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The study of miRNAs started in 1993, when Lee et al. observed their involvement
in the downregulation of a crucial protein known as LIN-14 in the nematode
Caenorhabditis elegans. Since then, great progress has been made regarding research
on microRNAs, which are now known to be involved in the regulation of various
physiological and pathological processes in both animals and humans. One such
example is represented by their interaction with various signaling pathways during
viral infections. It has been observed that these pathogens can induce the up-
/downregulation of various host miRNAs in order to elude the host’s immune system.
In contrast, some mMiRNAs studied could have an antiviral effect, enabling the defense
mechanisms to fight the infection or, at the very least, they could induce the pathogen
to enter a latent state. At the same time, some viruses encode their own miRNAs,
which could further modulate the host’s signaling pathways, thus favoring the survival
and replication of the virus. The goal of this extensive literature review was to present
how mMiRNAs are involved in the regulation of various signaling pathways in some
of the most important and well-studied human viral infections. Further on, knowing
which miRNAs are involved in various viral infections and what role they play could
aid in the development of antiviral therapeutic agents for certain diseases that do not
have a definitive cure in the present. The clinical applications of miRNAs are extremely
important, as miBNAs targeted inhibition may have substantial therapeutic impact.
Inhibition of MIRNAs can be achieved through many different methods, but chemically
modified antisense oligonucleotides have shown the most prominent effects. Though
scientists are far from completely understanding all the molecular mechanisms behind
the complex cross-talks between miRNA pathways and viral infections, the general
knowledge is increasing on the different roles played by miRNAs during viral infections.
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INTRODUCTION

MicroRNAs are small molecules of non-coding RNAs, which
contain from 17 to 25 nucleotides (Wang et al., 2016) and exert
their functions by modulating gene expression (Macfarlane and
Murphy, 2010; Wahid et al., 2010). They were first described in
1993 by Lee et al., who observed that microRNAs downregulated
a crucial protein known as LIN-14, involved in the progression
of the nematode Caenorhabditis elegans from L1 to L2 larval
stage (Lee et al, 1993; Bhaskaran and Mohan, 2014). Since
then, great progress has been made regarding research on
microRNAs, which are now known to be involved in the
regulation of various physiological and pathological processes in
both animals and humans.

The biogenesis of microRNAs is a dynamic process, involving
a multitude of mechanisms that will finally result in the
formation of mature miRNAs (Ketting, 2010). Any disrupting
event that appears on this pathway could lead to an increased or
decreased production of miRNAs in the targeted tissue, leading
to various diseases such as neoplasia, ischemic heart disease,
hematological diseases, muscular dystrophies, neurodegenerative
diseases, psychiatric disorders, brain tumors, kidney disease,
etc., according to the physiological functions regulated by
the impaired miRNA (Sayed and Abdellatif, 2011; Garofalo
et al, 2014; Trionfini et al, 2015; Barwari et al, 2016;
Luoni and Riva, 2016).

The process of miRNA formation begins in the nucleus, with
the transcription of the miRNA genes, by RNA polymerase
II (Pol II), resulting in a “hairpin” structured primary
transcript encoding miRNA sequences (Ha and Kim, 2014).
This step is positively or negatively regulated by RNA
Pol Il-associated transcription factors like p53, ZEB1 and
ZEB2, MYC and also by epigenetic modulators such as the
methylation of DNA and histone modification (Lee et al,
2004; Davis-Dusenbery and Hata, 2010; Krol et al, 2010;
Ha and Kim, 2014). Further on, the primary miRNA (pri-
miRNA) goes through a series of maturation processes, the
first one taking place in the nucleus. At this point, RNase
III Drosha along with the co-factor DGCR8 forms the
Microprocessor complex, which crops the loop end of pri-
miRNA, forming precursor miRNA which also has a “hairpin”-
like structure (pre-miRNA) (Denli et al., 2004; Gregory et al,,
2004; Han et al., 2004).

The resulting product is exported by Exportin-5 into the
cytoplasm to undergo the following steps for maturation (Ha and
Kim, 2014). There, the pre-miRNA is once again cropped near the
loop end by another RNase named Dicer, resulting in a small RNA
duplex (Ketting et al., 2001; Knight and Bass, 2001; Hutvagner
et al., 2001). Further on, the generated product forms, with an
argonaute (AGO) protein, the RNA-induced silencing complex
(RISC) (Hammond et al., 2001).

The most important roles that miRNAs have are gene
regulation and intercellular signaling (O’Brien et al., 2018). For
the first one, the miRISC can work through two mechanisms
known as canonical, or most frequently used, the non-canonical
mechanism (Bartel, 2009; Helwak et al., 2013; Chevillet et al,,
2014; Eichhorn et al.,, 2014; Kai et al.,, 2018). The canonical

mode of action involves the binding of miRISC to the 3'-
untranslated region (3’-UTR) of the targeted mRNA, leading
to a cessation of translation when the two strains are almost
completely complementary, or to a decrease in translation when
the complementarity is limited (Reinhart et al., 2000; Dalmay,
2008; Sand, 2014). The non-canonical pathway does not require
such high complementarity (Helwak et al., 2013). Early studies
determined that within the seed region, only 6-nt matches were
required in order to obtain a functional miRNA - targeted mRNA
interaction (Bartel, 2009). As a result, the canonical sites were
defined as it follows: 3 possible canonical sites for 6-mers matches
to positions 1-6, 2-7, and 3-8, 2 possible canonical sites for 7-
mers matches to positions 2-8 and 1-7, and one possible canonical
site for 8-mer match, to position 1-8 (Lee et al., 1993; Wightman
et al,, 1993; Poy et al., 2004).

In contrast, it has been found that miRISC complexes,
targeting sites different from the seed region, with a diminished
complementarity, do exert some modest regulatory functions
(Helwak et al., 2013). Examples of non-canonical sites are
“nucleation bulges,” formed from 5 consecutive nucleotides,
located on positions 2-6, which following the “pivot pairing rule”
proposed by Chi et al. in 2012, pair themselves in position 6
of the miRNA, known as “pivot” (Chi et al., 2012; Seok et al.,
2016). It is apparent that many miRNAs studied have a pivot
nucleotide able to bind a nucleation bulge. For example, miR-124
has a C nucleotide in position 6 that would bind a complementary
G-bulge, let-7 has a U pivot nucleotide and miR-708 contains
a G pivot nucleotide (Chi et al.,, 2012). “Seed-like motifs” are
also non-canonical binding sites found on targeted mRNA (Seok
et al.,, 2016). These sites seem to have certain mismatches or
deletions that demand additional 3’ interactions in order to make
the association functional (Seok et al., 2016). However, the non-
canonical pathways have not been thoroughly researched and
their exact functions are still to be determined.

MiRNAs have also been shown to have a role in viral
infections. As we already know, viruses are intracellular
organisms that solely rely on the host environment to multiply
(Girardi et al., 2018). It has been observed that these pathogens
can induce the up-/downregulation of various host miRNAs in
order to elude the host’s immune system (Scheel et al., 2016;
Girardi et al., 2018; Shimakami et al., 2012; Trobaugh et al., 2014).
In contrast, some miRNAs studied could have an antiviral effect,
enabling the defense mechanisms to fight the infection or, at the
very least, they could induce the pathogen to enter a latent state
(Guo et al., 2013; O’Connor et al., 2014; Pan et al., 2014; Girardi
etal., 2018). Knowing which miRNAs are involved in various viral
infections and what role they play could aid in the development of
antiviral therapeutic agents for certain diseases that do not have a
definitive cure in the present.

CLASSIFICATION OF MicroRNAs
INVOLVED IN VIRAL INFECTIONS

Although we only presented host miRNAs so far, we have to
acknowledge that some viruses can also synthesize their own
miRNAs (Pfeffer et al., 2004). As a result, in the beginning of
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our classification we could divide them into host miRNAs and
viral miRNAs, according to their source (Table 1). Similar to host
miRNAgs, the viral ones participate in the life cycle of the virus and
could induce certain modifications in the host cells (Guo et al.,
2015; Bruscella et al., 2017). Likewise, they are also processed
by the previously mentioned RNases Drosha and Dicer, although
some viral miRNAs have been described to skip the first step and
pass directly to Dicer processing (Bogerd et al., 2010; Diebel et al.,
2010; Tycowski et al., 2015).

Regarding the role they play, host miRNAs could be classified
as proviral or antiviral according to their actions once a
certain virus has entered the host cell. Through the interaction
between viral and host miRNAs, the latter could enable the
viral replication and infection, thus exerting a proviral function
(Masaki et al., 2015; Scheel et al., 2016; Bruscella et al., 2017).
Furthermore, proviral miRNAs can promote viral infection
by suppressing antiviral factors, such as interferon (IFN),
allowing the virus to escape the immune response of the host
(Sharma et al., 2015; Bruscella et al., 2017). In contrast, various
host miRNAs can act have antiviral functions by influencing
the production of viral RNA, blocking the viral replication,
suppressing proviral proteins or by inducing the virus to enter
a latent phase (Zheng et al., 2013; Wu et al., 2014; Slonchak et al.,
2015; Ho et al., 2016).

A more general classification, valid for all miRNAs, not only
for those involved in viral infection, would be based on the
state in which they can be found in body fluids. Their presence
has been detected in all biological fluids, among them being
blood, tears, urine, amniotic fluid, breast milk, semen and saliva
(Turchinovich et al, 2012). Thus, approximately 90% of the
extracellular or circulating miRNAs can be found associated with
AGO proteins and the other 10% is transported in microvesicles
like exosomes and apoptotic bodies (Turchinovich et al., 2013).
Both proteins and microvesicles protect the miRNAs they carry
from the degradation of RNases and confer them a high stability
in an unfavorable extracellular environment (Turchinovich et al.,
2013). A comprehensive list of the functions and pathways
targeted by each miRNA described in this manuscript can be
found in Table 2.

IDENTIFYING TECHNIQUES FOR
MicroRNAs

Developing an efficient, inexpensive method for the detection
of miRNAs involved in a way or another in viral infections
would be beneficial not only for the diagnostic process of the

TABLE 1 | Classification of microRNAs based on their source and roles.

Classification criteria

Source Host microRNAs
Viral microRNAs
Roles Host microRNAs:

Proviral microRNAs
Antiviral microRNAs

more serious infectious diseases, but also for discovering new
miRNAs previously unknown to be involved in this pathology.
However, there are many challenges to finding such a detection
method, partially because miRNAs represent a fairly new field
of research and as a result many of their characteristics, such
as detection levels, concentration in the biological samples, up-
/downregulation in healthy and pathological samples yet remain
unknown (Gillespie et al., 2018).

By far, the preferred method for the identification of miRNAs
is quantitative reverse transcriptase Polymerase Chain Reaction
- PCR (RT-qPCR) (Chen et al., 2018; Gillespie et al., 2018;
Yuan et al,, 2018). The most frequently used PCR quantitation
technique is stem-loop reverse transcription (RT)-based TagMan
MicroRNA assay, which provides high sensitivity and specificity
(Chen C. et al, 2011). Schematically, this technique requires
two steps, the first one being stem-loop reverse transcription,
in which the primers bind the 3’ end of miRNA molecules that
will further on be reverse transcribed, and a second step for the
quantification of microRNAs using real-time PCR (Chen et al,,
2005). Other PCR methods available are poly (A) tailing-based
and direct RT-based SYBR miRNA assays (Chen Y. et al., 2011).
However, the RT-qPCR method is not lacking in disadvantages
either, since it presents a high risk of contamination during the
amplification steps, as well as of sensing errors for the samples
(Gillespie et al., 2018).

Another popular quantitative method for the detection of
miRNAs is Northern blot hybridization, which requires the total
RNA to be separated on polyacrylamide gel with denaturation
proprieties, after which it is transferred to a nylon membrane,
UV-cross-linked and finally hybridized with the help of a probe
labeled with a radioactive substance (Kruszka et al., 2014;
Barciszewska-Pacak et al., 2015; Pacak et al., 2016; Smoczynska
et al.,, 2019). Still, it is a laborious, time-consuming technique
which requires high amounts of RNA and can sometimes miss
the identification of rare miRNAs (Smoczynska et al., 2019).
Recently, new protocols have been developed in order to enhance
the technique, leading to the use of lower levels of RNA and to a
shortening of the time needed to execute the procedure (Varallyay
et al.,, 2007; Pall and Hamilton, 2008; Wang X. et al., 2010).

In situ hybridization (ISH) and next-generation sequencing
(NGS) could also be used for the identification of miRNAs. ISH
allows the visualization of RNA in fixed tissue samples and the
comparison of miRNA expression levels in different cell types
using fluorescent, dioxygenin or radioactive probes to bind the
targeted RNA (Javelle and Timmermans, 2012). However, this
is also a time-consuming, laborious technique, prone to error
at each step of the process (Javelle and Timmermans, 2012).
NGS is actually a second-generation method of sequencing,
following the well-known Sanger technique (Hu et al., 2017).
There are various NGS platforms available that also provide kits
for miRNAs quantification. The general principle on which they
all function is based on the amplification and sequencing of
DNA fragments, with additional steps for miRNA sequencing,
starting with miRNA extraction after which the miRNAs are
reverse transcribed into ¢cDNA (Bar et al, 2008; Creighton
et al., 2009; Hu et al,, 2017). NGS is able to identify single
miRNA with the high resolution of one nucleotide, yet the
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TABLE 2 | Classification, functions and targeted signaling pathways by miRNA.

miRNA Source Characteristics Pathway(s) targeted References
miR-34 family Host - Repressor of Wnt pathway Wnt signaling pathway Kim et al., 2011; Cha et al., 2012;
Smith et al., 2017
— Antiviral functions — especially on flaviviruses
miR-155 Host - Stimulator of Type | Interferon signaling pathway Type | Interferon signaling Jiang et al., 2010; Wang P. et al., 2010;
— Increases the innate and adaptive immune response pathway Yao et al., 2012; Zhang et al., 2012; Li
_ Antiviral functions NF-B signaling pathway et al., 2013; Ruelas et al., 2015
~ Inhibitor of the HBV replication Wnt/p-catenin signaling
— Higher levels in HIV infected cells
— Inhibition of NF-kB signaling pathway — promotion of viral
latency
— Higher levels in HCV infection — increase the activity of
miR-19a Host — Stimulator of Type | Interferon signaling pathway Type | Interferon signaling Pichiorri et al., 2008; Jiang et al., 2010;
— Increases the innate and adaptive immune response pathway Wang P. et al., 2010; Su et al., 2011;
_ Antiviral functions Yao et al., 2012; Li et al., 2013
miR-122 Host - Stimulator of Type | Interferon signaling pathway Type | Interferon signaling Pichiorri et al., 2008; Kalluri and
pathway Weinberg, 2009; Jiang et al., 2010;
- Increases the innate and adaptive immune response Wang P. et al., 2010; Chen Y. et al.,
— Antiviral functions Wnt/B-catenin pathway 2011; Su et al., 2011; Jopling, 2012;
— Liver-specific RhoA/Rock pathway Wang et al., 2012; Xu et al., 2012; Yao
— Antiviral functions in HBV infection — Inhibition of HBV replication etal, 2012; Lietal., 2013
— Diminished levels — promotion of viral persistence and
oncogenesis
— Antitumorigenic effects by regulation of Wnt/B-catenin pathway
— Impairment of RhoA/Rock pathway
let-7 family Host — Decreased expression in Kaposi sarcoma associated to NF-kB signaling pathway Androulidaki et al., 2009; Shishodia
herpesvirus and HIV infections STATS signaling pathway et al., 2014
— Their low levels increase the expression of the NF-kB signaling
pathway — increased inflammation
- Increasing the level of let-7a — decreased STAT3 supplies
miR-233 Host  — Decreased expression in Kaposi sarcoma associated to NF-kB signaling pathway Androulidaki et al., 2009
herpesvirus and HIV infections
— Their low levels increase the expression of the NF-kB signaling
pathway — increased inflammation
miR-146 Host - Increased in HIV and HCV infections NF-kB signaling pathway Bhaumik et al., 2008; Houzet et al.,
— Decreased activity of the NF-«kB signaling pathway 2008
- Proviral functions
miR-21 Host - Increased in HIV and HCV infections NF-kB signaling pathway Bhaumik et al., 2008; Houzet et al.,
— Decreased activity of the NF-«kB signaling pathway MAP2K3/p38 MAPK 2008; Shishodia et al., 2014; He et al.,
— Proviral functions in HIV and HCV infection pathway 2019
— Antiviral functions in Coxsackievirus B3 infection STATS signaling pathway
— Decreasing its level in HPV infections — downregulation of
STAT3
miR-218-5p Host - Down-regulation of NF-«B signaling pathway in HPV induced NF-kB signaling pathway Xuetal., 2018
cervical cancer
hsa-miR-483-3p Host - Up-regulated by HCV PIBK/Akt signaling pathway ~ Shwetha et al., 2013
— Increase the activity of PIBK/Akt signaling pathway, prolonging
cell survival
— Proviral functions
hsa-miR-320c Host - Up-regulated by HCV PI3K/Akt signaling pathway ~ Shwetha et al., 2013
— Increase the activity of PISK/Akt signaling pathway, prolonging
cell survival
- Proviral functions
miR-199a-5p Host - Proviral functions PIBK/Akt signaling pathway ~ Wang et al., 2015

- Its downregulation blocks the PI3K/Akt signaling pathway in

HCV infection

— Low levels lead to a decrease of viral replication in HCV infection

(Continued)
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TABLE 2 | Continued

miRNA Source Characteristics Pathway(s) targeted References
miR-125b Host — Suppressor of PIBK/Akt signaling pathway PI3K/Akt signaling pathway Cui et al., 2012; Wang
- Dovvnregula‘Fed in HPV im‘ectiorl1 — limited cancer cell gai‘lzyhigs;athmann and
growth and increased apoptosis Edbauer, 2014: Ribsiro and
— Higher levels — apoptosis inhibition Sousa, 2014
miR-H4b Virak produced by - inhibition of PI3K/Akt signaling pathway and mTOR PI3K/Akt signaling pathway Gottwein and Cullen, 2008;
HSV signaling pathways — better adaptation for viral mTOR signaling pathways Zhao et al., 2015
replication and latency
miR-744 Host — Antiviral functions against RSV and influenza viruses MAPK signaling pathway McCaskill et al., 2017
miR-24 Host — Antiviral functions against RSV and influenza viruses MAPK signaling pathway McCaskill et al., 2017
miR-124 Host — Antiviral functions against RSV and influenza viruses MAPK signaling pathway McCaskill et al., 2017
miR-499a Host — Proviral functions in HCV infection Notch signaling pathway Sarma et al., 2012
miR-BART7-3p Viral — produced —Regulatory functions for the PIBK/Akt/GSK-3B pathway PIBK/ Akt/GSK-3B pathway Cai L.M. et al., 2015; Wang
by EBV - Aberant regulation of Wnt pathway — excessive cellular Whnt signaling pathway etal, 2017
proliferation
miR-BART1 Viral — produced — Activation of PIBK/Akt/GSK-3p pathway PISK/Akt/GSK-3p pathway Cai L.M. et al., 2015
by EBV
miR-BART16 Viral — produced — Inhibition of IFN signaling pathway IFN signaling pathway Hooykaas et al., 2017

miR-BART19-3p,
miR-BART17-5p,
miR-BART14,
miR-BART18-5p
miR-718

miR-942
miR-711

miR-146a/b

hiv1-miR-88
hiv1-miR-99

miR-tar-3p

miR-tar-5p

miR-132

miR-372
miR-373

by EBV

Viral — produced
by EBV

Host

Host

Host

Viral — produced
by HIV

Viral: HIV-1-derived
TAR miRNAs

Host

Host

— Proviral function — increased replication
— Inhibition of Wnt pathway inhibitory genes

- Upregulated in patients with both HIV and Kaposi
sarcoma

- Inhibition of PTEN/AKT/mTOR pathway — inhibition of
the tumor suppressor action of PTEN

— Upregulated in patients with both HIV and Kaposi
sarcoma

— Activation of NF-kB signaling pathway inhibition of the
KSHV Iytic replication

- Increased during viral infections
— Downregulation of NF-kB signaling pathway

— Proviral activity — increased inflammatory state, HIV
persistence

— Activation of TLR8 signaling pathway

— Chronic inflammation which favors the progression to
AIDS

— Regulation of host gene expression

— Upregulation of pro-apoptotic proteins

— Activation of Fas signaling pathway — complete
apoptosis

- In early stages of the infection — delay of the viral
induced apoptosis

— Downregulated in HBV infection — enhanced
carcinogenic feature of HBV

— Normal levels — inhibition of HCC cell proliferation

— Upregulated in HBV infection

— Levels correlated with the number of HBV DNA copies

- Proviral functions — increased viral expression and
replication during HBV infection

Wnt signaling pathway

PTEN/AKT/mTOR pathway

NF-kB signaling pathway

NF-kB signaling pathway

TLR8 signaling pathway

Fas signaling pathway

Akt-signaling pathway

NFIB-dependent pathway

Wong et al., 2012

Xue et al., 2014

Yan et al., 2018

Taganov et al., 2006;
Huang et al., 2018

Silvestri and Feinberg,
2003; Bernard et al., 2014

Bartz and Emerman, 1999;
Ouellet et al., 2013

Wei et al., 2013; Liu et al.,
2015; Chen et al., 2019

Guo et al., 2011; Langroudi
et al., 2015; Wei et al.,
2015; Ghasemi et al.,
2018; Ullmann et al., 2018

high cost of this method, compared to the others, limits its
accessibility (Smoczynska et al., 2019). However, this technique
has numerous other crucial attributes that should be taken
into consideration when choosing a quantification method,
such as its high throughout, meaning that the samples one

researcher sends would be sequenced in the same time with many
other samples (Hu et al., 2017). In addition, NGS offers the
possibility of discovering new miRNAs, an advantage that is not
provided by a hybridization technique, as well as a high accuracy
(Hu et al., 2017).
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MicroRNA SIGNALING IN VIRAL
INFECTION

Viruses represent microorganisms that are entirely dependent on
a host cell in order to survive, proliferate and perform all the
other functions necessary for their life cycle. To achieve this goal,
they have evolved a number of mechanisms aimed to elude the
immune system of the host.

The first step in every infection, regardless of the type of virus
involved, is the entrance of the microorganism into a susceptible
host cell, through the binding between the viral proteins found in
the virion and the surface molecules of the host cell, which can
also influence the tropism of the infection (Marsh and Helenius,
2006; Greber and Puntener, 2009). Upon attaching to the surface
of the cell, the virus needs to pass through the membrane into the
cytoplasm. This can be achieved through numerous mechanisms,
such as the fusion between the host and virus membranes (Sodeik
etal., 1997; Maurer et al., 2008), clathrin-dependent pathways or
endocytosis (Marsh and Helenius, 2006; Greber and Puntener,
2009). The following steps are now influenced by the type of
virus attempting to infect the organism. For example, in the
case of DNA viruses, the genome found in the nucleocapsid has
to pass through the cytoplasm and to reach the nucleus, where
the transcription of the viral genes takes place. However, the
maximum size of the free molecules allowed in the cytoplasm
is restricted to approximately 500 kDa (Sodeik, 2000, 2002),
therefore oversized viruses make use of the motor proteins and
cytoskeleton to achieve this desiderate. The replication of the
majority of RNA viruses, on the other hand, takes place solely
in the cytoplasm (Greber and Way, 2006), with the exception
of retroviruses, which, in the nucleus of the host cell, create
a DNA provirus using reverse transcription that is ultimately
incorporated into the genome of the host, thus leading to a
resistant and prolonged infection (Cullen, 2001).

MicroRNAs play a very important role in the modulation
systems of the host, therefore inevitably interacting with a variety
of viruses (Umbach and Cullen, 2009). There are a number of
potential interactions described in literature between the two
entities. First of all, the host miRNA could regulate different
phases of the viral life cycle, such as translation, by attaching itself
to the viral RNA or mRNA. Also, the virus could exert an effect
upon the host miRNA, thus leading to an altered expression of
the latter’s targets. Moreover, the microorganism could produce
its own miRNAs, which would further regulate the viral or host
RNA targets (Roberts et al., 2011).

However, indirect roles played by the miRNAs in viral
infections have also been described. One such example is the
involvement of miRNAs in the modulation of various signaling
pathways (Bruscella et al., 2017).

Signaling Pathways Involved in Viral
Infections and the Mechanisms Through
Which miRNAs Influence Them

Wnt Signaling Pathway

Wnt represents in fact a group of pathways, through which the
signal is carried from the extracellular environment into the

cytosol and that is evolutionarily preserved in vertebrates. Its
name has its origins in a combination between the name of
the segment polarity gene of Drosophila (“Wingless”) and the
name of its analog found in vertebrates (“Integrated”) (Wodarz
and Nusse, 1998). When the Wnt signal reaches the intracellular
medium, it triggers several cascades, which are divided as it
follows: the canonical pathway or B-catenin dependent and the
non-canonical one or p-catenin-independent. The last one can
also be subdivided into the Wnt/Ca2 + cascade and the Planar
Cell Polarity cascade (Habas and Dawid, 2005). Wnt signaling
pathway plays a critical role in cellular growth, polarity, motility
and development (Komiya and Habas, 2008).

One of the miRNA members that has been shown to have
an effect on this pathway is the miR-34 family (Kim et al,
2011; Cha et al., 2012; Smith et al., 2017). Previous studies have
demonstrated the effect of this miRNA on various flaviviruses
subtypes (but not limited to them) and the highly potent
inhibition role it plays (Smith et al., 2017). At the same time, it
was pointed out that a possible relationship could exists between
the Wnt pathway and the innate cellular immune mechanisms
(Yang et al., 2010; Zhu et al., 2011; Hack et al., 2012; Baril et al,,
2013; Hillesheim et al., 2014; Khan et al., 2015). Because of this
discovery and also because of previous observations that miR-34
represses Wnt signaling, theories have emerged stating that type
I Interferon (IFN) signaling in viral infections could be enhanced
as a result (Smith et al., 2017; Figure 1).

Type | Interferon Signaling Pathway

Type I IFN is a very well-known molecule, which has strong
antiviral effects. This is achieved by regulating numerous
IFN stimulated genes (ISGs), which in turn encode proteins
responsible for creating an antiviral state inside the cell (Sen,
2001). The ISG transcription is induced through the activation
of Jak/STAT pathway (Darnell et al,, 1994). All type I IFNs
attach to the same receptor found on the surface of the
cell (Interferon alpha/beta receptor - IFNAR), resulting in the
activation of the tyrosine kinases Janus kinase 1 (Jakl) and
Tyrosine kinase 2 (Tyk2) associated with the receptor. Following
the phosphorylation of the kinases, Signal transducers and
activators of transcription 1 and 2 (STAT1 and STAT2) are being
activated, and then transported to the nucleus, where they attach
to various DNA subunits, thus acting as ISGs promoters. The
most important role of ISGs is antiviral, but they can also play
a part in apoptosis, inflammation, lipid metabolism and protein
degradation (de Veer et al., 2001).

Numerous miRNAs have been shown to interfere in this
pathway, more precisely by targeting the receptor IFNARI. For
example, they can indirectly regulate the signal delivery by
interacting with Suppressor of cytokine signaling 1 (SOCS1),
which decreases the activity of JAK-STAT cascade through
binding to the TYK2 part of the receptor complex (Piganis et al.,
2011). Some of the miRNAs that have been demonstrated to
act in this manner are miR-155, miR-19a and miR-122, leading
to an increase in type I IFN signaling and consequentially to
an enhancement of the innate and adaptive immune reactions
(Pichiorri et al., 2008; Jiang et al., 2010; Wang P. et al., 2010;
Yao et al,, 2012; Li et al., 2013). Also, in the case of miR-155,
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FIGURE 1 | Interferon (IFN) signaling enhancement by the inhibition of the Wnt pathway through miR-34. TANK-binding kinase 1 (TBK1) phosphorylation is firstly
induced by the activation of the innate immunity in response to a viral infection (a). This is followed by the phosphorylation or homodimerization of the interferon
regulatory factor 3 (IRF3) (b), which is subsequently translocated into the nucleus. Here, it stimulates the production of type | IFNs and interferon stimulated genes
(ISGs) (c). At the same time, the viral infection or dsRNA treatments also activate the Wnt signaling pathway (d), which in turn leads to the inhibition of the Glycogen
synthase kinase 3 beta (GS3KB) phosphorylation (e). This event suppresses the IFN pathway by interacting with TBK1 (f). This model shows that the Wnt signaling
pathway has the ability to modulate the innate inflammatory response. By acting as an inhibitor of the Wnt pathway, miR-34 could enhance type | IFN signaling,

therefore leading to a cellular antiviral status (g; Smith et al., 2017).
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it has been shown that this type of interaction results in an
increased activation of the anti-viral genes, therefore inhibiting
the Hepatitis B virus (HBV) replication (Su et al., 2011).

NF-kB Signaling Pathway

Nuclear factor kB (NF-«kB) signaling pathway is responsible for
regulating a number of genes that are essential for the innate and
adaptive immunity. Its activation depends on the recognition of
pathogen associated molecular patterns (PAMPs) by the pattern
recognition receptors (PRRs) encoded by the germ line (Janeway,
1989). NF-kB consists of reticuloendotheliosis protein dimers
(Rel) which attach to a DNA sequence called the kB site. There
are two types of Rels, divided according to the state that they can
be found: mature or immature. The immature ones include NF-
kB1 (p105) and NF-kB2 (p100), which turn into p50 and p52, and
the mature ones are represented by RelA (p65), RelB and c-Rel.
The most abundant form in the majority of dormant cells is the
p50-RelA dimer (Ryseck et al., 1995).

The NF-kB signaling pathway can be activated in two different
ways (Karin et al., 2002; Karin, 2006). The canonical pathway
includes the dimers that contain RelA, p50 or c-Rel, all of
which are held in the cytoplasm by kB proteins inhibitors,
such as IkBa, IkBB, IkBy, IkBe, IkBg, IkBNS, and Bcl-3. This
first pathway is triggered by members of the proinflammatory
cytokines, such as Tumor necrosis factor alpha (TNF-a) and,
through the toll-like receptor (TLR), targets the B-subunit of
the IkB kinase (IKKB) complex. The non-canonical pathway is
activated by TNF cytokines (Lymphotoxin beta - LTf), whose
target is the a-subunit of IKK (IKKa), using the TNF receptor
(Ma et al., 2011).

According to previous studies, the expression of the miRNAs
implicated in the modulation of NF-kB can be altered by viral

infections and also, through targeting the NF-kB pathway, the
viral miRNAs could be responsible for the variations of the
immune response (Ma et al., 2011). One of the ways miRNAs use
to regulate the NF-kB pathway is by controlling the expression
of PRRs. For example, it has been shown that Kaposi sarcoma
associated herpesvirus (KSHV) and Human immunodeficiency
virus (HIV) infections lead to a decrease in the expression of
miR-233 and Let-7 family, therefore upregulating the expression
of TLR3 and TLR4 and, as a result, increasing the levels of
tissue damage and inflammation (Androulidaki et al., 2009). Also,
evidence suggest that the expression of miR-146 and miR-21
is increased in HIV and Hepatitis C virus (HCV) infections,
leading to a decrease in the expression of Tumor necrosis factor
receptor associated factor 6 (TRAF6) and Interleukin 1 Receptor
Associated Kinase 1 (IRAK1), thus reducing the NF-«kB activity
(Bhaumik et al., 2008; Houzet et al., 2008).

PI3K/Akt Signaling Pathway

Phosphoinositide ~ 3-kinase/Protein  kinase B  (PI3K/Akt)
Signaling Pathway represents an important option for viruses
to influence a variety of cellular functions. One of the most
significant ways in which microorganisms can alter the normal
life cycle of the cell is slowing down apoptosis, therefore
increasing the time for the virus to replicate. As a result, viruses
could also facilitate the induction of carcinogenesis. Recently,
other roles played by this pathway in the interaction between the
virus and the host have been proposed, such as regulation of the
cell metabolism, morphology or immune response (Ji and Liu,
2008). Amongst the viruses that have been reported to activate
the PI3K/Akt signaling pathway are hepatitis B virus (HBV),
human cytomegalovirus (HCMV), human immunodeficiency
virus (HIV), human papilloma virus type 16 (HPV16) and
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hepatitis C virus (HCV) (Deregibus et al, 2002; Kim et al,
2006; Shen et al., 2006; Guo et al., 2007; Alisi et al., 2008;
Chugh et al., 2008).

MicroRNAs are influenced by the virus-host interaction, in
the sense of promoting the survival of the virus. For example,
studies have demonstrated that HCV upregulates hsa-miR-
483-3p and hsa-miR-320c, which in turn target the PI3K/Akt
pathway and enhance the cell survival (Shwetha et al., 2013).
Also, the downregulation of miR-199a-5p is responsible for
blocking PI3K/Akt signaling in HCV infection, thus inhibiting
the replication of the virus (Wang et al., 2015). Even though the
exact mechanism is not yet fully understood, prior studies have
shown an important reduction in the phosphorylated Akt (p-
Akt) levels, leading to the conclusion that PI3K/Akt pro-survival
pathway is significantly blocked by knocking down miR-199a-5p
(Wang et al., 2015; Figure 2).

MAPK Signaling Pathway

MAPK or mitogen activated protein kinase signaling pathway is
responsible for converting a variety of extracellular signals into
intracellular actions, such as immune response, differentiation,
proliferation and apoptosis (Pearson et al., 2001; Dong et al.,
2002). In mammals, it can be divided into 3 main pathways:
p38 MAPK, SAPK/HNK and MAPK/ERK. The MAPKK is
responsible for regulating the activities of these 4 enzymes. For
example, MKK3/6 and MKK4/7 are involved in the activation
of p38 and JNK (responsible for the expression of cytokines

and apoptosis) (Ludwig et al., 2001), while MEK5 activates the
enzyme ERK5 (Ludwig et al., 2006). This signaling pathway has
been shown to play an important role in viral infections, such
as HCV (which increases the activity of p38 MAPK pathway),
HIV (which upregulates the ERK activation) (Gaur et al., 2011) or
cytomegalovirus (which, by increasing the activity of MAP2K3,
maintains p38 active for viral replication) (Johnson et al., 2000).

MiRNAs have also been found to participate in this cascade
during viral infections. For instance, miR-21 could act as a
protective factor during Coxsackievirus B3 (CVB3) infection,
by targeting the MAP2K3/p38 MAPK pathway. In this process,
miR-21 has been shown to inhibit the expression of MAP2K3,
leading to a reduced phosphorylation of the p38 MAPK, thus
resulting in a significant decrease in the release of viral progeny
(Figure 3; He et al., 2019). Also acting upon the same pathway are
miR-744, miR-24 and miR-124, which are considered potential
antiviral agents for RSV virus and influenza. In this case, the
mechanism seems to be similar to the one described in the case of
miR-21 and CVB3, with decreased levels of phosphorylated p38
showing a reduced activation of this component. Furthermore,
a significant reduction in the expression of p38 MAPK has
also been demonstrated through decreased levels of proteins
(McCaskill et al., 2017).

Notch Signaling Pathway
The Notch pathway is responsible for the cellular differentiation,
proliferation and apoptosis. Notch actually represents a receptor

HCV
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FIGURE 2 | (A) HCV entrance into the host cell using PI3K/Akt pathway. Hepatitis C virus uses a pH-dependent way in order to enter the intracellular environment of
the host. The virus causes the lipids on the cellular surface to cluster (depicted in the figure through a yellow lining of the membrane), thus triggering the process of
endocytosis mediated by the PIBK/Akt signaling pathway (Diehl and Schaal, 2013). (B) miR-199a-5p proposed effect on PISK/Akt pathway during HCV infection.
HCV infection activates the PISK member of the signaling pathway with the help of a viral protein known as Non-structural protein 5A (NS5A) (a). PI3K is a
heterodimer formed by the two subunits, p85 and p110. The first one to be phosphorylated is the p85 subunit, followed by p110. This process represents the
catalyst of the conversion between phosphatidylinositol 4,5 -bisphosphate (PIP2) and phosphatidylinositol 3,4,5 -trisphosphate (PIP3) (b). PIP3 then activates
Protein kinase B (Akt) through phosphorylation (c). Signals produced by the virus in order to survive determine an inhibitory phosphorylation, mediated by the Akt, of
the intracellular agents causing apoptosis, such as BCL2 associated agonist of cell death (BAD), which in turn leads to the suppression of the Caspase Cascade (d).
Furthermore, the phosphorylation of Forkhead box protein O1 (FOXO1), an important transcription factor (e), stops it from translocating into the nucleus, therefore
leading to an inhibition upon the pro-apoptotic genes expression (f). Prior studies have demonstrated the fact that the overexpression of miR-199a-5p plays an
important role in enhancing the pro-survival PISK/Akt pathway. Their results have shown that by decreasing the miR-199a-5p levels, the phosphorylated Akt (p-Akt)
levels are also significantly diminished, therefore leading to the proposed mechanism through which miR-199a-5p exerts its actions by promoting Akt
phosphorylation (g; Diehl and Schaal, 2013; Wang et al., 2015; Adimonye et al., 2018).
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FIGURE 3 | (A) The protective mechanism of miR-21 against Coxsackievirus B3 (CVB3). CVB3 is responsible for activating the p38 component of the MAPK
signaling pathway during the course of infection. The simplified mechanism relies on three subsequent phosphorylations, targeting the MAP3K members (a), the
MAP2K (which in the case of CVB3 is represented by MAP2K3 or MKK3) (b) and finally the MAPK, represented here by the p38 kinase. This cascade leads to an
increased viral replication in the infected cells. miR-21 has been shown to inhibit the expression of MAP2K3 (c), therefore leading to a reduced phosphorylation of
p38 (d) and consequently, a decrease in the viral release (e). (B) The protective mechanism of miR-24, miR-124, and miR-744 against Respiratory Syncytial Virus.
RSV infection follows the same steps in order to activate the p38 MAPK pathway. In this case, the miRNAs involved are miR-24, miR-124, and miR-744. However,
besides the decrease in the activation of p38 component due to a lack of phosphorylation, there has also been demonstrated a reduction in the overall levels of the

same member (McCaskill et al., 2017; He et al., 2019).
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found on the surface of the cell that intercepts nearby signals
through its interactions with the transmembrane ligands of
neighboring cells, such as Jagged and Delta-like. The Notch
intracellular domain (NICD) is then cleaved and released in the
intracellular environment, traveling through the Golgi apparatus
to the nucleus, where it modulates the transcription of complexes
that contain the protein CSL, with the ability to bind DNA
(Kopan, 2012).

In viral infections, the ability of this pathway to regulate the
differentiation and proliferation of the cell makes it an appealing
target for viruses that depend on cellular differentiation, such as
HCV, HPV, KSHYV, EBV and adenovirus. While HPV enhances
the already activated Notch pathway, KSHV and EBV can imitate
this type of signaling. However, all of these viruses also have
the potential to interfere in the control of the cellular cycle,
thus leading to a dysregulated growth (Hayward, 2004). One of
the miRNAs that was shown to have an effect on the Notch
pathway is miR-449a. In vitro studies have demonstrated that in
HCV infected patients, miR-449a targets Notchl, which in turn
regulates the expression of Chitinase-3-like protein 1 (YKL40).
The latter is thought to play an important role in the development
of hepatic fibrosis and the control of inflammatory responses
(Sarma et al., 2012).

MicroRNA Signaling in HPV Infection

Human papillomavirus (HPV) is a small virus containing 8kb
of double stranded DNA in its genome (Bouvard et al., 2009).
Over 150 different HPVs are known so far, out of which 12 are
indisputably linked to cancer by the World Health Organization.
Probably the most studied are Human papillomavirus 16
(HPV16) and Human papillomavirus 18 (HPV18), mainly
because of their frequent association with cancer. Both of them
contain two types of genes called “early” (E1, E2, E4, E5, E6 and
E7) and “late” (L1 and L2) genes. Even though E1, E2, L1 and

L2 are always encountered in all HPVs, the other genes may
vary (Stubenrauch et al., 2007; Nobre et al., 2009). The major
oncogenes are considered to be E5, E6 and E7, which are also
known for altering a variety of signaling pathways, such as Wnt,
Notch, PI3K/Akt, MAPK, IFN and NF-kB and others (Gupta
et al., 2018; Xu et al., 2018; Wang and Chen, 2019). However,
studies have demonstrated that the HPV infection could alter the
interaction between miRNAs and some of these pathways.

MicroRNA Modulation of PI3K/Akt Signaling in HPV
Infection

PI3K/Akt pathway plays an essential role in numerous human
cancers associated with HPV. Both E6 and E7 oncogenes activate
PI3K/Akt signaling pathway by influencing a number of events,
therefore leading to carcinogenesis. In HPV positive laryngeal
papilloma, the activity of PI3K/Akt is significantly upregulated,
causing the stimulation of the Epidermal Growth Factor Receptor
(EGFR) and consequently, the activation of MAPK/ERK cascade
(Rodon et al., 2013). Furthermore, the E7 oncogene and its
ability to increase the activity of this pathway, has been linked
to the inactivation of Retinoblastoma (Rb) protein, leading to
high-grade cervical neoplasia (Menges et al., 2006).

One of the miRNAs that affects this pathway due to the
HPYV infection is miR-125b. Some studies have shown that E6
oncogene downregulates the levels of miR-125b (Ribeiro and
Sousa, 2014), which is responsible for the suppression of the
PI3K/Akt signaling pathway, therefore limiting the growth of
cancerous cells and promoting apoptosis (Cui et al., 2012).
However, a more recent study discovered increased levels of
miR-125b induced by the overexpression of octamer-binding
transcription factor 4 (OCT4) gene, which, in turn, reduced
the expression of Bcl-2 homologous antagonist/killer (BAK1)
protein, therefore decreasing the apoptosis of cervical cancer cells
(Wang et al.,, 2013). The different findings were explained by
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the fact that miR-125b has a variety of targets, its roles being
influenced by the various levels of expression of their genes
(Banzhaf-Strathmann and Edbauer, 2014).

MicroRNA Modulation of MAPK/ERK Signaling in
HPV Infection
In HPV infection, the MAPK/ERK signaling pathway is activated
by the E5 oncogene (Fanger, 1999). Mitogen activated protein
kinase (MAPK) signaling pathway is essential for the regulation
of cancerous cell invasion and metastasis, primarily because
of the role it plays in cellular differentiation, proliferation and
apoptosis. Some of the miRNAs that could influence this pathway
in the HPV infected organisms are miR-23b, miR329-3p and
miR200c. MiR-23b acts as an inhibitor of metastasis in cervical
cancer (Li et al, 2018), while miR-329-3p (Li et al, 2017)
and miR-200c (Mei et al., 2018) are known for suppressing
the migration of the cells and further invasion by targeting
MAPKI1 and MAPK4.

miR-23b  exerts its tumor suppressor function by
downregulating the MAPKI expression, through direct
binding to the 3’UTR end of MAPKI. Furthermore, MAPK1
is responsible for mediating the expression of the matrix
metallopeptidase 9 (MMP-9), a molecule that has been associated
with tumor migration (Nelson et al., 2000). miR-329-3p also
binds directly to MAPKI through a target sequence encountered
in its 3'UTR end, leading to a subsequent suppression of the
invasion, migration and proliferation of cancerous cells (Li
et al, 2017). MAPK4 could involve p38, c-Jun N-terminal
kinase (JNK) and extracellular signal-regulated kinase (ERK)
signaling pathways in order to accomplish its functions in the
malignancy (Bouzakri and Zierath, 2007). It is responsible for
cellular proliferation, invasion and metastasis, angiogenesis and
apoptosis inhibition. miR-200c binds to MAPK4 through the
same direct mechanism, via the 3'UTR region (Mei et al., 2018).

MicroRNA Modulation of IFN Signaling in HPV
Infection

Signal transducer and activator of transcription (STAT) family is
responsible for the survival and progression of HPV associated
cervical cancer, in particular STAT3 member, whose aberrant
expression has been linked to transforming attributes (Aggarwal
et al., 2006). STAT3 carries signals to the target genes via the
JAK/STAT signaling pathway. A potential binding site for STAT3
could exist on the Long Control Region (LCR) of HPV16, at the
5’ end, which could regulate the expression of the viral oncogenes
(Arany et al., 2002).

Previous studies linked miR-21 and Let-7a with this signaling
pathway. Inhibition of STAT3 signaling using pharmacological
substances like curcumin resulted in a cellular decrease of miR-
21 (Shishodia et al., 2014). Furthermore, the downregulation
of miR-21 levels with the help of a miR-21 inhibitor lead
to a negative regulation of STAT3 and decreased amounts of
active pSTAT3. Apart from this miRNAs action upon STATS3,
Let-7a is another member that has been shown to have an
effect on this pathway. An increased level of Let-7a, using a
chemically produced analog, decreased the STAT3 supplies. In
conclusion, the silencing of the HPV E6 oncogene has been linked

to an increase in Let-7a and a decrease in miR-21, therefore
downregulating the STAT3 signaling pathway (Shishodia et al.,
2014). The inhibition of miR-21 results in elevated PTEN levels,
which is a well-known tumor suppressor gene. miR-21 targets
this gene through a sequence found on the 3" UTR. PTEN is
responsible for the downregulation of STAT3 activity, while its
expression is only partially influenced. The mechanism through
which Let-7a downregulates STAT3 involves a direct binding
site encountered on the 3’'UTR of STAT3 for this particular
miRNA (Wang Y. et al., 2010). Let-7a has been demonstrated to
suppress the growth of cancerous cells, both in vivo and in vitro
(Trang et al., 2010).

MicroRNA Modulation of NF-kB Signaling in HPV
Infection

Nuclear Factor kB signaling pathway plays an important role
in the progression of HPV induced cervical cancer progression,
through its increased DNA binding potential (Prusty and Das,
2005; Branca et al., 2006). In the case of oral cancers caused
by HPV16, the excessive expression of E6 and E7 oncogenes
and the interaction with the NF-kB pathway lead to a better
tumor differentiation, as well as an improved prognosis (Gupta
et al., 2018). There were two miRNAs found to interact with this
signaling pathway during HPV infection, and more specifically,
in cervical cancers: miR-143-3p and miR-218-5p (Xu et al., 2018).
Both of them have the mRNA LYN as a target, which was found
to be highly expressed in HPV induced cervical cancers, thus
increasing the activity of NF-kB pathway. MiR-218-5p acts as a
negative regulator of this pathway, by decreasing the expression
of LYN (Xu et al., 2018).

MicroRNA Signaling in Herpes Virus

Infection

Herpesviridae is a vast family of enveloped dsDNA viruses
that are infectious to both humans and animals (Grey, 2015).
Although to date over 130 viruses have been recognized
(Brown and Newcomb, 2011), the ones that infect humans are
comprised of three subgroups, namely a-herpesviruses, which
include herpes simplex virus (HSV) types 1 and 2 and the
varicella-zoster virus (VZV), B-herpesviruses which encompass
the cytomegalovirus (CMV) and human herpesviruses 6 and 7
(HHV), as well as the y-herpesviruses, involving the Epstein-Barr
virus and Human Herpesvirus-8 (HHV8) (Wagner and Bloom,
1997; Carter, 2007).

MicroRNA Signaling in Herpes Simplex Virus Infection
HSV-1 and HSV-2 are most common herpes viruses, infecting
individuals mainly through oral and/or genital contact, at the
hand of shed viral particles. The virus drifts from the mucosa
until it reaches the neighboring autonomic neurons, where it
sets up a latent infection (Du et al, 2015). It has long been
shown that during latent infection, viral gene expression is
limited to the latency-associated transcript (LAT) (Wagner et al.,
1988). While this non-coding viral ARN is not fundamental
in the latency of infection (Randall et al., 2000), it does play
a role in latency-associated processes such as establishment,
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maintenance and reactivation, arguably by means of LAT-
encoded miRNAs (Perng et al., 1994; Umbach et al, 2009
Nicoll et al., 2012).

HSV-1 and -2 encode 18 precursor miRNAs that are
responsible for ultimately producing 27 and 24 mature miRNAs,
respectively (Kozomara et al.,, 2018). Despite efforts to attribute
exact functions to these miRNAs (Tang et al., 2009; Duan et al.,
2012), they still remain largely unexplained, with most studies
suggesting their involvement in latency regulation (Piedade
and Azevedo-Pereira, 2016). To this extent, HSV miR-H3 and
miR-H4 are two miRNAs that have been shown to decrease
the expression of the infected cell polypeptide 34.5 (ICP34.5),
a protein that promotes viral replication and reactivation in
neurons (Tang et al., 2008; Tang et al., 2009). Moreover, when
targeting the p16 protein, miR-H4b inhibits the PI3K/Akt and
mTOR signaling pathways, therefore modifying the cellular
environment in order to better adapt it for viral replication
and latency (Gottwein and Cullen, 2008; Zhao et al., 2015).
Along the same lines, miR-H6 has also been shown to promote
the maintenance of a latent state of HSV-1 by targeting the
Infected-cell polypeptide 4 (ICP4), which normally pushes the
virus toward entering the lytic cycle (Tang et al., 2009; Duan et al.,
2012). Infected-cell polypeptide 0 (ICPO) is another protein that
stimulates the reactivation of HSV-1, as well as viral replication
(Everett, 2000), and it has been shown that its activity is hindered
by miR-H2 (Umbach et al., 2008). Recently identified miR-
H28 and miR-H29, expressed late during reactivation, also tend
to reduce excessive viral replication (Han et al., 2016). It was
later demonstrated by Huang et al. that only miR-H28 induces
IFNy in human cell lines in order to limit the viral spread
to uninfected neighboring cells. They showed that both miR-
H28 overexpression and IFNy induction happen at the same
time, at the end of the reproductive cycle. Their study found
increased levels of IFNy at 7 h and, most notably, at 18 h
after transfection with miR-H28 (Huang et al., 2019). Han
et al. had previously suggested that IFN could be activated
at the hand of the stimulator of interferon genes (STING)
member of the signaling pathways, which is exported through
exosomes from infected cells to healthy ones (Han et al., 2016).
It is hypothesized that HSV tends to decrease its replication
in order to avoid its spread to the central nervous system,
which would in all likelihood kill the host (Han et al., 2016).
On the other hand, several viral miRNAs have been shown
to accumulate during viral replication and reactivation, such
as miR-H8-5p, -H15, -H17, -H18, -H26, and -H27, leading
to speculation regarding their involvement in promoting these
processes (Du et al., 2015).

MicroRNA Signaling in Cytomegalovirus Infection
Cytomegalovirus is also characterized by the establishing of life-
long latency following infection resolution, and poses great risks
for immunocompromised patients (Varani and Landini, 2011).
To date, the miRBase database reports the identification of 26
mature human CMV miRNAs originating from 15 precursor
miRNAs (miRBase, 2018). Their main functions are thought to
be immune system evasion, cell cycle regulation and vesicular
transport (Hook et al., 2014).

Hook et al. have shown that HCMV miRNAs UL112-1, US5-1,
and US5-2 target different components of the secretory pathway,
among which are the Ras-related protein Rab-11A (RAB11A),
the vesicle-associated membrane protein 3 (VAMP3) and the
synaptosome-associated protein of 23 kDa (SNAP23) (Hook
et al,, 2014). Under normal conditions, these endocytic proteins
facilitate the release of Interleukin-6 (IL-6) and Tumor necrosis
factor alpha (TNF-a), whose suppression permits a bypass of
the innate immune response (Gealy et al.,, 2005; Jarvis et al,
2006). Moreover, miR-UL112 has also been shown to decrease
the natural killer (NK) cell recognizing of the virus-infected
cells by targeting the major histocompatibility complex class-I
related chain B (MICB) (Stern-Ginossar et al., 2007). A thought-
provoking observation was developed by Nachmani et al., when
they found that this viral miRNA acted in synergy with a host
miRNA, hsa-miR-376a, thus decreasing NK-mediated virally
infected cell killing (Nachmani et al., 2010). A diminishing in
the recognition by the NK cells has also been observed to be
determined by miR-US25-2-3p, a viral miRNA that also targets
the tissue inhibitors of metalloproteinase 3 (TIMP3), leading to
an increase in the shedding of MICA/B (Esteso et al., 2014).
Furthermore, two fairly newly discovered HCMV miRNAs,
miR-US5-1 and miR-UL112-3p, have recently been shown to
target members of the IkB kinase (IKK) complex, IKKa and
IKKB, therefore reducing NF-kB signaling during late infection
(Hancock et al., 2017) and, consequently, the expression of
proinflammatory genes encoding cytokines and chemokines (Liu
etal.,, 2017). The secretion of cytokines and chemokines including
IL-6 is further inhibited by miR-UL148D, viral miRNA that has
been shown to be predominantly expressed during latency (Lau
et al., 2016; Goodwin et al., 2018).

MicroRNA Signaling in Epstein Barr Virus Infection
Much the same as other herpesviruses, EBV also causes
latent life-long infection by means of episomes maintained
within memory B-lymphocytes (Babcock et al., 1998; Thorley-
Lawson et al, 2013), its persistence having been associated
with lymphoproliferative disorders such as Burkitt’s lymphoma,
Hodgkin’s lymphoma, and diffuse large B cell lymphoma
(Shannon-Lowe et al., 2017).

EBV miRNAs play a number of roles in its pathogenesis,
including apoptosis inhibition - BART miRNAs (Marquitz et al.,
2011), immune evasion - BHRF1-3 (Xia et al., 2008), BART2-5p
(Nachmani et al., 2009), BART15 (Haneklaus et al., 2012) and,
perhaps the most crucial in tumorigenesis, cellular proliferation
and transformation (Wong et al., 2012; Lei et al., 2013), mainly
by modulating the expression of tumor suppressor genes. On
this note, miR-BART3 has been shown to inhibit the activity
of deleted in cancer 1 (DICEL1) protein, therefore counteracting
its tumor suppressive activity (Lei et al., 2013). Moreover, EBV
miR-BART7-3p has been found to regulate the PI3K/Akt/GSK-
3p pathway by targeting the phosphatase and tensin homolog
(PTEN) tumor suppressor gene. This leads to an accumulation
of Snail and B-catenin proteins, whose degradation is further
inhibited by the suppression of the beta-transducin repeat
containing E3 ubiquitin protein ligase gene (BTRC) mediated by
miR-BART10, thus favoring epithelial mesenchymal transition
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(EMT) and metastasis in nasopharyngeal carcinoma (Cai L.M.
et al, 2015). A similar mechanism of action involving the
decrease of PTEN activity followed by the activation of PI3K-
Akt, FAK-p130“® and Shc-MAPK/ERK1/2 signaling pathways
has been attributed to miR-BART1 in nasopharyngeal cancer cells
(Cai L. et al., 2015). Moreover, miR-BART16 has been shown
to target the CREB-binding protein (CBP), a key factor of the
IFN signaling pathway (Hooykaas et al., 2017). By impairing the
IFN pathway, EBV not only ensures its own replication, but it
also damages the anti-tumor effects of IFN (Budhwani et al.,
2018). On the other hand, inhibitory genes of the Wnt signaling
pathway can be inhibited by EBV miRNAs such as miR-BART-19-
3p (targets WNT Inhibitory Factor 1, WIF1), miR-BART7, 17-5p,
and 19-3p (targets the adenomatous polyposis coli gene, APC)
and miR-BART14, 18-5p, 19-3p (targets nemo-like kinase, NIk)
(Wong et al., 2012). Similar to the impairing of PI3K/Akt/GSK-
3p pathway by miR-BART7-3p, an aberrant regulation of the
Wnt pathway causes a shift of cytoplasmic B-catenin into the
nucleus, which ultimately leads to excessive cellular proliferation
(Wang et al., 2017).

MicroRNA Signaling in HIV Infection

The human immunodeficiency viruses (HIV) are RNA viruses
belonging to the Retroviridae family and consist of two
genetically distinct types: HIV-1, the more common and more
virulent one, and HIV-2, which is mainly limited to the West
African territory and is associated with lower transmission
rates and forms of disease (Gilbert et al, 2003). HIV-1
infection gradually leads to a decrease in T-cell CD4™ cells,
therefore weakening the patient’s immune defense, making them
susceptible to many infections. The means by which HIV
manages to evade the host's immune strategies involves the
reshaping of the host cells with the aid of viral accessory proteins
and RNA (Fruci et al., 2017). However, while host miRNAs can
play either positive or negative roles in viral replication and
disease evolution (Balasubramaniam et al., 2018), the existence of
viral miRNAs has only relatively recently been demonstrated and
their role in pathogenesis is still disputed (Omoto et al., 2004).

Cellular MicroRNAs Involved in Cell Signaling
Pathways During HIV Infection

A crucial step in HIV infection is the maintenance of latency,
which is facilitated by transcription, a process which involves
various cellular and viral factors, perhaps the most important
of which is the viral transcriptional activator Tat (Asamitsu
et al., 2018). A recent study pointed out that hsa-miR-21 and -
222 upregulation mediated by Tat may offer protection against
apoptosis while also leading to anergy in infected CD4™ T cells.
This is made possible due to the impairment of the PTEN-
AKT-FOXO3a pathway in infected cells, which leads to the
inhibition of PTEN-mediated apoptosis (Sanchez-Del Cojo et al.,
2017). Furthermore, Sardo et al. have shown that, when binding
to certain Dicer proteins, Tat downregulates particular cellular
miRNAs, specifically miR-539, -135a, -129, -499, -523, -524,
181a, and let-7. This, in turn, interferes with the Wnt/f-catenin
pathway, with Tat lysine motifs at positions 41 and 51 playing
crucial yet still poorly understood roles in inducing the

suppression of the B-catenin activity. The developing of HIV-
associated neurocognitive disorders is consequently promoted,
the Wnt/B-catenin pathway being just one of the pathways
involved in their pathogenesis (Sardo et al., 2016). An important
defense mechanism employed by eukaryotic cells is the RNAi
pathway, which has been shown to play an important role in
HIV infection (Scarborough and Gatignol, 2017). Nef is an
accessory protein that plays a key role in both viral replication
and downregulation of CD4" T cells (Lundquist et al., 2002),
and Omoto et al. were the first to demonstrate that Nef-shRNA
decreased the transcription of HIV-1, thus implying that Nef-
miRNAs produced by infected cells have a blocking action on Nef
activity through the RNAi pathway (Omoto et al., 2004).

An interesting finding was further highlighted by Xue et al.
when looking at HIV-associated Kaposi sarcoma: they found
that the HIV-1 Nef and KSHV K1 oncoprotein acted in synergy
and upregulated miR-718. Using a dual-luciferase reporter assay
system, they managed to show that, of the nine tested miRNAs
which were positively expressed when transduced with K1 and/or
Nef, only miR-718 directly targeted PTEN. By attaching to a
specific binding site on PTEN 3'UTR luciferase reporter, miR-718
decreased PTEN’s tumor suppressor activity in a dose-dependent
manner, thus activating the AKT/mTOR signaling pathway and
therefore promoting cell proliferation and angiogenesis (Xue
et al., 2014). On the same note, Yan et al. have found that,
in patients infected with both HIV-1 and KSHV, miR-942 and
-711 were upregulated, both leading to an activation of the
NF-kB signaling pathway, which, in turn, inhibited KSHV lytic
replication (Yan et al., 2018). The NF-kB signaling network has
previously been shown to be consistently activated during viral
infections, promoting an inflammatory state as well as HIV
persistence due to its ability to activate the viral transcription
(Hiscott et al., 2001). During HIV infection, it has been shown
to be influenced by both cellular and viral miRNAs (Gao et al.,
2014). miR-146a/b, which is increased during viral infections in
general (Taganov et al,, 2006), and HIV in particular (Huang
et al., 2018), has been shown to downregulate the NF-«B
pathway by targeting the TNF receptor-associated factor 6
(TRAF6) (Paik et al,, 2011). Furthermore, higher levels of miR-
155 have also been found in infected cells. By targeting the
tripartite motif containing 32 (TRIM32) it has been found to
block the ubiquitination of IkBa, thus inhibiting the NF-kB
pathway and, as a result, promoting viral latency reestablishment
(Ruelas et al., 2015).

Viral MicroRNAs Involved in Cell Signaling Pathways
During HIV Infection

On the other hand, viral miRNAs are also important players
in persistent inflammation and disease progression. Hivl-miR-
88 and hivl-miR-99 have been shown to activate the TLR8
signaling pathway resulting in a steady release of macrophage
TNFa (Bernard et al., 2014), which ensures a chronic state
of inflammation that ultimately favors progression to AIDS
(Silvestri and Feinberg, 2003). Furthermore, HIV-1-derived
TAR miRNAs, miR-tar-3p and miR-tar-5p, have been proposed
to regulate host gene expression. Ouellet et al. elicited the
assumption that TAR miRNAs, by acting on mRNA, regulate
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apoptosis-related genes, thus impacting HIV-induced cell death
(Ouellet et al., 2013). To this extent, an upregulation of pro-
apoptotic proteins as a result of these viral miRNAs has been
observed, which ultimately activate the Fas signaling pathway,
leading to complete apoptosis (Bartz and Emerman, 1999). On
the other hand, during the early stages of infection, TAR miRNAs
could also delay the viral induced apoptosis in order to gain time
for viral replication and assembly (Ouellet et al., 2013).

MicroRNA Signaling in HBV and HCV

Infection

Viral hepatitis is an important public health concern that
is mainly caused by the hepatitis B (HBV) and C (HCV)
viruses. Chronic infection leads to persistent liver inflammation
and damage, which may ultimately end up in hepatocellular
carcinoma (HCC) due to the development of oncogenic changes
(Shih et al., 2016). To date, there is mounting evidence
attesting to the importance of aberrant miRNA expression in the
pathogenesis of viral hepatitis.

MicroRNA Signaling in HBV Infection

Hepatitis B virus is a DNA virus belonging to the Hepadnaviridae
family that causes acute hepatitis which, in around 5% of cases,
proceeds to chronic disease (Mui et al., 2017). In some cases,
patients suffering from HBV may in time develop hepatocellular
carcinoma (HCC) due to the chronic inflammatory state that
it ensures and the pro-tumorigenic pathways that it activates
(Levrero and Zucman-Rossi, 2016).

While the presence and function of HBV-miRNAs has
only been speculated on, multiple studies have highlighted the
importance of the impaired expression of cellular miRNAs during
HBV infection and oncogenesis. MiR-122 is a liver specific
miRNA that plays an important role in cholesterol metabolism,
tumor suppression and the maintaining of an overall healthy liver
(Jopling, 2012). Wang et al. have shown that HBV replication
is negatively influenced by miRNA-122, which increases p53
activity through the downregulation of cyclin G1. Therefore,
loss of miR-122 expression has been shown to promote viral
persistence as well as oncogenesis (Chen Y. et al., 2011; Wang
et al., 2012). Furthermore, Xu et al. have demonstrated that
miR-122 has a pronounced antitumor effect by regulating the
Wnt/B-catenin pathway. Their experiment indicated that miR-
122, by binding to 3’-UTR Wntl which included the target
sequence, managed to inhibit its activity by almost 50%, this
suppressive effect being absent when a miR-122 inhibitor was
used. This blocking activity subsequently led to hindering of
HCC cell proliferation and promotion of cell apoptosis (Xu
et al., 2012). Furthermore, it has been suggested that miR-122
can actively prevent the epithelial-mesenchymal transition while
blocking HCC cell motility due to its ability to impair the
RhoA/Rock pathway, which is deeply involved in cytoskeletal
events such as fiber bundles formation (Kalluri and Weinberg,
2009; Wang et al,, 2014). To this extent, Wang et al. tested
this hypothesis by using dual luciferase reporter plasmids (RhoA
and Racl) containing the binding sites for miR-122. Their
experiment showed that miR-122 significantly diminished the
number of total and active forms of RhoA and Racl (Wang

et al, 2014). Moreover, an inhibition of HBV replication is
possible through the regulation of IFN signaling pathway: Gao
et al. have shown that the IFN circuitry can be hindered by
the overexpression of the suppressor of cytokine signaling 3
(SOCS3), which happens as a result of a down-regulated miR-122
(Gao et al., 2015).

miR-132 has been shown to associate tumor suppressive
properties in various types of cancer (Liu et al, 2015; Chen
etal,, 2019). However, during HBV infection, the hepatitis B virus
x (HBx) protein downregulates its expression, thus enhancing
HBV’s carcinogenic feature. Wei et al. have demonstrated that
HCC cell proliferation was markedly inhibited by miR-132, which
interfered with the Akt-signaling pathway. After transfection of
tumor cells with miR-132, they found that p-Akt, cyclin D1,
p-GSK3p and P-catenin were substantially under-expressed, this
outcome indicating the involvement of the Akt signaling cascade
and miR-132 in HCC tumorigenesis (Wei et al., 2013).

The miR-371-373 cluster can act either as tumor-suppressors
(Langroudi et al, 2015; Ullmann et al., 2018) or potential
oncogenes (Wei et al., 2015; Ghasemi et al., 2018) in various
human malignancies. In HBV infection, the upregulation of
miRs-372-373 has been shown to positively correlate with the
number of HBV DNA copies. Guo et al. have highlighted that,
by targeting an NFIB-dependent pathway, miR-372-373 promote
HBYV expression and replication, thus favoring viral progression
(Guo et al., 2011).

MicroRNA Signaling in HCV Infection

Hepatitis C virus (HCV) is an RNA virus belonging to
the Flaviviridae family, which, as opposed to HBV, causes
chronic viral hepatitis in around 60-80% of infected individuals
(Rehermann and Nascimbeni, 2005). Around 5 to 20% of
chronic hepatitis C patients proceed to develop cirrhosis or HCC
(Chen and Morgan, 2006). The RNA-dependent RNA polymerase
(RdRp) of HCV operates in an error-prone manner which results
in a highly diverse population of viral quasispecies (Gomez et al.,
1999). The ensuing heterogeneity of HCV poses great challenge
not only in developing new treatments and effective vaccines, but
also in diagnosis (Li and Lo, 2015).

While miRNAs impaired by HBV are mainly involved in
DNA damage and repair, transcription and apoptosis, those
suppressed by HCV have been shown to have an impact
mainly on antigen presentation, immune regulation and cell-
division cycle. Moreover, it would seem that in HCV infection
there are more down-regulated miRNAs than in HBV infection
(Ura et al, 2009), with Jopling et al. suggesting that some
cellular miRNAs may be depleted during the defense against
RNA viruses (Jopling et al.,, 2005). For instance, Huang et al.
have shown that Wntl acts as a target gene, holding two
binding sites for miR-152, situated at the 3/-UTR region of
Wnt, namely at 262-268 bp and 688-694 bp, respectively. They
indicated that the expression of miR-152, which normally has
an inhibitory effect over Wntl, was notably downregulated in
HCYV infection, attributing it to the overexpression of HCV core
protein. The ensuing increased activity of the Wnt/B-catenin
pathway promotes excessive cell proliferation (Huang et al.,
2014). Wnt/p-catenin signaling has also been shown to be
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increased by the overly expressed miR-155 that is seen in
HCV infection, as suggested by Zhang et al. (Zhang et al,
2012). In Wnt signaling, the glycogen synthase kinase 3 beta
(GSK3b) enzyme, along with the adenomatous polyposis coli
(APC) and Axin proteins assemble a multimeric structure meant
to abolish Wnt signaling by phosphorylating B-catenin at its
N-terminal end which leads to its degradation through the
ubiquitin proteasome system (Verheyen and Gottardi, 2010). In
their experiment, miR-155 significantly decreased APC levels,
thus leading to the activation of the Wnt/B-catenin signaling
cascade (Zhang et al., 2012).

However, HCV infection also results in the upregulation
of certain miRNAs, and such is the case of miR-21, which is
upregulated by HCV. MiR-21 acts by targeting elements of the
toll-like receptor (TLR) signaling pathway, like interleukin-1
receptor-associated kinases (IRAK) 1 and 4, tumor necrosis factor
receptor-associated factor 6 (TRAF6) and myeloid differentiation
primary response (MyD88) 88 protein, ultimately leading to
IEN type I suppression in order to evade the immune response
(Chen et al., 2013). Liver-specific miRNA, miR-122, can also
be up-regulated during HCV infection, predicting a poorer
response to IFN therapy (Khan et al., 2015). Enhanced miR-122
tends to promote the expression of the suppressor of cytokine
signaling 3 (SOCS3) and therefore reduce STAT?3 activation, thus
reducing the induction of antiviral genes through the interferon-
stimulated gene factor 3 (ISGF3) (Zhu et al., 2011). IFN resistance
is further aided by miR-373, which targets IFN-regulatory factor
9 (IRF9) and JAK1, therefore impairing the JAK/STAT signaling
pathway (Mukherjee et al., 2015).

CLINICAL APPLICATION OF MIRNAS IN
VIRAL INFECTION AND THERAPY

In the past years, using miRNA as a tool in order to modify gene
expression became one of the most important and new frontier
in modern medicine (Chakraborty et al., 2017). Recently, an
increased significance has been granted to the field of infectious
diseases. MiRNAs are interesting molecules with reference to
antiviral therapy because of their low immunogenicity and
their capability of being tests in various animal models in
preclinical studies (Girardi et al., 2018). Even if there are many
ways to inhibit (Li and Rana, 2014) or to overexpress a given
miRNA (Yang, 2015) in vivo, the delivery process still remains
challenging for miRNA-based therapy in clinical applications
(Girardi et al., 2018).

An interesting example of miRNA-based treatment for
antiviral therapy is Miravirsen, an LNA-modified anti-miR-122
which can combat hepatitis C virus infection (Janssen et al.,
2013). LNA is a 15-nucleotide locked nucleic acid oligonucleotide
which suffered phosphonothioate modifications and was named
SPC3649 or Miravirsen. It was shown that the systematic delivery
of LNA, complementary to the 5 end of miR-122, results
in sequestration of miRNA in non-human primates with no
associated toxicity (Elmen et al, 2008). Also, in chimpanzees
with chronic HCV infection the silencing of miR-122 by the
antisense oligonucleotide Miravirsen was also achieved, and long

lasting viral suppression was observed (Lanford et al., 2010).
3 years later, Janssen et al. carried out a second phase of
the study in chronic HCV infected patients who received 5-
weekly injections of Miravirsen, and they observed that the
treatment resulted in a prolonged and dose-dependent reduction
in HCV RNA levels (Janssen et al., 2013; van der Ree et al,,
2014; Kreth et al., 2018). More recently, the evaluation of miR-
122 plasma levels in chronic HCV infected patients during
Miravirsen treatment demonstrated a specific, significant and
prolonged decrease in miR-122 expression, very close to detection
limits in some cases. Despite this fact, a substantial decrease
in viral load was not observed (van der Ree et al., 2016).
The reduction in the viral load was obtained later, in another
experiment conducted by van der Ree et al, when RG-101,
an N-acetylgalactosamine conjugated antisense oligonucleotide
for miR-122 was elaborated in order to increase miR-122
sequestration. Viral load reduction was observed in all treated
patients within 4 weeks (van der Ree et al., 2017).

In another study performed on mice, it was demonstrated
that the administration of five chemically modified miRNA
mimics via intranasal pathway was able to target the viral RNA,
suppressing HIN1 replication and protecting the mice from viral
infection. The miRNA mimics corresponded to highly expressed
miRNAs in respiratory epithelial cells (Peng et al., 2018).

Furthermore, the neurotropic virus JEV is able to induce
miR-301 expression in neuronal infected cells, which affects
the antiviral host response. In vivo, inhibition of miR-
301 by intracranial injection with modified miR-301la
phosphorodiamidate morpholine oligomer restores the IFN
response and improves the survival of JEV infected mice by
enabling IFNP production and restricting viral propagation
(Hazra and Kumawat, 2017). Even if miRNAs are a very
promising source for the treatment of neurotropic viral infection,
the main difficulty for small RNA-based approaches in lies in the
crossing of the blood-brain barrier.

One of the most successful interventions nowadays available
are live attenuated vaccines against human viral pathogens.
Vaccines not only function well for acute diseases, but also for
chronic infections such as HIV, even if these are more challenging
for reasons of safety and efficacy (Minor, 2015). MiRNAs have a
natural capacity to inhibit viruses through direct targeting of viral
RNAs, capacity which can be used to generate new attenuated
vaccines in specific tissue manner by incorporating cell-specific
miRNA target sequences into their genomes. For example, the
insertion of complementary sequences for the neural-specific
miR-124 into the poliovirus genome restricts its tissue tropism in
mice while also preventing pathogenicity of the attenuated viral
strain (Barnes et al., 2008).

Another interesting approach refers to the modification of
viral tropism in order to develop safer replication-competent
oncolytic viruses (Kaufman et al, 2015). It is known that
oncolytic viruses replicate in cancer cells and, in turn, trigger the
activation of immune response against the tumor, but they can
also induce toxicity in normal tissues. To impair this issue, an
alternative way is to integrate target sequences complementary
to a specific miRNA into the viral genome. The replication
in normal cells is reduced while the oncolytic potential is
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maintained in tumor cells. The oncolytic picornavirus Coxsackie
A21, the cause for lethal myositis in tumor-bearing mice, is such
an example. The myotoxicity was reduced and the oncolytic
properties were maintained when binding sites for the muscle-
specific miR-206 and miR-133 were added (Kelly et al., 2008).

CONCLUSION

MiRNAs are evolutionarily conserved non-coding RNAs that
play crucial roles in regulating gene expression in both animals
and humans. In this review, we have extensively covered various
aspects involving miRNAs interactions with various signaling
pathways during viral infections. It is important to keep in mind
that some viruses encode their own miRNAs, which complicates
the regulation mediated by the virus.

The importance of these viral small molecules during infection
comes from their ability to modify the cell environment in a
non-immunogenic way once they are selected by the virus. The
overexpression of miRNA triggered by pathogens is not always
correlated with their survival or pathogenesis, and sometimes
it can be cell- or tissue-specific. The exact mechanisms of
modulation of host cellular miRNA by viruses and specific
virulence factors are still unclear. However, miRNAs can play
important roles in clinical applications in diagnostic and therapy
against viral infections.

MiRNAs are essential mediators of host response to different
pathogens. Knowing the roles of miRNAs in host response to
various viral infections provides an interesting tool for identifying
key genes and pathways that must be activated, enhanced,

REFERENCES

Adimonye, A., Stankiewicz, E., Kudahetti, S., Trevisan, G., Tinwell, B., Corbishley,
C., et al. (2018). Analysis of the PI3K-AKT-mTOR pathway in penile cancer:
evaluation of a therapeutically targetable pathway. Oncotarget 9, 16074-16086.

Aggarwal, B. B, Sethi, G., Ahn, K. S., Sandur, S. K., Pandey, M. K., Kunnumakkara,
A.B., etal. (2006). Targeting signal-transducer-and-activator-of-transcription-3
for prevention and therapy of cancer: modern target but ancient solution. Ann.
N. Y. Acad. Sci. 1091, 151-169.

Alisi, A., Giannini, C., Spaziani, A., Caini, P., Zignego, A. L., and Balsano, C.
(2008). Involvement of PI3K in HCV-related lymphoproliferative disorders.
J. Cell Physiol. 214, 396-404. doi: 10.1002/jcp.21211

Androulidaki, A., Iliopoulos, D., Arranz, A., Doxaki, C., Schworer, S.,
Zacharioudaki, V., et al. (2009). The kinase Akt1 controls macrophage response
to lipopolysaccharide by regulating microRNAs. Immunity 31, 220-231. doi:
10.1016/j.immuni.2009.06.024

Arany, 1., Grattendick, K. G., and Tyring, S. K. (2002). Interleukin-10 induces
transcription of the early promoter of human papillomavirus type 16 (HPV16)
through the 5'-segment of the upstream regulatory region (URR). Antivir. Res.
55, 331-339. doi: 10.1016/s0166-3542(02)00070-0

Asamitsu, K., Fujinaga, K., and Okamoto, T. (2018). HIV Tat/P-TEFb interaction:
a potential target for novel anti-HIV therapies. Molecules 23:933. doi: 10.3390/
molecules23040933

Babcock, G. J., Decker, L. L., Volk, M., and Thorley-Lawson, D. A. (1998). EBV
persistence in memory B cells in vivo. Immunity 9, 395-404. doi: 10.1016/
$1074-7613(00)80622-6

Balasubramaniam, M., Pandhare, J., and Dash, C. (2018). Are microRNAs
important players in HIV-1 Infection? An Update. Viruses 10:110. doi: 10.3390/
v10030110

silenced or repressed in order to impel an effective immune
response. The clinical applications of miRNAs are extremely
important, as miRNAs targeted inhibition may have substantial
therapeutic impact. Inhibition of miRNAs can be achieved
through many different methods, but chemically modified
antisense oligonucleotides have shown the most prominent
effects. Though we are far from completely understanding all the
molecular mechanisms behind the complex cross-talks between
miRNA pathways and viral infections, the general knowledge
is increasing on the different roles played by miRNAs during
viral infections.

AUTHOR CONTRIBUTIONS

MB, CC, and DT contributed to the conceptualization. DC and
OT performed the methodology. OB investigated the data. NS
carried out the resources. MB, CC, DT, and OB wrote the original
draft of the manuscript. DC contributed to writing, reviewing,
and editing and supervised the manuscript. OT visualized the
data. DT carried out the project administration. NS and SV
performed the funding acquisition.

FUNDING

This work and the APC were supported by grants of the
Romanian Ministry of Research and Innovation, CCCDI -
UEFISCDI, projects number PN-III-P1-1.2-PCCDI-2017-
0833/68/2018 within PNCDI I1I.

Banzhaf-Strathmann, J., and Edbauer, D. (2014). Good guy or bad guy: the
opposing roles of microRNA 125b in cancer. Cell Commun. Signal. 12:30. doi:
10.1186/1478-811x-12-30

Bar, M., Wyman, S. K,, Fritz, B. R., Qi, J., Garg, K. S., Parkin, R. K., et al. (2008).
MicroRNA discovery and profiling in human embryonic stem cells by deep
sequencing of small RNA libraries. Stem Cells 26, 2496-2505. doi: 10.1634/
stemcells.2008-0356

Barciszewska-Pacak, M., Milanowska, K., Knop, K., Bielewicz, D., Nug, P., Plewka,
P, et al. (2015). Arabidopsis microRNA expression regulation in a wide range
of abiotic stress responses. Front. Plant Sci. 6:410. doi: 10.3389/fpls.2015.00410

Baril, M., Es-Saad, S., Chatel-Chaix, L., Fink, K., Pham, T., Raymond, V. A,, et al.
(2013). Genome-wide RNAIi screen reveals a new role of a WNT/CTNNBI
signaling pathway as negative regulator of virus-induced innate immune
responses. PLoS Pathog. 9:¢1003416. doi: 10.1371/journal.ppat.1003416

Barnes, D., Kunitomi, M., Vignuzzi, M., Saksela, K., and Andino, R. (2008).
Harnessing endogenous miRNAs to control virus tissue tropism as a strategy
for developing attenuated virus vaccines. Cell Host Microb. 4, 239-248. doi:
10.1016/j.chom.2008.08.003

Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. Cell
136, 215-233. doi: 10.1016/j.cell.2009.01.002

Bartz, S. R., and Emerman, M. (1999). Human immunodeficiency virus type 1 Tat
induces apoptosis and increases sensitivity to apoptotic signals by up-regulating
FLICE/caspase-8. J. Virol. 73, 1956-1963. doi: 10.1128/jvi.73.3.1956-1963.1999

Barwari, T., Joshi, A., and Mayr, M. (2016). MicroRNAs in cardiovascular disease.
J. Am. Coll. Cardiol. 68, 2577-2584.

Bernard, M. A, Zhao, H., Yue, S. C., Anandaiah, A., Koziel, H., and Tachado, S. D.
(2014). Novel HIV-1 miRNAs stimulate TNFa release in human macrophages
via TLR8 signaling pathway. PLoS One 9:¢106006. doi: 10.1371/journal.pone.
0106006

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 143


https://doi.org/10.1002/jcp.21211
https://doi.org/10.1016/j.immuni.2009.06.024
https://doi.org/10.1016/j.immuni.2009.06.024
https://doi.org/10.1016/s0166-3542(02)00070-0
https://doi.org/10.3390/molecules23040933
https://doi.org/10.3390/molecules23040933
https://doi.org/10.1016/s1074-7613(00)80622-6
https://doi.org/10.1016/s1074-7613(00)80622-6
https://doi.org/10.3390/v10030110
https://doi.org/10.3390/v10030110
https://doi.org/10.1186/1478-811x-12-30
https://doi.org/10.1186/1478-811x-12-30
https://doi.org/10.1634/stemcells.2008-0356
https://doi.org/10.1634/stemcells.2008-0356
https://doi.org/10.3389/fpls.2015.00410
https://doi.org/10.1371/journal.ppat.1003416
https://doi.org/10.1016/j.chom.2008.08.003
https://doi.org/10.1016/j.chom.2008.08.003
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1128/jvi.73.3.1956-1963.1999
https://doi.org/10.1371/journal.pone.0106006
https://doi.org/10.1371/journal.pone.0106006
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Barbu et al.

MicroRNA Signaling in Viral Infections

Bhaskaran, M., and Mohan, M. (2014). MicroRNAs: history, biogenesis, and their
evolving role in animal development and disease. Vet. Pathol. 51, 759-774.
doi: 10.1177/0300985813502820

Bhaumik, D., Scott, G. K., Schokrpur, S., Patil, C. K., Campisi, J., and Benz,
C. C. (2008). Expression of microRNA-146 suppresses NF-kappaB activity with
reduction of metastatic potential in breast cancer cells. Oncogene 27, 5643-5647.
doi: 10.1038/0nc.2008.171

Bogerd, H. P., Karnowski, H. W., Cai, X., Shin, J., Pohlers, M., and Cullen, B. R.
(2010). A mammalian herpesvirus uses noncanonical expression and processing
mechanisms to generate viral MicroRNAs. Mol. Cell 37, 135-142. doi: 10.1016/
j.molcel.2009.12.016

Bouvard, V., Baan, R,, Straif, K., Grosse, Y., Secretan, B., El Ghissassi, F., et al.
(2009). A review of human carcinogens—Part B: biological agents. Lancet Oncol.
10, 321-322. doi: 10.1016/s1470-2045(09)70096-8

Bouzakri, K., and Zierath, J. (2007). MAP4K4 gene silencing in human skeletal
muscle prevents tumor necrosis factor- -induced insulin resistance. J. Biol.
Chem. 282, 7783-7789. doi: 10.1074/jbc.m608602200

Branca, M., Giorgi, C., Ciotti, M., Santini, D., Di Bonito, L., Costa, S., et al.
(2006). Upregulation of nuclear factor-kB (NF-kB) is related to the grade
of cervical intraepithelial neoplasia, but is not an independent predictor of
high-risk human papillomavirus or disease outcome in cervical cancer. Diagn.
Cytopathol. 34, 555-563. doi: 10.1002/dc.20514

Brown, J. C., and Newcomb, W. W. (2011). Herpesvirus capsid assembly: insights
from structural analysis. Curr. Opin. Virol. 1, 142-149. doi: 10.1016/j.coviro.
2011.06.003

Bruscella, P., Bottini, S., Baudesson, C., Pawlotsky, J. M., Feray, C., and Trabucchi,
M. (2017). Viruses and miRNAs: more friends than foes. Front. Microbiol. 8:824.
doi: 10.3389/fmicb.2017.00824

Budhwani, M., Mazzieri, R., and Dolcetti, R. (2018). Plasticity of Type I interferon-
mediated responses in cancer therapy: from anti-tumor immunity to resistance.
Front. Oncol. 8:322. doi: 10.3389/fonc.2018.00322

Cai, L., Ye, Y., Jiang, Q., Chen, Y., Lyu, X,, Li, ., et al. (2015). Epstein-Barr virus-
encoded microRNA BART1 induces tumour metastasis by regulating PTEN-
dependent pathways in nasopharyngeal carcinoma. Nat. Commun. 6:7353.

Cai, L. M,, Lyu, X. M,, Luo, W. R,, Cui, X. F,, Ye, Y. F,, Yuan, C. C,, et al. (2015).
EBV-miR-BART7-3p promotes the EMT and metastasis of nasopharyngeal
carcinoma cells by suppressing the tumor suppressor PTEN. Oncogene 34,
2156-2166. doi: 10.1038/0nc.2014.341

Carter, J. (2007). Virology: Principles and Applications. 1st Edn, Hoboken, NJ:
Wiley.

Cha, Y. H., Kim, N. H,, Park, C,, Lee, I, Kim, H. S., and Yook, J. I. (2012). MiRNA-
34 intrinsically links p53 tumor suppressor and Wnt signaling. Cell Cycle 11,
1273-1281. doi: 10.4161/cc.19618

Chakraborty, C., Sharma, A. R., Sharma, G., Doss, C. G. P, and Lee, S.-S.
(2017). Therapeutic miRNA and siRNA: moving from bench to clinic as next
generation medicine. Mol. Ther. Nucleic Acids 8, 132-143. doi: 10.1016/j.omtn.
2017.06.005

Chen, C,, Ridzon, D. A., Broomer, A. J., Zhou, Z., Lee, D. H., Nguyen, J. T., et al.
(2005). Real-time quantification of microRNAs by stem-loop RT-PCR. Nucleic
Acids Res. 33:e179. doi: 10.1093/nar/gnil78

Chen, C,, Tan, R,, Wong, L., Fekete, R., and Halsey, J. (2011). Quantitation of
microRNAs by real-time RT-qPCR. Methods Mol. Biol. 687, 113-134. doi: 10.
1007/978-1-60761-944-4_8

Chen, S. L., and Morgan, T. R. (2006). The natural history of hepatitis C virus
(HCV) infection. Int. J. Med. Sci. 3, 47-52. doi: 10.7150/ijms.3.47

Chen, X., Li, M., Zhou, H., and Zhang, L. (2019). miR-132 Targets FOXA1 and
exerts tumor-suppressing functions in thyroid cancer. Oncol. Res. 27, 431-437.
doi: 10.3727/096504018x15201058168730

Chen, Y., Chen, J., Wang, H., Shi, J., Wu, K,, Liu, S., et al. (2013). HCV-induced
miR-21 contributes to evasion of host immune system by targeting MyD88 and
IRAKI. PLoS Pathog. 9:21003248. doi: 10.1371/journal.ppat.1003248

Chen, Y., Shen, A., Rider, P. J., Yu, Y., Wu, K,, Mu, Y., et al. (2011). A liver-
specific microRNA binds to a highly conserved RNA sequence of hepatitis B
virus and negatively regulates viral gene expression and replication. FASEB J.
25,4511-4521. doi: 10.1096/1j.11-187781

Chen, Y. X,, Huang, K. J, and Niu, K. X. (2018). Recent advances in
signal amplification strategy based on oligonucleotide and nanomaterials for

microRNA detection-a review. Biosens. Bioelectron. 99, 612-624. doi: 10.1016/j.
bi0s.2017.08.036

Chevillet, J. R., Lee, I, Briggs, H. A., He, Y., and Wang, K. (2014). Issues and
prospects of microRNA-based biomarkers in blood and other body fluids.
Molecules 19, 6080-6105. doi: 10.3390/molecules19056080

Chi, S. W., Hannon, G. J., and Darnell, R. B. (2012). An alternative mode of
microRNA target recognition. Nat. Struct. Mol. Biol. 19, 321-327. doi: 10.1038/
nsmb.2230

Chugh, P., Bradel-Tretheway, B., Monteiro-Filho, C. M., Planelles, V., Maggirwar,
S. B., Dewhurst, S., et al. (2008). Akt inhibitors as an HIV-1 infected
macrophage-specific anti-viral therapy. Retrovirology 5:11. doi: 10.1186/1742-
4690-5-11

Creighton, C. ], Reid, J. G., and Gunaratne, P. H. (2009). Expression profiling of
microRNAs by deep sequencing. Brief Bioinform. 10, 490-497. doi: 10.1093/bib/
bbp019

Cui, F,, Li, X,, Zhu, X., Huang, L., Huang, Y., Mao, C,, et al. (2012). MiR-
125b inhibits tumor growth and promotes apoptosis of cervical cancer cells
by targeting phosphoinositide 3-kinase catalytic subunit delta. Cell Physiol.
Biochem. 30, 1310-1318. doi: 10.1159/000343320

Cullen, B. R. (2001). Journey to the center of the cell. Cell 105, 697-700. doi:
10.1016/50092-8674(01)00392-0

Dalmay, T. (2008). Identification of genes targeted by microRNAs. Biochem. Soc.
Trans. 36(Pt 6), 1194-1196. doi: 10.1042/bst0361194

Darnell, J. E. Jr., Kerr, I. M., and Stark, G. R. (1994). Jak-STAT pathways and
transcriptional activation in response to IFNs and other extracellular signaling
proteins. Science 264, 1415-1421. doi: 10.1126/science.8197455

Davis-Dusenbery, B. N., and Hata, A. (2010). Mechanisms of control of microRNA
biogenesis. J. Biochem. 148, 381-392.

de Veer, M. J., Holko, M., Frevel, M., Walker, E., Der, S., Paranjape, J. M., et al.
(2001). Functional classification of interferon-stimulated genes identified using
microarrays. J. Leukoc. Biol. 69, 912-920.

Denli, A. M., Tops, B. B., Plasterk, R. H., Ketting, R. F., and Hannon, G. J. (2004).
Processing of primary microRNAs by the microprocessor complex. Nature 432,
231-235. doi: 10.1038/nature03049

Deregibus, M. C., Cantaluppi, V., Doublier, S., Brizzi, M. F., Deambrosis, I., Albini,
A., et al. (2002). HIV-1-Tat protein activates phosphatidylinositol 3-kinase/
AKT-dependent survival pathways in Kaposi’s sarcoma cells. J. Biol. Chem. 277,
25195-25202. doi: 10.1074/jbc.m200921200

Diebel, K. W., Smith, A. L., and van Dyk, L. F. (2010). Mature and functional
viral miRNAs transcribed from novel RNA polymerase III promoters. RNA 16,
170-185. doi: 10.1261/rna.1873910

Diehl, N., and Schaal, H. (2013). Make yourself at home: viral hijacking of the
PI3K/AKkt signaling pathway. Viruses 5, 3192-3212. doi: 10.3390/v5123192

Dong, C., Davis, R. J., and Flavell, R. A. (2002). MAP kinases in the immune
response. Annu. Rev. Immunol. 20, 55-72. doi: 10.1146/annurev.immunol.20.
091301.131133

Du, T., Han, Z., Zhou, G., and Roizman, B. (2015). Patterns of accumulation of
miRNAs encoded by herpes simplex virus during productive infection, latency,
and on reactivation. Proc. Natl. Acad. Sci. U.S.A. 112, E49-E55.

Duan, F,, Liao, J., Huang, Q., Nie, Y., and Wu, K. (2012). HSV-1 miR-H6 inhibits
HSV-1 replication and IL-6 expression in human corneal epithelial cells in vitro.
Clin. Dev. Immunol. 2012:192791.

Eichhorn, S. W., Guo, H., McGeary, S. E., Rodriguez-Mias, R. A., Shin, C., Baek,
D., et al. (2014). mRNA destabilization is the dominant effect of mammalian
microRNAs by the time substantial repression ensues. Mol. Cell 56, 104-115.
doi: 10.1016/j.molcel.2014.08.028

Elmen, J., Lindow, M., Schutz, S., Lawrence, M., Petri, A., Obad, S., et al. (2008).
LNA-mediated microRNA silencing in non-human primates. Nature 452, 896
899. doi: 10.1038/nature06783

Esteso, G., Luzon, E., Sarmiento, E., Gomez-Caro, R., Steinle, A., Murphy,
G., et al. (2014). Altered microRNA expression after infection with human
cytomegalovirus leads to TIMP3 downregulation and increased shedding of
metalloprotease substrates, including MICA. J. Immunol. 193, 1344-1352. doi:
10.4049/jimmunol.1303441

Everett, R. D. (2000). ICPO, a regulator of herpes simplex virus during lytic
and latent infection. Bioessays 22, 761-770. doi: 10.1002/1521-1878(200008)22:
8<761::aid-bies10>3.0.co;2-a

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 143


https://doi.org/10.1177/0300985813502820
https://doi.org/10.1038/onc.2008.171
https://doi.org/10.1016/j.molcel.2009.12.016
https://doi.org/10.1016/j.molcel.2009.12.016
https://doi.org/10.1016/s1470-2045(09)70096-8
https://doi.org/10.1074/jbc.m608602200
https://doi.org/10.1002/dc.20514
https://doi.org/10.1016/j.coviro.2011.06.003
https://doi.org/10.1016/j.coviro.2011.06.003
https://doi.org/10.3389/fmicb.2017.00824
https://doi.org/10.3389/fonc.2018.00322
https://doi.org/10.1038/onc.2014.341
https://doi.org/10.4161/cc.19618
https://doi.org/10.1016/j.omtn.2017.06.005
https://doi.org/10.1016/j.omtn.2017.06.005
https://doi.org/10.1093/nar/gni178
https://doi.org/10.1007/978-1-60761-944-4_8
https://doi.org/10.1007/978-1-60761-944-4_8
https://doi.org/10.7150/ijms.3.47
https://doi.org/10.3727/096504018x15201058168730
https://doi.org/10.1371/journal.ppat.1003248
https://doi.org/10.1096/fj.11-187781
https://doi.org/10.1016/j.bios.2017.08.036
https://doi.org/10.1016/j.bios.2017.08.036
https://doi.org/10.3390/molecules19056080
https://doi.org/10.1038/nsmb.2230
https://doi.org/10.1038/nsmb.2230
https://doi.org/10.1186/1742-4690-5-11
https://doi.org/10.1186/1742-4690-5-11
https://doi.org/10.1093/bib/bbp019
https://doi.org/10.1093/bib/bbp019
https://doi.org/10.1159/000343320
https://doi.org/10.1016/s0092-8674(01)00392-0
https://doi.org/10.1016/s0092-8674(01)00392-0
https://doi.org/10.1042/bst0361194
https://doi.org/10.1126/science.8197455
https://doi.org/10.1038/nature03049
https://doi.org/10.1074/jbc.m200921200
https://doi.org/10.1261/rna.1873910
https://doi.org/10.3390/v5123192
https://doi.org/10.1146/annurev.immunol.20.091301.131133
https://doi.org/10.1146/annurev.immunol.20.091301.131133
https://doi.org/10.1016/j.molcel.2014.08.028
https://doi.org/10.1038/nature06783
https://doi.org/10.4049/jimmunol.1303441
https://doi.org/10.4049/jimmunol.1303441
https://doi.org/10.1002/1521-1878(200008)22:8<761::aid-bies10>3.0.co;2-a
https://doi.org/10.1002/1521-1878(200008)22:8<761::aid-bies10>3.0.co;2-a
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Barbu et al.

MicroRNA Signaling in Viral Infections

Fanger, G. R. (1999). Regulation of the MAPK family members: role of
subcellular localization and architectural organization. Histol. Histopathol. 14,
887-894.

Fruci, D., Rota, R., and Gallo, A. (2017). The role of HCMV and HIV-1 MicroRNAs:
processing, and mechanisms of action during viral infection. Front. Microbiol.
8:689. doi: 10.3389/fmicb.2017.00689

Gao, D, Zhai, A., Qian, J., Li, A., Li, Y., Song, W., et al. (2015). Down-regulation of
suppressor of cytokine signaling 3 by miR-122 enhances interferon-mediated
suppression of hepatitis B virus. Antivir. Res. 118, 20-28. doi: 10.1016/].
antiviral.2015.03.001

Gao, Z., Dou, Y., Chen, Y., and Zheng, Y. (2014). MicroRNA roles in the NF- kB
signaling pathway during viral infections. Biomed. Res. Int. 2014:436097.

Garofalo, M., Leva, G. D., and Croce, C. M. (2014). MicroRNAs as
anti-cancer therapy. Curr. Pharm. Des. 20, 5328-5335. doi: 10.2174/
1381612820666140128211346

Gaur, P., Munjhal, A,, and Lal, S. K. (2011). Influenza virus and cell signaling
pathways. Med. Sci. Monit. 17, RA148-RA154.

Gealy, C., Denson, M., Humphreys, C., McSharry, B., Wilkinson, G., and Caswell,
R. (2005). Posttranscriptional suppression of interleukin-6 production by
human cytomegalovirus. J. Virol. 79, 472-485. doi: 10.1128/jvi.79.1.472-485.
2005

Ghasemi, M., Samaei, N. M., Mowla, S. J., Shafiee, M., Vasei, M., and Ghasemian,
N. (2018). Upregulation of miR-371-373 cluster, a human embryonic stem cell
specific microRNA cluster, in esophageal squamous cell carcinoma. J. Cancer
Res. Therap. 14(Suppl.), S132-S137.

Gilbert, P. B., McKeague, I. W., Eisen, G., Mullins, C., Gueye, N. A., Mboup, S.,
et al. (2003). Comparison of HIV-1 and HIV-2 infectivity from a prospective
cohort study in Senegal. Statist. Med. 22, 573-593. doi: 10.1002/sim.1342

Gillespie, P., Ladame, S., and O’Hare, D. (2018). Molecular methods in
electrochemical microRNA detection. Analyst 144, 114-129. doi: 10.1039/
c8an01572d

Girardi, E., Lopez, P., and Pfeffer, S. (2018). On the importance of host MicroRNAs
during viral infection. Front. Genet. 9:439. doi: 10.3389/fgene.2018.00439

Gomez, J., Martell, M., Quer, J., Cabot, B., and Esteban, J. I. (1999). Hepatitis C
viral quasispecies. J. Viral Hepatit. 6, 3-16. doi: 10.1046/j.1365-2893.1999.t01-
1-6120131.x

Goodwin, C. M., Ciesla, J. H., and Munger, J. (2018). Who’s driving? Human
Cytomegalovirus, Interferon, and NFkB signaling. Viruses 10:447. doi: 10.3390/
v10090447

Gottwein, E., and Cullen, B. R. (2008). Viral and cellular microRNAs as
determinants of viral pathogenesis and immunity. Cell Host Microb. 3, 375-387.
doi: 10.1016/j.chom.2008.05.002

Greber, U. F., and Puntener, D. (2009). DNA-tumor virus entry—from plasma
membrane to the nucleus. Semin. Cell Dev. Biol. 20, 631-642. doi: 10.1016/].
semcdb.2009.03.014

Greber, U. F., and Way, M. (2006). A superhighway to virus infection. Cell 124,
741-754. doi: 10.1016/j.cell.2006.02.018

Gregory, R. I, Yan, K. P.,, Amuthan, G., Chendrimada, T., Doratotaj, B., Cooch, N.,
et al. (2004). The Microprocessor complex mediates the genesis of microRNAs.
Nature 432, 235-240. doi: 10.1038/nature03120

Grey, F. (2015). Role of microRNAs in herpesvirus latency and persistence. J. Gen.
Virol. 96(Pt 4), 739-751. doi: 10.1099/vir.0.070862-0

Guo, H,, Liu, H., Mitchelson, K., Rao, H., Luo, M., Xie, L., et al. (2011). MicroRNAs-
372/373 promote the expression of hepatitis B virus through the targeting of
nuclear factor I/B. Hepatology 54, 808-819. doi: 10.1002/hep.24441

Guo, H., Zhou, T, Jiang, D., Cuconati, A., Xiao, G. H., Block, T. M., et al. (2007).
Regulation of hepatitis B virus replication by the phosphatidylinositol 3-kinase-
akt signal transduction pathway. J. Virol 81, 10072-10080. doi: 10.1128/jvi.
00541-07

Guo, X. K., Zhang, Q., Gao, L., Li, N., Chen, X. X,, and Feng, W. H. (2013).
Increasing expression of microRNA 181 inhibits porcine reproductive and
respiratory syndrome virus replication and has implications for controlling
virus infection. J. Virol. 87, 1159-1171. doi: 10.1128/jvi.02386-12

Guo, Y. E., Oei, T., and Steitz, J. A. (2015). Herpesvirus saimiri MicroRNAs
preferentially target host cell cycle regulators. J. Virol 89, 10901-10911. doi:
10.1128/jvi.01884-15

Gupta, S., Kumar, P., and Das, B. C. (2018). HPV: molecular pathways and targets.
Curr. Probl. Cancer 42, 161-174. doi: 10.1016/j.currproblcancer.2018.03.003

Ha, M., and Kim, V. N. (2014). Regulation of microRNA biogenesis. Nat. Rev. Mol.
Cell Biol. 15, 509-524.

Habas, R., and Dawid, L. B. (2005). Dishevelled and Wnt signaling: is the nucleus
the final frontier? J. Biol. 4:2.

Hack, K., Reilly, L., Proby, C., Fleming, C., Leigh, L, and Foerster, J. (2012).
Wnt5a inhibits the CpG oligodeoxynucleotide-triggered activation of human
plasmacytoid dendritic cells. Clin. Exp. Dermatol. 37, 557-561. doi: 10.1111/j.
1365-2230.2012.04362.x

Hammond, S. M., Boettcher, S., Caudy, A. A., Kobayashi, R., and Hannon, G. J.
(2001). Argonaute2, a link between genetic and biochemical analyses of RNAi.
Science 293, 1146-1150. doi: 10.1126/science.1064023

Han,J.,Lee, Y., Yeom, K. H.,, Kim, Y. K., Jin, H., and Kim, V. N. (2004). The drosha-
DGCR8 complex in primary microRNA processing. Genes Dev. 18, 3016-3027.
doi: 10.1101/gad.1262504

Han, Z., Liu, X., Chen, X., Zhou, X., Du, T., Roizman, B., et al. (2016). miR-H28
and miR-H29 expressed late in productive infection are exported and restrict
HSV-1 replication and spread in recipient cells. Proc. Natl. Acad. Sci.U.S.A. 113,
E894-E901.

Hancock, M. H., Hook, L. M., Mitchell, J., and Nelson, J. A. (2017).
Human cytomegalovirus MicroRNAs miR-US5-1 and miR-UL112-3p block
proinflammatory cytokine production in response to NF-kB-activating factors
through direct downregulation of IKKa and IKKp. mBio 8:e0109-17.

Haneklaus, M., Gerlic, M., Kurowska-Stolarska, M., Rainey, A. A., Pich, D.,
Mclnnes, 1. B, et al. (2012). Cutting edge: miR-223 and EBV miR-BART15
regulate the NLRP3 inflammasome and IL-1beta production. J. Immunol. 189,
3795-3799. doi: 10.4049/jimmunol.1200312

Hayward, S. D. (2004). Viral interactions with the notch pathway. Semin. Cancer
Biol. 14, 387-396. doi: 10.1016/j.semcancer.2004.04.018

Hazra, B., and Kumawat, K. L. (2017). The host microRNA miR-301a blocks the
IRF1-mediated neuronal innate immune response to Japanese encephalitis virus
infection. Sci. Signal. 10:eaaf5185. doi: 10.1126/scisignal.aaf5185

He, F., Xiao, Z., Yao, H.,, Li, S., Feng, M., Wang, W, et al. (2019). The protective
role of microRNA-21 against coxsackievirus B3 infection through targeting the
MAP2K3/P38 MAPK signaling pathway. J. Transl. Med. 17:335.

Helwak, A., Kudla, G., Dudnakova, T., and Tollervey, D. (2013). Mapping the
human miRNA interactome by CLASH reveals frequent noncanonical binding.
Cell 153, 654-665. doi: 10.1016/j.cell.2013.03.043

Hillesheim, A., Nordhoff, C., Boergeling, Y., Ludwig, S., and Wixler, V. (2014).
beta-catenin promotes the type I IFN synthesis and the IFN-dependent
signaling response but is suppressed by influenza A virus-induced RIG-I/NF-
kappaB signaling. Cell Commun. Signal. 12:29. doi: 10.1186/1478-811x-12-
29

Hiscott, J., Kwon, H., and Génin, P. (2001). Hostile takeovers: viral appropriation
of the NF-kappaB pathway. J. Clin. Invest. 107, 143-151. doi: 10.1172/jcil
1918

Ho, B. C, Yang, P. C,, and Yu, S. L. (2016). MicroRNA and pathogenesis of
Enterovirus infection. Viruses 8:11. doi: 10.3390/v8010011

Hook, L. M., Grey, F., Grabski, R., Tirabassi, R., Doyle, T., Hancock, M.,
et al. (2014). Cytomegalovirus miRNAs target secretory pathway genes
to facilitate formation of the virion assembly compartment and reduce
cytokine secretion. Cell Host Microb. 15, 363-373. doi: 10.1016/j.chom.2014.0
2.004

Hooykaas, M. J. G., van Gent, M., Soppe, J. A., Kruse, E., Boer, I. G. J., van Leenen,
D., et al. (2017). EBV MicroRNA BART16 Suppresses Type I IFN Signaling.
J. Immunol. 198, 4062-4073. doi: 10.4049/jimmunol.1501605

Houzet, L., Yeung, M. L., de Lame, V., Desai, D., Smith, S. M., and Jeang, K. T.
(2008). MicroRNA profile changes in human immunodeficiency virus type 1
(HIV-1) seropositive individuals. Retrovirology 5:118. doi: 10.1186/1742-4690-
5-118

Hu, Y., Lan, W., and Miller, D. (2017). Next-generation sequencing for MicroRNA
expression profile. Methods Mol. Biol. 1617, 169-177. doi: 10.1007/978-1-4939-
7046-9_12

Huang, Q., Chen, L., Luo, M., Lv, H,, Luo, D., Li, T, et al. (2018). HIV-1-Induced
miR-146a attenuates monocyte migration by targeting CCL5 in human primary
macrophages. AIDS Rese. Hum. Retrovir. 34, 580-589. doi: 10.1089/aid.2017.
0217

Huang, R,, Wu, J., Zhou, X,, Jiang, H., Guoying Zhou, G., and Roizman, B. (2019).
Herpes simplex virus 1 MicroRNA miR-H28 exported to uninfected cells

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 143


https://doi.org/10.3389/fmicb.2017.00689
https://doi.org/10.1016/j.antiviral.2015.03.001
https://doi.org/10.1016/j.antiviral.2015.03.001
https://doi.org/10.2174/1381612820666140128211346
https://doi.org/10.2174/1381612820666140128211346
https://doi.org/10.1128/jvi.79.1.472-485.2005
https://doi.org/10.1128/jvi.79.1.472-485.2005
https://doi.org/10.1002/sim.1342
https://doi.org/10.1039/c8an01572d
https://doi.org/10.1039/c8an01572d
https://doi.org/10.3389/fgene.2018.00439
https://doi.org/10.1046/j.1365-2893.1999.t01-1-6120131.x
https://doi.org/10.1046/j.1365-2893.1999.t01-1-6120131.x
https://doi.org/10.3390/v10090447
https://doi.org/10.3390/v10090447
https://doi.org/10.1016/j.chom.2008.05.002
https://doi.org/10.1016/j.semcdb.2009.03.014
https://doi.org/10.1016/j.semcdb.2009.03.014
https://doi.org/10.1016/j.cell.2006.02.018
https://doi.org/10.1038/nature03120
https://doi.org/10.1099/vir.0.070862-0
https://doi.org/10.1002/hep.24441
https://doi.org/10.1128/jvi.00541-07
https://doi.org/10.1128/jvi.00541-07
https://doi.org/10.1128/jvi.02386-12
https://doi.org/10.1128/jvi.01884-15
https://doi.org/10.1128/jvi.01884-15
https://doi.org/10.1016/j.currproblcancer.2018.03.003
https://doi.org/10.1111/j.1365-2230.2012.04362.x
https://doi.org/10.1111/j.1365-2230.2012.04362.x
https://doi.org/10.1126/science.1064023
https://doi.org/10.1101/gad.1262504
https://doi.org/10.4049/jimmunol.1200312
https://doi.org/10.1016/j.semcancer.2004.04.018
https://doi.org/10.1126/scisignal.aaf5185
https://doi.org/10.1016/j.cell.2013.03.043
https://doi.org/10.1186/1478-811x-12-29
https://doi.org/10.1186/1478-811x-12-29
https://doi.org/10.1172/jci11918
https://doi.org/10.1172/jci11918
https://doi.org/10.3390/v8010011
https://doi.org/10.1016/j.chom.2014.02.004
https://doi.org/10.1016/j.chom.2014.02.004
https://doi.org/10.4049/jimmunol.1501605
https://doi.org/10.1186/1742-4690-5-118
https://doi.org/10.1186/1742-4690-5-118
https://doi.org/10.1007/978-1-4939-7046-9_12
https://doi.org/10.1007/978-1-4939-7046-9_12
https://doi.org/10.1089/aid.2017.0217
https://doi.org/10.1089/aid.2017.0217
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Barbu et al.

MicroRNA Signaling in Viral Infections

in exosomes restricts cell-to-cell virus spread by inducing gamma interferon
mRNA. J. Virol. 93:e01005-19.

Huang, S., Xie, Y., Yang, P., Chen, P., and Zhang, L. (2014). HCV core protein-
induced down-regulation of microRNA-152 promoted aberrant proliferation
by regulating Wntl in HepG2 cells. PLoS One 9:81730. doi: 10.1371/journal.
pone.0081730

Hutvagner, G., McLachlan, J., Pasquinelli, A. E., Balint, E., Tuschl, T., and Zamore,
P. D. (2001). A cellular function for the RNA-interference enzyme Dicer in
the maturation of the let-7 small temporal RNA. Science 293, 834-838. doi:
10.1126/science.1062961

Janeway, C. A. Jr. (1989). Approaching the asymptote? Evolution and revolution
in immunology. Cold Spring Harb. Symp. Quant. Biol. 54(Pt 1), 1-13. doi:
10.1101/sqb.1989.054.01.003

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

Jarvis, M. A., Borton, J. A., Keech, A. M., Wong, J., Britt, W. J., Magun, B. E,,
et al. (2006). Human cytomegalovirus attenuates interleukin-1beta and tumor
necrosis factor alpha proinflammatory signaling by inhibition of NF-kappaB
activation. J. Virol. 80, 5588-5598. doi: 10.1128/jvi.00060-06

Javelle, M., and Timmermans, M. C. (2012). In situ localization of small RNAs in
plants by using LNA probes. Nat. Protoc. 7, 533-541. doi: 10.1038/nprot.2012.
006

Ji, W. T., and Liu, H. J. (2008). PI3K-Akt signaling and viral infection. Recent
Biotechnol. 2, 218-226. doi: 10.2174/187220808786241042

Jiang, S., Zhang, H. W., Lu, M. H., He, X. H,, Li, Y., Gu, H., et al. (2010). MicroRNA-
155 functions as an OncomiR in breast cancer by targeting the suppressor of
cytokine signaling 1 gene. Cancer Res. 70, 3119-3127. doi: 10.1158/0008-5472.
can-09-4250

Johnson, R. A., Huong, S. M., and Huang, E. S. (2000). Activation of the mitogen-
activated protein kinase p38 by human cytomegalovirus infection through
two distinct pathways: a novel mechanism for activation of p38. J. Virol. 74,
1158-1167. doi: 10.1128/jvi.74.3.1158-1167.2000

Jopling, C. (2012). Liver-specific microRNA-122: biogenesis and function. RNA
Biol. 9, 137-142. doi: 10.4161/rna.18827

Jopling, C. L., Yi, M., Lancaster, A. M., Lemon, S. M., and Sarnow, P. (2005).
Modulation of hepatitis C virus RNA abundance by a liver-specific MicroRNA.
Science 309, 1577-1581. doi: 10.1126/science.1113329

Kai, K., Dittmar, R. L., and Sen, S. (2018). Secretory microRNAs as biomarkers of
cancer. Semin. Cell Dev. Biol. 78, 22-36. doi: 10.1016/j.semcdb.2017.12.011

Kalluri, R., and Weinberg, R. A. (2009). The basics of epithelial-mesenchymal
transition. J. Clin. Invest. 119, 1420-1428. doi: 10.1172/jci39104

Karin, M. (2006). Nuclear factor-kappaB in cancer development and progression.
Nature 441, 431-436. doi: 10.1038/nature04870

Karin, M., Cao, Y., Greten, F. R., and Li, Z. W. (2002). NF-kappaB in cancer:
from innocent bystander to major culprit. Nat. Rev. Cancer. 2, 301-310. doi:
10.1038/nrc780

Kaufman, H. L., Kohlhapp, F. J., and Zloza, A. (2015). Oncolytic viruses: a new
class of immunotherapy drugs. Nat. Rev. Drug Discov. 14, 642-662. doi: 10.
1038/nrd4663

Kelly, E. J., Hadac, E. M., Greiner, S., and Russell, S. J. (2008). Engineering
microRNA responsiveness to decrease virus pathogenicity. Nat. Med. 14, 1278-
1283. doi: 10.1038/nm.1776

Ketting, R. F. (2010). MicroRNA biogenesis and function. An overview. Adv. Exp.
Med. Biol. 700, 1-14. doi: 10.1007/978-1-4419-7823-3_1

Ketting, R. F., Fischer, S. E., Bernstein, E., Sijen, T., Hannon, G. J., and Plasterk,
R. H. (2001). Dicer functions in RNA interference and in synthesis of small
RNA involved in developmental timing in C. elegans. Genes Dev. 15, 2654-2659.
doi: 10.1101/gad.927801

Khan, K. A, Do, F., Marineau, A., Doyon, P., Clément, J.-F., Woodgett, J. R., et al.
(2015). Fine-tuning of the RIG-I-Like receptor/interferon regulatory factor 3-
dependent antiviral innate immune response by the glycogen synthase kinase
3/B-catenin pathway. Mol. Cell. Biol. 35, 3029-3043. doi: 10.1128/mcb.00344-15

Kim, N. H,, Kim, H. S,, Kim, N.-G,, Lee, I., Choi, H.-S,, Li, X.-Y., et al. (2011).
p53 and MicroRNA-34 are suppressors of canonical Wnt signaling. Sci. Signal.
4:ra71. doi: 10.1126/scisignal. 2001744

Kim, S. H,, Juhnn, Y. S, Kang, S., Park, S. W., Sung, M. W,, Bang, Y. J, et al.
(2006). Human papillomavirus 16 E5 up-regulates the expression of vascular

endothelial growth factor through the activation of epidermal growth factor
receptor. MEK/ ERK1,2 and PI3K/Akt. Cell Mol. Life Sci. 63, 930-938. doi:
10.1007/s00018-005-5561-x

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

Komiya, Y., and Habas, R. (2008). Wnt signal transduction pathways.
Organogenesis 4, 68-75. doi: 10.4161/0rg.4.2.5851

Kopan, R. (2012). Notch signaling. Cold Spring Harb. Perspect. Biol. 4:a011213.

Kozomara, A., Birgaoanu, M., and Griffiths-Jones, S. (2018). miRBase: from
microRNA sequences to function. Nucleic Acids Res. 47, D155-D162.

Kreth, S., Hiibner, M., and Hinske, L. C. (2018). MicroRNAs as clinical biomarkers
and therapeutic tools in perioperative medicine. A. Analgesia 126, 670-681.
doi: 10.1213/ane.0000000000002444

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

Kruszka, K., Pacak, A., Swida-Barteczka, A., Nuc, P., Alaba, S., Wroblewska, Z.,
etal. (2014). Transcriptionally and post-transcriptionally regulated microRNAs
in heat stress response in barley. J. Exp. Bot. 65, 6123-6135. doi: 10.1093/jxb/
eru353

Lanford, R. E., Hildebrandt-Eriksen, E. S., Petri, A., Persson, R., Lindow, M., Munk,
M. E,, et al. (2010). Therapeutic silencing of microRNA-122 in primates with
chronic hepatitis C virus infection. Science 327, 198-201. doi: 10.1126/science.
1178178

Langroudi, L., Jamshidi-Adegani, F., Shafiee, A., Hosseini Rad, S. M. A., Keramati,
F., Azadmanesh, K., et al. (2015). MiR-371-373 cluster acts as a tumor-
suppressor-miR and promotes cell cycle arrest in unrestricted somatic stem
cells. Tumour Biol. 36, 7765-7774. doi: 10.1007/s13277-015-3519-7

Lau, B., Poole, E., Krishna, B., Sellart, I., Wills, M. R., Murphy, E., et al. (2016). The
Expression of human cytomegalovirus MicroRNA MiR-UL148D during latent
infection in primary myeloid cells inhibits activin A-triggered secretion of IL-6.
Sci. Rep. 6:31205.

Lee, R. C,, Feinbaum, R. L., and Ambros, V. (1993). elegans heterochronic gene
lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell 75,
843-854. doi: 10.1016/0092-8674(93)90529-y

Lee, Y., Kim, M., Han, J., Yeom, K. H., Lee, S., Baek, S. H., et al. (2004). MicroRNA
genes are transcribed by RNA polymerase I1I. EMBO J. 23, 4051-4060. doi:
10.1038/sj.embo;j.7600385

Lei, T., Yuen, K. S., Xu, R, Tsao, S. W., Chen, H., Li, M., et al. (2013).
Targeting of DICE1 tumor suppressor by epstein-barr virus-encoded miR-
BART3* microRNA in nasopharyngeal carcinoma. Int. J. Cancer 133, 79-87.
doi: 10.1002/ijc.28007

Levrero, M., and Zucman-Rossi, J. (2016). Mechanisms of HBV-induced
hepatocellular carcinoma. J. Hepatol. 64 1(Suppl.), S84-S101.

Li, A, Song, W., Qian, J., Li, Y., He, J., Zhang, Q., et al. (2013). MiR-122 modulates
type I interferon expression through blocking suppressor of cytokine signaling
1. Int. J. Biochem. Cell Biol. 45, 858-865. doi: 10.1016/j.biocel.2013.01.008

Li, H.-C., and Lo, S.-Y. (2015). Hepatitis C virus: virology, diagnosis and treatment.
World . Hepatol. 7, 1377-1389.

Li, Q. Feng, Y., Chao, X,, Shi, S., Liang, M., Qiao, Y., et al. (2018). HOTAIR
contributes to cell proliferation and metastasis of cervical cancer via targetting
miR-23b/MAPK1 axis. Biosci. Rep. 38:BSR20171563.

Li, W,, Liang, J., Zhang, Z., Lou, H., Zhao, L., Xu, Y., et al. (2017). MicroRNA-
329-3p targets MAPKI to suppress cell proliferation, migration and invasion in
cervical cancer. Oncol. Rep. 37, 2743-2750. doi: 10.3892/0r.2017.5555

Li, Z., and Rana, T. M. (2014). Therapeutic targeting of microRNAs: current status
and future challenges. Nat. Rev. Drug Discov. 13, 622-638. doi: 10.1038/nrd
4359

Liu, K., Li, X., Cao, Y., Ge, Y., Wang, J., and Shi, B. (2015). MiR-132 inhibits cell
proliferation, invasion and migration of hepatocellular carcinoma by targeting
PIK3R3. Int. . Oncol. 47, 1585-1593. doi: 10.3892/ij0.2015.3112

Liu, T., Zhang, L., Joo, D., and Sun, S.-C. (2017). NF-kB signaling in inflammation.
Signal. Trans. Target. Ther. 2:17023.

Ludwig, S., Ehrhardt, C., Neumeier, E., Kracht, M., Rapp, U. R., and Pleschka,
S. (2001). Influenza virus-induced AP-1-dependent gene expression requires
activation of the JNK signaling pathway. J. Biol. Chem. 276, 10990-10998.
doi: 10.1074/jbc.m009902200

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 143


https://doi.org/10.1371/journal.pone.0081730
https://doi.org/10.1371/journal.pone.0081730
https://doi.org/10.1126/science.1062961
https://doi.org/10.1126/science.1062961
https://doi.org/10.1101/sqb.1989.054.01.003
https://doi.org/10.1101/sqb.1989.054.01.003
https://doi.org/10.1128/jvi.00060-06
https://doi.org/10.1038/nprot.2012.006
https://doi.org/10.1038/nprot.2012.006
https://doi.org/10.2174/187220808786241042
https://doi.org/10.1158/0008-5472.can-09-4250
https://doi.org/10.1158/0008-5472.can-09-4250
https://doi.org/10.1128/jvi.74.3.1158-1167.2000
https://doi.org/10.4161/rna.18827
https://doi.org/10.1126/science.1113329
https://doi.org/10.1016/j.semcdb.2017.12.011
https://doi.org/10.1172/jci39104
https://doi.org/10.1038/nature04870
https://doi.org/10.1038/nrc780
https://doi.org/10.1038/nrc780
https://doi.org/10.1038/nrd4663
https://doi.org/10.1038/nrd4663
https://doi.org/10.1038/nm.1776
https://doi.org/10.1007/978-1-4419-7823-3_1
https://doi.org/10.1101/gad.927801
https://doi.org/10.1128/mcb.00344-15
https://doi.org/10.1126/scisignal.2001744
https://doi.org/10.1007/s00018-005-5561-x
https://doi.org/10.1007/s00018-005-5561-x
https://doi.org/10.1126/science.1062039
https://doi.org/10.4161/org.4.2.5851
https://doi.org/10.1213/ane.0000000000002444
https://doi.org/10.1038/nrg2843
https://doi.org/10.1038/nrg2843
https://doi.org/10.1093/jxb/eru353
https://doi.org/10.1093/jxb/eru353
https://doi.org/10.1126/science.1178178
https://doi.org/10.1126/science.1178178
https://doi.org/10.1007/s13277-015-3519-7
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1038/sj.emboj.7600385
https://doi.org/10.1038/sj.emboj.7600385
https://doi.org/10.1002/ijc.28007
https://doi.org/10.1016/j.biocel.2013.01.008
https://doi.org/10.3892/or.2017.5555
https://doi.org/10.1038/nrd4359
https://doi.org/10.1038/nrd4359
https://doi.org/10.3892/ijo.2015.3112
https://doi.org/10.1074/jbc.m009902200
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Barbu et al.

MicroRNA Signaling in Viral Infections

Ludwig, S., Pleschka, S., Planz, O., and Wolff, T. (2006). Ringing the alarm bells:
signalling and apoptosis in influenza virus infected cells. Cell. Microbiol. 8,
375-386. doi: 10.1111/j.1462-5822.2005.00678.x

Lundquist, C. A., Tobiume, M., Zhou, J., Unutmaz, D., and Aiken, C. (2002). Nef-
mediated downregulation of CD4 enhances human immunodeficiency virus
type 1 replication in primary T lymphocytes. J. Virol. 76, 4625-4633. doi: 10.
1128/jvi.76.9.4625-4633.2002

Luoni, A., and Riva, M. A. (2016). MicroRNAs and psychiatric disorders: from
aetiology to treatment. Pharmacol. Ther. 167, 13-27. doi: 10.1016/j.pharmthera.
2016.07.006

Ma, X., Becker Buscaglia, L. E., Barker, J. R., and Li, Y. (2011). MicroRNAs in
NF-kappaB signaling. J. Mol. Cell Biol. 3, 159-166.

Macfarlane, L. A., and Murphy, P. R. (2010). MicroRNA: biogenesis. Function and
role in cancer. Curr. Genom. 11, 537-561. doi: 10.2174/138920210793175895
Marquitz, A. R., Mathur, A., Nam, C. S., and Raab-Traub, N. (2011). The epstein-
barr virus BART microRNAs target the pro-apoptotic protein Bim. Virology 412,

392-400. doi: 10.1016/j.virol.2011.01.028

Marsh, M., and Helenius, A. (2006). Virus entry: open sesame. Cell 124, 729-740.
doi: 10.1016/j.cell.2006.02.007

Masaki, T., Arend, K. C., Li, Y., Yamane, D., McGivern, D. R., Kato, T., et al. (2015).
miR-122 stimulates hepatitis C virus RNA synthesis by altering the balance
of viral RNAs engaged in replication versus translation. Cell Host Microb. 17,
217-228. doi: 10.1016/j.chom.2014.12.014

Maurer, U. E., Sodeik, B., and Grunewald, K. (2008). Native 3D intermediates of
membrane fusion in herpes simplex virus 1 entry. Proc. Natl. Acad. Sci. U.S.A.
105, 10559-10564. doi: 10.1073/pnas.0801674105

McCaskill, J., Ressel, S., Alber, A., Redford, J., Power, U., Schwarze, J., et al.
(2017). Broad-spectrum inhibition of respiratory virus infection by MicroRNA
mimics targeting p38 MAPK signaling. Mol. Ther. Nucleic Acids 7, 256-266.
doi: 10.1016/j.omtn.2017.03.008

Mei, J., Wang, D. H,, Wang, L. L., Chen, Q,, Pan, L. L., and Xia, L. (2018).
MicroRNA-200c suppressed cervical cancer cell metastasis and growth via
targeting MAP4K4. Eur. Rev. Med. Pharmacol. Sci. 22, 623-631.

Menges, C. W., Baglia, L. A, Lapoint, R, and McCance, D. ]. (2006).
Human papillomavirus type 16 E7 up-regulates AKT activity through the
retinoblastoma protein. Cancer Res. 66, 5555-5559. doi: 10.1158/0008-5472.
can-06-0499

Minor, P. D. (2015). Live attenuated vaccines: historical successes and current
challenges. Virology 47, 379-392. doi: 10.1016/j.virol.2015.03.032

miRBase (2018). miRBase: The Microrna Database. Available online at: http://
www.mirbase.org/ (accessed November 2019).

Mui, U. N,, Haley, C. T, and Tyring, S. K. (2017). Viral oncology: molecular biology
and pathogenesis. J. Clin. Med. 6:111. doi: 10.3390/jcm6120111

Mukherjee, A., Di Bisceglie, A. M., and Ray, R. B. (2015). Hepatitis C virus-
mediated enhancement of microRNA miR-373 impairs the JAK/STAT signaling
pathway. J. Virol. 89, 3356-3365. doi: 10.1128/jvi.03085-14

Nachmani, D., Lankry, D., Wolf, D. G., and Mandelboim, O. (2010). The human
cytomegalovirus microRNA miR-UL112 acts synergistically with a cellular
microRNA to escape immune elimination. Nat. Immunol. 11, 806-813. doi:
10.1038/ni.1916

Nachmani, D., Stern-Ginossar, N., Sarid, R., and Mandelboim, O. (2009). Diverse
herpesvirus microRNAs target the stress-induced immune ligand MICB to
escape recognition by natural killer cells. Cell Host Microb. 5, 376-385. doi:
10.1016/j.chom.2009.03.003

Nelson, A., Fingleton, B., Rothenberg, M., and Matrisian, L. (2000). Matrix
metalloproteinases: biologic activity and clinical implications. J. Clin. Oncol.
18:1135. doi: 10.1200/jc0.2000.18.5.1135

Nicoll, M. P., Proenca, J. T., Connor, V., and Efstathiou, S. (2012). Influence of
herpes simplex virus 1 latency-associated transcripts on the establishment and
maintenance of latency in the ROSA26R reporter mouse model. J. Virol. 86,
8848-8858. doi: 10.1128/jvi.00652-12

Nobre, R.J., Herraez-Hernandez, E., Fei, ]. W., Langbein, L., Kaden, S., Grone, H.J.,
et al. (2009). E7 oncoprotein of novel human papillomavirus type 108 lacking
the E6 gene induces dysplasia in organotypic keratinocyte cultures. J. Virol. 83,
2907-2916. doi: 10.1128/jvi.02490-08

O’Brien, J., Hayder, H., Zayed, Y., and Peng, C. (2018). Overview of MicroRNA
biogenesis. mechanisms of actions, and circulation. Front. Endocrinol. 9:402.
doi: 10.3389/fend0.2018.00402

O’Connor, C. M., Vanicek, J.,and Murphy, E. A. (2014). Host microRNA regulation
of human cytomegalovirus immediate early protein translation promotes viral
latency. J. Virol. 88, 5524-5532. doi: 10.1128/jvi.00481-14

Omoto, S., Ito, M., Tsutsumi, Y., Ichikawa, Y., Okuyama, H., Brisibe, E. A., et al.
(2004). HIV-1 nef suppression by virally encoded microRNA. Retrovirology
1:44.

Ouellet, D. L., Vigneault-Edwards, J., Létourneau, K., Gobeil, L.-A., Plante,
I, Burnett, J. C., et al. (2013). Regulation of host gene expression by
HIV-1 TAR microRNAs. Retrovirology 10, 86. doi: 10.1186/1742-4690-1
0-86

Pacak, A., Barciszewska-Pacak, M., Swida-Barteczka, A., Kruszka, K., Sega, P.,
Milanowska, K., et al. (2016). Heat stress affects pi-related genes expression and
inorganic phosphate deposition/accumulation in barley. Front. Plant Sci. 7:926.
doi: 10.3389/fpls.2016.00926

Paik, J. H., Jang, J. Y., Jeon, Y. K., Kim, W. Y., Kim, T. M., Heo, D. S., et al. (2011).
MicroRNA-146a downregulates NFkappaB activity via targeting TRAF6 and
functions as a tumor suppressor having strong prognostic implications in NK/T
cell lymphoma. Clin. Cancer Res. 17, 4761-4771. doi: 10.1158/1078-0432.ccr-
11-0494

Pall, G. S., and Hamilton, A. J. (2008). Improved northern blot method for
enhanced detection of small RNA. Nat. Protoc. 3, 1077-1084. doi: 10.1038/
nprot.2008.67

Pan, D., Flores, O., Umbach, J. L., Pesola, J. M., Bentley, P., Rosato, P. C., et al.
(2014). A neuron-specific host microRNA targets herpes simplex virus-1 ICPO
expression and promotes latency. Cell Host Microb. 15, 446-456. doi: 10.1016/j.
chom.2014.03.004

Pearson, G., Robinson, F., Gibson, T., Xu, B. E., Karandikar, M., Berman, K.,
et al. (2001). Mitogen-activated protein (MAP) kinase pathways: regulation
and physiological functions 1. Endocr. Rev. 22, 153-183. doi: 10.1210/er.22.
2.153

Peng, S., Wang, J., Wei, S., Li, C., Zhou, K., Hu, J., et al. (2018). Endogenous
cellular MicroRNAs mediate antiviral defense against influenza A virus. Mol.
Ther. Nucleic Acids 10, 361-375. doi: 10.1016/j.0mtn.2017.12.016

Perng, G. C,, Dunkel, E. C,, Geary, P. A,, Slanina, S. M., Ghiasi, H., Kaiwar, R.,
et al. (1994). The latency-associated transcript gene of herpes simplex virus
type 1 (HSV-1) is required for efficient in vivo spontaneous reactivation of
HSV-1 from latency. J. Virol. 68, 8045-8055. doi: 10.1128/jvi.68.12.8045-8055.
1994

Pfeffer, S., Zavolan, M., Grasser, F. A., Chien, M., Russo, J. J., Ju, J., et al. (2004).
Identification of virus-encoded microRNAs. Science 304, 734-736. doi: 10.1126/
science.1096781

Pichiorri, F., Suh, S. S., Ladetto, M., Kuehl, M., Palumbo, T., Drandi, D., et al.
(2008). MicroRNAs regulate critical genes associated with multiple myeloma
pathogenesis. Proc. Natl. Acad. Sci. U.S.A. 105, 12885-12890. doi: 10.1073/pnas.
0806202105

Piedade, D., and Azevedo-Pereira, J. M. (2016). The Role of microRNAs in the
pathogenesis of Herpesvirus infection. Viruses 8:156. doi: 10.3390/v8060156

Piganis, R. A., De Weerd, N. A,, Gould, J. A., Schindler, C. W., Mansell, A.,
Nicholson, S. E., et al. (2011). Suppressor of cytokine signaling (SOCS) 1 inhibits
type I interferon (IFN) signaling via the interferon alpha receptor (IFNAR1)-
associated tyrosine kinase Tyk2. J. Biol. Chem. 286, 33811-33818. doi: 10.1074/
jbc.m111.270207

Poy, M. N., Eliasson, L., Krutzfeldt, J., Kuwajima, S., Ma, X., Macdonald, P. E., et al.
(2004). A pancreatic islet-specific microRNA regulates insulin secretion. Nature
432, 226-230. doi: 10.1038/nature03076

Prusty, B. K., and Das, B. C. (2005). Constitutive activation of transcription factor
AP-1 in cervical cancer and suppression of human papillomavirus (HPV)
transcription and AP-1 activity in HeLa cells by curcumin. Int. J. Cancer. 113,
951-960. doi: 10.1002/ijc.20668

Randall, G., Lagunoff, M., and Roizman, B. (2000). Herpes simplex virus 1 open
reading frames O and P are not necessary for establishment of latent infection
in mice. J. Virol. 74,9019-9027. doi: 10.1128/jvi.74.19.9019-9027.2000

Rehermann, B., and Nascimbeni, M. (2005). Immunology of hepatitis B virus and
hepatitis C virus infection. Nat. Rev. Immunol. 5, 215-229.

Reinhart, B. J., Slack, F. J., Basson, M., Pasquinelli, A. E., Bettinger, J. C., Rougvie,
A. E, et al. (2000). The 21-nucleotide let-7 RNA regulates developmental
timing in Caenorhabditis elegans. Nature 403, 901-906. doi: 10.1038/3500
2607

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 143


https://doi.org/10.1111/j.1462-5822.2005.00678.x
https://doi.org/10.1128/jvi.76.9.4625-4633.2002
https://doi.org/10.1128/jvi.76.9.4625-4633.2002
https://doi.org/10.1016/j.pharmthera.2016.07.006
https://doi.org/10.1016/j.pharmthera.2016.07.006
https://doi.org/10.2174/138920210793175895
https://doi.org/10.1016/j.virol.2011.01.028
https://doi.org/10.1016/j.cell.2006.02.007
https://doi.org/10.1016/j.chom.2014.12.014
https://doi.org/10.1073/pnas.0801674105
https://doi.org/10.1016/j.omtn.2017.03.008
https://doi.org/10.1158/0008-5472.can-06-0499
https://doi.org/10.1158/0008-5472.can-06-0499
https://doi.org/10.1016/j.virol.2015.03.032
http://www.mirbase.org/
http://www.mirbase.org/
https://doi.org/10.3390/jcm6120111
https://doi.org/10.1128/jvi.03085-14
https://doi.org/10.1038/ni.1916
https://doi.org/10.1038/ni.1916
https://doi.org/10.1016/j.chom.2009.03.003
https://doi.org/10.1016/j.chom.2009.03.003
https://doi.org/10.1200/jco.2000.18.5.1135
https://doi.org/10.1128/jvi.00652-12
https://doi.org/10.1128/jvi.02490-08
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1128/jvi.00481-14
https://doi.org/10.1186/1742-4690-10-86
https://doi.org/10.1186/1742-4690-10-86
https://doi.org/10.3389/fpls.2016.00926
https://doi.org/10.1158/1078-0432.ccr-11-0494
https://doi.org/10.1158/1078-0432.ccr-11-0494
https://doi.org/10.1038/nprot.2008.67
https://doi.org/10.1038/nprot.2008.67
https://doi.org/10.1016/j.chom.2014.03.004
https://doi.org/10.1016/j.chom.2014.03.004
https://doi.org/10.1210/er.22.2.153
https://doi.org/10.1210/er.22.2.153
https://doi.org/10.1016/j.omtn.2017.12.016
https://doi.org/10.1128/jvi.68.12.8045-8055.1994
https://doi.org/10.1128/jvi.68.12.8045-8055.1994
https://doi.org/10.1126/science.1096781
https://doi.org/10.1126/science.1096781
https://doi.org/10.1073/pnas.0806202105
https://doi.org/10.1073/pnas.0806202105
https://doi.org/10.3390/v8060156
https://doi.org/10.1074/jbc.m111.270207
https://doi.org/10.1074/jbc.m111.270207
https://doi.org/10.1038/nature03076
https://doi.org/10.1002/ijc.20668
https://doi.org/10.1128/jvi.74.19.9019-9027.2000
https://doi.org/10.1038/35002607
https://doi.org/10.1038/35002607
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Barbu et al.

MicroRNA Signaling in Viral Infections

Ribeiro, J., and Sousa, H. (2014). MicroRNAs as biomarkers of cervical cancer
development: a literature review on miR-125b and miR-34a. Mol. Biol. Rep. 41,
1525-1531. doi: 10.1007/s11033-013-2998-0

Roberts, A. P., Lewis, A. P., and Jopling, C. L. (2011). The role of microRNAs in
viral infection. Prog. Mol. Biol. Transl. Sci. 102, 101-139. doi: 10.1016/b978-0-
12-415795-8.00002-7

Rodon, J., Dienstmann, R., Serra, V., and Tabernero, J. (2013). Development of
PI3K inhibitors: lessons learned from early clinical trials. Nat. Rev. Clin. Oncol.
10, 143-153. doi: 10.1038/nrclinonc.2013.10

Ruelas, D. S., Chan, J. K., Oh, E., Heidersbach, A. J., Hebbeler, A. M., Chavez,
L., et al. (2015). MicroRNA-155 reinforces HIV latency. J. Biol. Chem. 290,
13736-13748. doi: 10.1074/jbc.m115.641837

Ryseck, R. P., Novotny, J., and Bravo, R. (1995). Characterization of elements
determining the dimerization properties of RelB and p50. Mol. Cell Biol. 15,
3100-3109. doi: 10.1128/mcb.15.6.3100

Sanchez-Del Cojo, M., Lopez-Huertas, M. R., Diez-Fuertes, F., Rodriguez-Mora,
S., Bermejo, M., Lopez-Campos, G., et al. (2017). Changes in the cellular
microRNA profile by the intracellular expression of HIV-1 Tat regulator: a
potential mechanism for resistance to apoptosis and impaired proliferation in
HIV-1infected CD4+ T cells. PLoS One 12:¢0185677. doi: 10.1371/journal.pone.
0185677

Sand, M. (2014). The pathway of miRNA maturation. Methods Mol. Biol. 1095,
3-10. doi: 10.1007/978-1-62703-703-7_1

Sardo, L., Vakil, P. R, Elbezanti, W., El-Sayed, A., and Klase, Z. (2016). The
inhibition of microRNAs by HIV-1 Tat suppresses beta catenin activity in
astrocytes. Retrovirology 13:25.

Sarma, N. J., Tiriveedhi, V., Subramanian, V., Shenoy, S., Crippin, J. S,
Chapman, W. C,, et al. (2012). Hepatitis C virus mediated changes in miRNA-
449a modulates inflammatory biomarker YKL40 through components of the
NOTCH signaling pathway. PLoS One 7:¢50826. doi: 10.1371/journal.pone.
0050826

Sayed, D., and Abdellatif, M. (2011). MicroRNAs in development and disease.
Physiol .Rev. 91, 827-887.

Scarborough, R. J., and Gatignol, A. (2017). RNA Interference therapies for an
HIV-1 functional cure. Viruses. 10:8. doi: 10.3390/v10010008

Scheel, T. K., Luna, J. M., Liniger, M., Nishiuchi, E., Rozen-Gagnon, K., Shlomai, A.,
et al. (2016). A broad RNA virus survey reveals both miRNA dependence and
functional sequestration. Cell Host Microb. 19, 409-423. doi: 10.1016/j.chom.
2016.02.007

Sen, G. C. (2001). Viruses and interferons. Annu. Rev. Microbiol. 55, 255-281.
doi: 10.1146/annurev.micro.55.1.255

Seok, H., Ham, J., Jang, E. S., and Chi, S. W. (2016). MicroRNA target recognition:
insights from transcriptome-wide non-canonical interactions. Mol. Cells. 39,
375-381. doi: 10.14348/molcells.2016.0013

Shannon-Lowe, C., Rickinson, A. B., and Bell, A. I. (2017). Epstein-Barr
virus-associated lymphomas. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci.
372:20160271.

Sharma, N., Verma, R., Kumawat, K. L., Basu, A., and Singh, S. K. (2015). miR-
146a suppresses cellular immune response during Japanese encephalitis virus
JaOArS982 strain infection in human microglial cells. J. Neuroinflamm. 12:30.
doi: 10.1186/512974-015-0249-0

Shen, Y. H., Zhang, L., Utama, B.,, Wang, ], Gan, Y., Wang, X, et al
(2006). Human cytomegalovirus inhibits Akt-mediated eNOS activation
through upregulating PTEN (phosphatase and tensin homolog deleted on
chromosome 10). Cardiovasc. Res. 69, 502-511. doi: 10.1016/j.cardiores.2005.1
0.007

Shih, C., Chou, S. F., Yang, C. C., Huang, J. Y., Choijilsuren, G., and Jhou, R. S.
(2016). Control and Eradication strategies of hepatitis B virus. Trends Microbiol.
24, 739-749. doi: 10.1016/.tim.2016.05.006

Shimakami, T., Yamane, D., Jangra, R. K., Kempf, B. J., Spaniel, C., Barton,
D. ], et al. (2012). Stabilization of hepatitis C virus RNA by an Ago2-miR-
122 complex. Proc. Natl. Acad. Sci. U.S.A. 109, 941-946. doi: 10.1073/pnas.
1112263109

Shishodia, G., Verma, G., Srivastava, Y., Mehrotra, R., Das, B. C., and Bharti,
A. C. (2014). Deregulation of microRNAs Let-7a and miR-21 mediate
aberrant STAT3 signaling during human papillomavirus-induced cervical
carcinogenesis: role of E6 oncoprotein. BMC Cancer 14:996. doi: 10.1186/1471-
2407-14-996

Shwetha, S., Gouthamchandra, K., Chandra, M., Ravishankar, B., Khaja, M. N., and
Das, S. (2013). Circulating miRNA profile in HCV infected serum: novel insight
into pathogenesis. Sci. Rep. 3:1555.

Silvestri, G., and Feinberg, M. B. (2003). Turnover of lymphocytes and conceptual
paradigms in HIV infection. J. Clin. Invest. 112, 821-824. doi: 10.1172/jci19799

Slonchak, A., Shannon, R. P., Pali, G., and Khromykh, A. A. (2015). Human
MicroRNA miR-532-5p exhibits antiviral activity against west nile virus via
suppression of host genes SESTD1 and TAB3 required for virus replication.
J. Virol. 90, 2388-2402. doi: 10.1128/jvi.02608-15

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:e2388-16.

Smoczynska, A., Sega, P., Stepien, A., Knop, K., Jarmolowski, A., Pacak, A., et al.
(2019). miRNA Detection by Stem-Loop RT-qPCR in Studying microRNA
Biogenesis and microRNA Responsiveness to Abiotic Stresses. Methods Mol.
Biol. 1932, 131-150. doi: 10.1007/978-1-4939-9042-9_10

Sodeik, B. (2000). Mechanisms of viral transport in the cytoplasm. Trends
Microbiol. 8, 465-472. doi: 10.1016/s0966-842x(00)01824-2

Sodeik, B. (2002). Unchain my heart, baby let me go-the entry and intracellular
transport of HIV. J. Cell Biol. 159, 393-395. doi: 10.1083/jcb.200210024

Sodeik, B., Ebersold, M. W., and Helenius, A. (1997). Microtubule-mediated
transport of incoming herpes simplex virus 1 capsids to the nucleus. J. Cell Biol.
136, 1007-1021. doi: 10.1083/jcb.136.5.1007

Stern-Ginossar, N., Elefant, N., Zimmermann, A., Wolf, D. G., Saleh, N., Biton, M.,
etal. (2007). Host immune system gene targeting by a viral miRNA. Science 317,
376-381. doi: 10.1126/science.1140956

Stubenrauch, F., Straub, E., Fertey, J., and Iftner, T. (2007). The E8 repression
domain can replace the E2 transactivation domain for growth inhibition of
HeLa cells by papillomavirus E2 proteins. Int. . Cancer 121, 2284-2292. doi:
10.1002/ijc.22907

Su, C., Hou, Z., Zhang, C., Tian, Z., and Zhang, J. (2011). Ectopic expression of
microRNA-155 enhances innate antiviral immunity against HBV infection in
human hepatoma cells. Virol. J. 8:354. doi: 10.1186/1743-422x-8-354

Taganov, K. D., Boldin, M. P., Chang, K.-J., and Baltimore, D. (2006). NEF-
kappaB-dependent induction of microRNA miR-146, an inhibitor targeted to
signaling proteins of innate immune responses. Proc. Nat. Acad. Sci. U.S.A. 103,
12481-12486. doi: 10.1073/pnas.0605298103

Tang, S., Bertke, A. S., Patel, A., Wang, K., Cohen, J. I, and Krause, P. R. (2008). An
acutely and latently expressed herpes simplex virus 2 viral microRNA inhibits
expression of ICP34.5, a viral neurovirulence factor. Proc. Nat. Acad. Sci. U.S.A.
105, 10931-10936. doi: 10.1073/pnas.0801845105

Tang, S., Patel, A., and Krause, P. R. (2009). Novel less-abundant viral microRNAs
encoded by herpes simplex virus 2 latency-associated transcript and their roles
in regulating ICP34.5 and ICPO mRNAs. J. Virol. 83, 1433-1442. doi: 10.1128/
jvi.01723-08

Thorley-Lawson, D. A., Hawkins, J. B., Tracy, S. L., and Shapiro, M. (2013). The
pathogenesis of Epstein-Barr virus persistent infection. Curr. Opin. Virol. 3,
227-232. doi: 10.1016/j.coviro.2013.04.005

Trang, P., Medina, P. P., Wiggins, J. F., Ruffino, L., Kelnar, K., Omotola, M., et al.
(2010). Regression of murine lung tumors by the let-7 microRNA. Oncogene 29,
1580-1587. doi: 10.1038/0nc.2009.445

Trionfini, P., Benigni, A., and Remuzzi, G. (2015). MicroRNAs in kidney
physiology and disease. Nat. Rev. Nephrol. 11, 23-33. doi: 10.1038/nrneph.2014.
202

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

Turchinovich, A., Samatov, T. R., Tonevitsky, A. G., and Burwinkel, B. (2013).
Circulating miRNAs: cell-cell communication function? Front. Genet. 4:119.
doi: 10.3389/fgene.2013.00119

Turchinovich, A., Weiz, L., and Burwinkel, B. (2012). Extracellular miRNAs: the
mystery of their origin and function. Trends Biochem. Sci. 37, 460-465. doi:
10.1016/j.tibs.2012.08.003

Tycowski, K. T., Guo, Y. E,, Lee, N., Moss, W. N, Vallery, T. K., Xie, M., et al.
(2015). Viral noncoding RNAs: more surprises. Genes Dev. 29, 567-584. doi:
10.1101/gad.259077.115

Ullmann, P., Rodriguez, F., Schmitz, M., Meurer, S. K., Qureshi-Baig, K., Felten,
P., etal. (2018). The miR-371 approximately 373 cluster represses colon cancer

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 143


https://doi.org/10.1007/s11033-013-2998-0
https://doi.org/10.1016/b978-0-12-415795-8.00002-7
https://doi.org/10.1016/b978-0-12-415795-8.00002-7
https://doi.org/10.1038/nrclinonc.2013.10
https://doi.org/10.1074/jbc.m115.641837
https://doi.org/10.1128/mcb.15.6.3100
https://doi.org/10.1371/journal.pone.0185677
https://doi.org/10.1371/journal.pone.0185677
https://doi.org/10.1007/978-1-62703-703-7_1
https://doi.org/10.1371/journal.pone.0050826
https://doi.org/10.1371/journal.pone.0050826
https://doi.org/10.3390/v10010008
https://doi.org/10.1016/j.chom.2016.02.007
https://doi.org/10.1016/j.chom.2016.02.007
https://doi.org/10.1146/annurev.micro.55.1.255
https://doi.org/10.14348/molcells.2016.0013
https://doi.org/10.1186/s12974-015-0249-0
https://doi.org/10.1016/j.cardiores.2005.10.007
https://doi.org/10.1016/j.cardiores.2005.10.007
https://doi.org/10.1016/j.tim.2016.05.006
https://doi.org/10.1073/pnas.1112263109
https://doi.org/10.1073/pnas.1112263109
https://doi.org/10.1186/1471-2407-14-996
https://doi.org/10.1186/1471-2407-14-996
https://doi.org/10.1172/jci19799
https://doi.org/10.1128/jvi.02608-15
https://doi.org/10.1007/978-1-4939-9042-9_10
https://doi.org/10.1016/s0966-842x(00)01824-2
https://doi.org/10.1083/jcb.200210024
https://doi.org/10.1083/jcb.136.5.1007
https://doi.org/10.1126/science.1140956
https://doi.org/10.1002/ijc.22907
https://doi.org/10.1002/ijc.22907
https://doi.org/10.1186/1743-422x-8-354
https://doi.org/10.1073/pnas.0605298103
https://doi.org/10.1073/pnas.0801845105
https://doi.org/10.1128/jvi.01723-08
https://doi.org/10.1128/jvi.01723-08
https://doi.org/10.1016/j.coviro.2013.04.005
https://doi.org/10.1038/onc.2009.445
https://doi.org/10.1038/nrneph.2014.202
https://doi.org/10.1038/nrneph.2014.202
https://doi.org/10.1038/nature12869
https://doi.org/10.3389/fgene.2013.00119
https://doi.org/10.1016/j.tibs.2012.08.003
https://doi.org/10.1016/j.tibs.2012.08.003
https://doi.org/10.1101/gad.259077.115
https://doi.org/10.1101/gad.259077.115
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Barbu et al.

MicroRNA Signaling in Viral Infections

initiation and metastatic colonization by inhibiting the TGFBR2/ID1 signaling
axis. 78, 3793-3808. doi: 10.1158/0008-5472.can-17-3003

Umbach, J. L., and Cullen, B. R. (2009). The role of RNAi and microRNAs in
animal virus replication and antiviral immunity. Genes Dev. 23, 1151-1164.
doi: 10.1101/gad.1793309

Umbach, J. L., Kramer, M. F., Jurak, L., Karnowski, H. W., Coen, D. M., and Cullen,
B. R. (2008). MicroRNAs expressed by herpes simplex virus 1 during latent
infection regulate viral mRNAs. Nature 454, 780-783. doi: 10.1038/nature07103

Umbach, J. L., Nagel, M. A., Cohrs, R. ], Gilden, D. H., and Cullen, B. R. (2009).
Analysis of human alphaherpesvirus microRNA expression in latently infected
human trigeminal ganglia. J. Virol. 83, 10677-10683. doi: 10.1128/jvi.01185-09

Ura, S., Honda, M., Yamashita, T., Ueda, T., Takatori, H., Nishino, R., et al. (2009).
Differential microRNA expression between hepatitis B and hepatitis C leading
disease progression to hepatocellular carcinoma. Hepatology 49, 1098-1112.
doi: 10.1002/hep.22749

van der Ree, M. H., de Vree, J. M., Stelma, F., Willemse, S., van der Valk, M.,
Rietdijk, S., et al. (2017). Safety, tolerability, and antiviral effect of RG-101
in patients with chronic hepatitis C: a phase 1B, double-blind, randomised
controlled trial. Lancet 389, 709-717. doi: 10.1016/s0140-6736(16)31715-9

van der Ree, M. H., van der Meer, A. J., de Bruijne, J., Maan, R, van Vliet,
A., Welzel, T. M., et al. (2014). Long-term safety and efficacy of microRNA-
targeted therapy in chronic hepatitis C patients. Antivir. Res. 111, 53-59. doi:
10.1016/j.antiviral.2014.08.015

van der Ree, M. H., van der Meer, A. J., van Nuenen, A. C., de Bruijne, J., Ottosen,
S., Janssen, H. L., et al. (2016). Miravirsen dosing in chronic hepatitis C patients
results in decreased microRNA-122 levels without affecting other microRNAs
in plasma. Aliment. Pharmacol. Therapeut. 43, 102-113. doi: 10.1111/apt.13432

Varallyay, E., Burgyan, J., and Havelda, Z. (2007). Detection of microRNAs by
Northern blot analyses using LNA probes. Methods 43, 140-145. doi: 10.1016/j.
ymeth.2007.04.004

Varani, S., and Landini, M. P. (2011). Cytomegalovirus-induced immunopathology
and its clinical consequences. Herpesviridae 2:6. doi: 10.1186/2042-4280-2-6

Verheyen, E. M., and Gottardi, C. J. (2010). Regulation of Wnt/beta-catenin
signaling by protein kinases. Dev. Dyn. 239, 34-44.

Wagner, E., and Bloom, D. (1997). Experimental investigation of HSV latency. Clin.
Microbiol. Rev. 10, 419-443.

Wagner, E. K., Devi-Rao, G., Feldman, L. T., Dobson, A. T., Zhang, Y. F., Flanagan,
W. M, et al. (1988). Physical characterization of the herpes simplex virus
latency-associated transcript in neurons. J. Virol. 62, 1194-1202. doi: 10.1128/
jvi.62.4.1194-1202.1988

Wahid, F., Shehzad, A., Khan, T., and Kim, Y. Y. (2010). MicroRNAs: synthesis,
mechanism, function, and recent clinical trials. Biochim. Biophys. Acta. 1803,
1231-1243. doi: 10.1016/j.bbamcr.2010.06.013

Wang, H., Gao, H., Duan, S., and Song, X. (2015). Inhibition of microRNA-199a-5p
reduces the replication of HCV via regulating the pro-survival pathway. Virus
Res. 208, 7-12. doi: 10.1016/j.virusres.2015.05.002

Wang, J., Chen, J., and Sen, S. (2016). MicroRNA as biomarkers and diagnostics.
J. Cell Physiol. 231, 25-30. doi: 10.1002/jcp.25056

Wang, J.-Y., and Chen, L.-]J. (2019). The role of miRNAs in the invasion and
metastasis of cervical cancer. Biosci. Rep. 39:BSR20181377.

Wang, P., Hou, J., Lin, L., Wang, C,, Liu, X,, Li, D,, et al. (2010). Inducible
microRNA-155 feedback promotes type I IEN signaling in antiviral innate
immunity by targeting suppressor of cytokine signaling 1. J. Immunol. 185,
6226-6233. doi: 10.4049/jimmunol.1000491

Wang, S., Qiu, L., Yan, X,, Jin, W., Wang, Y., Chen, L., et al. (2012). Loss of
microRNA 122 expression in patients with hepatitis B enhances hepatitis B
virus replication through cyclin G(1) -modulated P53 activity. Hepatology 55,
730-741. doi: 10.1002/hep.24809

Wang, S.-C,, Lin, X.-L,, Li, J., Zhang, T.-T., Wang, H.-Y., Shi, ].-W., et al. (2014).
MicroRNA-122 triggers mesenchymal-epithelial transition and suppresses
hepatocellular carcinoma cell motility and invasion by targeting RhoA. PLoS
One 9:€101330. doi: 10.1371/journal.pone.0101330

Wang, X., Tong, Y., and Wang, S. (2010). Rapid and accurate detection of plant
miRNAs by liquid northern hybridization. Int. J. Mol. Sci. 11, 3138-3148. doi:
10.3390/ijms11093138

Wang, Y., Guo, Z., Shu, Y., Zhou, H., Wang, H., and Zhang, W.
(2017). BART miRNAs: an unimaginable force in the development

of nasopharyngeal carcinoma. Eur. J. Cancer Prev. 26, 144-150.
doi: 10.1097/cej.000000000000022.1

Wang, Y., Lu, Y., Toh, S. T,, Sung, W. K., Tan, P., Chow, P, et al. (2010). Lethal-7 is
down-regulated by the hepatitis B virus x protein and targets signal transducer
and activator of transcription 3. J. Hepatol. 53, 57-66. doi: 10.1016/j.jhep.2009.
12.043

Wang, Y. D., Cai, N.,, Wu, X. L,, Cao, H. Z,, Xie, L. L., and Zheng, P. S. (2013).
OCT4 promotes tumorigenesis and inhibits apoptosis of cervical cancer cells by
miR-125b/BAK1 pathway. Cell Death Dis. 4:¢760. doi: 10.1038/cddis.2013.272

Wei, F., Cao, C.,, Xu, X., and Wang, J. (2015). Diverse functions of miR-373 in
cancer. J. Transl. Med. 13:162.

Wei, X, Tan, C., Tang, C., Ren, G., Xiang, T., Qiu, Z, et al. (2013). Epigenetic
repression of miR-132 expression by the hepatitis B virus x protein in hepatitis
B virus-related hepatocellular carcinoma. Cell. Signal. 25, 1037-1043. doi: 10.
1016/j.cellsig.2013.01.019

Wightman, B., Ha, I, and Ruvkun, G. (1993). Posttranscriptional regulation of
the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in
C. elegans. Cell 75, 855-862. doi: 10.1016/0092-8674(93)90530-4

Wodarz, A., and Nusse, R. (1998). Mechanisms of Wnt signaling in development.
Annu. Rev. Cell Dev. Biol. 14, 59-88.

Wong, A. M., Kong, K. L, Tsang, J. W., Kwong, D. L., and Guan, X. Y.
(2012). Profiling of epstein-barr virus-encoded microRNAs in nasopharyngeal
carcinoma reveals potential biomarkers and oncomirs. Cancer 118, 698-710.
doi: 10.1002/cncr.26309

Wu, N., Gao, N,, Fan, D., Wei, J., Zhang, J., and An, J. (2014). miR-223 inhibits
dengue virus replication by negatively regulating the microtubule-destabilizing
protein STMN1 in EAhy926 cells. Microb. Infect. 16, 911-922. doi: 10.1016/j.
micinf.2014.08.011

Xia, T., O’Hara, A., Araujo, L, Barreto, J., Carvalho, E., Sapucaia, J. B., et al.
(2008). EBV microRNAs in primary lymphomas and targeting of CXCL-11 by
ebv-mir-BHRF1-3. Cancer Res. 68, 1436-1442. doi: 10.1158/0008-5472.can-07-
5126

Xu, J., Zhu, X., Wu, L, Yang, R, Yang, Z., Wang, Q., et al. (2012). MicroRNA-
122 suppresses cell proliferation and induces cell apoptosis in hepatocellular
carcinoma by directly targeting Wnt/beta-catenin pathway. Liver Int. 32, 752—
760. doi: 10.1111/j.1478-3231.2011.02750.x

Xu, Y., He, Q. Lu, Y., Tao, F., Zhao, L., and Ou, R. (2018). MicroRNA-218-5p
inhibits cell growth and metastasis in cervical cancer via LYN/NF-kB signaling
pathway. Cancer Cell Int. 18:198.

Xue, M, Yao, S., Hu, M., Li, W., Hao, T., Zhou, F., et al. (2014). HIV-1 Nef and
KSHV oncogene K1 synergistically promote angiogenesis by inducing cellular
miR-718 to regulate the PTEN/AKT/mTOR signaling pathway. Nucleic Acids
Res. 42, 9862-9879. doi: 10.1093/nar/gku583

Yan, Q., Zhao, R., Shen, C., Wang, F., Li, W., Gao, S.-J., et al. (2018).
Upregulation of MicroRNA 711 Mediates HIV-1 Vpr promotion of kaposi’s
sarcoma-associated herpesvirus latency and induction of pro-proliferation and
pro-survival cytokines by targeting the notch/NF-kB-signaling axis. J. Virol.
92:e0580-18.

Yang, N. (2015). An overview of viral and nonviral delivery systems for microRNA.
Int. J. Pharm. Investig. 5, 179-181.

Yang, P., An, H,, Liu, X., Wen, M., Zheng, Y., Rui, Y., et al. (2010). The cytosolic
nucleic acid sensor LRRFIP1 mediates the production of type I interferon via a
beta-catenin-dependent pathway. Nat. Immunol. 11, 487-494. doi: 10.1038/ni.
1876

Yao, R, Ma, Y. L., Liang, W., Li, H. H., Ma, Z. ], Yu, X,, et al. (2012). MicroRNA-
155 modulates Treg and Th17 cells differentiation and Th17 cell function
by targeting SOCS1. PLoS One 7:¢46082. doi: 10.1371/journal.pone.004
6082

Yuan, Y. H,, Chi, B. Z., Wen, S. H,, Liang, R. P, Li, Z. M., and Qiu, J. D. (2018).
Ratiometric electrochemical assay for sensitive detecting microRNA based on
dual-amplification mechanism of duplex-specific nuclease and hybridization
chain reaction. Biosens. Bioelectron. 102, 211-216. doi: 10.1016/j.bios.2017.11.
030

Zhang, Y., Wei, W., Cheng, N., Wang, K, Li, B., Jiang, X,, et al. (2012). Hepatitis C
virus-induced up-regulation of microRNA-155 promotes hepatocarcinogenesis
by activating Wnt signaling. Hepatology 56, 1631-1640. doi: 10.1002/hep.2
5849

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2020 | Volume 8 | Article 143


https://doi.org/10.1158/0008-5472.can-17-3003
https://doi.org/10.1101/gad.1793309
https://doi.org/10.1038/nature07103
https://doi.org/10.1128/jvi.01185-09
https://doi.org/10.1002/hep.22749
https://doi.org/10.1016/s0140-6736(16)31715-9
https://doi.org/10.1016/j.antiviral.2014.08.015
https://doi.org/10.1016/j.antiviral.2014.08.015
https://doi.org/10.1111/apt.13432
https://doi.org/10.1016/j.ymeth.2007.04.004
https://doi.org/10.1016/j.ymeth.2007.04.004
https://doi.org/10.1186/2042-4280-2-6
https://doi.org/10.1128/jvi.62.4.1194-1202.1988
https://doi.org/10.1128/jvi.62.4.1194-1202.1988
https://doi.org/10.1016/j.bbamcr.2010.06.013
https://doi.org/10.1016/j.virusres.2015.05.002
https://doi.org/10.1002/jcp.25056
https://doi.org/10.4049/jimmunol.1000491
https://doi.org/10.1002/hep.24809
https://doi.org/10.1371/journal.pone.0101330
https://doi.org/10.3390/ijms11093138
https://doi.org/10.3390/ijms11093138
https://doi.org/10.1097/cej.0000000000000221
https://doi.org/10.1016/j.jhep.2009.12.043
https://doi.org/10.1016/j.jhep.2009.12.043
https://doi.org/10.1038/cddis.2013.272
https://doi.org/10.1016/j.cellsig.2013.01.019
https://doi.org/10.1016/j.cellsig.2013.01.019
https://doi.org/10.1016/0092-8674(93)90530-4
https://doi.org/10.1002/cncr.26309
https://doi.org/10.1016/j.micinf.2014.08.011
https://doi.org/10.1016/j.micinf.2014.08.011
https://doi.org/10.1158/0008-5472.can-07-5126
https://doi.org/10.1158/0008-5472.can-07-5126
https://doi.org/10.1111/j.1478-3231.2011.02750.x
https://doi.org/10.1093/nar/gku583
https://doi.org/10.1038/ni.1876
https://doi.org/10.1038/ni.1876
https://doi.org/10.1371/journal.pone.0046082
https://doi.org/10.1371/journal.pone.0046082
https://doi.org/10.1016/j.bios.2017.11.030
https://doi.org/10.1016/j.bios.2017.11.030
https://doi.org/10.1002/hep.25849
https://doi.org/10.1002/hep.25849
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Barbu et al.

MicroRNA Signaling in Viral Infections

Zhao, H., Zhang, C., Hou, G., and Song, J. (2015). MicroRNA-H4-5p encoded by
HSV-1 latency-associated transcript promotes cell proliferation, invasion and
cell cycle progression via p16-mediated PI3K- Akt signaling pathway in SHSY5Y
cells. Int. J. Clin. Exp. Med. 8, 7526-7534.

Zheng, Z., Ke, X,, Wang, M. He, S, Li, Q, Zheng, C., et al. (2013).
Human microRNA hsa-miR-296-5p suppresses enterovirus 71 replication
by targeting the viral genome. J. Virol. 87, 5645-5656. doi: 10.1128/jvi.026
55-12

Zhu, J., Coyne, C. B., and Sarkar, S. N. (2011). PKC alpha regulates Sendai virus-
mediated interferon induction through HDAC6 and beta-catenin. EMBO J. 30,
4838-4849. doi: 10.1038/emboj.2011.351

Conflict of Interest: The 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.

Copyright © 2020 Barbu, Condrat, Thompson, Bugnar, Cretoiu, Toader, Suciu and
Voinea. 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 Cell and Developmental Biology | www.frontiersin.org

22

March 2020 | Volume 8 | Article 143


https://doi.org/10.1128/jvi.02655-12
https://doi.org/10.1128/jvi.02655-12
https://doi.org/10.1038/emboj.2011.351
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	MicroRNA Involvement in Signaling Pathways During Viral Infection
	Introduction
	Classification of MicroRnas Involved in Viral Infections
	Identifying Techniques for MicroRnas
	MicroRna Signaling in Viral Infection
	Signaling Pathways Involved in Viral Infections and the Mechanisms Through Which miRNAs Influence Them
	Wnt Signaling Pathway
	Type I Interferon Signaling Pathway
	NF-κB Signaling Pathway
	PI3K/Akt Signaling Pathway
	MAPK Signaling Pathway
	Notch Signaling Pathway

	MicroRNA Signaling in HPV Infection
	MicroRNA Modulation of PI3K/Akt Signaling in HPV Infection
	MicroRNA Modulation of MAPK/ERK Signaling in HPV Infection
	MicroRNA Modulation of IFN Signaling in HPV Infection
	MicroRNA Modulation of NF-B Signaling in HPV Infection

	MicroRNA Signaling in Herpes Virus Infection
	MicroRNA Signaling in Herpes Simplex Virus Infection
	MicroRNA Signaling in Cytomegalovirus Infection
	MicroRNA Signaling in Epstein Barr Virus Infection

	MicroRNA Signaling in HIV Infection
	Cellular MicroRNAs Involved in Cell Signaling Pathways During HIV Infection
	Viral MicroRNAs Involved in Cell Signaling Pathways During HIV Infection

	MicroRNA Signaling in HBV and HCV Infection
	MicroRNA Signaling in HBV Infection
	MicroRNA Signaling in HCV Infection


	Clinical Application of Mirnas in Viral Infection and Therapy
	Conclusion
	Author Contributions
	Funding
	References


