypti toll
pathway controls dengue virus infection. PLoS Pathog. 4:e1000098. doi:
10.1371/journal.ppat.1000098

Xu, P, Vernooy, S. Y., Guo, M., and Hay, B. A. (2003). The drosophila microRNA
Mir-14 suppresses cell death and is required for normal fat metabolism.
Curr. Biol. 13, 790-795. doi: 10.1016/S0960-9822(03)00250-1

Yan, H., Zhou, Y, Liu, Y,, Deng, Y., and Chen, X. (2014). miR-252 of the
Asian tiger mosquito Aedes albopictus regulates dengue virus replication by
suppressing the expression of the dengue virus envelope protein. J. Med.
Virol. 86, 1428-1436. doi: 10.1002/jmv.23815

Yin, H., He, H., Cao, X,, Shen, X., Han, S., Cui, C,, et al. (2020). MiR-148a-3p
regulates skeletal muscle satellite cell differentiation and apoptosis via the
PI3K/AKT Signaling pathway by targeting Meox2. Front. Genet. 11:512. doi:
10.3389/fgene.2020.00512

Yu, I. M., Zhang, W.,, Holdaway, H. A., Li, L., Kostyuchenko, V. A., Chipman, P.R,,
et al. (2008). Structure of the immature dengue virus at low pH primes
proteolytic maturation. Science 319, 1834-1837. doi: 10.1126/science.1153264

Zhou, Y., Liu, Y., Yan, H, Li, Y., Zhang, H., Xu, J., et al. (2014). miR-281, an
abundant midgut-specific miRNA of the vector mosquito Aedes albopictus
enhances dengue virus replication. Parasit. Vectors 7:488. doi: 10.1186/
s13071-014-0488-4

Zhu, X., He, Z., Hu, Y., Wen, W., Lin, C., Yu, J., et al. (2014). MicroRNA-30e*
suppresses dengue virus replication by promoting NF-kB-dependent IFN

production. PLoS Negl. 8:3088. doi:

pntd.0003088

Trop. Dis. 10.1371/journal.

Conflict of Interest: XJ is employed by DAAN Gene Co., Ltd. of Sun
Yat-sen University.

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

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

Copyright © 2021 Su, Lin, Liu, Cheng, Han and Jiang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org

13

August 2021 | Volume 12 | Article 714409


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1016/S0960-9822(03)00250-1
https://doi.org/10.1002/jmv.23815
https://doi.org/10.3389/fgene.2020.00512
https://doi.org/10.1126/science.1153264
https://doi.org/10.1186/s13071-014-0488-4
https://doi.org/10.1186/s13071-014-0488-4
https://doi.org/10.1371/journal.pntd.0003088
https://doi.org/10.1371/journal.pntd.0003088
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	microRNAs, the Link Between Dengue Virus and the Host Genome
	Introduction
	Introduction to DENV

	Pathogenesis of DENV and Host Immunity
	Invasion and Replication of DENV
	Immune Regulation of Host Resistance to DENV

	microRNA
	Biosynthesis of miRNA
	Regulation of miRNA

	The Role of miRNA in Regulating DENV and Related Signaling Pathways
	miRNAs Target the DENV Genome Directly to Inhibit or Promote DENV Replication
	miRNAs That Inhibit DENV Replication by Targeting Viral Genomes
	miRNAs That Promote DENV Replication by Targeting Viral Genomes
	miRNAs Inhibit or Promote DENV Replication by Regulating Host Factors
	miRNAs That Inhibit DENV Replication by Regulating Host Factors
	miRNAs That Inhibit DENV Replication by Regulating IFN System
	miRNAs That Inhibit DENV Replication by Regulating Other Host Factors
	miRNAs That Promote DENV Replication by Regulating Host Factors
	miRNAs Can Be Used as Diagnostic Markers
	Limitations of Research on DENV-Associated miRNAs

	Summary
	Author Contributions

	References

