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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiologic agent of Kaposi’s sarcoma (KS),
a vascular tumor frequently found in immunodeficient individuals. KSHV encodes 12 pre-
microRNAs (pre-miRNAS), which are processed into 25 mature microRNAs (miRNAs). KSHV
miRNAs maintain KSHV latency, enhance angiogenesis and dissemination of the infected cells,
and interfere with the host immune system by regulating viral and cellular gene expression,
ultimately contributing to KS development. In this review, we briefly introduce the biogenesis of
miRNAs and then describe the recent advances in defining the roles and mechanisms of action of
KSHV miRNAs in KS development.

KSHV and Its Related Malignancies

KSHYV, also known as human herpesvirus 8 (HHV-8), is etiologically associated with the
development of several malignancies, including KS, primary effusion lymphoma (PEL), and
multicentric Castleman’s disease (MCD). Among them, KS is a tumor that frequently occurs
in HIV-infected patients and immunocompromised individuals. KSHV-encoded genes,
including KSHV-encoded miRNAs, contribute to the development of KS in multiple ways,
including KSHYV persistent infection in host cells, inhibition of the host immune system and
direct manipulation of oncogenic and tumor suppressor pathways.

Similar to other herpesviruses, KSHV has two distinct phases of replication: latent and lytic
replication. During the latent phase, a limited number of KSHV genes are expressed,
including latency-associated nuclear antigen (LANA) encoded by ORF73, viral cyclin
(vCyclin) encoded by ORF72, viral FLIP (vFLIP) encoded by ORF71, kaposin encoded by
ORF-K12, and 25 mature viral miRNAS. These genes contribute to KSHV latent infection in
host cells. Among them, miRNAs play major roles in KSHV latency and the development of
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KS. In this review, we summarize recent progress regarding the roles of KSHV miRNAs in
KS development.

miRNAs and KSHV-Encoded miRNAs
The Biology of miRNAs

miRNAs are a group of noncoding small single-stranded RNAs of approximately 19 ~ 22
nucleotides (nt) in length. miRNAs usually inhibit target gene expression by binding to
complementary regions, typically in the 3’ untranslated region (3’UTR) of the target gene.
By binding to the 3"UTR of target genes, miRNAs post-transcriptionally compromise the
expression of those target genes.

miRNAs are transcribed by RNA polymerase Il (sometimes by Pol I11) as pri-miRNAsS,
which are usually kilobases long and contain a stem—loop structure [1]. pri-miRNASs are then
processed into ~65-nt-long hairpin pre-mRNA structures by a complex formed by the
nuclear RNase I11-type protein Drosha and the DiGeorge syndrome critical region gene 8
(DGCRS) proteins [1]. Pre-miRNAs are small hairpins with a ~2 nt 3" overhang in structure
which could be recognized by the nuclear export factor exportin 5 (EXP5), and transported
into the cytoplasm [1].

Once entering the cytoplasm, in cooperation with TRBP (TAR RNA-binding protein),
another RNase 111 enzyme, Dicer, cleaves pre-miRNAs into ~22 nt miRNA duplexes [2,3].
The formation of Dicer and TRBP complex (RLC) triggers the binding of Argonaute 1-4
(AGO 1-4) to miRNAs, forming a RISC-miRNA complex [4]. Once released from Dicer,
the stable end of the RNA duplexes is bound to TRBP in RLC while the other end interacts
with the AGO protein, of which the RNA helicase activity removes the unselected strand,
releasing the mature miRNA [1]. A diagram of miRNAs biogenesis is shown in Figure 1.

The RISC-miRNA complex activates the formation of the GW body (a structure formed by
multiple proteins, including GW182, which might function in miRNA binding), and binding
to mRNA, initiated by RISC, triggers the enrichment of one or more heteromeric protein
complexes, including GW182, on the mRNA [5]. The mRNA expression is inhibited, and at
last degraded as a result of the binding of the heteromeric protein complexes [5].

During the biogenesis of miRNAs, the specificity of miRNAs is determined. The seed region
(Box 1) of a mature miRNA is complementary to base pairs of target RNAs, including the
coding and untranslated regions [1,6,7]. Inhibition of the target gene by an miRNA might be
influenced by the translation process of the target gene.

An mRNA could be targeted by multiple miRNAs. For instance, KSHV miR-K12-1, 3 and
4-3p, target the 3’"UTR of caspase 3 (Casp3) [8], Epstein—Barr virus (EBV), and KSHV-
encoded miRNAs share common targets, including BCL2L11 and BACH1 [9], and miR-155
or miR-K12-11 binds to the 3"UTR of BACH-1 [10]. Besides targeting mRNAs, miRNAs
can also be transported by circulating lipid vesicles, which function in cell-to-cell
communication and serve as cancer biomarkers [11]. The function and biogenesis of
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miRNAs can be influenced by naturally occurring single-nucleotide polymorphisms (SNPs),
which can affect miRNA maturation and production [12].

Cellular miRNAs are of great significance in activities of cell, likewise, KSHV miRNAs also
play significant roles in the infection of KSHV and the development of KSHV-related
diseases.

KSHV-Encoded miRNAs

In 2005, three groups identified a total of 11 distinct pre-miRNAs encoded by KSHYV, and
the next year, another group found the 12th pre-miRNA [13-16]. These 12 pre-miRNAS can
further evolve into 25 mature miRNAs. The 5”-proximal regions of most KSHV miRNAs
are fixed, while the 3’ end usually varies, indicating that the 5” end is significant for
miRNA-mMRNA recognition [17]. A list of 12 pre-miRNAS, 25 mature miRNAs and their
corresponding sequences are shown in Table 1. However, analysis of miRNA sequences
showed that miR-K10-3p has two distinct 5” ends, which might affect its function [16,18].

KSHV miRNAs are clustered together in the viral genome located in the latent locus. Of the
12 pre-miRNAs, 10 are located in the sequence between kaposin and ORF71, while miR-
K10 is located within the ORF of kaposin and miR-K12 is mapped to the 3"UTR of kaposin
[19]. A map of the relative position of KSHV miRNAs and latent genes is shown in Figure
2. Due to the compact structure of the viral genome, one ORF might localize in the 3’"UTR
of another gene. In the KSHV genome, ORF57/MTA is included in the 3'UTR of ORF56,
and translation of ORF57/MTA might result in dispelling or compromising maximal miRNA
recognition and regulation [7].

All known miRNAs are expressed during the viral latent phase. miRNASs deriving from pre-
miR-K10 and pre-miR-K12 are further induced during the viral lytic phase [16,20]. In
KSHYV latently infected cells, as many as 2200 copies of an individual miRNA could be
expressed in a single cell [15]. Expression of KSHV miRNAs is conservative among
different cells examined. KSHV miRNAs are conservative in primary effusion lymphoma
cell lines and in tissues from patients with KS or MCD [21-23]. Analysis of samples from
KS patients revealed that some of KSHV miRNAs were significantly upregulated during
lytic replication, and these results were consistent in studies done by two independent
groups [24,25]. While all the KSHV miRNAs are expressed during viral latency, their
activities and expression levels vary. For instance, in BC-1 and BCBL-1 cells, levels of miR-
K5 are of great disparity, and levels of individual miRNAs differ from one another [26].
High-throughput sequencing indicates that miRNA-K9 is absent in BC-3 cells [17].

The expression of specific KSHV miRNAs is highly regulated and varies with different
phases of the viral life cycle. A study by Happel et al. revealed a unique way of regulating
the biogenesis by KSHV miRNAs [27]. During de novo infection of KSHV, expression of
MCP-1-induced protein-1 (MCPIP1) is repressed, and knockdown of MCPIP1 in KSHV-
infected cells induces the expression of IL-6 and KSHV miRNA [27]. Meanwhile, KSHV
mMiRNA-K4-5p, 6-3p, and 10a inhibit the expression of MCPIP1 mRNA, while miRNA-K1,
6-3p, and 7 could bind to MCPIP1 3’UTR, and knockdown of these three miRNAs results
in increased expression of MCPIP1 [27].
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This study illustrates a novel strategy by which KSHV interacts with the host environment,
which tightly regulates the expression of KSHV miRNAs.

KSHV miRNAs can be encapsidated into virions. In virions produced with Vero/Bac36,
TRExXBCBL-1-Rta, and BCBL-1 cells, at least 4 of the 25 miRNAs are detected [28]. These
encapsidated miRNAs can be transported into host cells after KSHV reactivation,
functioning in cell-to-cell communication [28]. Chugh et al. detected viral miRNASs in
patient exosomes, and treatment of hTERT-(human umbilical vein endothelial
cells(HUVECSs) with patient-derived exosomes enhanced cell migration [29].

Similar to mammalian cells, KSHV miRNAs play important roles in the infection of KSHV
and the development of KSHV-related diseases.

Methods for Identifying the Targets of miRNAs

To investigate the function of KSHV miRNAs in KSHV-induced malignancies, multiple
methods were developed to predict and validate the targets of these miRNAs.

By bioinformatics analysis, MRNA sequences with complementary bases to the seed region
of mature miRNAs have been identified [30]. Databases, including Targetscan, miRanda,
DIANA Tool, and PicTar, can be used to predict target sites of miRNAs. However this
approach may present with false-positive results, and further validation — such as by
luciferase-report assays with the complementary sequences in the 3’UTR cloned in the
reporters — is required to confirm the binding of miRNAs to their target regions.

High-throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-
CLIP or PAR-CLIP) is a method for delineating the genome-wide miRNA targets [18]. By
using this method, Gottwein et al. revealed more than 2000 targets of KSHV miRNAs, and
58% of these mMRNAs are also targeted by EBV miRNAs [18]. Gallaher et al. identified
multiple human genes that are repressed at the protein level, but not at the mRNA level by
using stable isotope labeling of amino acids in cell culture (SILAC) coupled with tandem
mass spectrometry and microarray analysis [31]. Several other methods, such as cDNA
microarray and protein profiling technologies, have been applied in miRNA research [32].

In studying the function of KSHV miRNAs, these methods are introduced to investigate the
targets of KSHV miRNAs.

As miRNAs function through the RISC complex, an approach by combining RISC
immunoprecipitation, microarray analysis, and dual luciferase-report assays identified
NHP2L1, GEMINS, LRRC8D, and CDK5RAP1 as targets of KSHV miRNAs [33]. The
targeted regions of both LRRC8D and CDK5RAP1 are located in the 3’UTRs, while those
of NHP2L1 and GEMINS are located in the coding region [24]. The biological
consequences of these regulatory mechanisms remain to be explored.

Combining bioinformatics analysis, HITS-CLIP and PAR-CLIP, and luciferase-reporter
assays, many targets of KSHV miRNAs have been identified and confirmed [34,35]. KSHV
miRNAs can also target other regions in addition to the 3’UTR of an mRNA. This
mechanism of targeting has also been identified for host miRNAs [36,37]. By mutagenesis
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analysis and luciferase-report assays, it was found that miR-K3 targets ORF31-33
transcripts via two binding sequences within the ORF33 coding region; miR-K10a-3p and
miR-K10b-3p target the ORF71-72 transcripts by binding to the 5’-distal ORFs and
intergenic regions [38].

While different KSHV miRNAs might have the same targets or different targets in the same
pathways [39], the gene regulatory networks of a specific miRNA in different cell lines
usually have little overlap [40]. Ectopic expression of miR-K11 in BJAB (B-cell origin) and
TIVE (vascular endothelial origin) resulted in differential regulation of gene expression
networks [40]. Among the thousands of genes dysregulated by miR-K11 in BJAB and TIVE,
only around 120 genes are common in these two cell lines [40]. Hence, KSHV miRNAs
might function differently in different types of cell. A list of confirmed targets of KSHV
miRNAs if given in Table 2.

In order to uncover the functions of KSHV miRNAs in the context of viral infection, a
reverse genetic system was used to generate mutants by knocking-out KSHV miRNAs in the
viral genome initially with an entire cluster of 10 pre-miRNAs [41], then with individual
miRNAs [42]. As of now, KSHV mutants with a knockout of individual or several miRNAs
have been generated [42]. By using this method, the functions of KSHV miRNAs in cellular
transformation and tumorigenesis have been defined [43]. Among the KSHV miRNAs, miR-
K1 dysregulates the cell cycle and cell survival by inhibiting IxBa to activate the NF-xB
pathway [43].

In summary, similar to cellular miRNAs, KSHV miRNAs function in a seed sequence
recognition mode. Many methods and tools have been used to uncover the functions of
KSHV miRNAs.

KSHV miRNAs Contribute to KS Development via Complex Mechanisms

KSHV miRNAs are of great importance in the tumorigenesis of KS. KSHV miRNAs
regulate the expression of both viral and cellular genes. During the last decade, multiple
targets of KSHV miRNAs have been found. By inhibiting the expression of target genes,
KSHV miRNAs regulate the life cycle of KSHV, manipulate the host immune response, and
contribute to the KSHV-induced angiogenesis and dissemination of KS.

KSHV miRNAs and the KSHV Life Cycle

KSHV miRNAs play significant roles in regulating the KSHV life cycle either by targeting
key viral replication genes or cellular genes that regulate KSHV replication.

By interfering with the lytic switch protein, RTA, KSHV miRNAs help KSHV to maintain
latent infection. Repression of RTA by miR-K9* (now known as miR-K9-5p) and miR-K7
has been reported in different cell systems [6,44,45]. Besides directly targeting viral genes,
KSHV miRNAs also regulate the KSHV life cycle by targeting cellular genes, which, in
turn, regulate viral genes. A luciferase-report assay revealed that, by targeting cellular
transcription factor MYB, miR-K11 indirectly restrains the expression of RTA to maintain
KSHYV latency [46]. Through targeting nuclear factor I/B, an activator of RTA, miR-K3
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inhibits RTA expression, contributing to KSHV latency [46,47]. MiR-K4-5p has a sequence
targeting retinoblastoma (Rb)-like protein 2 (Rbl2), a suppressor of DNA methyl transferase
3a and 3b mRNA transcription [6]. By suppressing Rbl2, the expression of DNMT1 was
elevated, resulting in the methylation of the RTA promoter and maintenance of latent
infection in host cells [6]. According to our recent study, overexpression of miR-K3 also
inhibits lytic replication by targeting GRK2, which subsequently regulates the CXCR2/AKT
pathway [48]. KSHV miR-K1 activates the NF-xB pathway by targeting 1«Ba, which results
in the inhibition of lytic replication [41]. Tandem array-based expression identified Bcl-2-
associated factor (BCLAF1) as the target of three KSHV miRNAs: miR-K5, —-K9, and
—K10a/b [49]. Knockdown of BCLAF1 resulted in increased viral lytic production [49].

MiR-K11 shares 100% seed sequence homology with hsa-miR-155, a human oncomiR [50].
By mimicking the function of host miRNAs, miR-K11 enhances the proliferation of CD19*
B-cells in the spleen in a mouse model [51]. In this model, miR-K11 downregulates the
expression of the basic region/leucine zipper motif transcription factor C/EBPp, a regulator
of interleukin-6, at the transcription level. Another group has also confirmed B-cell
expansion in a transgenic mouse expressing miR-K11 [39]. In this study, besides C/EBPp,
Jarid2 is also used as a common target of KSHV miR-K11 and hsa-miR-155 [39]. Thus,
miR-K11 modulates B-cells to facilitate KSHV latent infection, contributing to KSHV-
induced malignancies.

By interfering with KSHV life cycle, KSHV miRNAs contribute to the development of
KSHV-induced malignancies.

KSHV miRNAs and Host Immunity

KSHV miRNAs contribute to KHSV latent infection in host cells by interfering with
immune surveillance as well. KSHV miR-K11 attenuates type | Interferon (IFN) signaling,
the primary response in antiviral immunity, by targeting I-kappa-B kinase epsilon (IKKe),
an activator of KSHYV lytic production [52]. MiR-K7 directly binds to the 3’UTR of MICB,
the stress-induced natural killer (NK) cell ligand; inhibition of MICB leads to reduced attack
by NK cells [53]. By adopting these strategies, KSHV escapes from host immune responses
and maintains viral latency, contributing to the development of KS.

KS lesions, including all subtypes of KS, present with excessive inflammatory cytokines.
KSHV miRNAs also affect the secretion of inflammatory cytokines to facilitate KS
development. Interleukin-1 receptor (IL-1R)-associated kinase (IRAK1) and myeloid
differentiation primary response protein 88 (MYD88), components of the Toll-like receptor
(TLR)/IL-1R signaling cascade, are the target of miR-K9 and K5, respectively [54]. In miR-
K5 or K9 transfected and IL-1a stimulated HUVECS, expression of IL-6 and 1L-8 mRNAs,
and secretion of IL-6 and IL-8 in cell culture, are significantly reduced [54,55]. The function
of proinflammation is not always clear. What is peculiar is that inhibition of the tumor
necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK) receptor by miR-K10a
suppresses an immune response, leading to a reduction in the production of IL-8 and MCP-1
in primary HUVECs [56]. In conclusion, KSHV miRNAs target key genes and their
signaling pathways, and manipulate host immune systems, hence contributing to the
development of KS.
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KSHV miRNAs and KS Dissemination and Angiogenesis

KS tumors often manifest abnormal angiogenesis and dissemination. KSHV miRNAs play
important roles in KS angiogenesis and dissemination. In 293 and BJAB cells stably
expressing KSHV miRNAs, thrombospondin 1 (THBS1), an antiangiogenic and
antiproliferative protein, was significantly decreased [32]. Multiple miRNAs are involved in
regulating THBS1, including miR-K1, miR-K3-3p, miR-K6-3p, and miR-K11 [32]. By
inhibiting THBS1 expression, these miRNAs contribute to angiogenesis and proliferation of
KSHV-infected cells.

Tumor suppressor protein tropomyosin 1 (TPM1) has multiple isoforms, including Tmskal,
TM3, and TM5. MiR-K5 represses Tmskal expression by targeting its 3'UTR; whereas
miR-K2 may target TM3 outside the 3’'UTR, both of which elevated the angiogenic
activities of HUVECs [57]. By repressing the expression of the breakpoint cluster region
(Bcr) protein, miR-K6-5p increased the tubulogenesis of HUVECs /n vitro [58]. MiR-K6-
3p inhibits SH3 domain-binding glutamate-rich protein (SH3BGR) by binding to the
3’UTR, which further activates the STAT3 pathway [59]. As a result, miR-K6-3p promotes
cell migration and invasion, contributing to KS dissemination and angiogenesis [59].

MiR-K3 and —K7 both regulate C/EBP expression. By binding to the 3’"UTR of C/EBP,
these two miRNAs preferentially suppress the expression of C/EBPB p20 (LIP), an isoform
of C/EBP, which leads to the inhibition of secretion of IL-8 and IL-10 by macrophages,
and immune response against infection [60].

Besides C/EBP, G-protein-coupled receptor kinase 2 (GRK?2) is also a direct target of miR-
K3. Inhibition of GRK2 expression resulted in increased expression of the chemokine
receptor CXCR2, which induces angiogenesis, and promotes cell migration and invasion as
well [48,61]. Meanwhile, inhibition of GRK2 expression by miR-K3 activates AKT
signaling, which promotes cell migration and invasion [48,61].

Overall, by dysregulating key pathways and mRNAs, KSHV miRNAs contribute to KS
development by inducing angiogenesis and dissemination.

Other Functions of KSHV miRNAs in KS Tumorigenesis

Despite their contribution in KS dissemination and angiogenesis, KSHV miRNAs also
promote KS development by manipulating cell cycle arrest, cell survival, and cellular
transformation. In a KSHV-induced cellular transformation model of primary cells, a KSHV
mutant with a deletion of a cluster of 10 pre-miRNAs failed to transform primary cells. The
miRNAs are essential for maintaining the homeostasis of the KSHV-infected cells by
preventing cell cycle arrest and apoptosis by redundantly targeting multiple cancer-related
pathways [43]. In this system, compared to the uninfected primary cells, the KSHV-
transformed cells are hyperproliferative without depending on glucose [62]. Together with
VFLIP, the cluster of KSHV miRNAs reprograms the cellular metabolic pathways to support
cellular proliferation and transformation [62].

KSHYV uses XCT as a coreceptor for entry into the cells [63]. By suppressing BACH-1, miR-
K11 induces the expression of xCT, which renders macrophage and endothelial cells
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permissive to KSHV infection [63]. miR-K11, miR-K1 and —K9 also have a similar effect
on macrophage and endothelial cells; however, the mechanisms of miR-K1 and —K9
regulating xCT remains unclear [64]. Overexpression of KSHV miRNAs promotes the
secretion of reactive nitrogen species (RNS) by macrophages, which then conversely
facilitates KSHV infection of macrophages [63].

Following KSHYV infection, the cell cycle of the host cells is deregulated by KSHV-encoded
genes [65]. KSHV miR-K1 participates in regulating the cell cycle by directly targeting the
3’UTR of p21, a key inducer of cell cycle arrest [66]. Inhibition of p21, as well as IxBa, by
miR-K1 contributes to the homeostasis and survival of KSHV-transformed cells [43]. KSHV
miR-K1, 3 and 4-3p target the 3’"UTR of caspase 3 (Casp3), and inhibit Casp3-induced cell
apoptosis [8]. Besides interfering with the the immune response, miR-K10a regulated
TWEAK receptor downregulation also inhibits apoptosis [56]. In a most recent study, Liu et
al. found that, by suppressing the expression of growth arrest DNA damage-inducible gene
45 beta (GADD45B), miRNA-K9 protects KSHV-infected cells from cell cycle arrest and
apoptosis [67].

In addition to p21, miR-K1 also regulates the NF-xB and STAT3 pathways by targeting the
IxBa/NF-xB/IL-6 signaling pathway, contributing to KSHV-related tumorigenesis [68].
KSHV miRNAs, especially miR-K11 and —K®6, suppress the expression of the lymphatic
endothelial cell (LEC)-specific transcription factor MAF, inhibiting LECs from converting to
blood vessel endothelial cells and contributing to KSHV-induced oncogenesis [69]. The
infamous miR-K11 targets the bone morphogenetic protein (BMP)-responsive
transcriptional factor SMADS, which then abates transforming growth factor B (TGF-B)
signaling, and promotes KSHV viral infection and tumorigenesis [70]. KSHV miR-K10a
and —10b promote cell survival and malignant cell transformation by targeting transforming
growth factor p (TGF-B), a regulator for cell apoptosis [71]. miR-K10 also contributes to
KSHV-induced cellular transformation. Ectopic expression of miR-K10 results in enhanced
activity of cellular transformation by depressing several inhibitors of oncogenic
transformation. These activities mimic those of its cellular ortholog miR-142-3p [72].
Numerous other KSHV miRNAs also mimic the functions of cellular miRNAs: 5" nts 3 to
10 of miR-K6-5p are homologous to hsa-miR-15a/16 [73], miR-K3 and its variant miR-K3
+ 1 (a variant with an additional adenosine (A) at the 5" end) imitates miR-23 and targets
miR-23’s targets, which favors KSHV infection [74].

KSHV miRNAs regulate cellular metabolism of infected cells, not individually, but as a
whole cluster [75]. The KSHV miRNA cluster induces the Warburg effect by inhibiting
EGLN2 and HSPA9, which are important for cell growth in a low-oxygen environment and
latency maintenance [75]. Regulation of the metabolism of KSHV-infected cells is achieved
through two independent pathways, activation of HIF1a and reduction of mitochondrial
biogenesis [75]. However, in the model of KSHV-induced cellular transformation, KSHV
suppresses aerobic glycolysis, which is essential for cell survival under nutrient deprivation
conditions, which is commonly seen in the tumor microenvironment [62]. KSHV miRNAs
contribute to the suppression of the Warburg effect by activation of the NF-xB pathway to
suppress the glucose transporters 1 and 3 (GLUT1 and 3). As a result, the expression levels
of GLUTL1 and 3 are significantly lowered in KSHV-infected cells compared to the adjacent
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uninfected cells in KS tumors. Thus, manipulation and fine-tuning of metabolic pathways is
essential for the proliferation and survival of KS cells [62].

The regulation network of KSHV miRNAs is complex. By regulating the activity of KSHYV,
or KSHV-infected cells, these unique miRNAs play significant roles in KSHV infection and
the development of KSHV-induced malignancies. By studying the mechanism of KSHV
miRNAs, more effective methods of treating KSHV-induced malignancies might be
developed.

Concluding Remarks and Future Perspectives

Many functions of KSHV miRNAs have been uncovered in the past 10 years; however, more
efforts are needed to fully de ne their functions in KSHV infection and KSHV-induced
malignancies (see Outstanding Questions). Figure 3 (Key Figure) illustrates our current
understanding of the functions of KSHV miRNAs. However, most studies have so far used
artificial overexpression of individual KSHV miRNAs and the luciferase-report assay to
identify miRNA binding sites, which do not reflect the physiological condition of cells and
tissues in which KSHV miRNAs function. In investigating the mechanisms of KSHV
miRNAs, studies so far show distinct regulation networks in different cell types and tissues.
The lack of animal models is another problem encountered in studying KSHV miRNAs,
which limits our efforts in exploring the functions of these miRNASs /n vivo. Thus, targets
and mechanisms identified in these studies may not reflect the situation /n vivo. Future
studies should address the issues of expression of individual miRNAs at a single cell level
(copy number), cell type specificity of the targets, and the dynamic changes of expression
levels of miRNAs in different phases of the KSHV life cycle.

With the recent development of models of KSHV-induced cellular transformation and
tumorigenesis [76,77] combining the use of reverse genetics [78,79], defining the roles and
identifying the mechanisms of action of KSHV miRNAs in KSHV infection and KSHV-
associated malignancies in the context of KSHV infection has become possible. By using
this approach, the functions of individual miRNAs can be studied in the context of KSHV
infection. The recent development of the humanized mouse model also provides a new tool
for defining the roles of KSHV miRNAs in KSHV persistent infection [80]. It is expected
that novel therapeutic targets and prognostic markers would be identified through these
efforts.
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Box 1.
Seed Sequence of miRNAs

The seed region of an miRNA is a sequence of 7-8 nt at the 5" end of the miRNA [81].
The seed region/sequence generally defines the specificity of an miRNA, and most of the
time it is completely complementary to a specific region of a target gene transcript,
including both coding region and untranslated regions [82]. Target sites in the ORF and
3’UTR of a single miRNA could have synergistic effects [34,83,84]. Multiple target sites
of the same miRNA in the 3"UTR could significantly enhance the targeting efficiency of
the miRNA [85]. Factors influencing miRNA targeting include the structure of target
region and the distance between two seed sites, etc. [86,87]. While the seed region
usually lies in the 5’ end of a miRNA, the 3" end of an miRNA might also have a
supplementary function [82]. miRNAS post-transcriptionally regulate the expression of
genes, which include the levels of the transcripts and efficiencies of translation. Recent
high-throughput approaches have shown that, in most cases, the levels of both protein and
transcript of target genes are decreased by the miRNAs [88,89].
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Trends

miRNAs play significant roles in different diseases. By binding to target genes, miRNAs
post-transcriptionally regulate gene expression. During viral infections, miRNAs
manipulate the activities of viruses and host cells. Some viral miRNAs mimic cellular
miRNAs, and interfere with cellular activities.

KSHV encodes 25 mature miRNAs and all play essential roles in the viral life cycle and
cellular activities. Recent studies have focused on the roles of KSHV miRNAs in KSHV
induced-tumorigenesis and KS development. Identification of the targets, and delineation
of the functions of KSHV miRNAs, could provide novel strategies for treatment and
prevention of KSHV-associated malignancies.
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Outstanding Questions

Multiple KSHV microRNAs manipulate the KSHV life cycle, studies so far focus on the
function of a single KSHV microRNA. How do these microRNAs work together as a
whole, and does any one of these microRNASs play a leading role?

Do KSHV microRNASs regulate other non-coding RNA and contribute to the
development of KS?

Could targets of KSHV miRNAs be used for developing vaccines or drugs?
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Figure 1. Biogenesis of miRNA and Mechanism of Function.
Pri-miRNAs are products of polymerase Il (Poly Il), and are usually kilobases long. Pri-

miRNAs are further processed into much smaller RNAs by Drosha and transported into the
cytoplasm by Exportin 5 (EXP5). In the cytoplasm, pre-miRNAs are selectively cleaved by
Dicer and processed by RISC. The functions of mature miRNAs are executed by the RNA-
induced silencing complex, or RISC.
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Figure 2. Map of the Relative Positions of Kaposi’s Sarcoma-Associated Herpesvirus (KSHV)
miRNASs and Viral Latent Genes in the KSHV Genome.

KSHV miRNAs are located in the latent cluster of the KSHV genome. Most of the KSHV
miRNAs are clustered together while miR-K12 and —K10 lie in the 3’UTR and ORF of
kaposin, respectively.
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Key Figure

Diagram of Kaposi’s Sarcoma-Associated Herpesvirus (KSHV) Infection, and the Functions of
KSHV miRNAs in Kaposi's Sarcoma (KS) Development
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Figure 3.
KSHYV contributes to KS development in multiple ways. In this diagram, we show the

functions of KSHV miRNAs in KSHYV infectivity, immune response, and tumor
angiogenesis and dissemination. KSHV lytic replication is regulated by multiple KSHV
miRNAs. miRNAs are encapsidated in the virions, which can be released into newly
infected cells. miRNASs also regulate the expression of multiple cytokines, contributing to
immune escape, cell proliferation, and tumor angiogenesis and dissemination.
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Table 1.

KSHV-Encoded miRNAs.?

pre-miRNAs | Pre-miRNA stem loop sequence Mature miRNAs | miRNA sequences
miR-K12-1 GGGUCUACUUCGCUAACUGUAGUCCGGGUCG- miR-K1-5p AUUACAGGAAACU-
AUCUGAGCCAUUGAAGCAAGCUUCCAGAUCU- GGGUGUAAGC
UCCAGGGCUAGAGCUGCCGCGGUGACACC
miR-K1-3p GCAGCACCUGUU-
UCCUGCAACC
miR-K12-2 GGGUCUACUUCGCUAACUGUAGUCCGGGUCGA- | miR-K2-5p AACUGUAGUCCG-
UCUGAGCCAUUGAAGCAAGCUUCCAGAUCUUC- GGUCGAUCUG
CAGGGCUAGAGCUGCCGCGGUGACACC
miR-K2-3p GAUCUUCCAGG-
GCUAGAGCUG
miR-K12-3 GGCUAUCACAUUCUGAGGACGGCAGCGAC- miR-K3-5p UCACAUUCUGAG-
GUGUGUCUAACGUCAACGUCGCGGUCA- GACGGCAGCGA
CAGAAUGUGACACC
miR-K3-3p UCGCGGUCACAG-
AAUGUGACA
miR-K12-4 AUAACUAGCUAAACCGCAGUACUCUAGGG- miR-K4-5p AGCUAAACCGCA-
CAUUCAUUUGUUACAUAGAAUACUGAG- GUACUCUAGG
GCCUAGCUGAUUAU
miR-K4-3p UAGAAUACUGAGG-
CCUAGCUGA
miR-K12-5 UGACCUAGGUAGUCCCUGGUGCCCUAA- miR-K5-5p AGGUAGUCCCUG-
GGGUCUACAUCAAGCACUUAGGAUGCCU- GUGCCCUAAGG
GGAACUUGCCGGUCA
miR-K5-3p UAGGAUGCCUGG-
AACUUGCCGGU
miR-K12-6 CUUGUCCAGCAGCACCUAAUCCAUCGGCGG- miR-K6-5p CCAGCAGCACCU-
UCGGGCUGAUGGUUUUCGGGCUGUUGAGCGAG AAUCCAUCGG
miR-K6-3p UGAUGGUUUUCG-
GGCUGUUGAG
miR-K12-7 GCGUUGAGCGCCACCGGACGGGGAUUUA- miR-K7-5p AGCGCCACCGGA-
UGCUGUAUCUUACUACCAUGAUCCCAUG- CGGGGAUUUAUG
UUGCUGGCGCUCACGG
miR-K7-3p UGAUCCCAUGUU-
GCUGGCGC
miR-K12-8 CGCGCACUCCCUCACUAACGCCCCGCUU- miR-K8-5p ACUCCCUCACUA-
UUGUCUGUUGGAAGCAGCUAGGCGCG- ACGCCCCGCU
ACUGAGAGAGCACGCG
miR-K8-3p CUAGGCGCGACU-
GAGAGAGCA
miR-K12-9 GGGUCUACCCAGCUGCGUAAACCCCG- miR-K9-5p ACCCAGCUGCGU-
CUGCGUAAACACAGCUGGGUAUACG- AAACCCCGCU
CAGCUGCGUAAACCC
miR-K9-3p CUGGGUAUACGC-
AGCUGCGUAA
miR-K12-10a | CUGGAGGCUUGGGGCGAUACCACCACUC- miR-K10a-5p GGCUUGGGGCGA-
GUUUGUCUGUUGGCGAUUAGUGUUGU- UACCACCACU
CCCCCCGAGUGGCCAG
miR-K10a-3p UAGUGUUGUCCCC-
CCGAGUGGC
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pre-miRNAs | Pre-miRNA stem loop sequence Mature miRNAs | miRNA sequences
miR-K12-10b | CUGGAGGCUUGGGGCGAUACCACCACU- miR-K10b-3p UGGUGUUGUCC-
CGUUUGUCUGUUGGCGAUUGGUGUU- CCCCGAGUGGC
GUCCCCCCGAGUGGCCAG
miR-K12-11 CGCUUUGGUCACAGCUUAAACAUUUC- miR-K11-5p GGUCACAGCUUAA-
UAGGGCGGUGUUAUGAUCCUUAA- ACAUUUCUAGG
UGCUUAGCCUGUGUCCGAUGCG
miR-K11-3p UUAAUGCUUAGCC-
UGUGUCCGA
miR-K12-12 GAUGGCCGGCACGCGGUGUCAACCAG- miR-K12-5p AACCAGGCCACCA-
GCCACCAUUCCUCUCCGCAUUAAAGC- UuccucuccG
ACUCGGUGGGGGAGGGUGCCCUGGU-
UGACACAAUGUGCCGCGCAUC
miR-K12-3p UGGGGGAGGGU-
GCCCUGGUUGA

aSequences were obtained from miRBase (http://www.mirbase.org/index.shtml).
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Table 2.

KSHV miRNAs and Validated Targets.

KSHV miRNAs | Targets of miRNAs | Functions Refs
miR-K12-1 Casp3 Apoptosis [8]
NF-xB signaling KSHYV latency [41]
THBS1 Cell adhesion, migration, and angiogenesis [32]
p21 Cell cycle arrest [43]
STAT3 IxBa/NF-xB/IL-6 signaling pathway [68]
miR-K12-3 Casp3 Apoptosis [8]
nuclear factor 1/B KSHYV latency [45,47,48]
GRK2 KSHYV latency and angiogenesis, dissemination [43,48]
THBS1 Cell adhesion, migration, and angiogenesis [32]
C/EBPB p20 (LIP) Influence the secretion of IL-8 and —10 and immune response | [60]
miR-K12-4 Casp3 Apoptosis [8]
RbI2 KSHYV latency [6]
miR-K12-5 BCLAF1 KSHYV latency [49]
MYD88 Regulating the TLR/IL-1R signaling cascade [54]
Tmskal Apoptosis and angiogenesis [57]
miR-K12-6 THBS1 Cell adhesion, migration, and angiogenesis [32]
Ber Angiogenesis [58]
SH3BGR Angiogenesis and dissemination [59]
MAF Influence the differentiation of infected cells [69]
miR-K12-7 RTA KSHV latency [6,44,45]
MICB Escape NK cell killing [53]
C/EBPB p20 (LIP) Influence the secretion of IL-8 & —10 and immune response [60]
miR-K12-9 RTA KSHV latency [6,44,45]
BCLAF1 KSHYV latency [49]
IRAKI Regulating the TLR/IL-1R signaling cascade [54]
miR-K12-10a BCLAF1 KSHV latency [49]
TWEAK Apoptosis [56]
TGF-B KSHYV infection and apoptosis [71]
miR-K12-10b BCLAF1 KSHYV latency [49]
TGF-B KSHYV infection and apoptosis [71]
miR-K12-11 MYB KSHYV latency [46]
C/EBPB Influences IL-6 mMRNA expression [51]
Jarid2 Specific function has not been studied. [39]
IKKe Immune escape and KSHV latency [51]
THBS1 Cell adhesion, migration, and angiogenesis [32]
BACH-1 Cell sensitivity of KSHV infection [63]
MAF Influence the differentiation of infected cells [69]
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KSHV miRNAs

Targets of miRNAs

Functions

Refs

BMP

Facilitates viral infection and proliferation

[70]
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