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Abstract Herpesviridae constitutes a large family of
double-stranded DNA viruses that are associated with a
wide range of diseases, including herpetic lesions, birth
defects, and cancer. Herpesviruses establish lifelong latent
infections in part because they are exceptionally adept at
modulating the virus/host interface. New insights into the
numerous roles of microRNAs (miRNAs) in cell biology,
along with the recent appreciation that nearly every host
transcript is targeted by at least one miRNA, has funda-
mentally changed our conceptualization of the virus/host
relationship. The identification of miRNAs expressed from
nearly all human herpesvirus genomes has led to the
speculation that these short non-coding transcripts play
essential roles in herpesvirus biology. Because the activity
of miRNAs depends upon the transcriptome of the cell in
which they are expressed, in vivo systems will be essential
for defining the true biological relevance of herpesvirus
miRNAs. This review will specifically focus on experi-
mental systems which have investigated the functional role
of herpesvirus-encoded miRNAs in viral biology and
pathogenesis in vivo.
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Introduction

Over the past decade, the scientific world, including the
field of virology, has experienced an exponential growth in
the study of non-coding RNA functions. In particular, the
plethora of exciting new insights into the numerous roles of
microRNAs (miRNAs) in cell biology [1] and the appre-
ciation that nearly every host transcript is targeted by a
miRNA [2] has changed the landscape of our conceptual-
ization of the virus/host relationship. Although numerous
studies have detected the expression of mature miRNAs
from viruses within multiple genera, the early identification
of miRNAs in nearly all human herpesvirus genomes [3, 4]
has led to the speculation that these molecules play
essential roles in herpesvirus biology and pathogenesis.

The Herpesviridae constitutes a large family of envel-
oped, double-stranded DNA viruses that are associated with
a wide range of diseases in humans and animals. Members of
this virus family are classified into alpha-, beta-, and gamma-
subfamilies based on genomic organization and sequence
similarity. Unlike other viruses, following spread to a new
host herpesviruses typically undergo an acute lytic phase of
replication, and then establish lifelong latency in a distinct
cellular compartment. Thus herpesviruses are exceptionally
adept at modulating the host/virus interface. Although
miRNAs are likely key players in at least some stages of this
dynamic, their specific functional roles are currently poorly
understood.

miRNAs are small (~ 22 nucleotide) non-coding RNAs
that regulate mRNA translation [1]. Cellular processing of
the primary miRNA transcript leads to the release of a
stable pre-miRNA hairpin, which is typically further pro-
cessed by the cellular enzyme Dicer, yielding a miRNA
duplex. One strand of the miRNA duplex (the 5’ or the 3’
side of the hairpin, designated as the -5p or -3p strand
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miRNA accordingly) is then incorporated into the RNA-
induced silencing complex (RISC). In the RISC, the
miRNA and its target mRNA interact through base pairing
that typically requires full complementarity of 6-8
nucleotides called the miRNA seed sequence and thereby,
blocking mRNA translation. miRNAs are therefore
important regulatory factors whose activity depends upon
the transcriptome of the cell in which they are expressed.
For this reason, it is likely that the in vivo function of virus-
encoded miRNAs may not be easily extrapolated from
in vitro studies. Thus, experimental in vivo systems will be
essential for defining the true biological relevance of her-
pesvirus miRNAs. Although the in vivo expression profiles
for many viral miRNAs have been carefully elucidated, this
review will specifically focus on experimental systems
which have investigated the functional role of herpesvirus-
encoded miRNAs in the in vivo biology of viral infection.

Alphaherpesviruses

The alphaherpesvirus subfamily includes the well-known
human pathogens herpes simplex virus (HSV)-1 and HSV-2,
the causative agents of oral and genital herpetic lesions, and
varicella zoster virus (VZV), which causes chickenpox and
shingles. The pathogenic outcomes associated with these
alphaherpesvirus infections are directly related to the unique
ability of these viruses to establish lifelong latency in, and
periodically reactivate from, the peripheral nervous system.
While no viral miRNAs have thus far been detected during
VZV infection, both HSV-1 and -2 encode numerous miR-
NAs, some of which appear to play key roles in regulating
viral infection and pathogenesis. Fortunately, both HSV ser-
otypes are able to establish persistent infections in mice and
rabbits, providing robust model systems for studies of viral
latency and pathogenesis. Additionally, pseudorabies virus
(PRV) represents an important model system that mimics
many of the key features of HSV latency establishment in
neurons. Because PRV exhibits a broad host tropism, neuronal
PRV infections have been studied in a wide range of animals,
from mice to chickens to its natural host pigs. Finally, Marek’s
disease virus (MDV) is a highly important avian virus that has
been classified as alphavirus based on genomic structure and
sequence homology. However, MDV exhibits biological
properties, including infection of T cells and induction of T
cell lymphoma that more closely align with the gammaher-
pesvirus subfamily and serves as an excellent model system
for the study of herpesvirus lymphomagenesis.

Herpesvirus Simplex Virus-1 and -2

HSV-1 and -2 establish lifelong latent infections within
sensory neurons of the trigeminal ganglia (TG) and sacral
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dorsal root ganglia (DRG), respectively. HSV-1 reactiva-
tion events induce a range of diseases from common oral
cold sores to herpes stromal keratitis to rare cases of
encephalitis, whereas HSV-2 reactivation from the DRG
typically results in genital herpetic lesions. HSV-1 and -2
encode 20 and 17 potential pre-miRNA stem-loops [5-9],
respectively, many of which are distributed in clusters
within and flanking the latency-associated transcript (LAT)
(Fig. 1). Although several pre-miRNAs display positional
homology between HSV-1 and HSV-2, with the exception
of three molecules that retain identical seed sequences
(hsv-miR-H2-3p, -H7-5p, -H11-3p), the mature HSV-1 and
-2 miRNAs display little sequence similarity [8].

Notably, initial work on the HSV-1 LAT-encoded
miRNAs suggested that although hsv1l-miR-H2, -H4, -HS,
and -H6 were detectable in TGs during latency, these
molecules may be dispensable for latent infection: in wild-
type mice, LAT promoter mutants that lacked expression of
these miRNAs replicated normally and established wild-
type levels of latent infection [10]. However, further work
examining the function of individual molecules has led to
the conclusion that single miRNAs may play important
roles in infection which are obscured by combinatorial
miRNA mutations.

One HSV-1 miRNA of great interest is hsvl-miR-H2,
which lies antisense to and regulates translation of the key
immediate-early gene ICPO (Fig. 1) [9], and displays a
seed sequence identical to its HSV-2 positional miRNA
homolog. To examine the importance of hsvl-miR-H2 for
in vivo infection, Jiang et al. constructed a precise mutant
on the highly virulent wild-type McKrae virus background
which disrupts the pre-miRNA structure, but retains the
amino acid sequence of ICPO, an E3 ubiquitin ligase that is
known to facilitate lytic replication and reactivation from
latency [11¢]. Ocular infection of Swiss Webster mice with
the H2 mutant virus led to the increased penetrance of
herpes encephalitis as compared to the parental strain
(survival 86 vs 52 %); however, this was not due to
enhanced replication at the site of infection, as ocular titers
were equivalent between wild-type and mutant virus. In
contrast, whereas the number of latent viral genomes in the
TG were not statistically different at 30 days post-inocu-
lation (dpi) between the two viruses, TG explants from H2
mutant-infected mice demonstrated an increased rate of
reactivation from latency [11¢], offering a potential
explanation for the observed increase in neurovirulence.
Consistent with this, mutation of neuron-specific miR-138,
which regulates ICPO transcripts, results in increased neu-
rovirulence in vivo [12].

Of additional interest for both HSV-1 and HSV-2 are the
positional miRNA homologs at the miR-H6 position,
which lie just outside of the crucial LAT promoter (Fig. 1),
and are regulated by LAT promoter activity [10, 13].
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Fig. 1 Genomic locations of herpesvirus miRNAs. Genomic maps
indicate the number of miRNA stem-loops and approximate locations
of miRNAs relative to one another and to nearby transcripts. Pre-
miRNA stem-loops depicted above genomes are forward transcribed
and those depicted below genomes are reverse transcribed. Nearby

Moreover, hsv1-miR-H6 regulates the essential immediate-
early gene ICP4 [9]. Although hsv2-miR-H6 does not
directly regulate ICP4 [9, 14], ICP4 suppresses the
expression of other key LAT-encoded HSV-2 miRNAs
[13], suggesting that intricate regulation of the bidirec-
tional LAT promoter may play a critical role in regulation
of the balance between latency and reactivation. To
determine whether hsv2-miR-H6 played a key role in
in vivo infection, Tang et al. disrupted miR-H6 expression
by inserting an upstream poly(A) sequence, which abro-
gated miR-H6 expression but did not affect levels of HSV-
2 LAT or viral DNA copy number [14]. Following the
inoculation of mice (intraocular) or guinea pigs (intrav-
aginal), the polyA miR-H6 mutant replicated and estab-
lished latency in ganglia (TG for mice, DRG for guinea
pigs) at levels comparable to wild-type virus. Importantly
though, guinea pigs infected with the mutant displayed
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coding genes are represented by black arrows, and adjacent non-
coding transcripts are represented by green lines. HSV-1, HSV-2, and
MDV-1 encode miRNA precursors within both the internal and
terminal repeats, as indicated. Depictions of genomes and transcripts
are not to scale (Color figure online)

complete attenuation of neurological symptoms (0 % for
the mutant, compared to 37.5 and 62.5 % for revertant and
wild-type HSV-2, respectively), demonstrating a key role
for hsv2-miR-H6 in HSV-2 pathogenesis through unknown
means likely involving regulation of multiple host and viral
components.

Pseudorabies Virus

Pseudorabies virus (PRV, SuHV-1) is a highly contagious
alphaherpesvirus that primarily infects swine, but also
infects a wide range of domestic livestock and forest-
dwelling mammals [15]. Although PRV infection is fre-
quently asymptomatic, infection of young animals can
result in severe neurological, respiratory, and reproductive
system manifestations which are characteristic of
Aujeszky’s disease (AD). Depending upon virus strain,
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PRV infection can result in nearly 100 % fatality of
piglets [15].

Following intranasal inoculation, PRV establishes
latency in the neurons of TG. During in vivo latency, the
LAT locus is the only region of the PRV genome that is
transcriptionally active. The largest transcript within the
LAT locus is the full-length, 8.4 kb polyadenylated large
latency transcript (LLT), which is expressed at high levels
during latency and is spliced to yield a 4.6 kb stable intron
[16]. Recent work has demonstrated that the PRV LLT
functions in part as a primary miRNA precursor which
encodes 11 pre-miRNA stem-loops, all located within the
LLT intron (Fig. 1) [7, 17, 18]. To determine the function
of PRV miRNAs during in vivo infection, Mahjoub, et al.
generated a cluster deletion mutant that lacked 9 of the 11
PRV pre-miRNA stem-loops [19¢].

Following i.n. infection of German Landrance pigs,
the mutant virus replicated in nasal swabs to levels
slightly higher than wild-type virus, demonstrating that
these PRV miRNAs are dispensable for acute replication.
Similarly, despite detecting expression of the miRNAs
from the WT virus genome in TG, deletion of the
9-cluster miRNAs had little effect on latency establish-
ment, as determined by PCR for viral genome at 62 dpi.
Although these results did not reveal a crucial role for
these PRV miRNAs during in vivo infection, the effects
of the remaining PRV miRNAs in pathogenesis remain
to be determined.

Marek’s Disease Virus

Marek’s disease virus-1 (MDV-1, GaHV-2) is a highly
contagious avian alphaherpesvirus that is the causative
agent of the T-cell lymphoma for which it is named. Today,
MDV-1 infection of chickens represents an excellent
model system for studying virus-induced neoplastic dis-
eases [20, 21]. Although there are several circulating
MDV-1 strains, it is important to note that individual
strains vary in virulence, and have thus been classified as
mild (m), virulent (v), very virulent (vv), and very virulent
plus (vv+) [22]. While the penetrance of disease and the
time of onset vary with strain virulence, MDV-1 infection
reproducibly results in T-cell lymphoma in a wide range of
chicken lines. As a result, MDV-1 lymphomagenesis has
offered perhaps the most direct and important means by
which to define a central role for virus-encoded miRNAs in
tumorigenesis.

MDV-1 encodes a total of 14 pre-miRNAs, each of
which are duplicated within their respective terminal and
internal repeat regions (Fig. 1) [7, 23, 24]. As for other
herpesviruses, the MDV-1 miRNAs are clustered, with two
clusters surrounding the important meq oncogene and
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another cluster incorporated within the LAT. Interestingly,
several MDV-1 miRNAs are much more highly expressed
in tumor tissue than non-tumor tissue, suggesting the pos-
sibility that the miRNAs may contribute to lymphomage-
nesis [25]. Moreover, only miRNAs from the Meq cluster
are differentially expressed by the very virulent strains of
MDV-1, leading to the speculation that these miRNAs play
a greater role in disease progression [26].

To define the contribution of MDV-1 miRNAs to
neoplastic growth in vivo, multiple research groups have
generated specific miRNA mutants on parental MDV-1
strains of varying virulence. In a seminal manuscript for
the viral miRNA community, Zhao, et al. compared
tumorigenesis of the virulent pRB-1B5 (a BAC-contain-
ing version of RB-1B) strain to a mutant of the parental
strain lacking expression of the cluster of six miRNAs
lying upstream of Meq [27]. While wild-type virus was
lethal in 100 % of animals within 7-8 weeks post-inoc-
ulation, pRB-1B5 lacking expression of these six miR-
NAs was completely attenuated. Surprisingly, a two
nucleotide seed sequence mutant of the single miRNA
mdv1l-miR-M4, a functional ortholog of the important
cellular oncomir miR-155 [28], was equally attenuated
for lethality, resulting in 100 % survival of infected
animals. Thus, these data demonstrated an essential role
for mdvl-miR-M4 in MDV-1 lymphomagenesis, and
further substantiated the conclusion that miR-155 dys-
regulation can be a principal factor in the development of
lymphoid tumors.

It is notable that a mdvl-miR-M4 mutant on the back-
ground of the very virulent parental strain GX0101
demonstrated a slower onset of malignant disease, and
reduced but did not abolish disease penetrance (100 %
wild-type, 18 % miR-M4 mutant), indicating that M4 is not
absolutely essential for oncogenesis [29¢]. Although this
study utilized a higher inoculation dose and increased
experimental time frame than the previous experiment,
these findings may indicate that additional viral factors
may also contribute to the pathogenesis of MDV-1 strains
with enhanced virulence. In support of this, Teng et al.
used additional single miRNA mutants to demonstrate
divergent roles for other Meq-clustered miRNAs in the
induction of MD lymphoma [30¢]. While 100 % of parental
GXO0101-infected birds succumbed to infection by 75 dpi,
individual mutants of mdv-1-miR-M2, -M3, -MS5, -M9, or
-M1 displayed an incidence of disease ranging from 14 to
48 %, demonstrating a contribution of these additional
miRNAs to tumorigenesis. While the differences between
these studies must be carefully delineated in future work,
these findings clearly demonstrate an essential role for the
Meq-clustered miRNAs in the genesis of MDV-1-associ-
ated tumors.
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Betaherpesviruses

The most prominent member of the betaherpesvirus sub-
family is human cytomegalovirus (HCMV). HCMV is a
ubiquitous virus that is primarily asymptomatic in
immunocompetent humans, but is a very significant cause
of morbidity and mortality in patients with compromised
immunity, and is the leading cause of birth defects in
industrialized countries. Cytomegalovirus infections char-
acteristically induce a lytic infection in glandular epithelial
cells, particularly within the salivary gland, and establish
persistent infections that likely involve cycles of latency,
reactivation, and lytic infection. Betaherpesviruses such as
HCMV, and human herpesviruses-6A, -6B, and -7, are
highly species specific. Thus the development of experi-
mental animal models for the human viruses has not been
successful. Although the gene structure of murine cyto-
megalovirus (MCMYV) differs significantly from that of
HCMV, MCMV exhibits important biological properties in
mice that overlap with that of HCMV in humans. Thus
MCMV infection of mice has served as an outstanding
model for understanding in vivo aspects of cytomegalo-
virus replication and pathogenesis, and has been a partic-
ularly valuable tool for defining the function of virus-
encoded genes in evasion of the immune response.

Murine Cytomegalovirus

HCMV encodes 11 pre-miRNA stem-loops yielding 17
detectable mature miRNAs, and MCMYV encodes 18 pre-
miRNA stem-loops yielding up to 29 detectable mature
miRNAs [7, 31]; however, the HCMV and MCMV miR-
NAs exhibit little or no homology [32]. Nevertheless, as
has been the case for protein-coding genes, the study of
MCMYV miRNAs is likely to elucidate valuable insights
into the complex relationship between betaherpesviruses
and their natural hosts.

MCMYV miRNAs are arranged into three distinct clusters
which have been annotated as the mO1 cluster, the m21/m22/
m23 cluster, and the m107-m108 cluster (Fig. 1). To date,
only the m21/m22/M23 cluster miRNAs have been carefully
characterized in vivo. Dolken et al. generated a virus with 17
point mutations in the pre-miRNA stem-loop of two of the
most highly expressed MCMV miRNAs, mcmv-miR-M23-2
and mcmv-miR-m21-1 [33]. To determine the biological
relevance of these miRNAs in the context of in vivo infec-
tion, the authors intravenously infected both B6 and BALB/c
mice, and measured viral titers in salivary glands and lungs at
14 dpi. The salivary glands are the primary site of MCMV
replication and shedding, and are an immune-privileged site
from CD8 T cells, but not CD4 T cells and NK cells [34].
Although both BALB/c and B6 mice are susceptible to

MCMV infection, B6 mice much more efficiently control
salivary gland replication due to the presence of the acti-
vating NK cell receptor Ly49H. Interestingly, salivary gland
replication of the miR-M23/m21 mutant virus was attenu-
ated nearly 100-fold in B6 mice, but was reduced only
twofold in BALB/c mice, suggesting that NK cell-mediated
control is compromised in the absence of miR-M23/m21
expression [33]. Consistent with this conclusion, replication
of the mutant virus in B6 mice was restored to wild-type
levels upon NK cell depletion. Thus this work demonstrated
a key role for a MCMV miRNA in evasion of the immune
response, and was the first to demonstrate the in vivo
importance of a herpesvirus miRNA.

Gammaherpesviruses

The gammaherpesvirus subfamily includes the important
human pathogens Epstein—Barr virus (EBV) and Kaposi’s
sarcoma (KS)-associated herpesvirus (KSHV, HHV-8).
EBV is a highly ubiquitous human pathogen, chronically
infecting greater than 90 % of the adult human population
worldwide. Moreover, EBV infection is associated with the
development of numerous types of malignancies, including
Burkitt’s B-cell lymphoma, nasopharyngeal carcinoma
(NPC), and Hodgkin’s lymphoma. KSHV is a lym-
photropic gammaherpesvirus that infects endothelial cells
and establishes latency in mature circulating B cells.
KSHYV infection is associated with a variety of malignan-
cies including KS, primary effusion lymphoma (PEL), and
multicentric Castleman’s disease (MCD).

Although an extensive amount of work has been direc-
ted toward defining the function of individual protein-
coding genes and non-coding RNAs during EBV and
KSHY infection in vitro, determining the specific roles that
these elements play in vivo is an enormous obstacle due to
their strict species specificity. Thus, an important advance
has come from the recent use of humanized mice, which
utilizes transplants of human hematopoietic stems cells
(HSCs) to partially reconstitute the immune systems of
severely immunocompromised mice [35]. However,
humanized mouse systems are extremely expensive, do not
support long-term infections, and by necessity employ
highly immunodeficient mouse strains; thus such models
are not optimal for understanding all aspects of virus/host
relationship. Nevertheless, humanized mouse systems
provide an opportunity to examine some in vivo functions
of human viral genes in the context of its parental virus.
Similarly, ectopic expression of viral genes or gene clusters
in adoptive immune reconstitution and transgenic mouse
studies have proved to be of successful means to define
functions of viral genes independent of virus infection.
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Like EBV and KSHV, murine gammaherpesvirus 68
(MHV68, YHV68, MuHV-4) establishes latent infection in
B cells and results in the induction of lymphoproliferative
disease and B-cell lymphoma in the setting of a compro-
mised immune system. Thus MHV68 infection of mice has
proven to be a facile and robust system for examining
cellular and molecular aspects of the complex relationship
between a gammaherpesvirus and its natural host.

Epstein-Barr Virus

Following transfer of virus to a naive host, EBV undergoes
lytic replication in the oral epithelium and establishes
lifelong latency in circulating memory B cells. Although
EBYV infection is typically asymptomatic, acute or chronic
infection in the setting of immunocompromise or alongside
essential cofactors can lead to the development of multiple
types of epithelial or lymphoid malignancies. Thus
understanding the function of EBV miRNAs in the context
of B cell and epithelial biology is of utmost interest. The
172 kb EBV genome encodes 25 pre-miRNA stem-loops
that yield up to 44 mature miRNAs [7, 36]. The EBV
miRNAs are located in three distinct clusters, with one
cluster flanking the the Bcl-2 homolog BHRFI1, and the
others located in two separate clusters within the BART
RNA transcript (Fig. 1).

To determine the in vivo function of the three BHRF1
cluster miRNAs, Wahl et al. generated a virus carrying
deletions of ebv-miR-BHRF1-1, ebv-miR-BHRF1-2, and
ebv-miR-BHRF1-3 [37¢]. Following the direct injection of
virus into the spleens of humanized mice, the authors
observed a significant delay in the accumulation of the
mutant virus DNA in the peripheral blood as compared to
that of wild-type virus. However, this delay did not affect
overall pathogenesis, as the mutant virus resulted in a
similar penetrance of EBV+ tumors. Thus, these results
indicated that the BHRFI1-cluster miRNAs may facilitate
initial acute replication and systemic spread of EBV, but
that they do not play an essential role in EBV oncogenesis.
It is noteworthy that these in vivo findings contrast with the
established role of the BHRF1 miRNAs in potentiation of
B-cell transformation in vitro [38], which may suggest that
other virus or host factors perform activities redundant to
the BHRF1 miRNAs in an in vivo system.

Further work using an irradiated mouse model system
examined the role of the BART cluster 2 miRNA ebv-miR-
BART?7-3p in promoting NPC metastases. ebv-miR-BART7-
3p is highly expressed in NPC samples [39+¢] and positively
correlates with tumor metastasis and clinical stage. To
determine whether ebv-miR-BART7-3p facilitates metastatic
transition in vivo, Cai et al. generated EBV-negative NPC
cells lines stably expressing ebv-miR-BART7-3p. Cells were
then transplanted under the liver capsule of irradiated mice,
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and lymph node metastases were observed after 3 weeks.
Consistent with in vitro findings, lymph node metastases were
observed in 83 % of mice transplanted with NPC cells
expressing ebv-miR-BART7-3p, compared to only 17 % of
mice transplanted with control NPC cells, suggesting that
ebv-miR-BART7-3p stimulates epithelial-to-mesenchymal
transition (EMT). The authors further demonstrated that this
transition was mediated at least in part through miRNA tar-
geting of the PI3K/Akt/GSK-3f3 pathway and subsequent
downregulation of PTEN [39ee].

Kaposi’s Sarcoma-Associated Herpesvirus

KSHYV encodes 12 pre-miRNAs which yield 25 detectable
mature miRNAs (Fig. 1), all located within the latency-
associated region of the genome (10 in the intronic region
between the protein-coding genes K12 and v-FLIP, and 2
within the K12 ORF sequence). Due to the prominent role
of host miR-155 in B-cell differentiation and cancer [40],
the miR-155 ortholog kshv-miR-K12-11 has been of
tremendous interest. To determine whether kshv-miR-K12-
11 functions similar to miR-155 to facilitate B-cell devel-
opment, Boss et al., transplanted human hematopoietic
progenitors stably expressing miR-K12-11 or miR-155 into
NOD/LtSz-scid IL2Ry™" mice and monitored immune
reconstitution over time [41]. Importantly, ectopic expres-
sion of either kshv-miR-K12-11 or miR-155 guided a
significant expansion of human CD19+ splenic B cells
compared with control mice. Validating these findings,
stable expression of kshv-miR-K12-11 in HSCs resulted in
mature B-cell expansion in the periphery and an increase in
the number of developing pre-B cells in the bone marrow
[42¢]. Moreover, the latency locus of KSHV complemented
the B-cell development and response phenotype of miR-
155-deficient mice, demonstrating that miR-K12-11 indeed
can mimic miR-155 functions in vivo [43e, 44, 45].
Together, these studies demonstrated a highly important
functional role for kshv-miR-K12-11 in modulating B-cell
differentiation and provided great insight into the potential
for a single virus-encoded miRNA to potently alter the fate
of infected cells in vivo.

Murine Gammaherpesvirus 68

Murine gammaherpesvirus 68 (MHV68, YHV68, MuHV-4)
is a natural pathogen of wild rodents, including mice, and
MHV68 infection of laboratory mice has served as an
important model for the in vivo study of gammaherpesvirus
latency and pathogenesis. MHV68 encodes 14 pre-miRNA
stem-loops which yield up to 28 mature miRNAs [7, 46—
48]. Interestingly, the 14 stem-loop sequences are incor-
porated into 8 primary pol III transcripts (Fig. 1) that carry
a viral tRNA (vtRNA)-like element at the 5’ end. These
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tRNA-miRNA-encoding RNAs (TMERs), which are
approximately 250 bp in length, are processed in a Drosha-
independent manner prior to entering the canonical miRNA
processing pathway. Although it has been long-known that
the TMER transcripts are highly expressed in latently
infected cells and in virus-associated malignancies [49,
50], a functional role for these miRNAs during infection
has only recently been uncovered.

Using differing approaches to generate combinatorial
miRNA mutant viruses, two groups, including our own,
have now demonstrated roles for the MHV68 miRNAs in
both latency and pathogenesis. Following intranasal inoc-
ulation of B6 mice with MHV68.Zt6, a recombinant
MHV68 with deletions of pre-miRNA stem-loops encoded
by TMERs 1-5, 7, and 8, and a transcriptional stop
upstream of the TMER6 miRNAs, underwent normal acute
replication in lungs in vivo, demonstrating that the MVH68
miRNAs are dispensable for lytic replication [S1e]. Nev-
ertheless, this mutant displayed a 2.3-fold reduction in
latency establishment and reduced numbers of infected
memory B cells, suggesting that the virus-encoded miR-
NAs may facilitate differentiation of infected B cells dur-
ing latency establishment. Similarly, Diebel et al.
generated a combinatorial TMER mutant virus,
MHV68.TKO, which carries deletions in the pol III pro-
moters of each of the TMERSs, and found that TMER
expression was dispensable for acute replication [52¢¢]. In
contrast to the latency attenuation observed following
infection with MHV68.Zt6, the MHV68.TKO mutant dis-
played slightly elevated frequencies of infected cells at
14 dpi. However, the discrepancies between these two
mutants may be due to the lack of vtRNA expression by the
promoter mutant virus: while MHV68.Zt6 expresses nor-
mal levels of the TMER-encoded vtRNAs, MHV68.TKO
lacks expression of the entire TMER transcript including
vtRNAs. These findings may suggest that the virus-en-
coded vtRNAs themselves play a functional role in vivo.

Strikingly, despite these subtle latency phenotypes in
wild-type animals, the combinatorial miRNA mutant
viruses displayed an impressive attenuation of lethal
pneumonia in BALB/c mice deficient in IFNy. While only
20 % of mice infected with wild-type virus survive the
pulmonary inflammatory disease observed in these mice,
100 % of mice inoculated with MHV68.Zt6 survive
infection [S1ee]. Similarly, 80 % of mice infected with the
MHV68.TKO virus survive infection [52¢¢]. Although the
specific targets of the MHV68 miRNAs are yet to be
resolved, together these reports demonstrate an essential
role for MHV68-encoded miRNAs in this robust model of
viral disease. Further, these findings also suggest that while
herpesvirus-encoded miRNAs may only subtly regulate
chronic infection, their presence may strongly influence the
development or outcome of disease.

Conclusions

Despite the rapid growth of miRNA research in recent
years, the understanding of the specific functions of virus-
encoded miRNAs during infection is still in its infancy. In
particular, due to their likely subtle and redundant effects,
defining the biological relevance of virus-encoded miRNAs
in in vivo systems poses a substantial hurdle. Yet, impor-
tant advances in the field have been made in the last few
years, and new themes appear to be emerging.

Herpesvirus miRNAs are Largely Dispensable
for Acute Replication

Experiments in the HSV-1, HSV-2, PRV, and MHV68
systems have clearly demonstrated that individual or
combinatorial miRNA mutant viruses are able to replicate
normally in vivo, a finding which is generally consistent
with parallel in vitro studies. Although an MCMV miRNA
mutant exhibited severely reduced titers in vivo, this
observation was definitively linked to evasion of NK cell
evasion, providing an elegant demonstration of the poten-
tial of a single viral miRNA to manipulate host immunity.

Herpesvirus miRNAs Significantly Contribute
to Pathogenesis

Importantly, despite the lack of obvious role for her-
pesvirus miRNAs in acute infection, and the apparently
subtle roles of herpesvirus miRNAs in latency and reacti-
vation, experiments in multiple in vivo systems have now
clearly demonstrated an essential role for viral miRNAs in
pathogenic outcomes. For example, within their respective
systems, miRNA mutants are severely attenuated for HSV-1
neurovirulence, MHV68 inflammatory pneumonia, and
MDV-1 lymphomagenesis. Moreover, studies with KSHV
K12-11 and EBV BART-7-3p validate the concept that
individual viral miRNAs can very significantly impact the
replication and metastatic potential of infected cells.
Although this theme does not apparently extend to the EBV
BHRF1-cluster miRNAs, other EBV miRNAs may con-
tribute to oncogenesis, and the EBV BART cluster 1 and 2
miRNAs are yet to be carefully tested in this system.

Based on the likelihood that viral miRNAs function in
a cell-type specific manner, and owing to the requirement
of target sequence specificity, it would seem that defining
the specific functions of these molecules in highly com-
plex in vivo systems will surely prove to be extremely
difficult. Nevertheless, the recent advances described here
have yielded critical new insight into the potent actions
of some viral miRNAs, and provide excitement for
the future of in vivo herpesvirus non-coding RNA
experimentation.

@ Springer



216

Curr Pathobiol Rep (2015) 3:209-217

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

Compliance with Ethics Guidelines

Conflict of Interest Emily R. Feldman and Scott A. Tibbetts
declare that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article
does not contain any studies with human or animal subjects
performed by any of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

*« Of major importance

1. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mecha-
nism, and function. Cell 116:281-297

2. Friedman RC, Farh KK-H, Burge CB, Bartel DP (2009) Most
mammalian mRNAs are conserved targets of microRNAs. Gen-
ome Res 19:92-105. doi:10.1101/gr.082701.108

3. Pfeffer S, Zavolan M, Grisser FA et al (2004) Identification of
virus-encoded microRNAs. Science 304:734-736. doi:10.1126/
science.1096781

4. Pfeffer S, Sewer A, Lagos-Quintana M et al (2005) Identification
of microRNAs of the herpesvirus family. Nat Methods
2:269-276. doi:10.1038/nmeth746

5. Tang S, Patel A, Krause PR (2009) Novel less-abundant viral
microRNAs encoded by herpes simplex virus 2 latency-associ-
ated transcript and their roles in regulating ICP34.5 and ICPO
mRNAs. J Virol 83:1433-1442. doi:10.1128/JV1.01723-08

6. Tang S, Bertke AS, Patel A et al (2008) An acutely and latently
expressed herpes simplex virus 2 viral microRNA inhibits
expression of ICP34.5, a viral neurovirulence factor. Proc Natl
Acad Sci USA 105:10931-10936. doi:10.1073/pnas.0801845105

7. Kozomara A, Griffiths-Jones S (2011) miRBase: integrating
microRNA annotation and deep-sequencing data. Nucleic Acids
Res 39:D152-D157. doi:10.1093/nar/gkq1027

8. Jurak I, Kramer MF, Mellor JC et al (2010) Numerous conserved
and divergent MicroRNAs expressed by herpes simplex viruses 1
and 2. J Virol 84:4659-4672. doi:10.1128/JV1.02725-09

9. Umbach JL, Kramer MF, Jurak I et al (2008) MicroRNAs
expressed by herpes simplex virus 1 during latent infection regulate
viral mRNAs. Nature 454:780-783. doi:10.1038/nature07103

10. Kramer MF, Jurak I, Pesola JM et al (2011) Herpes simplex virus
1 microRNAs expressed abundantly during latent infection are
not essential for latency in mouse trigeminal ganglia. Virology
417:239-247. doi:10.1016/j.virol.2011.06.027

11. * Jiang X, Brown D, Osorio N, et al (2015) A herpes simplex
virus type 1 mutant disrupted for microRNA H2 with increased
neurovirulence and rate of reactivation. J Neurovirol 21:199-209.
doi:10.1007/s13365-015-0319-1. A precise mutation of hsv-1-
miR-H2 demonstrated increased HSV-1 encephalitis and reacti-
vation from latency ex vivo

@ Springer

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pan D, Flores O, Umbach JL et al (2014) A neuron-specific host
MicroRNA targets herpes simplex virus-1 ICPO expression and
promotes latency. Cell Host Microbe 15:446—456. doi:10.1016/j.
chom.2014.03.004

Tang S, Bosch-Marce M, Patel A et al (2015) Characterization of
HSV-2 primary miRNA transcript regulation. J Virol. doi:10.
1128/JV1.03135-14

Tang S, Bertke AS, Patel A et al (2011) Herpes simplex virus 2
microRNA miR-H6 is a novel latency-associated transcript-as-
sociated microRNA, but reduction of its expression does not
influence the establishment of viral latency or the recurrence
phenotype. J Virol 85:4501-4509. doi:10.1128/JVI.01997-10
Corn JL, Stallknecht DE, Mechlin NM et al (2004) Persistence of
pseudorabies virus in feral swine populations. J Wildl Dis
40:307-310. doi:10.7589/0090-3558-40.2.307

Cheung AK (1989) Detection of pseudorabies virus transcripts in
trigeminal ganglia of latently infected swine. J Virol 63:
2908-2913

Anselmo A, Flori L, Jaffrezic F et al (2011) Co-expression of host
and viral microRNAs in porcine dendritic cells infected by the
pseudorabies virus. PLoS One 6:e17374. doi:10.1371/journal.
pone.0017374

Wu Y-Q, Chen D-J, He H-B et al (2012) Pseudorabies virus
infected porcine epithelial cell line generates a diverse set of host
microRNAs and a special cluster of viral microRNAs. PLoS One
7:¢30988. doi:10.1371/journal.pone.0030988

. * Mahjoub N, Dhorne-Pollet S, Fuchs W, et al (2015) A 2.5-

Kilobase deletion containing a cluster of nine MicroRNAs in the
latency-associated-transcript locus of the pseudorabies virus
affects the host response of porcine trigeminal ganglia during
established latency. J Virol 89:428-442. doi:10.1128/JV1.02181-
14. First in vivo test of a combinatorial PRV miRNA mutant virus,
revealed little effect of mutations on acute replication or latency
establishment

Osterrieder N, Kamil JP, Schumacher D et al (2006) Marek’s
disease virus: from miasma to model. Nat Rev Microbiol
4:283-294. doi:10.1038/nrmicro1382

Churchill AE, Biggs PM (1967) Agent of Marek’s disease in
tissue culture. Nature 215:528-530

Witter RL (1997) Increased virulence of Marek’s disease virus
field isolates. Avian Dis 41:149-163

Yao Y, Zhao Y, Xu H et al (2008) MicroRNA profile of Marek’s
disease virus-transformed T-cell line MSB-1: predominance of
virus-encoded microRNAs. J Virol 82:4007-4015. doi:10.1128/
JVI.02659-07

Burnside J, Bernberg E, Anderson A et al (2006) Marek’s disease
virus encodes MicroRNAs that map to meq and the latency-as-
sociated transcript. J Virol 80:8778-8786. doi:10.1128/JVI.
00831-06

Xu H, Yao Y, Zhao Y et al (2008) Analysis of the expression
profiles of Marek’s disease virus-encoded microRNAs by real-
time quantitative PCR. J Virol Methods 149:201-208. doi:10.
1016/j.jviromet.2008.02.005

Morgan R, Anderson A, Bernberg E et al (2008) Sequence con-
servation and differential expression of Marek’s disease virus
microRNAs. J Virol 82:12213-12220. doi:10.1128/JV1.01722-08
Zhao Y, Xu H, Yao Y et al (2011) Critical role of the virus-
encoded microRNA-155 ortholog in the induction of Marek’s
disease lymphomas. PLoS Pathog 7:¢1001305. doi:10.1371/
journal.ppat.1001305

Zhao Y, Yao Y, Xu H et al (2009) A functional MicroRNA-155
ortholog encoded by the oncogenic Marek’s disease virus. J Virol
83:489-492. doi:10.1128/JVI1.01166-08

* Yu Z-H, Teng M, Sun A-J, et al (2014) Virus-encoded miR-155
ortholog is an important potential regulator but not essential for
the development of lymphomas induced by very virulent Marek’s


http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.1126/science.1096781
http://dx.doi.org/10.1126/science.1096781
http://dx.doi.org/10.1038/nmeth746
http://dx.doi.org/10.1128/JVI.01723-08
http://dx.doi.org/10.1073/pnas.0801845105
http://dx.doi.org/10.1093/nar/gkq1027
http://dx.doi.org/10.1128/JVI.02725-09
http://dx.doi.org/10.1038/nature07103
http://dx.doi.org/10.1016/j.virol.2011.06.027
http://dx.doi.org/10.1007/s13365-015-0319-1
http://dx.doi.org/10.1016/j.chom.2014.03.004
http://dx.doi.org/10.1016/j.chom.2014.03.004
http://dx.doi.org/10.1128/JVI.03135-14
http://dx.doi.org/10.1128/JVI.03135-14
http://dx.doi.org/10.1128/JVI.01997-10
http://dx.doi.org/10.7589/0090-3558-40.2.307
http://dx.doi.org/10.1371/journal.pone.0017374
http://dx.doi.org/10.1371/journal.pone.0017374
http://dx.doi.org/10.1371/journal.pone.0030988
http://dx.doi.org/10.1128/JVI.02181-14
http://dx.doi.org/10.1128/JVI.02181-14
http://dx.doi.org/10.1038/nrmicro1382
http://dx.doi.org/10.1128/JVI.02659-07
http://dx.doi.org/10.1128/JVI.02659-07
http://dx.doi.org/10.1128/JVI.00831-06
http://dx.doi.org/10.1128/JVI.00831-06
http://dx.doi.org/10.1016/j.jviromet.2008.02.005
http://dx.doi.org/10.1016/j.jviromet.2008.02.005
http://dx.doi.org/10.1128/JVI.01722-08
http://dx.doi.org/10.1371/journal.ppat.1001305
http://dx.doi.org/10.1371/journal.ppat.1001305
http://dx.doi.org/10.1128/JVI.01166-08

Curr Pathobiol Rep (2015) 3:209-217

217

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

disease virus. Virology 448:55-64. doi:10.1016/j.virol.2013.09.
017. In contrast to the Zhao, et al. 2011 report, a mutant of mdvl1-
miR-M4 on a very virulent strain background resulted in greatly
reduced but not abolished oncogenesis, demonstrating that mdv-
miR-M4 is not absolutely essential for MDV tumorigenesis.
Highlights the importance of strain selection in mutational
analyses

* Teng M, Yu Z-H, Sun A-J, et al (2015) The significance of the
individual Meq-clustered miRNAs of Marek’s disease virus in
oncogenesis. J Gen Virol 96:637-649. doi:10.1099/jgv.0.000013.
Demonstrated the contribution of additional MDV-encoded
miRNAs to MDYV tumorigenesis

Goodrum F, Caviness K, Zagallo P (2012) Human cytomegalo-
virus  persistence: HCMV  persistence. Cell Microbiol
14:644-655. doi:10.1111/j.1462-5822.2012.01774.x

Dolken L, Pfeffer S, Koszinowski UH (2009) Cytomegalovirus
microRNAs. Virus Genes 38:355-364. doi:10.1007/s11262-009-
0347-0

Délken L, Krmpotic A, Kothe S et al (2010) Cytomegalovirus
microRNAs facilitate persistent virus infection in salivary glands.
PLoS Pathog 6:¢1001150. doi:10.1371/journal.ppat.1001150
Campbell AE, Cavanaugh VJ, Slater JS (2008) The salivary
glands as a privileged site of cytomegalovirus immune evasion
and persistence. Med Microbiol Immunol (Berl) 197:205-213.
doi:10.1007/s00430-008-0077-2

Shultz LD, Brehm MA, Garcia-Martinez JV, Greiner DL (2012)
Humanized mice for immune system investigation: progress,
promise and challenges. Nat Rev Immunol 12:786-798. doi:10.
1038/nri3311

Barth S, Meister G, Grisser FA (2011) EBV-encoded miRNAs.
Biochim Biophys Acta BBA Gene Regul Mech 1809:631-640.
doi:10.1016/j.bbagrm.2011.05.010

* Wahl A, Linnstaedt SD, Esoda C, et al (2013) A cluster of
virus-encoded microRNAs accelerates acute systemic Epstein—
Barr virus infection but does not significantly enhance virus-in-
duced oncogenesis in vivo. J Virol 87:5437-5446. doi:10.1128/
JVI.00281-13. A mutant of three BHRF-1 cluster miRNAs dis-
played a similar penetrance of EBV + tumors as parental wild-
type virus in a humanized mouse model

Feederle R, Linnstaedt SD, Bannert H et al (2011) A viral
microRNA cluster strongly potentiates the transforming proper-
ties of a human herpesvirus. PLoS Pathog 7:¢1001294. doi:10.
1371/journal.ppat.1001294

** Cai L-M, Lyu X-M, Luo W-R, et al (2014) EBV-miR-BART7-
3p promotes the EMT and metastasis of nasopharyngeal carci-
noma cells by suppressing the tumor suppressor PTEN. Oncogene
34(17):2156-2166.  doi:10.1038/onc.2014.341.  Demonstrated
that ectopic expression of a single EBV miRNA, EBV-miR-
BART7-3p, in EBV-negative nasopharyngeal carcinoma cells
results in greatly increased NPC metastases in irradiated mice.
Highlights the potential for a single viral miRNA to potently
affect tumor progression

Hwang H-W, Mendell JT (2006) MicroRNAs in cell prolifera-
tion, cell death, and tumorigenesis. Br J Cancer 94:776-780.
doi:10.1038/sj.bjc.6603023

Boss IW, Nadeau PE, Abbott JR et al (2011) A Kaposi’s sar-
coma-associated herpesvirus-encoded ortholog of microRNA

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

miR-155 induces human splenic B-cell expansion in NOD/LtSz-
scid IL2R null mice. J Virol 85:9877-9886. doi:10.1128/JVIL.
05558-11

* Dahlke C, Maul K, Christalla T, et al (2012) A microRNA
encoded by kaposi sarcoma-associated herpesvirus promotes
b-cell expansion in vivo. PLoS One 7:e49435. doi:10.1371/
journal.pone.0049435. Validated the finding from the Renne
group (Boss, et al. 2011) that expression of the miR-155 ortholog
kshv-miR-K12-11 results in mature B cell expansion, and exten-
ded these findings to include expansion of developing pre-B cells
¢ Sin S-H, Kim YB, Dittmer DP (2013) Latency locus comple-
ments MicroRNA 155 deficiency in vivo. J Virol
87:11908-11911. doi:10.1128/JV1.01620-13. Demonstrated that
transgenic expression of the KSHV latency locus, including the
miR-155 ortholog kshv-miR-K12-11, can restore B cell develop-
ment and function defects present in miR-155-deficient mice
Thai T-H, Calado DP, Casola S et al (2007) Regulation of the
germinal center response by microRNA-155. Science
316:604-608. doi:10.1126/science.1141229

Rodriguez A, Vigorito E, Clare S et al (2007) Requirement of bic/
microRNA-155 for normal immune function. Science
316:608-611. doi:10.1126/science.1139253

Xia J, Zhang W (2012) Noncanonical microRNAs and endoge-
nous siRNAs in lytic infection of murine gammaherpesvirus.
PLoS One 7:e47863. doi:10.1371/journal.pone.0047863

Reese TA, Xia J, Johnson LS et al (2010) Identification of novel
microRNA-like molecules generated from herpesvirus and host
tRNA transcripts. J Virol 84:10344-10353. doi:10.1128/JVI.
00707-10

ZhuJY, Strehle M, Frohn A et al (2010) Identification and analysis
of expression of novel microRNAs of murine gammaherpesvirus
68. J Virol 84:10266-10275. doi:10.1128/JVI.01119-10
Tarakanova VL, Suarez F, Tibbetts SA et al (2005) Murine
gammaherpesvirus 68 infection is associated with lymphoprolif-
erative disease and lymphoma in BALB 2 microglobulin-defi-
cient mice. J Virol 79:14668-14679. doi:10.1128/JVI1.79.23.
14668-14679.2005

Bowden RJ, Simas JP, Davis AJ, Efstathiou S (1997) Murine
gammaherpesvirus 68 encodes tRNA-like sequences which are
expressed during latency. J Gen Virol 78(Pt 7):1675-1687

*¢ Feldman ER, Kara M, Coleman CB, et al (2014) Virus-en-
coded MicroRNAs facilitate gammaherpesvirus latency and
pathogenesis in vivo. mBio 5:¢00981-e009814. doi:10.1128/
mBi0.00981-14. Demonstrated that a combinatorial miRNA
MHV68 mutant displays a slightly reduced latency load in wild-
type mice, but is completely attenuated for pneumonia patho-
genesis in mice deficient in IFNg. First demonstration of an
in vivo role for a gammaherpesvirus miRNA in the context of the
entire virus

*¢ Diebel KW, Oko LM, Medina EM, et al (2015) Gammaher-
pesvirus small noncoding RNAs are bifunctional elements that
regulate infection and contribute to virulence in vivo. mBio
6:¢01670-e016714. doi:10.1128/mBi0.01670-14. Validated the
role of the MHV68 miRNA transcripts in pneumonia pathogen-
esis, and importantly, demonstrated a functional role for the
MHV68 tRNAs in pathogenesis

@ Springer


http://dx.doi.org/10.1016/j.virol.2013.09.017
http://dx.doi.org/10.1016/j.virol.2013.09.017
http://dx.doi.org/10.1099/jgv.0.000013
http://dx.doi.org/10.1111/j.1462-5822.2012.01774.x
http://dx.doi.org/10.1007/s11262-009-0347-0
http://dx.doi.org/10.1007/s11262-009-0347-0
http://dx.doi.org/10.1371/journal.ppat.1001150
http://dx.doi.org/10.1007/s00430-008-0077-2
http://dx.doi.org/10.1038/nri3311
http://dx.doi.org/10.1038/nri3311
http://dx.doi.org/10.1016/j.bbagrm.2011.05.010
http://dx.doi.org/10.1128/JVI.00281-13
http://dx.doi.org/10.1128/JVI.00281-13
http://dx.doi.org/10.1371/journal.ppat.1001294
http://dx.doi.org/10.1371/journal.ppat.1001294
http://dx.doi.org/10.1038/onc.2014.341
http://dx.doi.org/10.1038/sj.bjc.6603023
http://dx.doi.org/10.1128/JVI.05558-11
http://dx.doi.org/10.1128/JVI.05558-11
http://dx.doi.org/10.1371/journal.pone.0049435
http://dx.doi.org/10.1371/journal.pone.0049435
http://dx.doi.org/10.1128/JVI.01620-13
http://dx.doi.org/10.1126/science.1141229
http://dx.doi.org/10.1126/science.1139253
http://dx.doi.org/10.1371/journal.pone.0047863
http://dx.doi.org/10.1128/JVI.00707-10
http://dx.doi.org/10.1128/JVI.00707-10
http://dx.doi.org/10.1128/JVI.01119-10
http://dx.doi.org/10.1128/JVI.79.23.14668-14679.2005
http://dx.doi.org/10.1128/JVI.79.23.14668-14679.2005
http://dx.doi.org/10.1128/mBio.00981-14
http://dx.doi.org/10.1128/mBio.00981-14
http://dx.doi.org/10.1128/mBio.01670-14

	Emerging Roles of Herpesvirus microRNAs During In Vivo Infection and Pathogenesis
	Abstract
	Introduction
	Alphaherpesviruses
	Herpesvirus Simplex Virus-1 and -2
	Pseudorabies Virus
	Marek’s Disease Virus

	Betaherpesviruses
	Murine Cytomegalovirus

	Gammaherpesviruses
	Epstein--Barr Virus
	Kaposi’s Sarcoma-Associated Herpesvirus
	Murine Gammaherpesvirus 68

	Conclusions
	Herpesvirus miRNAs are Largely Dispensable for Acute Replication
	Herpesvirus miRNAs Significantly Contribute to Pathogenesis

	Open Access
	References




