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Research progress on miRNAs function in the interaction
between human infectious viruses and hosts: A review

Xiaotong Wang ®!and Wenchang Zhao 2"

MicroRNAs (miRNAs) represent a class of non-coding small RNAs that are prevalent in eukaryotes, typically comprising approximately
22 nucleotides and have the ability to post-transcriptionally regulate gene expression. miRNAs exhibit diverse types and functions,
with mechanisms of action that include cell differentiation, proliferation, apoptosis, and regulation of signaling pathways. Both viruses
and their hosts can encode miRNAs, which serve as crucial effector molecules in the complex interaction between viruses and host cells.
Host miRNAs can either directly interact with the virus genome to inhibit virus replication or facilitate virus replication by providing
necessary substances. Viral miRNAs can directly bind to host mRNAs, thereby influencing translation efficiency, suppressing the
immune response, and ultimately enhancing virus replication. This article comprehensively reviews the roles of miRNAs in virus-host
interactions, aiming to provide valuable insights into viral pathogenic mechanisms and potential therapeutic approaches.
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Introduction

MicroRNAs (miRNAs) are non-coding small RNAs prevalent in
eukaryotes, typically comprising approximately 22 nucleotides,
and they possess the capability to post-transcriptionally regu-
late over 60% of protein-coding genes [1]. miRNAs are widely
prevalent across various organisms, displaying a diverse range
of types and functions. They primarily function in regulat-
ing various aspects, including cell growth, differentiation,
proliferation, apoptosis, and signaling pathways, while also
contributing to the pathogenesis of diseases [2]. For instance,
miR-92b-5p, miR-128-3p, and miR-26 have been shown to pro-
mote the differentiation of bone marrow mesenchymal stem
cells [3-5]; miR-769-3p has been found to inhibit the prolif-
eration and migration of nerve cells infected with Kaposi’s
sarcoma-associated herpesvirus (KSHV) [6].

Viruses are non-cellular organisms composed of nucleic
acids and proteins [7], which have the potential to cause dis-
eases in both plants and animals. Virus replication is dependent
on the host cell, with the key factor being the virus’s capabil-
ity to circumvent the host’s immune response and exploit its
resources for replication [8].

miRNAs encoded by Epstein-Barr virus (EBV) were first
discovered by Pfeffer et al. in 2004 [9]. Further studies have
subsequently confirmed the crucial role of these miRNAs in
the viral infection process within hosts, thereby advancing
research on viral miRNAs. Research has gradually revealed a
close association between virally encoded miRNAs and viral
infections [10]. Following viral infection, the host can directly
impact the virus by regulating miRNA expression or through
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alternative inhibitory pathways [11]. Conversely, viruses modu-
late the expression of host miRNAs, enabling them to bind to the
3’ or 5 UTRs of host mRNAs and subsequently affect translation
efficiency and protein expression levels. This allows viruses to
suppress the host’simmune response, evade immune clearance,
and proliferate [12,13]. Recent research indicates that viral
miRNAs can influence viral survival through the regulation of
cellular genes, offering new approaches for the treatment of
viral diseases [14]. Hence, this article examines the relationship
between viruses and miRNAs and explores their potential util-
ity in antiviral therapy.

miRNA synthesis pathway

Synthesis pathways of host miRNAs

miRNAs play a crucial role in regulating cellular physiolog-
ical and pathological processes. The biosynthesis of miRNAs
involves intricate steps mediated by various key enzymes
and other components. miRNA-encoding genes are first tran-
scribed into primary miRNAs (pri-miRNAs). Pri-miRNAs are
then cleaved into a shorter stem-loop intermediate, called pre-
miRNA, by the combined action of RNA polymerase III (RNA
pol ITT) and the Drosha-DGCRS complex. Pre-miRNA molecules
have distinct structural features crucial for miRNA functions,
such as a 5’ phosphate group and a 3’ overhang. In the nucleus,
Exportin 5 (XPO5) recognizes the 3’ end of pre-miRNA and,
relying on Ran-GTP action, transports it to the cytoplasm [15].
In the cytoplasm, the Dicer enzyme cleaves pre-miRNA, pro-
ducing mature double-stranded miRNAs of approximately 22
nucleotides in length. The mature miRNAs form a “double
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miRNA pathway. miRNAs are initially transcribed in the nucleus as pri-miRNAs. These pri-miRNAs are then processed by the Drosha-DGCR8

complex into precursor miRNAs (pre-miRNAs), which are subsequently exported to the cytoplasm via the XPO-5 transport system. Once in the cytoplasm,
pre-miRNAs are further processed into mature miRNAs. These mature miRNAs play critical roles in regulating gene expression, primarily by facilitating the
storage or degradation of mRNA transcripts. miRNAs: MicroRNAs; pri-miRNAs: Primary miRNAs; XPO-5: Exportin-5.

helix” structure with the complementary sequence of the target
mRNA. This is followed by unwinding, allowing one strand to
bind to the RNA-induced silencing complex (RISC). Through
this process, miRNAs interact with the mRNA of target genes,
thereby regulating gene expression [16]. Thus, miRNAs play a
pivotal role in cellular gene expression regulation. The process
of miRNA biogenesis is illustrated in Figure 1.

Viral miRNA synthesis pathways

The synthesis of miRNAs encoded by DNA viruses exhibits
diversity. Certain miRNAs encoded by DNA viruses adhere to
the conventional synthesis pathway, analogous to miRNA gen-
eration in eukaryotic cells. The synthesis of miRNAs involves
the enzymes Drosha and Dicer. Drosha initially cleaves the
pri-miRNA to form pre-miRNA, which is subsequently pro-
cessed by Dicer to yield mature miRNAs. For instance, miR-3
encoded by the Hepatitis B virus (HBV) undergoes biosynthe-
sis via a Drosha-Dicer-dependent mechanism [17]. Neverthe-
less, not all miRNAs encoded by DNA viruses adhere to this
classical pathway. As an example, the synthesis of pri-miRNA
encoded by Murine gamma-herpesvirus 68 (MHV68) diverges
from the classical synthesis pathway [18]. These miRNAs are
transcribed by RNA pol III promoters situated within adjacent
viral transfer RNA (tRNA)-like sequences. These pri-miRNAs

Wang and Zhao
miRNAs function between human infectious viruses and hosts

1453

bypass processing by Drosha and are instead formed by cellular
tRNase Z, primarily acting downstream of the tRNA structure to
liberate the hairpin structure of pre-miRNA. These pre-miRNAs
are then processed by Dicer, ultimately resulting in the genera-
tion of mature miRNAs.

Both DNA and RNA viruses, including human
immunodeficiency virus (HIV) and Rotavirus (RV), have
the capability to encode miRNAs. miRNAs encoded by RNA
viruses typically undergo nonclassical biosynthetic path-
ways, showcasing a diverse and complex synthesis process.
Some RNA viruses encode miRNAs capable of bypassing the
Drosha enzyme processing step and proceeding directly to
Dicer enzyme processing. For instance, Adenovirus (Adv)
pre-miRNA can circumvent the Drosha step [19]. In contrast,
BHK cells infected with recombinant Sindbis viruses (rSINVs)
are capable of expressing cytoplasmic-derived pri-miRNA,
whose processing and maturation necessitate the infiltration
of Drosha enzyme into the cytoplasm [20]. Furthermore,
retroviruses, including Bovine leukemia virus (BLV) and
primate herpesvirus saimiri (HVS), also exhibit comparable
nonclassical miRNA synthesis traits. In BLV, miRNA synthesis
manifests through primary transcription products generated
by RNA polymerase III (pol III), a process that demands
Dicer enzyme but not Drosha enzyme [21]. Conversely, HVS
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Figure2. The virus-hostinteraction. Upon infecting the host cell, the viral genome is released into the cytoplasm. Within the host cell, miRNA precursors
are processed by the enzyme Dicer to generate mature miRNAs, which then associate with the RISC complex. These mature miRNAs can bind to the viral
genome’s 5" UTR or 3’ UTR, resulting in either the enhancement or inhibition of translation, thereby influencing viral replication. Viral infection also activates
the RIG-I pathway, leading to the secretion of interferons (IFN-a and IFN-) and the regulation of interferon-stimulated genes (ISGs), which in turn affect
miRNA expression levels. By modulating the expression of host and viral proteins, miRNAs ultimately either suppress or enhance viral replication, impacting

the completion of the viral life cycle. RISC: RNA-induced silencing complex; miRNAs: MicroRNAs.

expresses Sm-class U RNAs (HSUR) that are transcribed by
RNA polymerase I (RNAP II). These RNAs undergo processing
by the integration complex to yield pre-miRNA, subsequently
entering the classical biosynthetic pathway where they are
processed by Dicer to produce mature miRNAs [22].

The diversity of viral miRNA synthesis is revealed by these
discoveries, which enhance our understanding of virus adap-
tation to and influence on host cells through the regulation
of host gene expression. Furthermore, a new perspective for
studying the complex virus-host interactions is provided by
these findings, potentially offering clues to the development of
novel therapeutic strategies targeting these viruses.

Patterns of virus-host interactions

The expression levels of target genes can be influenced to a
certain extent by both viral and host miRNAs. Many processes
related to viral infection, such as viral entry, latency, reactiva-
tion, immune response, and other biological processes, involve
miRNAs. For example, lysis can be controlled by viral miR-
NAs, allowing the virus to enter a latent state and thus evade
recognition by host cells [22]. Apoptosis in host cells can also
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be suppressed during viral proliferation to promote massive
viral replication [23]. Immune evasion can be achieved by viral
miRNAs by reducing the levels of specific proteins [24, 25].
On the other hand, viruses can be recognized by host-encoded
miRNAs, prompting immune responses in host cells to elimi-
nate them [26]. For instance, the activation of STATI to mount
an antiviral response is promoted by miR-155-5p [27]. More-
over, virus replication may also be promoted by the interaction
between host miRNAs and viruses [11]. Binding sites on the 3’ or
5 UTRs of mRNAs interact with miRNAs, which can alter mRNA
stability or inhibit its translation [12, 28].

Asobserved, miRNAs perform various functions in the intri-
cate interplay between viruses and their hosts, from regu-
lating the virus lifecycle to determining the survival of host
cells. This bidirectional regulatory mechanism not only under-
scores the importance of miRNAs in viral infection processes
but also indicates their potential utility in disease prevention
and therapy [29]. The dynamic interaction between viruses and
their hosts is shown in Figure 2. In subsequent sections, we will
illustrate the use of miRNAs in the relationship between viruses
and their hosts through various examples.
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Virus type Virus miRNA Function and mechanism Ref.
ssRNA HIV miR-17 Inhibits expression, aids replication 30
ZIKV miR-103a-3 Activates p38 MAPK, aids replication 31
miR-142-5p Boosts interferon responses, suppresses replication 51
miR-16-5p Promotes apoptosis, inhibits replication 56
CVB3 miR-107 Upregulates Wnt/B-catenin, increases capsid protein 32
SeV miR-1225-3p Inhibits interferon production, aids replication 33
miR-4661 Targets IFN-a mRNA, suppresses replication 54
HCV miR-122 Circumvents immunity, promotes replication 34
miR-27 Increases triglycerides, facilitates entry 36
RSV miR-29a Decreases IFNAR], facilitates replication 37
miR-24, miR-124a, miR-744 Inhibits p38 MAPK, suppresses replication 58
JEV miR-432 Suppresses NF-kB, evades immune responses 38
miR-499-5p Downregulates P50, decreases IL-6 and IL-8 39
VSV miR-24, miR-93 Reduces mRNA levels, increases susceptibility 43
SARS-CoV-2 miR-148a, miR-590 Suppresses USP33 and IRF9, inhibits pathways 57
BoDV-1 miR-505 Reduces HMGBYI, inhibits autophagy and replication 60
EV71 miR-124-3p Downregulates STAT3, suppresses replication 59
miR-296-5p Inhibits VP1 and VP3, suppresses replication 47
IAV miR-141, miR-324-5p Regulate antiviral genes, inhibit replication 55
dsRNA RV miR-4301 Influences glycogen synthase, promotes replication 35
miR-7, miR-125b-1-3p Modulate transcripts, resist infection 44
dsDNA HPV miR-145 Targets E1 and E2, suppresses amplification 48
HBV miR-1231 Reduces core protein, inhibits replication 49
HCMV miR-200 Targets UL122, reduces viral titer 50
miR-182 Targets FoxO3, activates IFN-1, suppresses replication 66
HSV-1 miR-138 Represses lytic genes, promotes latency 40
miR-183, miR-96, miR-182 Inhibit FoxO, interfere with regulation 41
HSV miR-24 Binds STING mRNA, promotes replication 67
KSHV pre-miR-K1 Suppresses KSHV miRNAs 63
miR-127-3p Enhances transcription, activates E2F and Myc 64
miR-93 Activates IFN-JAK-STAT, enhances immune response 65

miRNAs encoded by host cells significantly impact the viral replication process by regulating their own expression levels and manipulating cellular functions
to promote viral replication. Viruses can affect the expression of miRNAs by binding to regulatory sequences of host miRNAs, thereby intervening in the
host’simmune response and cellular functions, includingimmune evasion. Additionally, host miRNAs can directly or indirectly suppress viral gene expression
and enhance the host’s antiviral capabilities by activating specific signaling pathways. miRNAs: MicroRNAs; HIV: Human immunodeficiency virus; ZIKV:
Zika virus; CVB3: Coxsackievirus B3; SeV: Sendai virus; HCV: Hepatitis C virus; RSV: Respiratory syncytial virus; JEV: Japanese Encephalitis Virus; VSV:
Vesicular stomatitis virus; SARS-CoV-2: Syndrome-associated coronavirus2; BoDV-1: Bornavirus; EV71: Enterovirus 71; IAV: Influenza A Virus; RV: Rotavirus;
HPV: Human papillomavirus; HBV: Hepatitis B virus; HCMV: Human cytomegalovirus; HSV-1: Herpes simplex virus 1; KSHV: Kaposi’s sarcoma-associated

herpesvirus.

The host encodes miRNAs to act on the host or virus

Host miRNAs can participate in the entire process of virus
replication and also exert antiviral effects in various ways. The
summary of host miRNA and its related functions is shown in
Table 1.

miRNAs are involved in viral replication

When a virus contacts a host cell, it binds to specific receptors
on the cell membrane, activating intracellular signaling path-
ways either through these receptors or by entering the cell.
This activation stimulates miRNA production within the cell,
creating an environment that supports viral proliferation [11].
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The interaction between the virus and the host cell is crucial
for the viral lifecycle and the host’s immune response. Host
cell-encoded miRNAs facilitate viral replication by modulating
the expression of intracellular target genes. Viral products can
influence miRNA levels by binding to regulatory sequences
upstream of host miRNA genes. The miRNAs then bind to
the 5" UTR of target transcripts, regulating protein synthesis.
These proteins can either aid in viral replication or suppress
host antiviral responses, promoting immune evasion. Changes
in host miRNA levels can enhance viral gene expression and
transcription, increasing replication capacity or prolonging
latency.
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miRNA-mediated enhancement of viral replication: Several
miRNAs have been identified to enhance viral replication
through various mechanisms. In the case of HIV, the virus relies
onthe histone acetyltransferase Tat cofactor PCAF to inhibit the
expression of miR-17, which is beneficial for its replication [30].
Zika Virus (ZIKV) exploits miR-103a-3, which targets OTUD38
to activate the p38 MAPK signaling pathway, facilitating ZIKV
replication [31]. Similarly, Coxsackievirus B3 (CVB3) infection
induces miR-107, which upregulates proteins associated with
the Wnt/B-catenin signaling pathway, subsequently elevating
the expression of the viral capsid protein, thus facilitating viral
replication [32]. Sendai Virus (SeV) increases the expression of
miR-1225-3p, promoting viral replication by inhibiting inter-
feron production [33]. Hepatitis C virus (HCV) utilizes miR-122
to circumvent host cell immunity, creating a favorable environ-
ment for its proliferation and persistent replication within host
cells [34]. Additionally, miR-4301 has been found to promote RV
replication through its influence on glycogen synthase during
the infection process [35].

miRNA-mediated facilitation of viral entry: In addition to
enhancing viral replication, certain miRNAs also facilitate viral
entry into host cells. For instance, HCV employs miR-27, which
elevates triglyceride levels through the inhibition of peroxi-
some proliferator-activated receptor a (PPARa). This increase
in triglycerides facilitates HCV’s entry into host cells and sub-
sequent infection [36].

miRNA-mediated evasion of host immune responses: Viruses
also exploit miRNAs to evade host immune responses. Respira-
tory Syncytial Virus (RSV) utilizes its NS1 nonstructural protein
to induce the upregulation of host miR-29a. This upregula-
tion leads to decreased expression of IFNAR], facilitating RSV
replication [37]. Japanese Encephalitis Virus (JEV) manipulates
miR-432 to suppress NF-kB activity and disrupt the Jak-STAT
signaling pathway, aiding in the virus’s evasion of cellular
immune responses [38]. Additionally, JEV induces miR-499-5,
which downregulates P50 expression, leading to decreased lev-
els of IL-6 and IL-8, thereby aiding the virus in evading host
clearance mechanisms [39]. Herpes Simplex Virus 1 (HSV-1)
uses miR-138 to repress lytic cycle genes by targeting ICPO,
Oct-1, and Foxcl, promoting epigenetic gene silencing and cre-
ating favorable conditions for latent infection [40]. The com-
bined inhibitory effect of miR-183, miR-96, and miR-182 on
FoxO protein family members further suggests HSV-1’s ability
to interfere with host miRNA regulation, adding complexity to
the regulation of viral replication [41].

miRNA involvement in immune regulation: Certain miRNAs
are involved in immune regulation, which viruses can exploit
to their advantage. ZIKV infection and persistence have been
shown to correlate with miRNAs involved in immune regu-
lation within the placental microenvironment [42], suggest-
ing a complex interaction between the virus and host immune
responses. In the case of vesicular stomatitis virus (VSV), the
knockout of Dicerl in mice leads to decreased expression of miR-
24 and miR-93. This reduction in miRNA levels subsequently
lowers VSV mRNA levels and increases the susceptibility of
mice to VSV infection, highlighting the role of these miRNAs in
immune regulation [43]. African green monkey kidney (Vero)
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cells, known as MA104, exhibit resistance to RV infection by
upregulating the expression of miR-7 and miR-125b-1-3p, which
modulate relevant transcripts [44].

Antiviral effects of miRNAs

Host miRNAs play a crucial role in antiviral defense by tar-
geting viruses directly or indirectly through diverse mech-
anisms, thereby inhibiting their replication. They can bind
to the 3’ UTR of RNA virus genomes, effectively suppress-
ing the translation of viral genes and decreasing viral pro-
tein production [45]. Upon viral infection, host miRNAs not
only activate the immune system but also regulate interferon
production and ISG expression, essential for suppressing viral
replication and transmission [46]. Host miRNA defense strate-
gies include directly targeting viral genes to suppress their
expression and interrupting viral entry into cells to mitigate
infection. Furthermore, host miRNAs can modulate intracellu-
lar signaling pathways, such as interferon, MAPK, and NF-«B,
significantly influencing the viral lifecycle and pathogenesis.
By regulating gene expression directly and indirectly, miR-
NAs suppress viral replication, activate immune responses,
and facilitate the elimination of infected cells or viruses
through apoptosis, thus enhancing the host’s antiviral defense
mechanisms.

Direct suppression of viral gene expression: Host miRNAs can
directly target viral genes, suppressing their expression and
consequently reducing viral replication.

Direct targeting of viral genes: miR-296-5p inhibits the synthe-
sis of viral proteins VP1 and VP3 in Enterovirus 71 (EV71) infec-
tion, thus suppressing viral genome replication [47]. Similarly,
miR-145 targets the E1 and E2 open reading frames of human
papillomavirus (HPV), suppressing viral genome amplification
and release [48]. miR-1231, exhibiting high homology with
HBV mRNA, reduces the expression of the HBV core protein,
thereby inhibiting HBV replication [49]. miR-32 directly resists
human foamy viruses (PFV) by recognizing and binding to viral
genes [11]. miR-200 targets the 3'UTR of the viral gene UL122
inhuman cytomegalovirus (HCMYV), inhibiting viral translation
and reducing viral titer [50].

Modulation of host immune responses: Host miRNAs also regu-
late immune responses, which are crucial for suppressing viral
replication and transmission.

1. Enhancement of interferon responses: During Influenza A
Virus (IAV) infection, miR-142-5p and the PI3K/AKT
signaling pathway influence DNMT1 expression, which
boosts RIG-I-mediated interferon responses, ultimately
suppressing IAV replication [51, 52]. miR-155 regulates the
expression of type I interferon and interferon-stimulated
genes, thereby suppressing ZIKV replication [53]. miR-
4661 targets the 3’ end of IFN-o mRNA in macrophages
infected with SeV, suppressing SeV replication [54].

2. Activation of antiviral signaling pathways: miR-141 and
miR-324-5p regulate antiviral genes induced by IFN
and IL-6 signaling, inhibiting IAV replication [55]. By
activating NF-«kB and increasing the expression of the
antiviral gene CXCL10, miR-16-5p promotes apoptosis,
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thereby inhibiting ZIKV replication [56]. miR-148a
and miR-590 suppress USP33 and IRF9 expression in
syndrome-associated coronavirus2 (SARS-CoV-2) infec-
tion, inhibiting the TNF-a, NF-kB, and IFN-§ pathways
and exerting antiviral effects [57].

Regulation of intracellular signaling pathways: Host miRNAs
modulate intracellular signaling pathways, significantly influ-
encing the viral lifecycle and the pathogenesis of viral infec-
tions.

1. Pathway modulation: miR-24, miR-124a, and miR-744
jointly target the MAPK14 gene, suppressing the expres-
sion and activation of p38 MAPK, thereby inhibiting RSV
replication [58].

2. Suppression of host genes for viral benefit: miR-124-3p
inhibits EV71 replication by downregulating STATS3,
P-STAT3, CCND2, and MMP?2 proteins, thus suppressing
the transcriptional activity of STAT [59]. miR-505 reduces
HMGBI expression, inhibiting autophagy in host cells and
suppressing Bornavirus (BoDV-1) replication [60].

3. Regulation of cell growth and apoptosis pathways: miR-125b-
5p regulates multiple genes involved in cell signaling
pathways linked to cell growth and apoptosis, thereby
inhibiting JEV replication [61].

miRNA-mediated inhibition of viral entry: Host miRNAs can
interrupt viral entry into cells to mitigate infection. Inhibition
of viral entry: The insertion of miR-205 into the CVB3 viral
genome exhibits dual effects: suppressing viral replication and
enhancing the ability to kill host cells [62].

Modulation of viral replication through host miRNA regulation:
Host miRNAs can also regulate the replication of viruses by
modulating the expression of host genes that viruses rely on.

1. Suppression of viral miRNAs: The expression of the entire
set of miRNAs encoded by KSHV can be suppressed by
pre-miR-K1 [63]. By suppressing the expression of SKP2,
miR-127-3p enhances the transcriptional activity of KSHV,
leading to an increase in p21CIP1 expression and a decrease
in the expression of cyclin E, cyclin A, and CDK2, thereby
activating the transcriptional activity of E2F and Myc [64].
Meanwhile, the expression of host miR-93 is reduced by
KSHYV, activating the IFN-JAK-STAT pathway and enhanc-
ing the initiation of the host’s innate immune response,
exerting an antiviral effect [65].

2. Suppression of apoptosis: miR-182 targets FoxO3 to activate
IFN-1, suppressing HCMV replication [66]. miR-24, acti-
vated by kinases, binds to the 3" UTR of STING mRNA,
suppressing the host’s immune response and promoting
enhanced replication of HSV [67].

The miRNAs encoded by the virus act on the virus itself or the host

Viral miRNAs regulate various intracellular processes, includ-
ing signaling, immune response, autophagy, and apoptosis, by
specifically targeting mRNAs within cells. They can bind to the
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3’ or 5 UTRs of both host and viral mRNAs, exhibiting diverse
mechanisms of action. Binding to the 3’ UTR disrupts transcript
stability and initiates mRNA degradation. Conversely, binding
to the 5 UTR can inhibit translation, enhance mRNA stabil-
ity, prevent degradation, and upregulate gene expression [68].
Viral miRNAs can also mimic endogenous miRNAs or target
unique binding sequences, forming a complex regulatory net-
work during viral infection. This network influences numer-
ous cellular functions, including suppressing viral replication,
reducing viral toxicity, maintaining viral latency, and facili-
tating long-term coexistence and persistent infection within
host cells. The interaction between viral miRNAs and host cell
genes enhances viral replication by manipulating host mes-
senger RNA expression. The summary of miRNAs encoded by
viruses and their related functions is shown in Table 2.

Suppression of host immune responses

Viral miRNAs can directly target host immune genes to sup-
press immune responses, thereby aiding the virus in maintain-
ing persistence and replication within the host. For instance,
miR-2-5p, encoded by EBV, targets the 3’ UTR of the IL-1 recep-
tor, suppressing its expression and enabling the virus to evade
the host’s immune system [69]. HCMV encodes miR-ULI12,
which disrupts the innate immune response by suppressing
type I interferon signaling [70].

Maintenance of viral latency

Viral miRNAs play a pivotal role in maintaining viral latency
by targeting both viral and host genes to suppress replication
and avoid immune detection. EBV-encoded miR-BART20-5p,
for example, inhibits the lytic cycle by downregulating the
expression of BZLF1 and BRLF1 genes, maintaining the virus in
alatent state [71]. KSHV produces miR-K12-11, which modulates
the expression of RTA and its downstream genes by targeting
MYB, aiding in maintaining latent infection [72].

Modulation of viral replication

Viral miRNAs can directly influence viral replication processes
by targeting viral or host factors involved in the replication
cycle. HCMV encodes several miRNAs, including miR-ULI12,
miR-UL148D, miR-UL22A, and miR-UL36, all of which play roles
in the replication, expression, and infection processes of the
virus [73]. EBV also encodes miRNAs such as miR-BART6-5p,
miR-BARTI18-5p, miR-BARTI11-5p, and miR-BART2-5p, which
suppress viral replication and maintain latency by specifically
targeting genes involved in the replication process [74, 75].
Moreover, HSV produces miR-H1-3p and miR-H6-5p, which
complement each other to restrict or control viral replication,
ensuring long-term infection in the host [76]. West Nile virus
(WNV) encodes Kun-miR-1, which binds to GATA-4 mRNA,
leading to the loss of GATA-4 function and promoting viral
replication [77]. Lastly, HCMV-encoded miRNAs, such as miR-
US25-1-5p and miR-US4-5p enable long-term coexistence in
host cells by suppressing DNA synthesis, transcription, and the
production of inflammatory mediators [78].

Evasion of host immune recognition
Viral miRNAs help evade host immune recognition by target-
ing key components of the immune response. HCMV produces
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Virus type Virus miRNA Function and mechanism Ref.
dsDNA EBV miR-2-5p Suppresses IL-1receptor 69
miR-BART20-5p Inhibits lytic cycle 71
miR-BART6-5p, miR-BART18-5p, miR-BART11-5p, Suppresses replication, maintains latency 74,75
miR-BART2-5p
HCMV miR-UL112 Disrupts interferon signaling 70
miR-UL112, miR-UL148D, miR-UL22A, miR-UL36 Affects replication and infection processes 73
miR-US25-1-5p, miR-US4-5p Suppresses DNA synthesis and inflammation 78
miR-UL112-3p Aids immune evasion and latency 79
miR-70-3p Suppresses apoptosis 83
KSHV miR-K12-11 Modulates RTA expression 72
miR-K9 Reduces DNA damage and apoptosis 84
miR-K12-1-5p Exacerbates apoptosis, weakens antiviral effects 85
HSV miR-H1-3p, miR-H6-5p Restricts replication 76
miR-24 Promotes replication 67
HSV-1 miRNAs Target lifecycle and immune genes 81
SV40 miRNAs Suppresses T antigen expression 80
HHV-6A miR-aUl4 Enhances replication 86
HBV miR-3 Decreases apoptosis, enhances proliferation 82
ssRNA WNV Kun-miR-1 Facilitates replication 77

Viral miRNAs regulate the expression of host cell genes, both suppressing viral replication or reducing virulence to enter a latent phase for long-term
coexistence with the host, and promoting viral replication by binding to specific binding sites. miRNAs: MicroRNAs; EBV: Epstein-Barr virus; HCMV:
Human cytomegalovirus; KSHV: Kaposi’s sarcoma-associated herpesvirus; HSV-1: Herpes simplex virus 1; HHV-6A: Human herpesvirus 6A; SV40: Simian

vacuolating virus 40; HBV: Hepatitis B virus; WNV: West nile virus.

miR-UL112-3p, which targets multiple viral transcripts, such
as IE72, crucial for immune evasion and leading to latent
infection [79]. Simian vacuolating virus 40 (SV40) encodes
miRNAs that cleave their own mRNA, suppressing the expres-
sion of T antigens and aiding in evasion from host immune
cell recognition and clearance [80]. HSV-1-encoded miRNAs
primarily target viral genes involved in lifecycle transitions
and regulate host genes related to antiviral immunity, con-
tributing to the evasion and lifelong persistence of HSV-1in the
host [81].

Regulation of host cell apoptosis and proliferation

Viral miRNAs can modulate host cell apoptosis and pro-
liferation pathways to enhance viral survival and replica-
tion. HBV encodes miR-3, which binds to the 3’ UTR of
PTEN mRNA, resulting in downregulation of PTEN protein
expression, decreased cell apoptosis, and enhanced cell inva-
sion and proliferation capabilities [82]. MiR-70-3p, encoded
by HCMV, suppresses cell apoptosis by downregulating the
expression of the pro-apoptotic gene MOAP1 [83]. Addition-
ally, KSHV encodes miR-K9, which reduces DNA damage and
cell apoptosis induced by viral infection through the down-
regulation of caspase-3 and caspase-7 expression [84]. Fur-
thermore, the miR-K12-1-5p encoded by KSHV exacerbates
host cell apoptosis and leads to loss of cell viability, while
weakening the antiviral effect of IFN B. [85]. Human her-
pesvirus 6A (HHV-6A) produces miR-aUl4, which disrupts
the mitochondrial structure of host cells, thereby enhancing
replication [86].
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miRNAs diagnosis and treatment against viral pathogens
miRNAs diagnostics

In terms of diagnosis, the expression pattern of miRNAs
exhibits high tissue specificity and disease relevance, rendering
them potential molecular markers. Through the utilization of
real-time quantitative PCR technology, the expression levels
of miRNAs in various tissues can be precisely detected, thus
providing compelling evidence for the early diagnosis of dis-
eases. The stable presence of miRNAs in extracellular vesicles
and other bodily fluids qualifies them as ideal candidates for
noninvasive diagnosis, offering the potential to mitigate patient
discomfort and diagnostic risks [87]. The expression levels of
miRNAs can reflect disease progression and treatment efficacy
in real time, thereby providing a foundation for physicians to
adjust treatment plans. Consequently, the utilization of miR-
NAs for diagnostic purposes is anticipated to broaden the diag-
nostic scope and enhance the diagnostic accuracy of diverse
pathologies.

Following infection with occult HBV (OBI), the serum
expression levels of miR-122 and miR-130a miRNAs exhibited
significant statistical differences compared to normal serum.
This specific combination of miRNAs can serve as an accurate
tool for detecting OBI [88]. MiR-340-3p and miR-451a function
as biomarkers for HBV infection due to their role in the inhi-
bition of ATF2 and HBV replication [89]. Compared to healthy
individuals, patients with EV71 demonstrated notable differ-
ences in the expression levels of miRNAs, specifically miR-148a,
miR-143, miR-324-3p, miR-545, and miR-140-5p. These miRNAs
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can facilitate the diagnosis and aid in the classification [90]. The
expression levels of miR-134, miR-320c, miR-198, and miR-483-
5p are elevated in the serum of HCV patients across various
genotypes and individuals, potentially serving as markers for
hepatitis C [91]. MiR-2392 is exclusively present in COVID-
19-positive patients, offering novel evidence for the diagnosis
of the disease [92]. Meanwhile, miR-155 demonstrates distinct
expression patterns in SARS-CoV-2 and COVID-19, thereby
serving as a valuable diagnostic and prognostic indicator [93].
Following HIV infection, the downregulation of miR-192-5p and
miR-534 expression levels in patients’ eyes aids in determining
the disease status of HIV-infected individuals [94].

miRNA therapy

In terms of therapeutic applications, miRNAs are capable of
regulating the expression of numerous genes, and therapies
utilizing miRNAs exhibit high efficiency and comprehensive-
ness. The specific binding of miRNAs to their target genes miti-
gates toxic side effects on normal cells during therapy, thereby
enhancing treatment safety [95]. By modulating miRNA expres-
sion, the progression of various diseases can potentially be
reversed. Integrating miRNA-based therapies with other treat-
ment modalities can enhance therapeutic efficacy and reduce
the likelihood of recurrence. As a novel drug target, miRNAs
offer a fresh avenue for the development of innovative phar-
macologic agents [96]. The design and development of drugs
targeting specific miRNAs are anticipated to usher in revolu-
tionary advancements in disease treatment.

Through RT-PCR analysis, Song et al. [97] observed dis-
parities in the levels of miR-31, miR-29a, and miR-148a in
peripheral blood mononuclear cells between IAV patients and
healthy individuals. The utilization of inhibitors targeting these
miRNAs has the potential to mitigate the toxicity associated
with IAV. Studies have indicated an association between miR-
155 and both viral load and cell proliferation in HBV. Inhibi-
tion of miR-155 has been shown to ameliorate HBV-induced
pathologies [98]. According to Lin et al. [99] miR-548c-3p func-
tions as a crucial negative regulator of TRIM22 in HBV patients
undergoing interferon therapy. This discovery pertains to the
role of interferona. Assessing therapeutic efficacy reveals novel
biomarkers and therapeutic targets, potentially leading to clin-
ical breakthroughs. Miravirsen, the first anti-miRNA drug tar-
geting HCV, is currently in Phase II clinical trials [100]. Clinical
trials have shown that Miravirsen, an antisense oligonucleotide
targeting miR-122, lowers HCV mRNA levels by prolonging
its duration of action. This innovative medication potentially
offers new hope for the treatment of individuals with HCV.

Discussion
Viruses constitute a unique type of organism that depends on
host cells for their survival and reproduction. To achieve their
replication and ensure their persistence, viruses must influence
cellular processes by regulating the host’s miRNA expression
profile.

When viruses invade host cells, they disrupt the normal
expression of miRNAs, resulting in dysregulation of the miRNA
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expression profile. On the one hand, viruses can employ their
encoded proteins to directly target the host cell’s miRNA pro-
cessing machinery, disrupting its normal function. On the other
hand, viruses can indirectly influence the expression level of
miRNAs by modulating transcription factors and epigenetic
modifications in host cells. The imbalance in the miRNA expres-
sion profile further induces alterations in cellular processes,
which are beneficial for virus replication and persistence. These
alterations may encompass disruptions in cell cycle regulation,
suppression of immune responses, and delayed cell apoptosis.

Numerous studies have established a correlation between
virus-induced dysregulation of host miRNA expression pro-
files and alterations in cellular processes. For instance, specific
viruses can elevate the expression levels of particular miRNAs
within host cells, thereby suppressing the host cell’s antiviral
immune response and creating a conducive environment for
virus replication. Furthermore, certain viruses can also reduce
the expression of miRNAs associated with cell apoptosis, thus
impeding the process of host cell apoptosis and facilitating per-
sistent viral infection.

The regulatory function of miRNAs at the single-cell level
during viral infection significantly affects host response and
viral dynamics. Through the use of single-cell RNA sequencing
and imaging techniques, the complexity and heterogeneity of
miRNA regulation can be accurately delineated. Single-cell RNA
sequencing technology enables the analysis of gene expres-
sion patterns in individual cells, thus serving as a potent tool
for investigating the function of miRNAs in viral infection
processes [101]. Changes in miRNA expression levels across
different cells can be observed through this technology, thereby
elucidating the function of miRNAs in virus replication, host
immune response, and cell fate determination. Furthermore,
imaging technology aids in visually observing the localization of
miRNAs within cells and its interactions with other molecules,
thereby enhancing our comprehension of miRNA functions.

To gain a comprehensive understanding of how miR-
NAs regulate the interaction between viruses and hosts,
high-throughput sequencing and bioinformatics methods can
be employed. High-throughput sequencing allows for the
simultaneous detection of the expression levels of thousands of
miRNAs, enabling the identification of those miRNAs playing
a crucial role in virus infection. Bioinformatics analysis aids
in identifying the target genes of these miRNAs, predicting
their functions, and constructing miRNA regulatory networks.
These analyses not only facilitate the understanding of the spe-
cific mechanisms of miRNAs in viral infection but also pro-
vide a theoretical basis for the development of new antiviral
strategies [102].

Currently, miRNAs are considered key regulatory factors in
the interaction between viruses and hosts. Despite the contin-
uous discovery of new host- and virus-encoded miRNAs, their
mechanisms in immune responses still need further explo-
ration owing to the diversity and complexity of their target
genes and functions. miRNAs research is still in its infancy,
and numerous unknown sequences and functional gaps remain
to be filled. A key challenge lies in breaking through exist-
ing technologies and methods, particularly in analyzing the
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impact of miRNA translation and specific combinations on the
host immune response. Meanwhile, the potential of miRNAs
as early diagnostic markers and therapeutic targets warrants
exploration. With the deepening of scientific research, it is
anticipated that the blind spots regarding miRNA'’s role in the
interaction between viruses and hosts will gradually be eluci-
dated, paving the way for new breakthroughs in the prevention
and treatment of virus-related diseases.

Conflicts of interest: Authors declare no conflicts of interest.

Funding: National Natural Science Foundation of China
(No. 81973548 and No. 81473401); Guangdong Province Ordi-
nary Universities Innovation Team Project (2022KCXTDO11);
Guangdong Medical University Discipline Construction ct
(No. 45G22009G).

Submitted: 06 June 2024
Accepted: 01 August 2024
Published online: 04 August 2024

References

[1] Friedman RC, Farh KKH, Burge CB, Bartel DP. Most mammalian
mRNAs are conserved targets of microRNAs. Genome Res 2009
Jan;19(1):92-105. https://doi.org/10.1101/gr.082701.108.

[2] Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev 2015
Jun;87:3-14. https://doi.org/10.1016/j.addr.2015.05.001.

[3] LiY, Feng C, Gao M, Jin M, Liu T, Yuan Y, etal. MicroRNA-92b-
5p modulates melatonin-mediated osteogenic differentiation of bone
marrow mesenchymal stem cells by targeting ICAM-1. ] Cell Mol Med
2019 Sep;23(9):6140-53. https://doi.org/10.1111/jcmm.14490.

[4] Lin YP, Liao LM, Liu QH, Ni Y, Zhong Y, Yu S. MiRNA-128-3p
induces osteogenic differentiation of bone marrow mesenchymal
stem cells via activating the Wnt3a signaling. Eur Rev Med
Pharmacol Sci 2021 Feb 1;25:1225-32. https://doi.org/10.26355/
eurrev_202102_24826.

[5] Yan J, Lu X, Zhu X, Hu X, Wang L, Qian J, etal. Effects of miR-
26a on osteogenic differentiation of bone marrow mesenchymal stem
cells by a mesoporous silica nanoparticle—PEI—Peptide system. Int ]
Nanomed 2020;15:497-511. https://doi.org/10.2147/]]N.5228797.

[6] WuZ, DingY, Ru Z, Pan Z, Cao D, Liang W, et al. Effect of miR-769-
3p on proliferation and migration of KSHV-infected neuroblastoma
SH-SY5Y cells. Chin ] Clin Pharmacol 2023;39(19):2775-9. https://doi.
0rg/10.13699/j.cnki.1001-6821.2023.19.009.

[7] Barreat JGN, Katzourakis A. A billion years arms-race between
viruses, virophages, and eukaryotes. eLife 2023 Jun 26;12:RP86617.
https://doi.org/10.7554/eLife.86617.3.

[8] Weitzman MD, Fradet-Turcotte A. Virus DNA replication and the
host DNA damage response. Annu Rev Virol 2018 Sep 29;5(1):141-64.
https://doi.org/10.1146/annurev-virology-092917- 043534.

[9] pfeffer S, Zavolan M, Grisser FA, Chien M, Russo JJ, Ju J,

etal. Identification of virus-encoded MicroRNAs. Science 2004

Apr 30;304(5671):734-6. https://doi.org/10.1126/science.1096781.

Sullivan CS, Ganem D. MicroRNAs and viral infection. Mol Cell 2005

Oct 7;20(1):3-7. https://doi.org/10.1016/j.molcel.2005.09.012.

[11] Trobaugh DW, Klimstra WB. MicroRNA regulation of RNA virus
replication and pathogenesis. Trends Mol Med 2017 Jan;23(1):80-93.
https://doi.org/10.1016/j.molmed.2016.11.003.

[12] Liu Z, WangJ, Ge Y, Xu Y, Guo M, Mi K, et al. SARS-CoV-2 encoded
microRNAs are involved in the process of virus infection and host
immune response. ] Biomed Res 2021 Jan 29;35(3):216-27. https://doi.
org/10.7555/JBR.35.20200154.

[13] Haneklaus M, Gerlic M, Kurowska-Stolarska M, Rainey AA, Pich D,
Mclnnes IB, et al. Cutting edge: miR-223 and EBV miR-BART15 reg-
ulate the NLRP3 inflammasome and IL-18 production. ] Immunol
Baltim Md 1950 2012 Oct 15;189(8):3795-9. https://doi.org/10.4049/
jimmunol.1200312.

[14] Panigrahi M, Thibault PA, Wilson JA. MicroRNA 122 affects both
the initiation and the maintenance of hepatitis C virus infections.

[10]

Wang and Zhao
miRNAs function between human infectious viruses and hosts

1460

[15]

[16]

[17]

(18]

19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

(33]

Biomolecules
& Biomedicine

J Virol 2022 Feb 23;96(4):e0190321. https://doi.org/10.1128/jvi.
01903-21.

Correia de Sousa M, Gjorgjieva M, Dolicka D, Sobolewski C, Foti M.
Deciphering miRNAs’ action through miRNA editing. Int ] Mol Sci
2019 Dec 11;20(24):6249. https://doi.org/10.3390/ijms20246249.
Mansoori B, Mohammadi A, Ghasabi M, Shirjang S, Dehghan R,
Montazeri V, etal. miR-142-3p as tumor suppressor miRNA in the
regulation of tumorigenicity, invasion and migration of human
breast cancer by targeting Bach-1 expression. ] Cell Physiol 2019
Jun;234(6):9816-25. https://doi.org/10.1002/jcp.27670.

Yang X, Li H, Sun H, Fan H, Hu Y, Liu M, etal. Hepatitis B
virus-encoded MicroRNA controls viral replication. ] Virol 2017 May
15;91(10):€01919-16. https://doi.org/10.1128/JV1.01919-16.

Bullard WL, Kara M, Gay LA, Sethuraman S, Wang Y, Nirmalan S,
etal. Identification of murine gammaherpesvirus 68 miRNA-mRNA
hybrids reveals miRNA target conservation among gammaher-
pesviruses including host translation and protein modification
machinery. PLoS Pathog 2019 Aug;15(8):e1007843. https://doi.org/
10.1371/journal.ppat.1007843.

Kondo S, Yoshida K, Suzuki M, Saito I, Kanegae Y. Adenovirus-
encoding virus-associated RNAs suppress HDGF gene expression
to support efficient viral replication. PLoS One 2014;9(9):e108627.
https://doi.org/10.1371/journal.pone.0108627.

ShapiroJS, Langlois RA, Pham AM, Tenoever BR. Evidence for a cyto-
plasmic microprocessor of pri-miRNAs. RNA 2012 Jul;18(7):1338-46.
https://doi.org/10.1261/rna.032268.112.

Takada A, Kamatari YO, Shimizu K, Okada A, Inoshima Y. Explo-
ration of microRNA biomarkers in blood small extracellular vesicles
for enzootic bovine leukosis. Microorganisms 2023 Aug 28;11(9):2173.
https://doi.org/10.3390/microorganisms11092173.

Cazalla D, Xie M, Steitz JA. A primate herpesvirus uses the integrator
complex to generate viral MicroRNAs. Mol Cell 2011 Sep 16;43(6):982-
92. https://doi.org/10.1016/j.molcel.2011.07.025.

Xu DM, Kong YL, Wang L, Zhu HY, Wu JZ, Xia Y, etal. EBV-
miR-BHRFI1-1 targets p53 gene: potential role in epstein-barr virus
associated chronic lymphocytic leukemia. Cancer Res Treat 2020
Apr;52(2):492-504. https://doi.org/10.4143/crt.2019.457.

Fan X, Murray SC, Staitieh BS, Spearman P, Guidot DM. HIV Impairs
alveolar macrophage function via MicroRNA-144-induced suppres-
sion of Nrf2. Am J Med Sci 2021 Jan;361(1):90-7. https://doi.org/10.
1016/j.amjms.2020.07.026.

Bouvet M, Voigt S, Tagawa T, Albanese M, Chen YFA, Chen Y, et al.
Multiple viral microRNAs regulate interferon release and signal-
ing early during infection with Epstein-Barr virus. mBio 2021 Mar
30;12(2):e03440-20. https://doi.org/10.1128/mBio.03440-20.

Lodge R, Bellini N, Laporte M, Salahuddin S, Routy JP, Ancuta P,
et al. Interleukin-1p triggers p53-mediated downmodulation of CCR5
and HIV-1 entry in macrophages through MicroRNAs 103 and 107.
mBio 2020 Sep 29;11(5):e02314-20. https://doi.org/10.1128/mBio.
02314-20.

Jin C, Cheng L, Hoxtermann S, Xie T, Lu X, Wu H, et al. MicroRNA-155
is a biomarker of T-cell activation and immune dysfunction in HIV-
I-infected patients. HIV Med 2017 May;18(5):354-62. https://doi.org/
10.1111/hiv.12470.

Action mechanisms and characteristics of miRNAs to regulate virus
replication. Virology 2024 Feb 1;590:109966. https://doi.org/10.1016/
j.virol.2023.109966.

Bauer AN, Majumdar N, Williams F, Rajput S, Pokhrel LR, Cook PP,
etal. MicroRNAs: small but key players in viral infections and
immune responses to viral pathogens. Biology 2023 Oct;12(10):1334.
https://doi.org/10.3390/biology12101334.

Triboulet R, Mari B, Lin YL, Chable-Bessia C, Bennasser Y,
Lebrigand K, etal. Suppression of microRNA-silencing pathway by
HIV-1 during virus replication. Science 2007 Mar 16;315(5818):1579~
82. https://doi.org/10.1126/science.1136319.

Ye H, Kang L, Yan X, Li S, Huang Y, Mu R, etal. MiR-103a-3p
promotes Zika virus replication by targeting OTU Deubiquitinase
4 to activate p38 mitogen-activated protein kinase signaling path-
way. Front Microbiol 2022 Mar 4;13:862580. https://doi.org/10.3389/
fmich.2022.862580.

Yao M, Xu C, Shen H, Liu T, Wang X, Shao C, etal. The regulatory
role of miR-107 in Coxsackie B3 virus replication. Aging 2020 Jul
16;12(14):14467-79. https://doi.org/10.18632/aging.103488.

Cheng M, Niu Y, Fan ], Chi X, Liu X, Yang W. Interferon
down-regulation of miR-1225-3p as an antiviral mechanism through
modulating Grb2-associated binding protein 3 expression. ] Biol

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1016/j.addr.2015.05.001
https://doi.org/10.1111/jcmm.14490
https://doi.org/10.26355/eurrev_202102_24826
https://doi.org/10.26355/eurrev_202102_24826
https://doi.org/10.2147/IJN.S228797
https://doi.org/10.13699/j.cnki.1001-6821.2023.19.009
https://doi.org/10.13699/j.cnki.1001-6821.2023.19.009
https://doi.org/10.7554/eLife.86617.3
https://doi.org/10.1146/annurev-virology-092917-043534
https://doi.org/10.1126/science.1096781
https://doi.org/10.1016/j.molcel.2005.09.012
https://doi.org/10.1016/j.molmed.2016.11.003
https://doi.org/10.7555/JBR.35.20200154
https://doi.org/10.7555/JBR.35.20200154
https://doi.org/10.4049/jimmunol.1200312
https://doi.org/10.4049/jimmunol.1200312
https://doi.org/10.1128/jvi.01903-21
https://doi.org/10.1128/jvi.01903-21
https://doi.org/10.3390/ijms20246249
https://doi.org/10.1002/jcp.27670
https://doi.org/10.1128/JVI.01919-16
https://doi.org/10.1371/journal.ppat.1007843
https://doi.org/10.1371/journal.ppat.1007843
https://doi.org/10.1371/journal.pone.0108627
https://doi.org/10.1261/rna.032268.112
https://doi.org/10.3390/microorganisms11092173
https://doi.org/10.1016/j.molcel.2011.07.025
https://doi.org/10.4143/crt.2019.457
https://doi.org/10.1016/j.amjms.2020.07.026
https://doi.org/10.1016/j.amjms.2020.07.026
https://doi.org/10.1128/mBio.03440-20
https://doi.org/10.1128/mBio.02314-20
https://doi.org/10.1128/mBio.02314-20
https://doi.org/10.1111/hiv.12470
https://doi.org/10.1111/hiv.12470
https://doi.org/10.1016/j.virol.2023.109966
https://doi.org/10.1016/j.virol.2023.109966
https://doi.org/10.3390/biology12101334
https://doi.org/10.1126/science.1136319
https://doi.org/10.3389/fmicb.2022.862580
https://doi.org/10.3389/fmicb.2022.862580
https://doi.org/10.18632/aging.103488
https://www.biomolbiomed.com

[34]

[35]

[36]

(37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

Chem 2018 Apr 20;293(16):5975-86. https://doi.org/10.1074/jbc.
RA117.000738.

Emanuelson C, Ankenbruck N, Kumbhare R, Thomas M, Connelly C,
Baktash Y, et al. Transcriptional inhibition of MicroRNA miR-122 by
small molecules reduces hepatitis C virus replication in liver cells. J
Med Chem 2022 Dec 22;65(24):16338-52. https://doi.org/10.1021/acs.
jmedchem.2c01141.

Song L, Wang X, Zhong P, ChenJ, Tang Z, Zhu X, et al. Host miR-4301
promotes rotavirus replication via PPPIR3D in Caco-2 cells. ] Med
Virol 2021 Nov;93(11):6210-9. https://doi.org/10.1002/jmv.27208.
Singaravelu R, Chen R, Lyn RK, Jones DM, O’Hara S, Rouleau Y,
etal. Hepatitis C virus induced up-regulation of microRNA-27:a
novel mechanism for hepatic steatosis. Hepatol Baltim Md 2014
Jan;59(1):98-108. https://doi.org/10.1002/hep.26634.

ZhangY, Yang L, Wang H, Zhang G, Sun X. Respiratory syncytial virus
non-structural protein 1 facilitates virus replication through miR-
29a-mediated inhibition of interferon-a receptor. Biochem Biophys
Res Commun 2016 Sep 23;478(3):1436-41. https://doi.org/10.1016/j.
bbrc.2016.08.142.

Sharma N, Kumawat KL, Rastogi M, Basu A, Singh SK. Japanese
encephalitis virus exploits the microRNA-432 to regulate the expres-
sion of Suppressor of Cytokine Signaling (SOCS) 5. Sci Rep 2016 Jun
10;6(1):27685. https://doi.org/10.1038/srep27685.

Lv W. Study on the inhibition of virus proliferation and regulation
of the NF-kB pathway by host miR-499-5p targeting the NS2A gene
of Japanese encephalitis virus [thesis on the Internet]. [Sichuan]:
Sichuan Agricultural University; 2018.

Sun B, Yang X, Hou F, Yu X, Wang Q, Oh HS, et al. Regulation of host
and virus genes by neuronal miR-138 favours herpes simplex virus
1 latency. Nat Microbiol 2021 Feb 8;6(5):682-96. https://doi.org/10.
1038/541564-020-00860-1.

Zubkovi¢ A, zarak I, Ratkaj I, Roki¢ F, Jeki¢ M, Pribani¢ Matesi¢ M,
etal. The virus-induced upregulation of the miR-183/96/182 cluster
and the FoxO family protein members are not required for efficient
replication of HSV-1. Viruses 2022 Jul 28;14(8):1661. https://doi.org/
10.3390/v14081661.

Barrozo ER, Seferovic MD, Hamilton MP, Moorshead DN, Jochum MD,
Do T, etal. Zika virus co-opts microRNA networks to persist in
placental niches detected by spatial transcriptomics. Am ] Obstet
Gynecol 2024 Feb;230(2):251.e1-17. https://doi.org/10.1016/j.ajog.
2023.08.012.

Otsuka M, Jing Q, Georgel P, New L, Chen ], Mols J, et al. Hypersus-
ceptibility to vesicular stomatitis virus infection in dicerl-deficient
mice is due to impaired miR24 and miR93 expression. Immunity 2007
Jul;27(1):123-34. https://doi.org/10.1016/j.immuni.2007.05.014.
Zhou Y, Chen L, Du J, Hu X, Xie Y, Wu ], et al. MicroRNA-7 inhibits
rotavirus replication by targeting viral NSP5 in vivo and in vitro.
Viruses 2020 Feb 13;12(2):209. https://doi.org/10.3390/v12020209.
Haque MM, Murale DP, Lee JS. Role of microRNA and oxidative
stress in influenza A virus pathogenesis. Int ] Mol Sci 2020 Nov
25;21(23):8962. https://doi.org/10.3390/ijms21238962.

Zheng Q, Hou]J, Zhou Y, Yang Y, Cao X. Type I IFN-inducible downreg-
ulation of MicroRNA-27a feedback inhibits antiviral innate response
by upregulating Siglecl/TRIM27. ] Immunol Baltim Md 1950 2016 Feb
1;196(3):1317-26. https://doi.org/10.4049/jimmunol.1502134.

Zheng Z, Ke X, Wang M, He S, Li Q, Zheng C, et al. Human MicroRNA
hsa-miR-296-5p suppresses enterovirus 71 replication by targeting
the viral genome. ] Virol 2013 May 15;87(10):5645-56. https://doi.org/
10.1128/]JVI1.02655-12.

Gunasekharan V, Laimins LA. Human papillomaviruses modulate
MicroRNA 145 expression to directly control genome amplification.
J Virol 2013 May 15;87(10):6037-43. https://doi.org/10.1128/JVI.
00153-13.

Kohno T, Tsuge M, Murakami E, Hiraga N, Abe H, Miki D, etal.
Human microRNA hsa-miR-1231 suppresses hepatitis B virus repli-
cation by targeting core mRNA. ] Viral Hepat 2014 Sep;21(9):e89-97.
https://doi.org/10.1111/jvh.12240.

Lee KH, Lim BJ, Ferreira VH, Min SY, Hong YM, JoJH, et al. Expression
of human miR-200b-3p and -200c¢-3p in cytomegalovirus-infected
tissues. Biosci Rep 2018 Dec 7;38(6):BSR2018096L1. https://doi.org/10.
1042/BSR20180961.

Zhao Z, Li], Feng Y, Kang X, Li Y, Chen Y, et al. Host DNA demethy-
lation induced by DNMT1 inhibition up-regulates antiviral OASL pro-
tein during influenza a virus infection. Viruses 2023 Jul 28;15(8):1646.
https://doi.org/10.3390/v15081646.

Wang and Zhao

miRNAs function between human infectious viruses and hosts

1461

[52]

(53]

[54]

[55]

[56]

(57]

[58]

(5]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Biomolecules
& Biomedicine

Dou X, YuX, Du S, Han Y, Li L, Zhang H, et al. Interferon-mediated
repression of miR-324-5p potentiates necroptosis to facilitate
antiviral defense. EMBO Rep 2022 Aug 3;23(8):e54438. https://doi.
org/10.15252/embr.202154438.

Duan X, Wang Y, Liao X, Li Y, Xu M, Ye H, et al. Study on the effects
and mechanisms of microRNA-155 on the replication of three RNA
viruses transmitted by blood transfusion. Chin J Blood Transfus
2019;32(5):430-3.  https://doi.org/10.13303/j.cjbt.issn.1004-549x.
2019.05.006.

LiY,FanX, HeX, SunH, Zou Z, Yuan H, et al. MicroRNA-466] inhibits
antiviral innate immune response by targeting interferon-alpha. Cell
Mol Immunol 2012 Nov;9(6):497-502. https://doi.org/10.1038/cmi.
2012.35.

Alalem M, Dabous E, Awad AM, Alalem N, Guirgis AA, El-Masry S,
etal. Influenza a virus regulates interferon signaling and its associ-
ated genes; MxA and STAT3 by cellular miR-141 to ensure viral repli-
cation. Virol ] 2023 Aug 18;20(1):183. https://doi.org/10.1186/512985-
023-02146-4.

Sun H, Zhu Y, Xie H, Li B, Chen L, Duan X. Preliminary study on the
effect of miR-16-5p on Zika virus replication. Chin J Blood Transfus
2021;34(5):477-81.

Mishra R, Banerjea AC. SARS-CoV-2 Spike targets USP33-IRF9 axis
via exosomal miR-148a to activate human microglia. Front Immunol
2021;12:656700. https://doi.org/10.3389/fimmu.2021.656700.
McCaskill JL, Ressel S, Alber A, Redford ], Power UF, Schwarze J,
etal. Broad-spectrum inhibition of respiratory virus infection by
MicroRNA mimics targeting p38 MAPK signaling. Mol Ther Nucleic
Acids 2017 Jun 16;7:256-66. https://doi.org/10.1016/j.omtn.2017.03.
008.

Lu Y, Xu M. Regulation of EV71 replication in neural cells by
microRNA-124-3p targeting STAT3. ] Immunol 2021;37(3):224-9.
https://doi.org/10.13431/j.cnki.immunol.j.20210033.

Guo Y, Xu X, Tang T, Sun L, Zhang X, Shen X, et al. miR-505 inhibits
replication of Borna disease virus 1 via inhibition of HMGBI1-mediated
autophagy. ] Gen Virol 2022 Jan;103(1):1713. https://doi.org/10.1099/
jgv.0.001713.

Huang CW, Tsai KN, Chen YS, Chang RY. Differential miRNA expres-
sion profiling reveals correlation of miR125b-5p with persistent
infection of Japanese encephalitis virus. Int ] Mol Sci 2021 Apr
19;22(8):4218. https://doi.org/10.3390/ijms22084218.

Dai XY, Zhong J. Construction and replication of recombinant
Coxsackievirus B3 regulated by miRNA-205. Microbiol Infect
2019;14(4):209-15.

Vilimova M, Contrant M, Randrianjafy R, Dumas P, Elbasani E,
Ojala PM, et al. Cis regulation within a cluster of viral microRNAs.
Nucleic Acids Res 2021 Sep 27;49(17):10018-33. https://doi.org/10.
1093/nar/gkab731.

Lee SM, Kaye KM, Slack FJ. Cellular microRNA-127-3p
suppresses oncogenic herpesvirus-induced transformation and
tumorigenesis via down-regulation of SKP2. Proc Natl Acad Sci
2021 Nov 9;118(45):e2105428118. https://doi.org/10.1073/pnas.
2105428118.

Zhao Y, Liu F, Dong J, Fu H, Luo J, Ji ], etal. Inducible downregu-
lation of miR-93 feedback promotes innate responses against RNA
virus by amplifying interferon signaling. Am J Transl Res [Internet]
2022;14(11):7689-704. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC9730083/.

He X, Teng]J, Cui C, Li D, Wen L. MicroRNA-182 inhibits HCMV repli-
cation through activation of type I IFN response by targeting FOX03
in neural cells. Exp Cell Res 2018 Aug 15;369(2):197-207. https://doi.
org/10.1016/j.yexcr.2018.05.019.

Sharma N, Wang C, Kessler P, Sen GC. Herpes simplex virus 1 evades
cellular antiviral response by inducing microRNA-24, which attenu-
ates STING synthesis. PLoS Pathog 2021 Sep;17(9):e1009950. https://
doi.org/10.1371/journal.ppat.1009950.

Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA transla-
tion and stability by microRNAs. Annu Rev Biochem 2010;79:351-79.
https://doi.org/10.1146/annurev-biochem-060308-103103.

Wang M, Yu F, Wu W, Wang Y, Ding H, Qian L. Epstein-Barr
virus-encoded microRNAs as regulators in host immune responses.
Int ] Biol Sci 2018;14(5):565-76. https://doi.org/10.7150/ijbs.24562.
Huang Y, Chen D, He ], Cai ], Shen K, Liu X, et al. Hemv-miR-UL112
attenuates NK cell activity by inhibition type I interferon secretion.
Immunol Lett 2015 Feb 1;163(2):151-6. https://doi.org/10.1016/j.imlet.
2014.12.003.

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1074/jbc.RA117.000738
https://doi.org/10.1074/jbc.RA117.000738
https://doi.org/10.1021/acs.jmedchem.2c01141
https://doi.org/10.1021/acs.jmedchem.2c01141
https://doi.org/10.1002/jmv.27208
https://doi.org/10.1002/hep.26634
https://doi.org/10.1016/j.bbrc.2016.08.142
https://doi.org/10.1016/j.bbrc.2016.08.142
https://doi.org/10.1038/srep27685
https://doi.org/10.1038/s41564-020-00860-1
https://doi.org/10.1038/s41564-020-00860-1
https://doi.org/10.3390/v14081661
https://doi.org/10.3390/v14081661
https://doi.org/10.1016/j.ajog.2023.08.012
https://doi.org/10.1016/j.ajog.2023.08.012
https://doi.org/10.1016/j.immuni.2007.05.014
https://doi.org/10.3390/v12020209
https://doi.org/10.3390/ijms21238962
https://doi.org/10.4049/jimmunol.1502134
https://doi.org/10.1128/JVI.02655-12
https://doi.org/10.1128/JVI.02655-12
https://doi.org/10.1128/JVI.00153-13
https://doi.org/10.1128/JVI.00153-13
https://doi.org/10.1111/jvh.12240
https://doi.org/10.1042/BSR20180961
https://doi.org/10.1042/BSR20180961
https://doi.org/10.3390/v15081646
https://doi.org/10.15252/embr.202154438
https://doi.org/10.15252/embr.202154438
https://doi.org/10.13303/j.cjbt.issn.1004-549x.2019.05.006
https://doi.org/10.13303/j.cjbt.issn.1004-549x.2019.05.006
https://doi.org/10.1038/cmi.2012.35
https://doi.org/10.1038/cmi.2012.35
https://doi.org/10.1186/s12985-023-02146-4
https://doi.org/10.1186/s12985-023-02146-4
https://doi.org/10.3389/fimmu.2021.656700
https://doi.org/10.1016/j.omtn.2017.03.008
https://doi.org/10.1016/j.omtn.2017.03.008
https://doi.org/10.13431/j.cnki.immunol.j.20210033
https://doi.org/10.1099/jgv.0.001713
https://doi.org/10.1099/jgv.0.001713
https://doi.org/10.3390/ijms22084218
https://doi.org/10.1093/nar/gkab731
https://doi.org/10.1093/nar/gkab731
https://doi.org/10.1073/pnas.2105428118
https://doi.org/10.1073/pnas.2105428118
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9730083/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9730083/
https://doi.org/10.1016/j.yexcr.2018.05.019
https://doi.org/10.1016/j.yexcr.2018.05.019
https://doi.org/10.1371/journal.ppat.1009950
https://doi.org/10.1371/journal.ppat.1009950
https://doi.org/10.1146/annurev-biochem-060308-103103
https://doi.org/10.7150/ijbs.24562
https://doi.org/10.1016/j.imlet.2014.12.003
https://doi.org/10.1016/j.imlet.2014.12.003
https://www.biomolbiomed.com

[75]

[76]

[77]

(78]

[79]

[80]

[81]

(82]

s3]

[84]

[85]

(86]

Jung Y], Choi H, Kim H, Lee SK. MicroRNA miR-BART20-5p Stabilizes
Epstein-Barr virus latency by directly targeting BZLF1 and BRLFL. ]
Virol 2014 Aug;88(16):9027-37. https://doi.org/10.1128/JV1.00721-14.
QinJ, Li W, Gao SJ, Lu C. KSHV microRNAs: tricks of the Devil. Trends
Microbiol 2017 Aug;25(8):648-61. https://doi.org/10.1016/j.tim.2017.
02.002.

Zhang L, Yu J, Liu Z. MicroRNAs expressed by human
cytomegalovirus. Virol ] 2020 Mar 12;17(1):34. https://doi.org/
10.1186/s12985-020-1296-4.

lizasa H, Kim H, Kartika AV, Kanehiro Y, Yoshiyama H. Role of viral
and host microRNAs in immune regulation of Epstein-Barr virus-
associated diseases. Front Immunol 2020;11:367. https://doi.org/10.
3389/fimmu.2020.00367.

Barth S, Pfuhl T, Mamiani A, Ehses C, Roemer K, Kremmer E, et al.
Epstein-Barr virus-encoded microRNA miR-BART2 down-regulates
the viral DNA polymerase BALF5. Nucleic Acids Res 2007 Nov
26;36(2):666-75. https://doi.org/10.1093/nar/gkm1080.

Huang R, Zhou X, Ren S, Liu X, Han Z, Zhou GG. Effect of loss-
of-function of the herpes simplex virus-1 microRNA Hé6-5p on
virus replication. Virol Sin 2019 Aug;34(4):386-96. https://doi.org/
10.1007/s12250-019-00111-6.

Hussain M, Torres S, Schnettler E, Funk A, Grundhoff A, Pijlman GP,
etal. West Nile virus encodes a microRNA-like small RNA in the
3’ untranslated region which up-regulates GATA4 mRNA and facil-
itates virus replication in mosquito cells. Nucleic Acids Res 2012
Mar;40(5):2210-23. https://doi.org/10.1093/nar/gkr84s.

Yu M, Jin Y, Zhang S, Xu J, Zhang J. microRNA, a subtle indicator of
human cytomegalovirus against hostimmune cells. Vaccines 2022 Jan
19;10(2):144. https://doi.org/10.3390/vaccines10020144.

Murphy E, Vanicek ], Robins H, Shenk T, Levine AJ]. Suppres-
sion of immediate-early viral gene expression by herpesvirus-coded
microRNAs: implications for latency. Proc Natl Acad Sci USA
[Internet] 2008 Aug 4 [cited 2024 Jan 13];105(14):5453-58. Avail-
able from: https://pubmed.ncbi.nlm.nih.gov/18378902/https://doi.
org/10.1073/pnas.0711910105.

Sullivan CS, Grundhoff AT, Tevethia S, Pipas JM, Ganem D. SV40-
encoded microRNAs regulate viral gene expression and reduce sus-
ceptibility to cytotoxic T cells. Nature 2005 Jun 2;435(7042):682-6.
https://doi.org/10.1038/nature03576.

Duan Y, Sun L, Li Q. Herpes simplex virus 1 MicroRNAs: an
update. intervirology 2023 Jun 7;66(1):97-110. https://doi.org/10.
1159/000531348.

TangJ, Xiao X, Jiang Y, Tian Y, Peng Z, Yang M, et al. miR-3 Encoded
by Hepatitis B virus downregulates PTEN protein expression and
promotes cell proliferation. ] Hepatocell Carcinoma 2020 Oct;7:257-
69. https://doi.org/10.2147/JHC.S271091.

Babu SG, Pandeya A, Verma N, Shukla N, Kumar RV, Saxena S. Role
of HCMV miR-UL70-3p and miR-UL148D in overcoming the cellular
apoptosis. Mol Cell Biochem 2014 Aug;393(1-2):89-98. https://doi.
org/10.1007/511010-014-2049-8.

Liu Y, Sun R, Lin X, Liang D, Deng Q, Lan K. Correction for Liu et al.
Kaposi’s Sarcoma-associated herpesvirus-encoded MicroRNA miR-
K12-11 attenuates transforming growth factor beta signaling through
suppression of SMADS. ] Virol 2021 Jan 28;95(4):e02212-20. https://
doi.org/10.1128/JV1.02212-20.

Zhao Y, Li H, Du H, Yin Z, He M, Fan J, etal. A Kaposi’s
sarcoma-associated herpes virus-encoded microRNA contributes to
dilated cardiomyopathy. Signal Transduct Target Ther 2023 Jun
9;8(1):1-12. https://doi.org/10.1038/s41392-023-01434-3.

Hennig T, Prusty AB, Kaufer BB, Whisnant AW, Lodha M,
Enders A, etal. Selective inhibition of miRNA processing by a

Wang and Zhao

miRNAs function between human infectious viruses and hosts

(87]

(8]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

1462

Biomolecules
& Biomedicine

herpesvirus-encoded miRNA. Nature 2022 May;605(7910):539-44.
https://doi.org/10.1038/541586- 022- 04667-4.

Yin GB, Jin CM, Li YN, Gong FY, Zhang WQ. Research progress of
microRNAs in breast cancer. ] Mudanjiang Med Univ 2021;42(1):175-
7,183. https://doi.org/10.13799/j.cnki.mdjyxyxb.2021.01.046.

Wang Y, Zhu P, Qiu J, Wang ], Zhu H, Zhu Y, et al. Identification and
characterization of interferon signaling-related microRNAs in occult
hepatitis B virus infection. Clin Epigenetics 2017;9:101. https://doi.
org/10.1186/513148-017-0404-9.

Hao Q, Wang Q, Qian H, Jiang J, Liu X, Xia W. Identification and
functional characterization of miR-45la as a novel plasma-based
biomarker for occult hepatitis B virus infection. Microb Pathog 2021
Dec;161(Pt A):105233. https://doi.org/10.1016/j.micpath.2021.105233.
Zhang XF, Liu C, Hu B. Advances in antiviral drugs and vaccines
against EV71 [Internet]. Acta Microbiol Sin. Online ahead of print.
Lee CH, KimJH, Lee SW. The Role of MicroRNA in pathogenesis and as
markers of HCV chronic infection. Curr Drug Targets 2017;18(7):756-
65. https://doi.org/10.2174/1389450117666160401125213.

McDonald JT, Enguita FJ, Taylor D, Griffin R], Priebe W, Emmett MR,
et al. Role of miR-2392 in driving SARS-CoV-2 infection. Cell Rep 2021
Oct 19;37(3):109839. https://doi.org/10.1016/j.celrep.2021.109839.
Papadopoulos KI, Papadopoulou A, Aw TC. Beauty and the beast: host
microRNA-155 versus SARS-CoV-2. Hum Cell 2023 Feb 27;36(3):908-
22. https://doi.org/10.1007/s13577-023-00867-w.

Duraikkannu D, Akbar AB, Sudharshan S, Poongulali S,
Kumarasamy N, Jayavelu T, et al. Differential expression of miRNA-
192 is a potential biomarker for HIV associated immune recovery
Uveitis. Ocul Immunol Inflamm 2023 Apr;31(3):566-75. https://doi.
org/10.1080/09273948.2022.2106247.

Dai YM, Du WY, Ma FX, Chen RF, Wu LX. Research progress on
the application of exosomal miRNAs in the treatment of infectious
diseases. Chin J Pathog Biol 2023;18(8):987-90. https://doi.org/10.
13350/j.cjpb.230824.

Xu BY, Hu CL. Prospects of miRNA drugs. Chin ] Med Guide
2022;24(2):122-6. https://doi.org/10.3969/j.issn.1009-0959.2022.02.
003.

SongH, Wang Q, GuoY, Liu S, Song R, Gao X, et al. Microarray analysis
of MicroRNA expression in peripheral blood mononuclear cells of
critically ill patients with influenza A (HIN1). BMC Infect Dis 2013
Dec;13(1):257. https://doi.org/10.1186/1471-2334-13-257.

Du JP, Wang YY, Li CA, Zhao WF. Correlation of plasma miR-
155 with related immune cytokines and HBV DNA load in patients
with HBV-related primary hepatic carcinoma and its clinical signifi-
cance. ] Precis Med 2021 Apr 25;36(2):114-8. https://doi.org/10.13362/
j.jpmed.202102005.

Lin N, Wang L, Guo Z, Guo S, Liu C, Lin ], etal. miR-548c-3p
targets TRIM22 to attenuate the Peg-IFN-a therapeutic efficacy in
HBeAg-positive patients with chronic hepatitis B. Antiviral Res 2023
May;213:105584. https://doi.org/10.1016/j.antiviral.2023.105584.
Janssen HLA, Reesink HW, Lawitz EJ, Zeuzem S, Rodriguez-Torres M,
Patel K, etal. Treatment of HCV infection by targeting microRNA.
N Engl ] Med 2013 May 2;368(18):1685-94. https://doi.org/10.1056/
NEJMoal209026.

Medaglia C, Kolpakov I, Zwygart ACA, Zhu Y, Constant S, Huang S,
etal. An anti-influenza combined therapy assessed by single cell
RNA-sequencing. Commun Biol 2022 Oct 10;5(1):1075. https://doi.
org/10.1038/s42003-022-04013-4.

Zhang J, Liu L, Xu T, Zhang W, Zhao C, Li S, etal. Explor-
ing cell-specific miRNA regulation with single-cell miRNA-mRNA
co-sequencing data. BMC Bioinform 2021 Dec 2;22(1):578. https://doi.
org/10.1186/s12859-021-04498-6.

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1128/JVI.00721-14
https://doi.org/10.1016/j.tim.2017.02.002
https://doi.org/10.1016/j.tim.2017.02.002
https://doi.org/10.1186/s12985-020-1296-4
https://doi.org/10.1186/s12985-020-1296-4
https://doi.org/10.3389/fimmu.2020.00367
https://doi.org/10.3389/fimmu.2020.00367
https://doi.org/10.1093/nar/gkm1080
https://doi.org/10.1007/s12250-019-00111-6
https://doi.org/10.1007/s12250-019-00111-6
https://doi.org/10.1093/nar/gkr848
https://doi.org/10.3390/vaccines10020144
https://pubmed.ncbi.nlm.nih.gov/18378902/
https://doi.org/10.1073/pnas.0711910105
https://doi.org/10.1073/pnas.0711910105
https://doi.org/10.1038/nature03576
https://doi.org/10.1159/000531348
https://doi.org/10.1159/000531348
https://doi.org/10.2147/JHC.S271091
https://doi.org/10.1007/s11010-014-2049-8
https://doi.org/10.1007/s11010-014-2049-8
https://doi.org/10.1128/JVI.02212-20
https://doi.org/10.1128/JVI.02212-20
https://doi.org/10.1038/s41392-023-01434-3
https://doi.org/10.1038/s41586-022-04667-4
https://doi.org/10.13799/j.cnki.mdjyxyxb.2021.01.046
https://doi.org/10.1186/s13148-017-0404-9
https://doi.org/10.1186/s13148-017-0404-9
https://doi.org/10.1016/j.micpath.2021.105233
https://doi.org/10.2174/1389450117666160401125213
https://doi.org/10.1016/j.celrep.2021.109839
https://doi.org/10.1007/s13577-023-00867-w
https://doi.org/10.1080/09273948.2022.2106247
https://doi.org/10.1080/09273948.2022.2106247
https://doi.org/10.13350/j.cjpb.230824
https://doi.org/10.13350/j.cjpb.230824
https://doi.org/10.3969/j.issn.1009-0959.2022.02.003
https://doi.org/10.3969/j.issn.1009-0959.2022.02.003
https://doi.org/10.1186/1471-2334-13-257
https://doi.org/10.13362/j.jpmed.202102005
https://doi.org/10.13362/j.jpmed.202102005
https://doi.org/10.1016/j.antiviral.2023.105584
https://doi.org/10.1056/NEJMoa1209026
https://doi.org/10.1056/NEJMoa1209026
https://doi.org/10.1038/s42003-022-04013-4
https://doi.org/10.1038/s42003-022-04013-4
https://doi.org/10.1186/s12859-021-04498-6
https://doi.org/10.1186/s12859-021-04498-6
https://www.biomolbiomed.com

	Research progress on miRNAs function in the interaction between human infectious viruses and hosts: A review
	Introduction
	Discussion


