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Abstract

Viruses have evolved a multitude of mechanisms to combat barriers to productive infection in 

the host cell. Virally-encoded miRNAs are one such means to regulate host gene expression in 

ways that benefit the virus lifecycle. miRNAs are small non-coding RNAs that regulate protein 

expression but do not trigger the adaptive immune response, making them powerful tools encoded 

by viruses to regulate cellular processes. Diverse viruses encode for miRNAs but little sequence 

homology exists between miRNAs of different viral species. Despite this, common cellular 

pathways are targeted for regulation, including apoptosis, immune evasion, cell growth and 

differentiation. Herein we will highlight the viruses that encode miRNAs and provide mechanistic 

insight into how viral miRNAs aid in lytic and latent infection by targeting common cellular 

processes. We also highlight how viral miRNAs can mimic host cell miRNAs as well as how viral 

miRNAs have evolved to regulate host miRNA expression. These studies dispel the myth that viral 

miRNAs are subtle regulators of gene expression, and highlight the critical importance of viral 

miRNAs to the virus lifecycle.
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1. Introduction

A successful viral infection necessitates that viral gene products re-engineer the infected 

cell to support the viral lifecycle. This includes preventing apoptosis and other antiviral 

responses as well as altering host metabolism to support viral gene expression, DNA 

replication and the production of new virions. While viruses encode proteins that have a 

myriad of functions to subvert and alter host cell responses, until recently the importance 

and functions of viral non-coding RNAs has not been as well appreciated. Virus-encoded 

long non-coding RNAs (lncRNA), circular RNAs (circRNAs) and microRNAs (miRNAs) as 
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well as many other small non-coding RNAs have critical roles in modulating host responses 

to infection and supporting the viral lifecycle.

In this review we focus on the role of virally-encoded miRNAs in regulating host gene 

expression and describe how viral miRNAs play a powerful role in supporting the different 

phases of viral replication. We describe the viruses that encode miRNAs as well as how 

viral miRNAs regulate (i) apoptosis, (ii) innate and adaptive immunity and (iii) cellular 

signaling pathways regulating cell growth and differentiation. Furthermore, we discuss 

how viral miRNAs regulate transcription factor and cytokine expression, mimic cellular 

miRNAs and regulate cellular miRNA expression and function. These studies highlight 

the common pathways and processes regulated by viral miRNAs and provide insights into 

the mechanistic details of viral infection. Finally, we discuss viral miRNA packaging into 

exosomes and their use as biomarkers of infection and disease states and how viral miRNA 

targeting of viral genes plays an essential role in latency and reactivation.

2. Virus-encoded miRNAs

2.1 miRNA biogenesis and function

miRNAs are 22 nucleotide (nt) RNAs that are formed via multiple cleavage events of stem 

loop-containing transcripts that destabilize and degrade targeted transcripts. The biogenesis 

of viral miRNAs follows the same general rules as host-encoded miRNAs (with several 

exceptions – see below) and is outlined briefly here. miRNA-encoding transcripts are 

commonly transcribed by RNA polymerase II as primary miRNAs (pri-miRNAs), can 

be many kilobases long, and contain one or several stem-loop structures. The stem-loop 

structures are recognized in the nucleus by the Microprocessor complex consisting of the 

RNAse III-type protein Drosha and DiGeorge syndrome critical region gene 8 (DGCR8). 

This complex cleaves the pri-miRNA and releases an ~65 nt hairpin, termed the pre-miRNA, 

which is recognized by exportin 5 and translocated to the cytoplasm. In the cytoplasm the 

pre-miRNA is cleaved near the terminal loop into a ~22 nt miRNA duplex by the action 

of TAR RNA binding protein (TRBP) and the RNAse III enzyme Dicer. In association 

with an Argonaute protein, the miRNA duplex is unwound with the guide strand remaining 

associated with the RNA-induced silencing complex (RISC). The guide strand is typically 

the strand with the weaker base pairing at the 5’ end. The passenger strand (sometimes 

referred as the star strand) is often degraded, but in some cases can also associate with RISC 

to mediate effects on gene expression. When the RISC complex is associated with a region 

of complementarity on an mRNA it recruits decapping factors to inhibit translation initiation 

and/or deadenylation factors to mediate mRNA degradation, thereby post-transcriptionally 

limiting expression of the encoded protein [1, 2]. One exception to these rules of miRNA 

biogenesis occurs with murine gammaherpesvirus 68 (MHV-68), where the miRNA stem 

loops are encoded within viral tRNA structures (TMERs) transcribed by RNA polymerase 

III and are processed by tRNAse Z and not Drosha [3, 4]. Likewise, the miRNAs of 

Bovine Leukemia virus-1(BLV-1) are also transcribed by RNA polymerase III [5, 6]. Finally, 

Herpesvirus saimiri (HVS) uses the host small nucleolar RNA processing pathway to 

produce pre-miRNAs from small RNAs termed Sm class U RNAs (HSURs) [7].
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Within the 22 nt mature miRNA, the seed region—nucleotides 2 through 8—generally 

defines the specificity of the miRNA for its targets. In most cases, complete or near-

complete complementarity between the seed region and the target mRNA are required for 

the RISC complex to exert its effects. Additional sequences at the 3’ end of the miRNA 

can also contribute to specificity in an undefined manner. miRNAs generally recognize 

sequences within the 3’ untranslated region (UTR) of an mRNA, but other non-canonical 

modes of interaction have also been identified, including within 5’ UTRs and open reading 

frames (ORFs); however, the mechanism of post-transcriptional regulation for these modes 

of recognition has not been elucidated [8, 9]. While an individual miRNA rarely reduces 

protein expression greater than 50% [10, 11], multiple sites for the same miRNA, or sites 

for additional miRNAs within the transcript can have both additive and cooperative effects 

[12, 13]. Furthermore, miRNAs are very stable, with a half-life of days [14], and complex 

regulation of gene expression can be achieved both by the cell type and developmentally 

timed expression of specific miRNAs as well as the number of molecules of a given miRNA 

in a cell, adding an additional layer of control to regulatory networks. Virally-encoded 

miRNAs hack into these complex networks to tip the balance of gene expression in favor of 

the virus.

Host and virus-encoded miRNAs have substantial regulatory potential, with some estimates 

suggesting that individual miRNAs could target upwards of 100 different transcripts [15]. 

This implies that miRNAs could regulate essentially all cellular processes and disease 

states. In mice, deletion of individual miRNA families has revealed defects in development 

of solid organs, vasculature, skin, skeletal and hematopoietic compartments along with 

physiological and behavioral defects [16]. Furthermore, miRNAs are involved in regulating 

many disease states including tumorigenesis, epilepsy, immune disorders and responses to 

infectious diseases [17]. High-throughput approaches such as HITS-CLIP, PAR-CLIP and 

qCLASH have identified many thousands of cellular targets of viral miRNAs and revealed 

extensive gene networks regulated by herpesvirus miRNAs [9, 18–20]. In light of these 

findings, it is essential to consider the phenotype of a miRNA mutant virus as the sum of 

the effects of the miRNA on many different transcripts. As discussed below, mutations in 

individual or combinations of viral miRNAs have profound effects on the virus lifecycle. 

These findings are contrary to the idea that miRNAs have redundant or only subtle effects on 

gene expression.

2.2 Viruses that encode miRNAs

Given the power of miRNAs to regulate gene expression networks, it is perhaps unsurprising 

that viruses have evolved to encode their own miRNAs. miRNAs take up relatively 

little genetic space, have the potential to regulate expression of numerous genes and 

are not recognized by the adaptive immune system and therefore represent a stealth 

means of altering host responses during persistent infection. The first viruses shown to 

encode miRNAs were members of the Herpesviridae. Epstein Barr virus (EBV) is a 

gammaherpesvirus that can transform B cells to form lymphoblastoid cell lines (LCLs) 

that are amenable to studying EBV latency and replication. 5 EBV-encoded miRNAs were 

first cloned from an EBV-infected LCL in seminal work by Pfeffer et al [21]. Subsequently, 

miRNAs were also found encoded by members of the alpha-and betaherpesviridae [1, 2]. 
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To date, Varicella zoster virus and HHV-7 are the only human herpesviruses for which 

miRNAs have not been identified [22, 23] , although several recent reports identified small 

non-coding RNAs in neurons both latently and productively infected with VZV, these small 

RNAs await validation as bone fide miRNAs [24, 25]. In general, miRNA sequences are 

highly conserved between viruses infecting humans and Old World non-human primates, but 

little sequence conservation occurs between more distinct species. We refer the reader to 

Table 1 for a list of viruses that encode miRNAs.

Virally-encoded miRNAs are likely limited to viruses that infect eukaryotes. While plant 

viruses readily utilize host miRNAs as an antiviral defense mechanism [26], miRNA-like 

small RNAs have only been detected in two plant viruses, Sugarcane streak mosaic virus, 

and Hibiscus chlorotic ringspot virus, and no functions have been attributed to these small 

RNAs [27, 28]. Moreover, because bacteria are not known to express the machinery required 

for miRNA biogenesis, bacteriophages are unlikely to express miRNAs. The majority of 

virally-encoded miRNAs have been identified from the herpesvirus family, but a number of 

other nuclear replicating DNA viruses also encode miRNAs, including polyomaviruses and 

papillomaviruses (Table 1) [29–33]. Furthermore, several DNA viruses that infect insects, 

including ascoviruses and baculoviruses also encode miRNAs [34, 35]. Adenoviruses 

express two miRNA-like molecules from the VA RNA which fold into a structure that can be 

cleaved by Dicer [36, 37]. The VA-RNA-encoded miRNA 3’mivaRNAI is incorporated into 

RISC [38, 39] but appears to play no role in the adenovirus lifecycle and may be a byproduct 

of the large amount of VA-RNA that is produced during infection [40, 41]. However, more 

recent studies suggest that a second VA-RNA-associated miRNA enhances viral replication 

[42]. Finally, the ability of RNA viruses to encode their own miRNAs has been controversial 

due to the potential for cleavage of the RNA virus genome as well as the cytoplasmic 

replication cycle of many RNA viruses. It was recently proposed that the coronavirus 

SARS-CoV-2 expresses miRNAs [43], although this finding awaits further validation. One 

retrovirus, BLV-1, encodes a cluster of miRNAs which are transcribed by RNA pol III [5, 

6], Furthermore, RNA viruses including Sindbis virus, tick-borne encephalitic virus and 

influenza virus can be engineered to express artificial miRNAs [44], although how these 

are processed remains unclear. Repeated attempts to identify miRNAs encoded by HIV and 

other RNA viruses [45, 46] has not conclusively shown the association of virus-encoded 

miRNAs with RISC in the context of viral infection. The remainder of this review will focus 

mainly on gene expression regulated by herpesvirus miRNAs and highlight common targets 

among viruses that encode miRNAs.

Why herpesviruses have evolved to express miRNAs is likely due to the life-long nature 

of herpesvirus infection. The hallmark of herpesviruses is their ability to establish a latent 

infection, where the viral genome is maintained in the infected cell but no new virus is 

produced until specific cellular signals trigger reactivation of viral DNA replication and 

production of new virions. During latency, expression from the viral genome is reduced, 

but not completely silenced, as the virus retains a need to manipulate the cell to maintain 

the viral genome and dampen extracellular signals. This leads to some exposure to the 

host immune system, necessitating an immune evasion strategy which is at least partially 

achieved by expression of viral miRNAs. Alpha- and gammaherpesvirus family miRNAs 

are found grouped in regions of the genome expressed during lytic infection but also 
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specifically during latency. In contrast, betaherpesvirus miRNAs are scattered across the 

viral genome. Work by several groups has shown that at least a subset of HCMV miRNAs 

are expressed in experimental models of latency in myeloid lineage cells [47–49]. While all 

herpesviruses encode a core set of relatively highly conserved genes that are important for 

the production of new virions, miRNA sequences across herpesviruses are highly divergent. 

Despite this lack of sequence conservation, many similar proteins and pathways are 

targeted by herpesvirus miRNAs, indicating that viral miRNAs have undergone convergent 

evolution to overcome common obstacles during infection regardless of the different cellular 

environments that each family of herpesviruses encounters. Here we will highlight the 

common cellular processes and pathways that are regulated by viral miRNAs in order to 

appreciate how virally-encoded miRNAs have evolved to alter host gene expression to aid in 

latency and replication in diverse cell types.

3. Cellular processes targeted by viral miRNAs

3.1 Viral miRNAs modulate apoptosis during infection

Apoptosis is a carefully controlled cell death that is an essential component of development 

and hematopoiesis as well as an important mechanism to remove infected, damaged or 

aberrantly growing cells. The ability to control the death of cells is a powerful tool to 

respond to physiological and pathological insults and is regulated by sophisticated signaling 

pathways. The extrinsic apoptosis pathway involves the activation of death receptors at the 

cell surface by extracellular signals, while the intrinsic pathway of apoptosis is triggered 

by intracellular injuries and cell stress [50]. Additionally, cells can be triggered to undergo 

apoptosis when recognized by activated CD8+ T cells which results in perforin/granzyme-

dependent killing [51, 52]. Activation of each of these pathways converges at the cleavage of 

caspase-3 which leads to the hallmarks of apoptosis including DNA fragmentation, protein 

degradation and expression of phagocytic receptor ligands [53]. Unsurprisingly, in the arms 

race of virus-host evolution, viruses encode numerous methods to block apoptosis. In the 

context of latency, miRNAs with redundant functions have proven to be an effective means 

to regulate apoptotic responses.

Oncogenic viruses like EBV and Kaposi’s Sarcoma-associated herpesvirus (KSHV) must 

overcome apoptotic responses not only to maintain the virally-infected cells, but also to 

drive tumorigenesis. EBV miRNAs are involved in regulating proteins involved in the 

intrinsic apoptotic response at the mitochondria including Bim, Bid, Bad and PUMA as well 

as directly targeting caspase-3 [54–57]. Moreover, through regulating p53 expression with 

viral miRNAs, EBV can also exert control over the expression of pro-apoptotic proteins 

[58]. Further work established that the BHRF1 miRNAs protect primary B cells from 

spontaneous apoptosis, but the miRNA targets involved have not been identified [59]. 

Paradoxically, expression of EBV miR-BART-15-3p induces apoptosis through targeting 

the inhibitor of apoptosis BRUCE and likely other still undiscovered anti-apoptotic genes, 

although the relevance of this to EBV infection is still unclear [60].

Similar to EBV, KSHV encodes multiple miRNAs that directly target caspase-3 [61] 

and Bim [62], indicating the importance of regulating these pro-apoptotic proteins in 

gammaherpesvirus infection. KSHV also encodes miRNAs to target additional specific 
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components of the apoptosis pathways, including the extrinsic apoptosis receptor TWEAKR 

by miR-K10a, which limits TWEAK-induced caspase activation [63]. Furthermore, KSHV 

miR-K9 inhibits apoptosis induced by the p53 activator Nutlin-3 by downregulation 

of GADD45 [64]. miR-K12-3 downregulates cathepsin D which regulates cleavage of 

components of the intrinsic apoptosis pathway in endothelial cells [65], while several KSHV 

miRNAs target the pro-apoptotic protein BCLAF1 [66]. Finally, regulation of the NFκB 

signaling pathway by KSHV miRNAs, including targeting IκBα, also acts to limit apoptosis 

[67].

The betaherpesvirus Human cytomegalovirus (HCMV) establishes latency in CD34+ 

hematopoietic progenitor cells (HPCs), a cell type that is highly sensitive to apoptotic 

stimuli. As such, HCMV uses virally-encoded miRNAs to target the pro-apoptotic 

transcription factor FOXO3 in these cells [68]. Other viral miRNAs target components 

of the extrinsic (FAS and FADD), the intrinsic (CASP7) apoptosis pathways and like the 

gammaherpesviruses, targets caspase-3 directly [20].

Less is known about the role of the alphaherpesvirus Herpes Simplex virus (HSV) miRNAs 

in regulating apoptosis. HSV establishes latency in long-lived neuronal cells which are 

susceptible to apoptosis. The HSV miRNAs are encoded within the Latency-Associated 

Transcript (LAT) which itself is known to prevent apoptosis by inhibiting the activation of 

pro-apoptotic caspases [69]. The contribution of the miRNAs encoded within LAT to this 

phenotype is unclear. The only evidence that HSV miRNAs regulate apoptosis is a recent 

study that showed that HSV-2 miR-H4-5p blocks actinomycin D-induced apoptosis in HeLa 

cell lines [70]. The oncogenic alphaherpesvirus, MDV-1 also encodes miRNAs that block 

apoptosis including the cellular miR-155 homolog miR-M4-5p which targets the tumor 

suppressor WWOX [71]. Moreover, miR-M2-5p blocks MYOD1 to limit caspase-3 cleavage 

[72]. Finally, miR-M3 regulates TGFβ-induced apoptosis through targeting SMAD2 [73]. 

Interestingly, the miRNA encoded by mouse polyomavirus (MPyV) also targets SMAD2 

which contributes to its ability to suppress apoptosis in vivo [74].

In summary, it is clear that suppression of apoptosis is an important function of viral 

miRNAs, especially during latency. Given the multiple signaling pathways that contribute 

to the induction of apoptosis, viruses have evolved redundant methods to inhibit apoptosis 

using viral proteins and non-coding RNAs (Figure 1). Even within the spectrum of viral 

miRNAs, redundant functions exist, likely due to the modulatory nature of miRNA function. 

In this case, viruses use multiple miRNAs and target multiple components of the pathway 

to exert a strong phenotypic effect. Caspase-3 sits at the convergence point of all apoptosis 

pathways and is key in regulating the downstream effects of apoptosis and as such is highly 

targeted by many herpesviruses using multiple miRNAs. Viral miRNA regulation of other 

types of cell death, including necroptosis and pyroptosis have not been investigated, but it 

would be unsurprising to find viral miRNAs are involved in regulating these processes as 

well.

3.2 Viral miRNA regulation of the host immune response

As a means of antiviral defense, viruses are recognized by cellular sensors which act to 

signal the infection to neighboring cells using the production and secretion of type I IFNs 
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and proinflammatory cytokines. Innate immune cells, such as natural killer (NK) cells as 

well as virus-specific lymphocytes direct killing of infected cells and ultimately provide 

long-term immunity against pathogens. Thus, long-term persisting viruses devote significant 

effort to evading the intrinsic, innate and adaptive immune responses elicited by the host, 

including encoding miRNAs that target components of these pathways. Below, we highlight 

mechanisms utilized by viral miRNAs to attenuate antiviral responses (summarized in 

Figure 2).

Intrinsic immunity—Host cells constitutively express antiviral factors to limit replication 

of the incoming virus as an early defense against infection, before the innate and 

adaptive immune responses are activated. Unsurprisingly, viruses have evolved numerous 

mechanisms to target the intrinsic antiviral defenses of the cell. HSV-1 miR-H1 and 

HSV-2 miR-H6 target ATRX [75], a component of promyelocytic leukemia nuclear bodies 

(PML-NBs), also known as nuclear domains 10 (ND10). PML-NBs can sequester viral 

DNA/protein complexes [76] and this results in epigenetic silencing of viral genomes [77]. 

Given that miRNAs must first be expressed from the viral genome, they do not exert an 

effect at the earliest stages of infection. Instead, viral miRNAs may contribute to sustained 

inhibition PML-NBs late in lytic infection or during latent infection in order to maintain 

the genome is a state poised for reactivation. In addition to HSV, Merkel cell polyomavirus 

(MCPyV) miR-M1 targets the ND10 component SP100. miRNA-mediated regulation of 

SP100 results in decreased CXCL8 secretion, and reduced neutrophil chemotaxis during 

MCPyV infection [78]. Therefore, targeting PML-NB components may represent a general 

mechanism employed by virus-encoded miRNAs to escape intrinsic epigenetic silencing.

Innate immunity—Recognizing and responding to invading pathogens is a critical 

function of all cells. This is accomplished by pattern recognition receptors (PRRs) which 

recognize pathogen-associated molecular patterns (PAMPs) such as viral proteins and 

nucleic acids [79]. One such group of PRRs is the nucleotide-binding oligomerization 

domain and leucine-rich repeat-containing receptors (NLRs) that recognize numerous 

PAMPs and form inflammasomes, multiprotein complexes containing NLRs, adapter 

proteins, and caspase-1, that cleave pro-IL-1β and pro-IL18 [80]. EBV limits IL-1β 
secretion using miR-BART15 which targets NLRP3 to inhibit formation of the NLRP3 

inflammasome [81]. Another critical PRR is RIG-I, which detects viral dsRNA in the 

cytoplasm [82]. Viral miRNAs themselves can be recognized by RIG-I since miRNAs are 

exported to the cytoplasm as double-stranded pre-miRNAs. Indeed, EBV-encoded small 

noncoding RNAs are recognized by RIG-I and induce expression of type I interferon (IFN) 

as well as IFN stimulated gene (ISG) induction [83]. EBV miR-BART6-3p directly targets 

RIG-I and modulates IFN signaling during lytic infection in BJAB cells, suggesting that 

knockdown of RIG-I may be important for immune evasion during EBV latency [84]. 

Another group confirmed EBV miRNA-mediated targeting of RIG-I, but implicated miR-

BART3 and miR-BART19 as the miRNAs responsible for this effect [85]. Like EBV, 

miRNAs encoded by Bovine herpesvirus-1 (BoHV-1) directly stimulate RIG-I and induce 

IFNβ and ISG production. Surprisingly, infection of calves with a mutant virus lacking 

these miRNAs impaired the establishment of latency in TG neurons [86]. The authors 

hypothesized that stimulation of the IFN response downstream of RIG-I is important for 
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dampening viral gene expression in order to establish latency. It is important to note that 

the BoHV-1 miRNA mutant is also lacking expression of ORF2, and it is unclear what role 

ORF2 plays in latency establishment of BoHV-1. Further study is needed to elucidate the 

intriguing role of viral miRNA triggering of RIG-I in the establishment of latency.

TOLL-like receptors (TLRs) are transmembrane PRRs expressed on plasma or endocytic 

membranes that recognize viruses during entry and trafficking to the nucleus [79]. Binding 

of PAMPs to TLRs stimulates activation of MYD88, an adaptor protein that recruits 

IRAK1 and results in activation of NFκB and MAP kinase signaling cascades to promote 

the production of proinflammatory cytokines [87]. TLR2 recognizes PAMPs produced 

by herpesviruses [88–91]. HCMV miR-UL112-3p directly targets TLR2 during infection, 

and ectopic expression of this miRNA decreased NFκB activity similar to knockdown of 

TLR2. Moreover, stimulation with a TLR2 agonist induced expression of proinflammatory 

cytokines IL-1β, IL-6, and IL-8, but expression of miR-UL112-3p reduced this effect [92]. 

Interestingly, KSHV also disrupts the TLR pathway but instead directly targets IRAK 

and MYD88 via miR-K9 and miR-K5, respectively. Similar to HCMV miR-UL112-3p, 

the KSHV miRNAs inhibit NFκB activity and production of IL-6 and IL-8 [93]. In 

addition, EBV targets IRAK2, indicating that many herpesviruses target TLR signaling 

using their miRNAs [85]. HCMV also inhibits NFκB signaling downstream of TLRs. 

HCMV miR-US5-1 and miR-UL112-3p target IKKα and IKKβ to inhibit NFκB induction 

of proinflammatory cytokines IL-6 and CCL5. HCMV lacking these miRNAs showed 

increased levels of IKKα and IKKβ as well as IL-6 and CCL5 secretion during infection. 

Expression of shRNAs directed to target IKKα and IKKβ from the miRNA mutant 

virus genome restored cytokine production to WT levels, providing further evidence that 

miRNA targeting of IKKα and IKKβ is directly responsible for this effect on cytokine 

production [94]. The effect of HCMV miRNAs on proinflammatory cytokine production 

was investigated only in the context of lytic infection, and so it is currently unclear 

whether HCMV targeting of the TLR/IKK/NFκB pathway is important for HCMV latency. 

Interestingly, KSHV miR-K12-11 targets the noncanonical IKK protein IKKε to inhibit 

the IFN response, including induction of IFNα, IFNβ, and CXCL-10. Overexpression of 

IKKε or inhibition of miR-K12-11 with a miRNA sponge enhances KSHV reactivation 

[95]. Collectively, herpesvirus miRNAs commonly target the TLR/IKK/NFκB signaling 

pathways, albeit by interfering with different parts of the pathway, with the ultimate goal of 

supporting virus infection.

IFNs are widely expressed cytokines that can be induced by PRR signaling cascades. IFNs 

produced by the infected cell bind IFN receptors in an autocrine or paracrine manner to 

trigger downstream signaling, primarily through the JAK-STAT pathway. STAT activation 

and translocation to the nucleus induces transcription of numerous ISGs which perform 

a variety of roles in resisting and controlling infection [96]. Viruses devote considerable 

efforts to subverting the production and signaling of IFNs using proteins and non-coding 

RNAs. Type I IFNs include IFNα and IFNβ, that bind the interferon-α/β receptor (IFNAR). 

HCMV miR-US29 targets IFNAR1 and inhibits STAT1 translocation to the nucleus and 

ISG induction [97]. EBV targets multiple components of the type I IFN pathway: (1) those 

involved in the production of type I IFN, including RIG-I and IRAK2; (2) proteins involved 

in the signaling downstream of type I IFN, including JAK1, JAK2, IKKβ, and IRF9; 
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and (3) ISGs themselves, including RSAD2/viperin and OAS2 [85]. EBV miR-BART16 

targets the transcriptional coactivator CREBBP to inhibit ISG expression in response to 

IFNα stimulation, and this blocks the antiproliferative effect of IFNα on latently infected 

Burkitt’s lymphoma (BL) cells [98]. KSHV miRNAs target multiple proteins involved in 

STAT3 activation downstream of IL-6 and IFNα, and knockdown of STAT3 expression or 

treatment with a STAT3 inhibitor in latently infected cells increased lytic reactivation [99]. 

In addition, KSHV miR-K12-10a-3p directly targets STAT3 and indirectly downregulates 

ICAM1 expression, which could affect recruitment of leukocytes; whether KSHV miRNA 

targeting of STAT3 affects IFN signaling remains untested [100]. The type II IFN IFNγ 
signals through the interferon-gamma receptor (IFNGR) and activates cells of the immune 

system, including NK cells, macrophages, and B cells, making this cytokine a critical link 

between the innate and adaptive immune responses [96]. STAT1 and IFNγ are both direct 

targets of EBV miR-BART20-5p and miR-BART8. In EBV+ cell lines, expression of these 

miRNAs correlated with a decrease in IFNγ/STAT1 levels which the authors hypothesize 

promotes viral replication [101]. Thus, viral miRNAs participate in an essential function of 

virus replication by contributing to the inhibition of innate immune signaling.

NK cells are potent cytotoxic lymphocytes that can recognize and kill pathogen-infected 

cells. Patients with NK cell deficiencies are more susceptible to herpesvirus infections, 

highlighting these cells an important contributor to controlling infections [102, 103]. 

Upon infection or other stresses, cells can express so-called ‘kill me’ ligands, which 

are recognized by activating receptors such as NKG2D, expressed on NK cells. miRNA 

targeting of one of these ligands, MICB, is a general mechanism of immune evasion by 

herpesviruses. Although these miRNAs are not similar in sequence, EBV miR-BART2-5p, 

KSHV miR-K12-7, and HCMV miR-UL112-3p all bind MICB mRNA via different target 

sites in the 3’UTR [104, 105]. Ectopic expression of any of these miRNAs reduces NK 

cell cytotoxicity, and infection with an HCMV miR-UL112 mutant resulted in increased 

NK cell killing [105]. Another way viral miRNAs contribute to evasion of NK cell killing 

is to promote shedding of NKG2D ligands from infected cells; if the ligand is no longer 

attached to the cell, NK cells will be unable to recognize the cell as infected. HCMV miR-

US25-2-3p targets the matrix metalloprotease inhibitor TIMP3 leading to increased shedding 

of MICA during infection. Moreover, CMV disease in transplant patients correlated with 

elevated MICA serum levels [106], suggesting that HCMV miRNAs could contribute 

to MICA shedding from infected cells into the blood. Likewise, HSV-1 miR-H8 targets 

PIGT, a component of the glycosylphosphatidylinositol (GPI) lipid anchor pathway, which 

is responsible for anchoring ligands recognized by NK cells to the cell surface [107]. 

miRNA-mediated targeting of NKG2D ligands is not limited to herpesviruses: human JC 

polyomavirus (JCPyV) and human BK polyomavirus (BKPyV) each express a miRNA, 

identical in sequence, that targets the NKG2D ligand ULBP3. Inhibition of miR-J1-3p with 

a miRNA sponge restored ULBP3 levels and enhanced NK cell killing of JCPyV-infected 

cells [108]. NK cell killing is a powerful tool used by the host to respond to viral infection, 

and viruses that encode miRNAs have evolved ways to target proteins that contribute to 

recognition of the infected cell as a potent means of immune evasion.
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Adaptive immunity—The adaptive arm of the immune response involves specialized cells 

that recognize specific pathogen infections and provide long-lasting protection. Somatic 

rearrangement of T cell receptors and immunoglobulin (Ig) genes results in T and B 

cells capable of recognizing and responding to infection by specific pathogens. Virus-

specific antigens can be expressed on infected cells themselves or taken up by antigen 

presenting cells that are then recognized by antigen-specific receptors expressed on T- and 

B-lymphocytes [109].

In order to prevent the recognition of virally infected cells, many viruses affect the 

processing and presentation of antigens on the cell surface using a variety of methods. EBV 

miRNAs have been implicated in preventing antigen processing and presentation through 

downregulation of the peptide transport protein TAP2 by miR-BHRF1-3 and miR-BART17, 

thus reducing the ability of virus-specific CD8+ T cell to recognize infected cells [110]. 

Surface levels of HLA class I and II proteins and co-receptors were also downregulated 

as a result of miRNA targeting of the EBV latent membrane protein 1 (LMP1) [111]. 

HCMV miR-US4 and miR-UL112-5p target ERAP1, an ER protein that is important for 

trimming peptides for antigen presentation, which prevents pp65 presentation to CTLs [112, 

113]. Swine leukocyte antigen-1 (SLA-1; equivalent to MHC in human cells) and TAP1 

are targeted by Pseudorabies virus (PRV) miR-LLT11a [114]. Collectively, this suggests 

that herpesvirus utilize miRNAs to regulate the cellular pathways necessary for antigen 

presentation to limit detection of infected cells.

Due to the complexity of the adaptive immune response, investigation into the role of 

virus-specific miRNAs often requires in vivo approaches. miRNA mutants of MCMV were 

the first demonstrated to have a functional phenotype in vivo. Knockout of miR-M23-2 and 

miR-m21-1 results in reduced virus production in the salivary glands, although the miRNA 

target(s) responsible for this phenotype have not been identified. Depletion of NK cells and 

CD4+ T cells restored virus production in the salivary glands, suggesting that these miRNAs 

act to evade the host immune response and promote virus replication and transmission [115]. 

Similarly, infection with an MPyV miRNA mutant also results in reduced shedding, and this 

defect can be rescued in immunodeficient mice [116]. All polyomaviruses encode a single 

pre-miRNA opposite to the large T antigen (TAg) gene [117]. Therefore, the phenotype of 

the MPyV miRNA mutant may represent the in vivo phenotype of other polyomaviruses. 

Studies utilizing humanized mouse models have been useful for studying the role of human 

virus-encoded miRNAs during infection in vivo. An EBV miRNA deficient virus has been 

examined in a humanized mouse system and shown to replicate to lower titers and induce 

fewer EBV-infected B cells compared to WT infected mice. Interestingly, if the mice were 

depleted of CD8+ T cells, mutant virus replication could be restored to WT levels, indicating 

that EBV miRNAs are important for CD8+ T cell evasion [118], which correlates with 

the identification of miRNAs that target the antigen processing pathways during EBV 

infection [110, 111]. While in vivo studies are beneficial to expand our understanding of 

the importance of viral miRNAs during infection, more work is needed to understand the 

miRNA targets that are responsible for these effects.
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3.3 Viral miRNA regulation of cell proliferation, differentiation and tumorigenesis

The processes of cell proliferation and differentiation are critical to the health of tissue 

and organ systems as well as the development and maintenance of the hematopoietic 

compartment. These processes are carefully regulated by cellular signaling pathways that are 

triggered by both extracellular signaling molecules binding to cell surface receptors as well 

as intracellular cues driven by different physiological states. Intricate and interconnecting 

signaling pathways work together to cause cells to grow and change with changing 

conditions. Dysregulation of these pathways alters the delicate balance that controls the 

health and function of the cells and can lead to effects on apoptosis, cell proliferation 

and the capacity of cells to differentiate. Keeping these processes in check is essential 

to preventing the uncontrolled growth associated with tumorigenesis. Oncogenic viruses, 

including the gammaherpesviruses EBV, KSHV and MHV68 and the alphaherpesvirus 

MDV, transform their host cells partly through the actions of virally-encoded miRNAs 

by regulating host signaling networks to promote cell growth and transformation. These 

viruses cause a variety of different cancers based on their cell tropism. EBV is associated 

with lymphomas, nasopharyngeal carcinomas (NPCs) and gastric cancer (GC) [59, 119]. 

EBV miRNAs are directly involved in the transformation process [119, 120]. KSHV causes 

Kaposi’s sarcoma, a cancer of the lymphatic endothelium, primary effusion lymphoma 

(PEL), an aggressive non-Hodgkin’s lymphoma caused by KSHV infection of B cells, 

and multicentric Castleman disease, a systemic inflammatory lymphoproliferative disease. 

KSHV miRNAs have also been implicated in cellular transformation and oncogenesis [67]. 

MHV68, genetically related to EBV and KSHV, also causes lymphoproliferative disorders 

[121]. In contrast, MDV transforms CD4+ T cells in vivo where it integrates into host 

telomeres and causes T cell lymphomas in chickens [122], with a viral miRNA playing an 

important role in this process. The non-oncogenic betaherpesviruses also directly affect cell 

proliferation and differentiation as a means to enhance their replication, and in the case of 

HCMV, to regulate reactivation from latency.

Several major signaling hubs regulate cell proliferation and differentiation including PI3K/

AKT, MAPK, Wnt and TGFβ signaling (summarized in Figure 3). Below we outline 

how viral miRNAs interfere with these signaling pathways to alter host cell proliferation 

and differentiation and how, in the case of oncogenic herpesviruses, this can lead to 

tumorigenesis.

Viral miRNA interference with PI3K/AKT signaling—Signaling to the serine/

threonine kinase AKT leads to activation of many downstream pathways regulating cell 

survival, growth, protein synthesis, glucose metabolism and migration. AKT is activated by 

phosphorylation downstream of phosphoinositide 3-kinase (PI3K) and further regulated via 

dephosphorylation by phosphatase and tensin homolog (PTEN). The PI3K-AKT signaling 

network is the most commonly dysregulated pathway in human cancers [123]. Activation 

of this pathway in tumorigenesis uncouples cell growth and metabolic pathways from 

external stimuli leading to uncontrolled cell proliferation. Activating this pathway during 

viral replication is important for limiting the induction of apoptosis and supporting the 

metabolic needs of the virus during replication, and sustained PI3K/AKT signaling caused 

by oncogenic viruses is essential to their pathogenesis. EBV miRNAs play an important 
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role in activating AKT in both NPCs and GCs by targeting the AKT inhibitor PTEN using 

miR-BART7-3p, miR-BART1 and miR-BHRF1-3 [124, 125]. Additionally, miR-BART1-5p 

targets the alpha subunit of AMPK to affect AKT/mTOR signaling for enhanced glycolysis 

and angiogenesis [126]. PI3K signaling is also important for growth of LCLs transformed 

by EBV and through targeting the adaptor protein Grb2, miR-BHRF1-2 participates in 

the transformation process [127]. KSHV induces the activation of the AKT signaling 

pathway through miR-K3 targeting the G protein-coupled receptor kinase GRK2 whose 

downregulation promotes the migration and invasion of endothelial cells and angiogenesis 

in PEL [128]. Additionally, reducing GRK2 protein levels increases the expression of 

CXCR2 which in turn directly activates AKT [128, 129], thus miR-K3 acts to enforce 

AKT activation in multiple ways. Using qCLASH to identify targets of MHV68 miRNAs, 

mTOR and PI3K signaling pathway members were highly enriched during infection of both 

fibroblasts and B cells, although the implications of this targeting to viral infection remains 

to be determined [130]. Finally, unlike the oncogenic herpesviruses, HCMV inhibits AKT 

activity during infection which is important for lytic replication and may also be an essential 

component of reactivation from latency [131–133]. HCMV miR-US5-2 targets the adaptor 

protein GAB1, which is required for epidermal growth factor (EGF)-mediated activation of 

AKT signaling [134].

Viral miRNA interference with MAPK signaling—MAPK pathways are also major 

signaling hubs in the cell that links extracellular signals with cell growth, proliferation, 

differentiation and apoptosis. Thus, when these signaling pathways are disrupted such 

that extracellular signals are no longer required to activate the pathways, uncontrolled cell 

growth can be the result [135]. During EBV infection, targeting the receptor tyrosine kinase 

adaptor Grb2 affects MAPK signaling and LCL growth [127], while targeting the mitogen-

responsive adaptor protein DAB2 can affect the migration of GC cells [136]. Furthermore, 

EBV miR-BART-18-5p targets MAP3K2, which plays a role in regulating viral replication 

[137]. HCMV miRNA targeting of GAB1 also inhibits downstream MAPK/ERK signaling 

which may be important in the latent-to-lytic switch [134]. KSHV miRNAs are predicted to 

redundantly target components of MAPK signaling pathways [67], although the relevance of 

this to viral infection has not been elucidated. Furthermore, crosstalk between MAPK and 

other signaling pathways likely means that viral miRNAs regulate these signaling pathways 

in ways that have yet to be examined.

Viral miRNA interference with Wnt signaling—The Wnt signaling pathways play 

important roles in development, including regulating cell fate determination, motility, 

polarity, organogenesis and stem cell renewal via signaling through cell surface receptors 

that results in the stabilization of the transcription factor β-catenin and expression of 

β-catenin-regulated genes [138]. Like with the PI3K/AKT and MAPK pathways, mutations 

that uncouple responses to extracellular Wnt ligands results in unregulated expression of 

genes that lead to oncogenesis. This pathway is frequently dysregulated in cancers and is 

involved in the epithelial-to-mesenchymal transition (EMT) process by causing changes in 

cell adhesion properties and motility [139]. EBV-associated gastric cancer and NPCs are 

associated with dysregulated EMT and viral miRNAs play a role in stimulating this pathway. 

miR-BART9 targeting of E-cadherin contributes to EMT [140] while miR-BART10-3p 
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targeting of BTRC, which ubiquitinates β-catenin, does the same [141]. In gastric carcinoma 

cells, the Wnt signaling inhibitor DKK1 is targeted by miR-BART10-3p [142]. Furthermore, 

WIF1, NLK and APC are inhibitory molecules of the Wnt pathway regulated by EBV 

miRNAs in NPCs [143]. Therefore, it appears that EBV utilizes its miRNAs to induce 

signaling through the Wnt pathway as a means to promote tumorigenesis. However, one 

target of miR-BART3, DAZAP2, interacts with Tcf/Lef family members to activate Wnt-

responsive genes [19]. Thus, regulation of this pathway during EBV infection is complex 

and not completely understood. Gene expression analysis of cells infected with WT or 

a KSHV miRNA mutant virus revealed that Wnt pathway components are specifically 

downregulated in the presence of KSHV miRNAs, although the relevance of this to viral 

infection has not been further investigated [67]. In fact, in silico analysis suggests that 

the Wnt signaling pathway is targeted by miRNAs from multiple herpesviruses [144] and 

high throughput sequencing methods have also identified Wnt components as targets of 

gammaherpesvirus miRNAs [18, 19, 145]. Given that there is still much to learn about how 

Wnt signaling is regulated, it is perhaps unsurprising that the relevance of this pathway 

to herpesvirus infections is still unclear, but given that components of the pathway are 

redundantly regulated by viral miRNAs, the pathway is clearly important.

Viral miRNA interference in TGFβ signaling—TGFβ signaling regulates multiple 

different cellular processes including apoptosis, proliferation, EMT and differentiation. 

TGFβ signaling is normally anti-proliferative and can suppress growth of premalignant 

cells. However, inactivation of this pathway results in abnormal expression of cell cycle 

regulators and ultimately tumor progression. In B cells, TGFβ can induce cell cycle arrest 

and apoptosis, and hence EBV and KSHV invest heavily in viral proteins and miRNAs to 

affect this pathway. KSHV miRNAs target the TGFβ type II receptor [146] and SMAD5 

in order to become resistant to the growth inhibitory effects induced by TGFβ [147]. 

Thrombospondin-1 is involved in the release of latent TGFβ from the extracellular matrix 

and is a target of multiple KSHV miRNAs [148]. The TGFβ signaling inhibitor SMAD7 

is a target of EBV miR-BART7-3p resulting in enhanced stemness of NPC cells and 

resistance to chemotherapeutic drugs [149]. This is in contrast to the role of numerous 

EBV proteins in inhibiting TGFβ signaling [150, 151], suggesting context-specific roles for 

TGFβ signaling in EBV infection. HCMV establishes latency in hematopoietic progenitor 

cells that are exquisitely sensitive to the effects of TGFβ. Intriguingly, HCMV both induces 

the expression of TGFβ and blocks the TGFβ signaling cascade using viral miRNAs. miR-

US5-2 targeting of the TGFβ transcriptional repressor NAB1 enhances TGFβ production 

and secretion from the infected cell, resulting in myelosuppression of the uninfected HPCs 

in the microenvironment [152] which likely contributes to the myelosuppression observed 

upon CMV reactivation in transplant patients [153]. At the same time the virus utilizes 

miR-UL22A to directly target SMAD3 and block TGFβ signaling within the infected cell, 

protecting it from the negative effects of TGFβ signaling in order to maintain the viral 

genome during latent infection [152]. During lytic HCMV infection, viral miRNA targeting 

of SMAD3 contributes to the block in IFN induction mediated by the interaction between 

SMAD3 and IRF7 [154]. MDV also uses viral miRNAs to limit TGFβ signaling, including 

targeting SMAD2 [73] and the latent TGFβ-binding protein LTBP1 [155]. The polyomavirus 

MPyV also targets SMAD2 to limit apoptosis [74]. Thus, like with the other signaling 
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pathways highlighted here, TGFβ signaling is carefully regulated by DNA virus miRNAs 

through targeting multiple components of the signaling pathway to limit the detrimental 

effects on viral replication.

Viral miRNA interference with cell cycle regulation—While herpesviruses encode 

for many of the proteins necessary for replicating their DNA, they also regulate the cell 

cycle in order to enrich for host factors and metabolites necessary for their replication. 

Herpesvirus infection most often cause a block at the G1/S transition and selective 

regulation of components of the cell cycle pathways aid in lytic viral replication [156]. 

During latency, however, different herpesviruses encounter very different environments 

depending on the cell type in which they reside. HSV establishes latency in long-lived 

neuronal cells and likely requires very little regulation of cell cycle components. In 

contrast, the oncogenic herpesviruses promote cell cycling and transformation while HCMV 

establishes latency in hematopoietic progenitor cells and limits their proliferation.

HCMV regulates expression of a number of cell cycle genes using virally-encoded miRNAs 

including miR-US25-1 regulation cyclin E2, CCND1, CDK1 and Geminin [8, 157], however 

the importance of targeting these proteins during lytic or latent infection is unclear. miR-

US25-1 also targets the Rho GTPase RhoA, which is important for limiting the proliferation 

of latently infected HPCs [158]. The oncogenic herpesviruses also utilize viral miRNAs 

to regulate cell cycle progression and contribute to oncogenesis. When B cells are newly 

infected with EBV lacking the BHRF1 miRNAs, the cells progress inefficiently through 

the cell cycle and show reduced proliferation [120], however this is not the case in 

established LCLs [119]. PRDM1 has been identified as one target of miR-BHRF1-2 that 

could contribute to this phenotype [159]. High throughput sequencing techniques identified 

components involved in control of the cell cycle as highly enriched as EBV miRNA 

targets [145]. Furthermore, by targeting the tumor suppressor p53, miR-BART5-3p regulates 

expression cell cycle genes like the cyclin dependent kinase inhibitor CDKN1A (p21) [58]. 

WT KSHV also promotes cell cycle progression and stimulates proliferation but the role 

of viral miRNAs in this process is unclear. miR-K1 targeting of IκBα and the cyclin 

dependent kinase inhibitor p21 may be means of regulating cell cycle progression, although 

this requires further investigation [160, 161]. Thus, KSHV miRNAs may play an important 

role in preventing cell cycle arrest and along with viral oncoproteins participate in the 

tumorigenesis of KSHV. Hence, as has been found for cellular miRNAs [162], viral miRNAs 

can exert significant control over the cell cycle during lytic and latent infection (Figure 4).

3.4 Viral miRNAs directly target host transcription factors

miRNAs and transcription factors are both components of the complicated regulatory 

networks that mediate gene expression in the cell. Through modulating expression of host 

transcription factors, miRNAs add an additional layer of regulation to these networks, 

altering the output of signal transduction pathways and modulating viral gene expression. 

Below are examples of how viruses use miRNAs to support both lytic and latent infection by 

directly targeting general and cell-type-specific transcription factors.
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Since EBV establishes latency in and transforms B cells, it is unsurprising that it uses 

viral miRNAs to attenuate expression of genes regulated by cell-type specific transcription 

factors. For example, both BCL6 [163], a transcriptional repressor associated with B cell 

differentiation, and EBF1, involved in germinal center formation [164], are regulated by 

a number of EBV miRNAs. Regulation of cellular transcription factors has also been 

implicated in EBV-mediated transformation, where miRNA targeting of KLF2 in gastric 

carcinoma cells is associated with enhanced anchorage-independent growth and migration 

[165]. In another intriguing example, two EBV miRNAs have been implicated in regulating 

PD-L1 expression in NPC and GC cell lines. These miRNAs target two transcriptional 

repressors, FOXP1 and PBRM1 that normally inhibit PD-L1 expression. By reducing 

expression of these negative regulators of PD-L1 expression, the EBV miRNAs cause 

apoptosis of infiltrating T cells and promote tumor immune escape [166].

Like EBV, KSHV also targets transcription factors that play a role in development and 

lymphomagenesis. The miR-155 mimic miR-K-12-11 targets C/EBPβ [167] which plays a 

role in B cell expansion. KSHV infection of lymphatic endothelial cells reprograms these 

cells to express markers of blood vessel endothelial cells. 3 KSHV miRNAs directly reduce 

the expression of MAF, a transcriptional repressor of blood vessel endothelial cell markers 

which contributes to KSHV-induced endothelial cell reprogramming [168]. KSHV miRNAs 

also target transcription factors that regulate expression of viral proteins that promote lytic 

reactivation, reiterating the role of KSHV miRNAs in enforcing latency. miR-K12-3 and 

miR-K12-11 suppress reactivation by targeting the transcription factors MYB and Ets-1, 

which regulate the lytic transactivator RTA [169, 170].

In contrast, HCMV regulates expression of transcription factors to both enforce latency in 

CD34+ HPCs as well as to re-launch the lytic cycle of infection. HCMV miRNAs target the 

transcription factor FOXO3, which regulates the expression of genes involved in induction 

of apoptosis [68]. Furthermore, HCMV miR-US5-2 targets the TGFβ transcriptional 

repressor NAB1 in order to induce the expression of TGFβ and mediate myelosuppression 

[152]. Additionally, EGFR signaling to the transcription factor Egr-1 is required to sustain 

HCMV latency by stimulating the expression of the viral gene UL138 [133]. HCMV miR-

US22 plays a role in virus reactivation by directly targeting Egr-1 and reducing UL138 

expression [47]. Thus, viral miRNA targeting of transcriptional activators and repressors is 

a powerful means to reprogram cells and prevent expression of viral proteins that affect 

replication.

3.5 Viral miRNAs affect expression and secretion of cytokines and chemokines

Expression and secretion of cytokines and chemokines is an important means for the 

infected cell to communicate to neighboring uninfected and immune cells in order to limit 

the spread of infection. One way that viral miRNAs inhibit proinflammatory cytokine 

secretion is to target immunogenic viral genes that stimulate the innate immune response, 

as discussed below. For example, HSV-1 miR-H6 indirectly inhibits IL-6 secretion from 

infected cells by targeting ICP4 [171]. Viral miRNAs also target cellular proteins at various 

points in signaling cascades with the ultimate objective of inhibiting secretion of cytokines, 

chemokines, and growth factors.
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Viral infection triggers signaling cascades that result in the production and secretion 

of proinflammatory cytokines, and so viruses have evolved ways to block all aspects 

of cytokine signaling. First, miRNAs can target the receptors responsible for triggering 

signaling cascades resulting in cytokine production. For example, KSHV miR-K10a targets 

the cell surface receptor TWEAKR to limit TWEAK-induced IL-8 and MCP-1 production 

[63]. HCMV miR-UL148D targets the activin A receptor, ACVR1B. Monocytes infected 

with HCMV lacking miR-UL148D exhibited increased ACVR1B levels and were more 

sensitive to activin A stimulation resulting in increased production of IL-6 [49]. Moreover, 

many viral miRNAs directly target cytokines and chemokines in order to reduce their 

expression. Several EBV miRNAs reduce IL-12 and IL-23 secretion by directly targeting 

the IL-12p40 subunit encoded by the IL12B gene. IL-12 secretion is important for Th1 

cell differentiation; when B cells infected with WT virus were co-cultured with autologous 

CD4+ T cells, Th1 differentiation was repressed compared to B cells infected with EBV 

lacking the miRNAs [111]. In addition, EBV miR-BHRF1-3 inhibits both basal levels and 

IFNγ induction of the T cell chemoattractant CXCL-11 either directly, or indirectly [172]. 

HCMV miRNAs have also been implicated in targeting multiple cytokines and chemokines, 

including IL-32 and RANTES [173, 174], although the functional consequences of this 

targeting have not been tested.

Blocking the secretion of cytokines can also be accomplished by altering the vesicular 

trafficking pathways needed for cytokine release. Three HCMV miRNAs—miR-US5-1, 

miR-US5-2, and miR-UL112-3p—target multiple endocytic proteins during infection to 

promote formation of the virion assembly compartment (VAC) and block the secretion 

of cytokines. Strikingly, ectopic expression of these three miRNAs alone was sufficient 

to reorganize endocytic membranes into a VAC-like structure and inhibit IL-6 release. 

Mutation of the miRNAs in HCMV resulted in increased export of noninfectious particles as 

well as proinflammatory cytokines, suggesting that the reorganization of vesicular structures 

by the virus is important for virion and cytokine release [175].

Taken together, viral miRNAs play a significant role in modulating cytokine and 

chemokine secretion—through decreasing signaling receptors, directly targeting cytokines 

and chemokines or their regulators, or rewiring trafficking pathways—to escape immune 

detection.

4. Viral miRNAs affect cellular miRNA biogenesis and function

Another mechanism used by viruses to alter the host gene expression landscape is to alter 

the production or function of cellular miRNAs. Disrupting the cellular miRNA regulatory 

networks can have profound impacts both on a cellular and organism level [15] and plays 

an important role in viral infection. Infection with most viruses results in changes in the 

expression levels of specific cellular miRNAs through direct effects on their transcription 

[176]. Moreover, interaction between miRNAs and RNA transcripts that exhibit high 

complementarity can induce target-mediated miRNA degradation (TDMD) by recruiting 

a ubiquitin ligase that causes degradation of the Argonaute complex and cleavage of the 

exposed miRNA [177, 178]. Here we highlight some interesting ways used by viruses to 

alter cellular miRNA expression.
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The betaherpesvirus human herpesvirus 6 (HHV-6) is the causative agent of roseola in 

children and establishes latency by integration into host telomeric regions [179]. Recent 

work shows that the HHV-6A-encoded miRNA miR-aU14 inhibits the processing of 

multiple miR-30 family members through direct interaction with miR-30 hairpin loops 

within the pri-miRNA. By affecting the cellular miR-30 regulatory network, miR-aU14 

affects mitrochondrial architecture and type I IFN responses as well as playing a role in 

reactivation from latency, indicating that the viral miRNA and its regulatory network is 

an essential component of the HHV-6A latent-lytic switch. This is an intriguing example 

of a new method of regulation by a viral miRNA, although the precise mechanism of 

how miR-aU14 regulates miR-30 processing through binding the pri-miRNA hairpin loop 

remains to be determined [180].

Other herpesviruses use different strategies to affect cellular miRNA stability which may 

be examples of TDMD, although this has not been formally demonstrated. MCMV and 

HCMV as well as HVS encode transcripts which contain cellular miRNA binding sites 

that functionally reduce the steady-state level of cellular miRNAs in the infected cell. 

miR-27 is rapidly degraded during MCMV infection [181] and several groups determined 

that the ORF m169 contains binding sites for miR-27 [182, 183]. Mutating m169 to be 

complementary to a different miRNA resulted in efficient retargeting [182, 183] indicating 

the generalizability of the phenomenon. Mutation of the miR-27 target site resulted in a 

virus that is attenuated for growth in vivo [183], suggesting that regulation of miR-27 is 

important for MCMV infection, although mechanistic details are still lacking. HCMV uses 

a similar strategy to regulate specific miRNAs within the cellular miR-17-92 cluster using 

the UL144-145 transcript. Despite inducing expression of pri-miR-17-92, of the six miRNAs 

within the cluster, only miR-17 and miR-20a were downregulated during infection. The 

UL144-145 transcript of HCMV contains binding sites for miR-17 and miR-20a, termed 

the miRNA decay element (miRDE). The relevance of degradation of miR-17 and miR-20a 

during HCMV infection remains to be fully explored, but a miRDE mutant replicates with 

slightly delayed kinetics in human fibroblasts [184]. It may be that regulation of miR-17 and 

miR-20a is more relevant to latent infection of HCMV. HVS encodes miRNA binding sites 

for cellular miR-142-3p, miR-27a and miR-16 within the HSUR RNAs [7]. While miR-27a 

interaction with HSUR1 mediates its degradation, miR-142-3p and miR-16 levels are stable 

throughout infection. Recent work determined that HSUR2 acts as an adaptor to bring the 

miRNAs to target mRNAs involved in the induction of apoptosis [185, 186], highlighting 

another novel means of regulating cellular miRNA function. Working in a potentially similar 

manner, virus-encoded circular RNAs (circRNAs) can act as miRNA ‘sponges’ to reduce 

the levels of available miRNA in the infected cell. CircRNAs are formed by back-splicing 

in which the 5’ and 3’ ends of the transcript are covalently joined resulting in very stable 

non-coding RNA structures. In the context of EBV and KSHV infection, virus-encoded 

circRNAs modulate the levels of cellular miRNAs and alter gene regulation networks [187–

192].

In a final example, the baculovirus Bombyx mori nucleopolyhedrosis virus (BmNPV) 

miRNA miR-1 downregulates the expression of the GTP-binding protein Ran involved in 

exportin-5-mediated small RNA transport to the cytoplasm. Targeting Ran and blocking the 

export of small RNAs resulted in enhanced BmNPV loads, possibly through preventing 
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the export of host pre-miRNAs involved in limiting BmNPV IE protein expression [34]. 

This approach is conceptually paradoxical, since the viral pre-miRNA would also undergo 

reduced transport to the cytoplasm, but the sheer amount of viral pre-miRNA made during 

infection may result in sufficient viral RNA export. Collectively, the findings discussed here 

indicate that viruses interfere with cellular miRNA processing and functions in unique and 

interesting ways in order to benefit the virus lifecycle (Figure 5).

5. Viral mimicry of host miRNAs

The life-long nature of most herpesvirus infections and the limited coding capacity of viral 

genomes has resulted in numerous examples of convergent evolution of viral molecules that 

are functionally similar to host molecules. Within the context of viral miRNAs, numerous 

examples exist of viral miRNAs which share identical or highly similar seed sequences to 

host miRNAs, thus allowing the virus to tap into finely tuned and extensive host regulatory 

networks. One estimate suggests that up to 15% of all human virus-encoded miRNAs 

are complete or partial seed sequence mimics for host miRNAs [193]. One of the first 

virally-encoded cellular miRNA mimics was identified in KSHV, where miR-K12-11 is 

a seed sequence homolog of cellular miR-155 [62, 194]. This results in common mRNA 

targets involved in regulating the cell cycle and suggests that the viral miRNA, like its 

host-encoded counterpart [195], could contribute to B cell transformation seen in PELs 

[62, 194]. In fact, ectopic expression of miR-K12-11 or miR-155 in various mouse models 

resulted in increased detection of CD19+ B cells in lymphoid organs [167, 196]. Conversely, 

Sin et al. showed that expression of the KSHV latency locus, including miR-K12-11, 

could complement B cell deficiencies when crossed into miR-155 knockout mice [197]. 

Furthermore, the oncogenic alphaherpesvirus MDV-1 also encodes a seed sequence homolog 

to miR-155, miR-M4, which is critical for the formation of lymphomas in chickens 

[198]. Deletion or mutation of miR-M4 results in a virus no longer capable of inducing 

lymphomas, whereas revertant virus, or miR-M4 deletion viruses that express cellular gga-

miR-155 are able to rescue to oncogenic effects of the virus [199]. Further work determined 

that while miR-M4 plays an important role in tumor formation, it is not essential for 

the proliferation or maintenance of the transformed phenotype [200, 201]. The oncogenic 

gammaherpesvirus EBV does not encode its own miR-155 homolog, instead inducing the 

expression of miR-155 through LMP1-induced activation of NFκB signaling [202, 203].

KSHV encodes miR-K6-5p which shares sequence homology with the miR-15/16 family 

and regulates a subset of the same targets. Intriguingly, miR-K6-5p acts as a tumor 

suppressor miRNA, as inhibition of the miRNA in transformed B cells confers a significant 

growth advantage. Thus, this KSHV miRNA mimic paradoxically acts to limit the oncogenic 

potential of the virus [204].

Finally, KSHV miR-K10a_+1_5 is a seed homolog of the hematopoietic miRNA 

miR-142-3p and regulates a number of the same targets. Since miR-142-3p expression is 

high in B cells, KSHV may use its viral miRNA to regulate miR-142-3p targets instead 

in endothelial cells [18]. This mimicry goes even further, as 5’ isomiRs of miR-142-3p 

also exist and partially overlap with miR-K10a, significantly enlarging the potential pool of 

cellular miRNA targets of the viral miRNAs [205].
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Herpesviruses have also evolved to encode mimics of the miR-17-92 family involved in 

proliferation and apoptosis amongst other functions, including EBV miR-BART5, rLCV 

miR-rL1-8 and MHV68 miR-M1-7-5p sharing seed homology with miR-18a/b [206–208]. 

Likewise, Japanese macaque rhadinovirus (JMRV) miR-J8, rhesus macaque rhadinovirus 

(RRV) miR-rR1-8-3p and Macaca nemestrina rhadinovirus (MneRv2) miRc-N1-3p are 

seed homologs of miR-17 [209]. The functional relevance of these viruses mimicking 

the miR-17-92 family has not been fully elucidated. Additional viral mimics of cellular 

miRNAs have been identified by various sequencing methods (Table 2), but their functions 

during viral infection have not been extensively investigated. One important consideration 

of viral miRNA mimicry is that the viral and cellular miRNAs are often only seed sequence 

homologs, with the remainder of the 22 nts having very little similarity between virus and 

host, which could have implications in the efficiency of miRNA targeting. Thus, while a 

viral and cellular miRNA may share common targets, the targetome of the two miRNAs may 

not be completely overlapping.

6. Viral miRNA packaging into exosomes

Exosomes are secreted 30-150 nm vesicles that can transfer cargos—including lipids, 

proteins, DNA, mRNA, and miRNAs—to neighboring or distant cells. Exosomes are derived 

from multivesiclar bodies (MVBs), also known as late endosomes, and their main biological 

function is cell-to-cell communication, whereby the cell releasing exosomes can modulate 

the behavior of recipient cells [210]. Viral infection is known to influence the composition 

of host factors in exosomes to create a pro-viral microenvironment [211], and emerging 

evidence suggests that viral miRNAs are themselves loaded into exosomes as a way of 

influencing bystander cells without direct infection. Incorporation of viral miRNAs into 

extracellular vesicles and delivery to host cells have to be, however, carefully considered. 

For human miRNAs, the majority of circulating miRNAs are associated with proteins, not 

exosomes [212]. Furthermore, copy numbers of a given miRNA are less than 1 per 100 

exosomes [213], bringing into question the functional relevance of viral miRNAs packaged 

in exosomes. Nevertheless, we will discuss current evidence for viral miRNA packaging into 

exosomes and delivery to bystander cells.

Pegtel et al. [214] showed that most mature EBV miRNAs, but not their corresponding 

pre-miRs, are selectively packaged into exosomes secreted from LCLs. Likewise, exosomes 

derived from EBV-infected NPCs were enriched for specific viral miRNAs compared to 

intracellular levels [215], suggesting that exosome composition during viral infection can be 

cell-type dependent.

Components of RISC have been detected in exosomes [216], suggesting that exosomes are 

poised to knock down targets of viral miRNAs in recipient cells. In agreement with this, co-

culture experiments showed the transfer of fluorescently labelled exosomes between EBV-

infected LCLs and uninfected monocyte-derived dendritic cells (MoDC) and corresponding 

downregulation of CXCL11 [214], presumably by EBV BHRF1-3 [172]. Moreover, EBV 

miR-BART15, which targets NLRP3, is also packaged into exosomes from infected B cells. 

Treatment of THP-1 cells with purified exosomes from an EBV-transformed B cell line 

resulted in reduced NLRP3 levels compared to treatment with purified exosomes from 
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an EBV-naive B cell line [81]. Therefore, viral miRNAs can be functionally transferred 

between cells via exosomes. However, it is unclear how many exosomes are needed to 

functionally modulate the behavior of recipient cells, and whether this transfer can occur 

in vivo. The most direct evidence for this comes from Pegtel et al. [214], who showed that 

EBV miRNAs could be detected in non-B cell fractions of PBMCs, while EBV DNA was 

detected only in B cells. This suggests that viral miRNAs are transferred to uninfected cells 

within the host.

Our understanding of how exosomal transfer of viral miRNAs to uninfected cells can benefit 

the viral life cycle is still poorly understood. Recent work from HSV-1 has demonstrated 

that miR-H28 and miR-H29 are secreted in exosomes [217] and can induce IFNγ production 

in uninfected cells [218], although the target(s) of the miRNAs responsible for modulating 

IFNγ levels and the effects on viral replication are unknown.

Exosome-associated viral miRNAs have also been investigated as potential biomarkers of 

various disease states. Exosomes can be isolated from blood, and this method was used 

to show that MDV-encoded miRNAs are present in blood of infected chickens [219]. 

Additionally, miRNAs encoded by EBV, KSHV, and HCMV have been detected in plasma 

samples from human patients [220–222] as has BLV miRNAs in the serum of seropositive 

cattle [223]. The presence of viral miRNAs in blood suggests some mechanism to protect 

the miRNA from degradation, although it is currently unclear whether viral miRNAs in the 

blood are contained in exosomes. Cellular miRNAs can also be stabilized in circulation 

through RNA-binding protein complexes and high-density lipoproteins [224–226], and 

so studies reporting the presence of viral miRNAs in blood, serum, or plasma does not 

necessarily denote the presence of exosomal miRNAs. Nevertheless, numerous studies have 

linked circulating viral miRNAs with various disease states. EBV BART-13-3p levels are 

elevated in blood from NPC patients compared to asymptomatic patients [227], suggesting 

this miRNA can serve as a biomarker for specific disease states. Moreover, elevated plasma 

levels of several EBV miRNAs correlated with disease severity [228]. Plasma levels of 

KSHV miR-K12-10b and miR-K12-12 were elevated in septic patients compared to non-

septic controls [229]. There is a higher prevalence of HCMV miR-UL112-3p detection 

in patients with hypertension, Diabetes Mellitus, or Glioblastoma multiforme compared to 

healthy controls [230, 231]. Collectively, these data suggest that viral miRNAs can be used 

as biomarkers for prognosis of disease states.

7. Viral miRNA regulation of viral gene expression

Extensive research has established that most viruses encode miRNAs that target at least one 

viral gene [117, 193, 232–238]. During lytic infection, viral miRNAs are often expressed 

with early or late kinetics, when many viral genes are already highly expressed, suggesting 

that viral miRNAs act to regulate viral gene expression only later in infection. Below, we 

will briefly describe two main themes that have emerged from the study of miRNA-mediate 

targeting of viral proteins: (1) evasion of the host immune response and (2) regulation of 

viral latency and reactivation.
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Viral proteins are inherently immunogenic, and one means to limit immune recognition is 

to regulate viral gene expression. SV40 miR-S1 targets TAg during late viral replication, 

when TAg is no longer needed but can cause recognition of the infected cell by cytotoxic 

T lymphocytes (CTLs) [239]. A mutant virus lacking this miRNA replicates similar to WT 

virus, but is more sensitive to CTL lysis and induces higher cytokine expression levels 

than WT virus [30]. Subsequently, miRNA-mediated targeting of TAg has emerged as 

a universal phenomenon observed in polyomaviruses [117]. Evolutionary conservation of 

miRNA-mediated targeting of early genes has also been demonstrated for papillomaviruses; 

human papillomavirus HPV41 and avian papillomavirus FcPV1 target early viral genes 

E1 and E2, although the functional consequence of this targeting has not been elucidated 

[29]. While it was initially theorized that herpesviruses targeted viral genes to promote 

the establishment of latency, there is evidence to suggest that herpesviruses also utilize 

miRNAs to target highly expressed viral genes that evoke an immune response. HCMV 

miR-UL112-3p was predicted to regulate latency as it targets the immediate early lytic 

protein IE72 [238, 240]. Interestingly, infection with an HCMV mutant lacking miR-UL112 

did not affect latency establishment in CD14+ monocytes. However, increased levels of IE72 

in mutant infected cells resulted in increased CTL killing [241]. Thus, multiple viruses target 

their own proteins using viral miRNAs in order to limit immune cell recognition. Whether 

this is generalizable to all miRNA-encoding viruses remains to be determined.

There are numerous accounts of viral miRNAs that target viral proteins important for 

lytic replication, presumably to promote latency. Herpesviruses with tractable latency 

models have provided evidence for this well-accepted hypothesis. HSV-1 miR-H2 and its 

HSV-2 homolog targets the viral transactivator ICP0, and these miRNAs are important for 

maintaining latency in trigeminal neurons [242–245]. Moreover, HSV-1 miR-H6 targets 

the immediate early transcriptional activator ICP4 [171], which is required for early and 

late viral gene expression and represses the latency-associate transcript (LAT) [246, 247], 

suggesting that HSV-1 miRNA targeting of ICP4 is important for the establishment of 

latency. KSHV miR-K12-7 and miR-K12-9 target the immediate early transcriptional 

activator RTA, and miRNA-mediated knockdown of this protein prevents reactivation 

[248, 249]. Herpesvirus miRNAs also target cellular proteins that regulate viral gene 

expression. HCMV miR-UL148D targets IER5 to modulate the IER5-CDC25B-CDK1 

signaling pathway, controlling IE1 expression. Knockout of miR-UL148D in the NR-1 strain 

of HCMV resulted in a failure to establish latency [48]. Likewise, EBV miR-BART18-5p 

targets MAP3K2 to prevent viral replication in latency [137]. Collectively, these data 

suggest that herpesvirus miRNAs contribute to regulating viral gene expression in order 

to regulate entrance into and exit from latency.

8. Conclusions

Here we have highlighted the extensive ways in which viral miRNAs regulate host gene 

expression to influence the outcome of infection and how they have been useful tools to 

uncover novel processes regulated by virus infection. Most viral miRNAs come from the 

Herpesvirus family, and despite very little sequence homology between the miRNAs of 

the various subfamilies, general themes and targeting of common signaling pathways has 

clearly emerged from nearly two decades of research and have helped to uncover the cellular 
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processes requiring regulation during viral infection. Unsurprisingly, key cellular signaling 

pathways related to apoptosis, immune evasion, cell growth and differentiation are carefully 

regulated by viral miRNAs since modulating these processes are key to successful viral 

infection, despite the different cellular environments encountered by each virus. The breadth 

of cellular targets identified for viral miRNAs by high throughput techniques highlights the 

difficulty in attributing a phenotype of a viral miRNA to a single target. It is more likely 

that the effects of a viral miRNA during infection is the result of the cumulative effect of 

regulation of numerous cellular and viral genes. This complexity is underscored by work 

demonstrating that a viral miRNA, or several miRNAs, can target multiple genes within 

the same pathway [8, 85, 127, 152, 175], suggesting that while a single target may not be 

responsible for an effect of a viral miRNA, the phenotype of the miRNA may nevertheless 

result from regulation of specific signaling pathways. Thus, it will be critical in future 

studies to take on a holistic approach when considering host targets of viral miRNAs.

It is apparent that viral miRNAs act most powerfully during latent infection and can replace 

the functions of viral proteins in order to maintain the latent infection and/or stimulate 

reactivation in the appropriate context. Given that latency and reactivation are key to 

the pathology of herpesvirus infection, understanding how viral miRNAs regulate these 

processes is essential to developing tools for interventions. Despite the wealth of knowledge 

summarized here, there are still many viral miRNAs whose functions have not been explored 

and uncovering their roles during infection will continue to add to our understanding of the 

molecular determinants of virus-host interactions.
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Figure 1. A model of viral miRNA regulation of apoptosis.
Viruses modulate cell death stimulated by physiological insults as well as infection by 

targeting both the intrinsic and extrinsic apoptosis pathways. Extrinsic pathway proteins 

are shown in blue, intrinsic pathways are shown in pink, and these pathways converge on 

Caspase-3. Viral miRNAs are shown in red.
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Figure 2. A model of viral miRNA regulation of the host immune response.
Viruses must combat the intrinsic, innate, and adaptive immune responses employed by cells 

to detect and control viral infection. Viruses that encode miRNAs have evolved myriad ways 

to target these host immune response. Viral miRNAs are shown in red.
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Figure 3. A model of viral miRNA regulation of signaling pathways involved in proliferation, 
differentiation, and tumorigenesis.
Viral miRNAs alter host cell signaling depending on the type of cell infected to control lytic 

and latent infection. The major signaling hubs are highlighted here (Akt signaling in blue, 

MAPK signaling in dark blue, Wnt signaling in pink, and TGFβ signaling in brown). Viral 

miRNAs are shown in red.
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Figure 4. A model of viral miRNA regulation of the cell cycle.
Viral miRNAs are employed to control different stages of the cell cycle, depending on the 

host cell type. Oncogenic viruses such as EBV and KSHV promote cell cycling, while 

HCMV arrests the cell cycle in hemopoietic progenitor cells to maintain latency. Indicated 

proteins that promote progression through G1, S, G2, and M are shown in green, and viral 

miRNAs targeting these proteins are shown in red.
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Figure 5. A model of viral miRNAs that affect cellular miRNA biogenesis and function.
miRNA-encoding transcripts are transcribed by RNA polymerase II as a pri-miRNAs, which 

is cleaved by Drosha and DGCR8 to generate pre-miRNAs. pre-miRNAs are transported 

to the cytoplasm by exportin-5, which is dependent on Ran-GTP. In the cytoplasm, the pre-

miRNA is further processed by TRBP and Dicer to generate a miRNA duplex. Argonaute 

unwinds this duplex, and the resulting single strand mature miRNA associates with RISC 

and a complementary region of mRNA to inhibit translation. Viruses have evolved ways 

to directly affect biogenesis and/or function of cellular miRNAs. BmNPV miR-1 directly 

targets the GTP-binding protein Ran to inhibit transport of pre-miRNAs to the cytoplasm. 

HHV-6 miR-aU14 inhibits processing of miR-30 family miRNAs through direct interaction 

with the stem-loops in the pri-miRNA. MCMV and HCMV encode transcripts (UL145 and 

m169, respectively) that bind cellular miRNAs to reduce levels of available miRNAs. HVS 
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HSUR RNAs contain binding sites for cellular miRNAs miR-142-3p, miR-27, and miR-16, 

which either mediates miRNA degradation or stabilizes the miRNA.
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Table 1.

List of viruses encoding miRNAs.

Virus Family/Subfamily Virus Host # pre-miRNAs # mature miRNAs

Alphaherpesvirinae

Herpes Simplex Virus 1 Human 9
a
/18

b 27

Herpes Simplex Virus 2 Human 18 24

Varicella Zoster Virus Human 1
c

1
c

Herpes B Virus Rhesus macaque 10 12

Rhesus macaque rhadinovirus Rhesus macaque 7 15

Japanese macaque rhadinovirus Rhesus macaque 15 23

Herpesvirus saimiri New World Primates 3 6

Pseudorabiesvirus Swine 13 13

Bovine Herpesvirus 1 Cattle 10 12

Marek’s Disease Virus type 1/2 Chicken 14 26/36

Betaherpesvirinae

Human Cytomegalovirus Human 12 22

Human Herpesvirus 6A/B Human 4 8

Rhesus Cytomegalovirus Rhesus 17 17

Mouse Cytomegalovirus Mouse 18 21

Rat Cytomegalovirus Rat 14 24

Gammaherpesvirinae

Kaposi’s Sarcoma-Associated Herpesvirus Human 12 25

Epstein-Barr Virus Human 25 44

Rhesus Lymphocryptovirus Rhesus 35 68

Herpesvirus papio Baboon 4 8

Polyomaviridae

Merkel Cell Polyomavirus Human 1 2

JC Polyomavirus Human 1 2

BK Polyomavirus Human 1 2

Simian Virus 40 Rhesus macaque 1 2

Murine Polyomavirus Mouse 1 2

Papillomaviridae

HPV17 Human 1 1

HPV47 Human 1 1

HPV41 Human 1 1

FCPV Avian 2 2

Retroviridae Bovine Leukemia Virus 1 Cattle 5 10

Ascoviridae Heliothis virescens ascovirus Insect 1 1

Baculoviridae

Bombyx mori nucleopolyhedrosis virus Insect 4
d 4

Autographa californica nucleopolyhedrovirus Insect 5
d 5

a
only miRNAs shown to be RISC-associated are shown

b
reported miRNAs

c
presence of this miRNA is controversial [22–25], see above for discussion.
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d
miRNAs have not been confirmed to be RISC-associated
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Table 2.

List of viral miRNAs known to mimic host miRNA.

Viral miRNA Cellular miRNA Homology Effect Reference

KSHV miR-K12-11 miR-155 Seed Cell cycle targets, B cell transformation [62, 194]

Seed Evade detection of CD19+ B cells in 
lymphoid organs

[167, 196]

Seed Complements B cell deficiency in miR-155 
KO mice

[197]

KSHV miR-K12-3, miR-
K12-3+1

miR-23 Seed Confer miR-23 targeting to B cells [250]

KSHV miR-K10a_+1_5 miR-142-3p Seed Shares targets [18]

EBV miR-BART5 miR-18a Seed Shares targets [206]

MDV-1 miR-M4 gga-miR-155 Seed Shares targets Contributes to formation of 
lymphomas

[198, 199]

rLCV miR-rL1-8 miR-18a Seed Shares targets [207]

MHV68 miR-M1-7-5p miR-18a/b? 
miR-17-92 family

Seed ? [208]

JMRV miR-J8 miR-17 Seed Shares targets [209]

RRV miR-rR1-8-3p miR-17 Seed Shares targets [209]

MneRv2 miRc-N1-3P miR-17 Seed Shares Targets [209]

HCMV miR-UL112 hsa-miR-373 Overlapping 
binding sites

Acts synergistically with hsa-miR376a to 
decrease MICB levels

[251]

HHV6B mir_Ro6-2 miR-582-5p Seed ortholog Targets SMAD3 [252]

BLV miR-B4 miR-29 Seed Shared targets HBP1, PXDN possibly 
contributes to tumorigenesis

[5]

MHV68 miR-M1-4 Mmu-miR-151-5p Seed ? [253]
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