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Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes over 90 genes and 25 microRNAs (miRNAs). The KSHYV life cycle is
tightly regulated to ensure persistent infection in the host. In particular, miRNAs, which primarily exert their effects by binding
to the 3’ untranslated regions (3'UTRs) of target transcripts, have recently emerged as key regulators of KSHV life cycle. Al-
though studies with RNA cross-linking immunoprecipitation approach have identified numerous targets of KSHV miRNAs, few
of these targets are of viral origin because most KSHV 3'UTRs have not been characterized. Thus, the extents of viral genes tar-
geted by KSHV miRNAs remain elusive. Here, we report the mapping of the 3'UTRs of 74 KSHYV genes and the effects of KSHV
miRNAs on the control of these 3'UTR-mediated gene expressions. This analysis reveals new bicistronic and polycistronic tran-
scripts of KSHV genes. Due to the 5'-distal open reading frames (ORFs), KSHV bicistronic or polycistronic transcripts have sig-
nificantly longer 3' UTRs than do KSHV monocistronic transcripts. Furthermore, screening of the 3' UTR reporters has identi-
fied 28 potential new targets of KSHV miRNAs, of which 11 (39%) are bicistronic or polycistronic transcripts. Reporter
mutagenesis demonstrates that miR-K3 specifically targets ORF31-33 transcripts at the lytic locus via two binding sites in the
ORF33 coding region, whereas miR-K10a-3p and miR-K10b-3p and their variants target ORF71-73 transcripts at the latent locus
through distinct binding sites in both 5'-distal ORFs and intergenic regions. Our results indicate that KSHV miRNAs frequently
target the 5'-distal coding regions of bicistronic or polycistronic transcripts and highlight the unique features of KSHV miRNAs

in regulating gene expression and life cycle.

In eukaryotes, a transcript usually encodes a single polypeptide,
whereas a polycistronic transcript that can encode several poly-
peptides is uncommon (1, 2). Viruses, on the other hand, often
encode bicistronic and polycistronic transcripts to increase cod-
ing efficiency (3). Such gene structure is essential for viruses be-
cause of their relatively small genome sizes. In bicistronic and
polycistronic transcripts, it is usually the 5'-proximal open read-
ing frames (ORFs) that are translated into proteins by cap-depen-
dent mechanism (1, 2). Although the 5'-distal ORFs have the
potentials for encoding proteins, a mechanism other than the cap-
dependent initiation for protein translation is required (1, 2).
Therefore, the function of the extended 3’ untranslated regions
(3'UTRs) containing the 5'-distal ORFs in the bicistronic and
polycistronic transcripts is often unclear.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a gamma-
herpesvirus etiologically associated with Kaposi’s sarcoma (KS),
primary effusion lymphoma (PEL), and multicentric Castleman’s
disease, malignancies commonly found in immunocompromised
patients (4). Several studies have shown that KSHV encodes a
number of bicistronic and polycistronic transcripts (5); however,
other than the 5'-proximal ORFs, only two 5’-distal ORFs have
been shown to be translated into proteins by mechanisms of ini-
tiation at an internal ribosomal entry site and termination-reini-
tiation, respectively (6, 7). For other KSHV bicistronic and poly-
cistronic transcripts, whether there are alternative functions
besides encoding the 5'-proximal proteins remain unclear.

Like other herpesviruses, KSHV has two replication phases:
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latent and lytic (4). Only a few KSHV genes are expressed during
latency, while most of viral genes are expressed in lytic replication.
After acute infection in an immunocompetent host, KSHV estab-
lishes latency to evade immunosurveillance. In KSHV-associated
tumors, most KSHV-infected cells are tightly maintained in la-
tency, but a few of them also undergo spontaneous lytic replica-
tion (4). Latency is essential for KSHV-induced tumorigenesis,
while lytic replication is required for virus spread and promotion
of tumor development (8). Therefore, the fine balance of latency
and lytic replication is critical for successful KSHV persistent in-
fection and the development of KSHV-induced malignancies and
hence is tightly regulated.

MicroRNAs (miRNAs) are ~22 nucleotides long, single-
stranded noncoding RNAs (9). miRNAs regulate protein expres-
sion by translation repression, direct cleavage of mRNAs or both
based on an imperfect complementarity between miRNAs and the
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FIG 1 Schematic illustration of the strategy and procedures used for mapping KSHV 3'UTRs. (A) Procedures used for mapping and cloning KSHV 3"UTRs. (B)
Adaptor and PCR primers used for cloning KSHV 3"UTRs. The restriction enzyme sites in the adaptor are underlined. (C) Alignment of adaptor and PCR primers
with a hypothetical gene transcript. (D) Examples of 3'RACE products ORF-K2, ORF2, and ORF-K3 resolved on agarose gels. A primer from PHB was used to
amplify the 3"UTR sequence from the total RNA of HL60 cells and served as a positive control. Samples without reverse transcription (RT), indicated by

“non-RT,” and water were used as negative controls.

target mRNA transcripts (10, 11). KSHV encodes 12 pre-miRNAs
generating 25 mature miRNAs (12—15). All viral miRNAs are ex-
pressed during both viral latency and lytic replication, indicating
their important roles in viral life cycle and KSHV-induced malig-
nancies. Indeed, recent studies have shown that KSHV miRNAs
regulate viral life cycle in addition to cell cycle, apoptosis, inflam-
mation, angiogenesis, and immune evasion by targeting cellular
genes (16-39). Several KSHV miRNAs directly target lytic genes,
including ORF50, ORF56, ORF57, and ORF-K2 (19, 34, 40, 41).
However, whether any other KSHV genes and transcripts are tar-
geted by the viral miRNAs remains unclear.

miRNAs primarily target the 3'UTRs regions (42). Thus far,
the 3" UTR sequences have only been mapped for ~30% of KSHV
gene transcripts. To identify additional viral targets of KSHV
miRNAs, we performed 3'RACE (3’ rapid amplification of cDNA
ends) to map the 3'UTRs of 74 KSHV genes representing more
than 80% of KSHV genes. Of 83 3'UTRs, 34 (41%) are from viral
genes with bicistronic and polycistronic transcripts, many of
which are identified for the first time. Screening of the 3'UTR
reporters has identified 28 3" UTRs targeted by KSHV miRNAs, 11
(39%) of which belong to viral genes with bicistronic and polycis-
tronic transcripts with targeting sites downstream of their 5'-
proximal genes. Among them, transcripts from the ORF30-33 and
ORF71-73 loci have been confirmed. The miRNA targeting sites,
including those in the coding regions of 5’-distal genes, have been
further identified. These results indicate the complexity of regula-
tion of viral genes and that the 3’ UTR regions downstream of the
5’-proximal genes in bicistronic and polycistronic transcripts can
serve as miRNA regulatory elements.
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MATERIALS AND METHODS

Cell culture. PEL cell lines BCBL-1, BCP-1, and BC-3 were maintained in
RPMI 1640 medium containing 15% fetal bovine serum (FBS) and 100 pg
of gentamicin/ml. Human embryonic kidney 293T cells were grown in
Dulbecco modified Eagle medium supplemented with 10% FBS and 100
pg of gentamicin/ml. Recombinant KSHV BAC36-infected 293T cells
(293T-BAC36) were cultured as described for 293T cells but with 50 pg of
hygromycin/ml (43). To induce viral lytic replication, cells were treated
with 20 ng of tetradecanoyl phorbol acetate (TPA)/ml for 48 h.
Construction of KSHV 3'UTR reporters. The strategy and proce-
dures for mapping the 3'UTRs and cloning the 3"UTR reporters are
shown in Fig. 1. Total RNA was isolated from equal numbers of unin-
duced BCBL-1 cells and TPA-induced BCBL-1 cells using TRIzol re-
agentaccording to the manufacturer’s instructions (Life Technologies,
Grand Island, NY). After DNase I treatment, cDNA synthesis was car-
ried out with 10 g of total RNA using the SuperScript III first-strand
synthesis system (Life Technologies). A modified oligo(dT) 18NN
primer with a tail of multiple cloning sites (MCS) at the 5’ end was
used as an adaptor for reverse transcription (RT) to obtain the full-
length 3'UTR sequences (Table 1). The 3'UTR sequence from each
viral ORF was amplified by PCR using a universal primer complemen-
tary to the MCS tail of the RT primer and a specific primer anchored to
the downstream sequence of the viral ORF (Fig. 1B and C). The result-
ing DNA bands were recovered, digested with restriction enzymes, and
cloned into a modified pGL-control reporter vector as previously de-
scribed (26). For a positive control, we used a primer from the human
prohibitin gene (PHB) to amplify the 3'UTR sequence from the total
RNA of HL60 cells. Samples without RT (non-RT) and water were
used as negative controls. Examples of 3'RACE products for ORF-K2,
OREF2, and ORF-K3 are shown in Fig. 1D. We were not able to amplify
the 3'UTRs of several ORFs despite the use of different primers. For
those that were amplified and cloned, we sequenced 10 clones for each
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TABLE 1 Primers used in RT and PCR cloning of 3'UTRs

Gene/application Primer” Sequence (5'-3")

MCS-oligo(dT)18NN RT CTGCAGACGCGTGCTAGCTCGAGATCTTTTTTTTTTTTTTTTTTNN
Universal R PCR-R TAGACGCGYGCTAGCTCGAGATCTT

ORF-K1 PCR-F TCTTGGTACCCTACACGATTTGTGCACGGAAGAC
ORF4 PCR-F GCGGGTACCAAACAACACAGTTGCCATCCACTAAT
ORF6 PCR-F ATTAGGTACCCCCAGAAGAGCCTTGCCTTATCCA
ORF9 PCR-F TCTTCTCGAGCTTACCGGGGTGGATATAGCAAG
ORF10 PCR-F TTTTGGTACCGTGGCGGTGGACCTGTACTTCGAC
ORF11 PCR-F TCTTGGTACCGTTTACGCAGACTGACTCGCT
ORF-K2 PCR-F AAAGTTACCGCGGTGCGTGTTTTGGACTCTATCCC
ORF2 PCR-F AGAGGTACCGACGTGTTTCTCTCGCATGATAGCTT
ORF-K3 PCR-F TCTCGGTACCGCGGGTTGAAGTGTTTCCATATAG
ORF70 PCR-F AGAGGTACCTACTGCCCGCATCCTACCATTCGTAT
ORF-K4 PCR-F AAAGGTACCACACCAAGGGCATCCTGCTCGTCGCT
ORF-K5 PCR-F AATGGTACCGTCGCCTCTGGAGACAAAGAACGTGA
OREF-K6 PCR-F TTTGGTACCCAGCGGCTGCCTGCCATAGCTTAGA
ORF-K7 PCR-F TTTGGTACCTACAGTCACCCCTTGCGGGTTATTG
ORF16 PCR-F TCTGTTACCCACTATATTGGCAGCGGTCGCGATGA
ORF17 PCR-F TTTGGTACCCAAGATGTTCTGCGAGGAGCTCCTGA
ORF18 PCR-F TTTGGTACCGCTGGCCTACCTTGGTGCGTTTAACA
ORF19 PCR-F TTTACCGGTCGGCGATGACTACGATAGAGCGTACT
ORF21 PCR-F TCTACCGGTGGCTATTAAACCCAGGGCCATCAACT
ORF22 PCR-F TCTACCGGTTGGCCTGCAGTCTCTCATGTATGTCA
ORF23 PCR-F TCTACCGGTGAGGTGCTCGGATTTCTTGCCAAGTA
ORF24 PCR-F TCTACCGGTTTGTCCGTCACGCCATTCGCAAACTA
ORF25 PCR-F TTTACCGGTTTGAAGAGGTGGCGCCGATGAAGAGA
ORF26 PCR-F TTTACCGGTAATCTTGGCCCCAGACTGCACGTGTA
ORF27 PCR-F TCTACCGGTAATCTATCCACCCCTCCCTTGATTCT
ORF29b PCR-F TCTGAGCTCGTGTGCTGATGATTCCGATGATTCA
ORF30 PCR-F TTTGAGCTCCTCGGTCTCGCTGACTCTCTATGTC
ORF31 PCR-F TCTGGTACCTGCACGTTATCGTCTCCATCTATTC
ORF32 PCR-F TCTGGTACCGTGTTACCTGGGGGTTTTGCTATTA
ORF33 PCR-F TCTACCGGTGTCTTCTGTTCGATCCCATTGTCCA
ORF34 PCR-F TTTACCGGTGTCCAACTACGGGCGACTATCTAAT
ORF35 PCR-F TTTACCGGTTTCGGAGATCAAGGACACAATCGTC
ORF36 PCR-F TTTACCGGTCTGGCGTTTCAGAAGCAGTGCTATT
ORF37 PCR-F TTTACCGGTTGCTAATCGTAACCCCCGTCTACTT
ORF38 PCR-F TTTACCGGTTGCTAATCGTAACCCCCGTCTACTT
ORF39 PCR-F TTTACCGGTGCGCCAAAGTGAAGGACATATCGAC
ORF40 PCR-F TTTACCGGTCCCACGCCTGTCACTGACATTAATA
ORF41 PCR-F AAAACCGGTGCCCTAAACATGCCTCCCGACACTTC
ORF42 PCR-F TTTACCGGTACAAACCTGCGCGGACCCAGTAAAC
ORF43 PCR-F TTTACCGGTGACTGACTGGAGTGCCAATGAGTAC
ORF44 PCR-F TCTACCGGTACCGCAATATCAGAGCCAGTCTAGT
ORF45 PCR-F TCTACCGGTCCCTGTGTGGAAACGGTGCATATAA
ORF46 PCR-F TCTGAGCTCCCAGGGCTGTAATCACTTTAACCTA
ORF47 PCR-F TCTGAGCTCCGAAGTTTGACGGCCTATACTGTAG
ORF48 PCR-F TCTGAGCTCGTGTGCTGATGATTCCGATGATTCA
ORF49 PCR-F TTTGAGCTCTAGGTTCCGCGGCTTTGGTCAAGTA
ORF50 PCR-F AAAGGTACCACGAGGTACAGGAGTCCGGCACACT
ORF-K8 PCR-F ACAGGTACCCAAGAGGACCACACATTTCGCAACA
ORF52 PCR-F TCTGAGCTCCCTGAAGGGACTTTCGCTTAGAATC
ORF53 PCR-F TCTGAGCTCACTACCCCAGGATTCTATGACGTTG
ORF54 PCR-F TTTACCGGTGGTAGCCGCATATGCCAGATTGTGT
ORF55 PCR-F AAAACCGGTGGCGTCAGACGACTCGGTAATATGG
ORF56 PCR-F TCTGAGCTCCTTCATTCCATTAGGGTGAGCGAAGT
ORF57 PCR-F TTTGAGCTCGCTGCTCTTGGCCTTTGTCCTAACTA
ORF-K9 PCR-F TCTGGTACCCCGACGAGGATATTTAACCCGAATAC
ORF-K10 PCR-F TTTGGTACCAGCAGCTGTTCAACACCGCGCGATAC
ORF-K10.5 PCR-F TTTGAGCTCGACGCTTGCCAGGTGAAGAGTACGAG
ORF58 PCR-F TTTGGTACCGCAATGGGGGTCGAGATTCAGCTAAT
ORF59 PCR-F TTTGGTACCCAGGAGGCAGCCGGAATTGGAGTCTC

(Continued on following page)
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TABLE 1 (Continued)

Gene/application Primer” Sequence (5'-3")

ORF60 PCR-F TCTGGTACCTTGAGCGAGACAATTCTGATTACACC
ORF61 PCR-F TCTGGTACCAGAGTCAGGAATGCGAGCTATCTTAG
ORF62 PCR-F TCTGAGCTCTGCCTGTACTGGTGTTTGCGAACTTT
ORF64 PCR-F AAAGGTACCCGTGGTGCCCATGCCCCATCCAATTA
ORF65 PCR-F AAAGGTACCCACTGGGGGTCTCGGGAAGCAGTATA
ORF66 PCR-F ATTGGTACCGCCCTTGCCATTCGAGACCTAGATCA
ORF67 PCR-F ATCGGTACCTGAAGTCGCTGCTGGAGACAGTGTAC
ORF69 PCR-F AAAGAGCTCCGCACTTGTCAACGCCCTATAACCTC
ORF-K12 PCR-F TTTGAGCTCGTTTGTGGCAGTTCATGTCCCGGATG
ORF71 PCR-F TTTGAGCTCCTCTTGCGCGACCTGCTTCACTTAGA
ORF72 PCR-F GGTGGTACCGATCTGCGCATTCTGGACAGCTATTA
ORF73 PCR-F ATAGGTACCCCAGACCAGTCGCCCATAACTTATTG
ORF-K14 PCR-F TAAGAGCTCCGTGAGGCTGCCGCGTGGGGATAATA
ORF74 PCR-F GGCGAGCTCTTGTGTTTTGCTTCCCTTACCACGTA
ORF75 PCR-F AAAGAGCTCAGACCCTGCCAGCCAGACACTATCCC
PHB PCR-F ATCTTTGACTGCCGTTCTCGACC

@ RT, reverse transcription; PCR-F, forward PCR primer; PCR-R, reverse PCR primer.

PCR product. All cloned 3'UTRs were then aligned with the KSHV
genome (GenBank accession no. U75698).

Plasmids and site-directed mutagenesis. KSHV miRNA expression
plasmids, miRNA “sensor reporter” plasmids, and the p3 X FLAG plasmid
were previously described (26, 44). To express the 3XFLAG fusion pro-
teins with gene-specific 3'UTRs, ORF30, ORF31, ORF32, ORF33, and
OREF73 coding regions with their full-length 3"UTR sequences were am-
plified from their respective cDNAs and cloned into the p3 X FLAG vector
(Table 2).

Mutagenesis of the predicted putative miRNA binding sites in reporter
plasmids and viral gene expression plasmids was performed by site-di-
rected mutagenesis as previously described (26). Briefly, two complemen-
tary 36- to 40-nucleotide primers with mutated nucleotides in the center
were used for 18 cycles of PCR amplification (Table 2). The extension time

TABLE 2 Primers used for cloning of expression plasmids and
mutagenesis of the 3'UTR plasmids

Primer

ORF31-33-Mutant1-F
ORF31-33-Mutant1-R
ORF31-33-Mutant2-F
ORF31-33-Mutant2-R
ORF71-73-Mutant1-F
ORF71-73-Mutant1-R
ORF71-73-Mutant2-F
ORF71-73-Mutant2-R
ORF71-73-Mutant3-F
ORF71-73-Mutant3-R
ORF71-73-Mutant4-F
ORF71-73-Mutant4-R
3Flag-ORF30-F
3Flag-ORF31-F
3Flag-ORF32-F
3Flag-ORF33-F
3Flag-ORF30-33-
Universal-R
3Flag-ORF73a-F
3Flag-ORF73a-R
3Flag-ORF73b-F
3Flag-ORF73b-F

Sequence (5'-3")*

CTCGAATTCAGAGACGTCAACCCTTTTGTTTGGCTC
GAGCCAAACAAAAGGGTTGACGTCTCTGAATTCGAG
CCACGCACGTCGAAGACGTCCTAACAGGAGTGCTC
GAGCACTCCTGTTAGGACGTCTTCGACGTGCGTGG
TATCTGATTTAATAAACTGATACAAGTTTTGTAAGAA
TTCTTACAAAACTTGTATCAGTTTATTAAATCAGATA
CCATCACACTCCCAACACTATCGCCATACACCATAGA
TCTATGGTGTATGGCGATAGTGTTGGGAGTGTGATGG
GCTGGGGGGCTCCCAAGTGGTGGACTTTTGGCACCAC
GTGGTGCCAAAAGTCCACCACTTGGGAGCCCCCCAGC
TGGCACCACGAGGTCAAGTGGCTGATTACAAAAGCC
GGCTTTTGTAATCAGCCACTTGACCTCGTGGTGCCA
AAAGGGCCCTGGGTGAGCCAGTGGATCCTGGACA
AAAGGGCCCTGTCACAAAACAGAAAGACTCTGCCT
AATGGGCCCTGGATGCGCATGCTATCAACGAAAGA
ATAGGGCCCTGGCTAGCCGGAGGCGCAAACTTC
GCCAAGCTTTTAAGCAGTACTTCGGTTTATTTGA

TATGCTAGCGGCGCCCCCGGGAATGCGCCTGAGGT
AGTACGCTAGCCGTTGTCCGTGTGTTCA
TGAACACACGGACAACGGCTAGCGTACT
CCCCTCGAGTTCTTACAAAACTTGTTAGTGTTTATT
AAATCAGA
GCGGCTAGCGGAAGACGCCAAAAACATAAAGAAAG
GCGGAATTCCGACTCTAGAATTACACGGCGATCT
AAAGGGCCCTGGGTGAGCCAGTGGATCCTGGACA
GCCAAGCTTTTAAGCAGTACTTCGGTTTATTTGA
AAAGGGCCCTGTCACAAAACAGAAAGACTCTGCCT
AATGGGCCCTGGATGCGCATGCTATCAACGAAAGA
ATAGGGCCCTGGCTAGCCGGAGGCGCAAACTTC

3Flag-Luc-F
3Flag-Luc-F
ORF30-Apal-F
ORF33-HindIII-R
ORF31-Apal-F
ORF32-Apal-F
ORF33-Apal-F

of each cycle varied with the sizes of the amplification fragments, usually
at 2 kb/min. After removal of the template DNA by Dpnl digestion, PCR
products were cloned and confirmed by sequencing.

KSHV miRNA sponge plasmids were constructed by using a lentiviral
vector pNLSIN kindly provided by Bryan R. Cullen at Duke University
Medical Center. Six copies of miR-K10a-3p, together with six copies of
miR-K10b-3p sequences, were inserted into a modified pEGFP-CI1 shuttle
vector (Clontech Laboratories, Mountain View, CA) in which the stop
codon TAA was added after the enhanced green fluorescent protein
(EGFP) coding sequence. The fragment covering cytomegalovirus pro-
moter, sponge sequence and a poly(A) sequence was PCR amplified and
cloned into the SnaBI and Xhol sites of the pNLSIN vector.

miRNA mimics and suppressors. miRNA mimics and suppressors
were as previously described (38). The sequences are listed in Table 3.

3'UTR reporter luciferase assay. To examine the effect of a miRNA
ona3'UTRreporter, 293T cells grown to ca. 60 to 70% confluence in each
well of 24-well plate were cotransfected with 15 ng of a 3'UTR reporter
plasmid, a reporter vector control or a “sensor reporter,” 50 ng of pSV-[3-
galactosidase plasmid, and 400 ng of a miRNA expression plasmid or
miRNA expression vector control using F2 transfection reagent (Target-
ing System, El Cajon, CA) or Lipofectamine 2000 transfection reagent
(Life Technologies). The “sensor reporters” were used to monitor the
expression of the miRNAs (45). To examine the effect of a miRNA mimic
on a reporter, cells were first transfected with the miRNA mimic or a
scrambled control for 16 h and then with the 3"UTR reporter plasmid or
a reporter vector control. Cells were lysed directly with 150 wl of lysis
buffer at 48 h posttransfection. The luciferase and B-galactosidase activi-
ties were determined as previously described (26). The experiments were
repeated at least three times, with the results presented as averages and
standard deviation (STD) by setting the values of miRNA expression vec-

TABLE 3 Sequences of miRNA mimics and suppressors

Mimic or suppressor Sequence (5'-3")*

Mimics
miR-K3-5p UCACAUUCUGAGGACGGCAGCGA
miR-K10a UAGUGUUGUCCCCCCGAGUGGC
miR-K10b UGGUGUUGUCCCCCCGAGUGGC

miR-K10a-3p_+1_5
miR-K10b-3p_+1_5

UUAGUGUUGUCCCCCCGAGUGGC
UUGGUGUUGUCCCCCCGAGUGGC

Suppressors Sequence
Scrambled control CATTAAT+G+T+C+G+G+A+C+AACTCAAT
Anti-miR-K10a GCCACTC+G+G+G+G+G+G+A+CAACACTA

“ Mutated nucleotides and restriction sites are indicated by underlining.
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“ A “+” before a letter indicates an LNA-modified base.
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TABLE 4 Mapping of 3'UTRs of KSHV genes”

3'UTR TTS from TTS from other Source or
Gene Pol cloning OREF position PAS sequence PAS position this study studies reference
ORF-K1 + Y 105-974 AAUACA 2953-2958 2970 2972 64
ORF4 + Y 1142-2794 AAUACA 2953-2958 2972 64
ORF6 + Y 3210-6611 AUUAAA 7008-7013 7035 This study
ORF7 + N 6628-8715 Not mapped
ORF8 + N 8699-11236 Not mapped
ORF9 + Y 11363-14401 AAUAAA 17055-17060 17079 This study
ORF10 + Y 14519-15775 AAUAAA 17055-17060 17070 This study
ORF11 + Y 15790-17013 AAUAAA 17055-17060 17070 17080 69
ORF-K2 - Y 17875-17261 AAUAAA 17205-17200 17184 17182 70
ORF2 - Y 18553-17921 AAUAAA 17205-17200 17181 This study
ORF-K3 - Y 19609-18608 AUUAAA 18612-18607 18593 18595, 18577 71
ORF70 - Y 21104-20091 AUUAAA 18612-18607 18594 This study
ORF-K4 - Y 21832-21548 AAUAAA 21348-21343 21324 This study
ORF-K4.1 - N 22529-22185 AAUAAA 21348-21343 21324 52,72,73
ORF-K4.2 - N 23077-22745 AAUAAA 21348-21343 21324 21325 52,73
ORF-K5 - Y 26483-25713 AUUAAA 25574-25569 25545 25538 74
ORF-K6 - Y 27424-27137 AAUAAA 26920-26915 26895 This study
ORF-K7 + Y 28622-29002 AAUAAA 29719-29724 29743 This study
ORF16 + Y 30145-30672 AUUAAA/AAUGAA  30732-30737/30736-30741 30753 This study
ORF17 - Y 32482-30821 AAUAAA 30765-30760 30744 This study
ORF18 + Y 32424-33197 AUUAAA 33431-33436 33450 This study
ORF19 Y 34843-33194 AUUAAA 32873-32868 32862 This study
ORF20 - N 35573-34611 Not mapped
ORF21 + Y 35383-37125 AAUAAA 39312-39317 39328 This study
ORF22 + Y 37113-39305 AAUAAA 39312-39317 39334 This study
ORF23 - Y 40516-39302 AAGAAA 39278-39273 39250 This study
ORF24 - Y 42778-40520 AAUAAA 39251-39246 39227 This study
ORF25 + Y 42777-46907 AAUAAA 48741-48746 48789 This study
ORF26 + Y 46933—-47850 AAUAAA 48741-48746 48769 This study
ORF27 + Y 47873-48745 AUUAAA 487748775 48780 This study
ORF28 + N 48991-49299 Not mapped
ORF29b - Y 50417-49362 AAUAAA 49366—-49361 49342 49347 75
ORF30 + Y 50623-50856 AAUAAA 54072-54077 54099 53
ORF31 + Y 50763-51437 AAUAAA 54072-54077 54099 53
ORF32 + Y 51404-52768 AAUAAA 54072-54077 54099 53
ORF33 + Y 52761-53699 AAUAAA 54072-54077 54100 53
ORF29a - N 54676-53738 Not mapped
ORF34 + Y 54675-55658 AAUAAA 58853-58858 58878 This study
ORF35 + Y 55639-56091 AAUAAA 58853-58858 58878 58881 76
ORF36 + Y 55976-57301 AAUAAA 58853-58858 58878 This study
ORF37 + Y 57273-58733 AAUAAA 58853-58858 58878 This study
ORF38 + Y 58688-58873 Not mapped
ORF39 - Y 60175-58976 AAUAAA 58906-58901 58885 This study
ORF40 + Y 6030861681 AAUAAA 62540-62545 62561, 62559 This study
ORF41 + Y 61827-62444 AAUAAA 62540-62545 62559 This study
ORF42 - Y 6327262436 AAUAAA 62440-62435 62416 This study
ORF43 - Y 6495363136 AAUAAA 62440-62435 62416 This study
ORF44 + Y 64892-67258 AAUAAA 67295-67300 67319 This study
ORF45 - Y 68576-67353 AAUAAA 6735067345 67323 67329 52
ORF46 - Y 6940468637 AAUAAA 67350-67345 67323 This study
ORF47 - Y 69915-69412 AAUAAA 67350-67345 67328 This study
ORF48 - Y 71381-70173 AAUAAA 6735067345 67333 This study
ORF49 - Y 72538-71630 AAUAAA 71634-71629 71615 71618 77
ORF50 + Y 72734-74629 AAUAAA 76714-76719 76737 76737 52
ORF-K8 + Y 74850-75569 AAUAAA 76714-76719 76737 76737 52
ORF-K8.1 + N 75785-76690 AAUAAA 76714-76719 76737 76737 52
ORF52 - Y 77197-76802 AAUAAA 76729-76724 76706 This study
ORF53 - Y 77665-77333 AAUAAA 76729-76724 76706 This study
ORF54 + Y 77667-78623 AAUAAA 78753-78778 78778 This study
ORF55 - Y 79448-78765 AAUAAA 78724-78719 78706 This study

(Continued on following page)
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TABLE 4 (Continued)

3'UTR TTS from TTS from other Source or
Gene Pol cloning OREF position PAS sequence PAS position this study studies reference
ORF56 + Y 79436-81967 AAUAAA 83608-83613 83631 83628, 83631, 82634 48
ORF57 + Y 83717-83544 AAUAAA 83608-83613 83630 83628, 83631, 82634 48
ORF-K9 - Y 85209-83860 AAUAAA 83808-83803 83789 83787, 83788, 83789 47
OREF-K10 - Y 88164-86074 AAUAAA 86030-86025 86004 86006, 86007, 86008 47
ORF-K10.5 - Y 91394-89600 AAUAAA 89392-89387 89372 89373 47
ORF-K11 - N 93367-91964 AAUAAA 91753-91748 91751, 91756 47
ORF58 - Y 95544-94471 AAUAAA 94488-94483 94466 94469, 94477 48
ORF59 - Y 96939-95549 AAUAAA 94492-94487 94466 94469, 94477 48
ORF60 - Y 97787-96870 AAUAAA 94492-94487 94466 This study
ORF61 - Y 100194-97816 AAUAAA 94492-94487 94471 This study
ORF62 - Y 101194-100199 AAUAAA 98298-98293 98723 This study
ORF63 + N 01208-103994 Not mapped
ORF64 + Y 104000-111907 AAUAAA 111886-111891 111912 This study
ORF65 - Y 112443-111931 AAUAAA 111826-111807 111807 This study
ORF66 - Y 113759-112470 AAUAAA 111826-111807 111809 This study
ORF67 - Y 114508-113693 AAUAAA 111826-111807 111809 This study
ORF68 + N 114768-116405 Not mapped
ORF69 + Y 116669-117346 AAUAAA 117403-117408 117424 117425 78
ORF-K12 - Y 118101-117919 AAUAAA 117447-117442 117432 117432 79
ORF71 Y 122710-122145 AAUAAA 122094-122089 122068 122070 50
ORF72 - Y 123566-122793 AAUAAA 122094-122089 122068 122070 50
ORF73 - Y 127296-123808 AAUAAA 122094-122089 122065 122070 50
ORF-K14 + Y 127883-128929 AUUAAA 130518-130523 130547 130545 80
ORF74 + Y 129371-130399 AUUAAA 130518-130523 130547 130545 80
ORF75 - Y 134440-130550 AUUAAA 130518-130523 130499 This study
ORF-K15 - N 136279-135997 Not mapped

@ Pol, the direction of RNA Pol II transcription; PAS, poly(A) signal.; TTS, transcription termination site.

tor control as “1”. In the initial screening experiments, three rounds of
independent screening were performed, each with three repeats. The re-
sults of the three rounds of screenings were combined and analyzed.

Manipulation of miRNA functions. To examine the inhibition of a
viral protein expression by a miRNA, 293T cells grown to 70% confluence
were cotransfected with the indicated viral gene expression plasmid, to-
gether with the miRNA expression plasmid or a vector control using Li-
pofectamine 2000 (Life Technologies). Alternatively, 293T cells grown to
50% confluence were first transfected with a miRNA mimic or a scram-
bled mimic control purchased from Ambion (Life Technologies) for 16 h
and then the indicated plasmid. For 293T-BAC36 cells, only miRNA
mimics or the scrambled mimic control were transfected. To inhibit the
function of a KSHV miRNA in PEL cells, a specific LNA-based miRNA
suppressor or a scrambled suppressor control purchased from Exiqon
(Vedbaek, Denmark) was transfected into cells by using siPORT NeoFX
transfection reagent (Life Technologies) for 48 h, and the expression of
the targeted protein was examined by Western blotting.

Western blotting. 293T cells plated in 12-well plate were cotrans-
fected with 5 to 100 ng of a 3XFLAG tag-fused viral gene expression
plasmid, 0.8 g of a miRNA expression plasmid or a miRNA expression
control vector, and 5 ng of 3XFLAG-luciferase as an internal control for
each well. miRNA mimics or the scrambled control were transfected as
described above. At 48 h after the last transfection, cells were lysed in
radioimmunoprecipitation assay buffer with 1% of a cocktail of protease
inhibitors (Sigma, St. Louis, MO). Protein samples separated by using a
10% NuPAGE gel or a 4 to 12% Bis-Tris gel were transferred onto a
nitrocelluose membrane. The membrane was blocked with 5% nonfat
milk in 1X Tris-buffered saline at room temperature for 1 h, incubated
with a primary antibody at a 1:1,000 dilution overnight at 4°C, and then
incubated with a horseradish peroxidase-conjugated secondary antibody
for 2 h at room temperature. Specific bands were revealed with chemilu-
minescence substrates and recorded with an IS2000MM imaging scanner
(Eastman Kodak Company, Rochester, NY). Mouse monoclonal anti-
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body to FLAG was purchased from Sigma. Rat monoclonal antibody to
LANA was purchased from ABI (New York, NY). Rabbit peptide antibod-
ies to vCyclin and vFLIP were raised with peptides TRALVDPKTGSLC
and HLDPRFLERHLAGTGC, respectively.

Lentivirus production. 293T cells grown to 70 to 80% confluencein a
100-mm dish were cotransfected with 18 g of a lentiviral sponge plasmid
or a control vector, together with 1 g of pcTat, 1 pg of pcRev, and 0.5 pg
of pHITG plasmids. Culture medium was changed at 2 h posttransfection.
Culture medium with viruses was collected at 48, 72, and 96 h posttrans-
fection, cleared off cell debris by centrifugation at 3,000 X g for 10 min,
filtered with a 0.45-pm-pore-size filter, and concentrated by ultracentrif-
ugation. Virus titer was determined by counting of GFP-positive cells after
infection of 293T cells with 10X-diluted viruses.

RESULTS

Determination of the 3'UTR sequences and polyadenylation
[poly(A)] signals (PAS) sites of KSHV transcripts. KSHV ge-
nome encodes close to 90 genes (8). Only ~30% of the viral
3'UTRs have been determined. To identify the 3’ UTR sequences
of the remaining KSHV genes, we performed 3'RACE and cloned
the 3"UTR sequences as luciferase reporter constructs. The strat-
egy, procedures, and primers used for the cloning process are il-
lustrated in Fig. 1A to C. Examples of the amplified 3’ UTR prod-
ucts for ORF-K2, ORF2, and ORF-K3 are shown in Fig. 1D. For
each PCR product, we sequenced up to 10 clones. A total of 83
independent constructs covering 74 KSHV genes were obtained,
sequenced, and mapped to the KSHV genome. Among them, the
3’UTRs and their poly(A) sites for 40 KSHV genes were newly
identified. Several viral genes had more than one 3'UTR. The
structures and positions of the 3'UTRs are summarized in Table 4,
and their maps are shown in Fig. 2. The details of the individual
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3'UTRs are presented Fig. S1 to Fig. S17 in the supplemental ma-
terial.

3'UTR analyses of KSHV genes. Poly(A) signals are a defining
feature of eukaryotic protein-coding genes (46). Analysis of KSHV
3"UTR sequences revealed the presence of poly(A) signals in all
transcripts. The position of a number of poly(A) sites differ from
the published data by ca. 1 to 3 nucleotides (Table 4). Such varia-
tions have been described in previous studies (47, 48). This is
likely due to the flexibility on the selection of the cleavage sites
(49).

In eukaryotes, a transcript usually encodes a single polypep-
tide. KSHV genome encodes a large number of genes clustered in
specific genomic loci with overlapping coding or short intergenic
sequences. These loci have the potential to encode bicistronic and
polycistronic transcripts that often share the same poly(A) signals.
Indeed, bicistronic and polycistronic transcripts have previously
been identified at several KSHV genomic loci, such as the ORF71-
73, ORF50-K8, ORF34-37, and ORF30-33 loci (50-53). Of 83
3'UTRs identified in the present study, 34 (41%) were from viral
genes with bicistronic or polycistronic transcripts, all of which
contained two or more ORFs, respectively, based on the se-
quenced 3"UTR clones (Fig. 3A). Of 83 3'UTRs, 68 (81.9%) used
the conventional “AAUAAA” as the PAS sequence (Fig. 3B). How-
ever, we also identified 15 (19.1%) other PAS sequences. Thus,
similar to human transcripts, KSHV uses a variant poly(A) signal
(PAS) for gene transcription. The pattern of distribution of KSHV
PAS sequences was similar to that of human transcripts, although
KSHYV had fewer PAS variants (Fig. 3B).
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For bicistronic and polycistronic transcripts, protein transla-
tion is usually only initiated with the 5'-proximal ORFs, whereas
other 5'-distal ORFs and intergenic regions are considered 3' UTR
sequences (1, 2). Because KSHV encodes a large number of bicis-
tronic and polycistronic transcripts, we observed a wide range of
3'UTRs, with sizes varying from 5 bp to >3,000 bp (Fig. 3C).
However, compared to human 3'UTRs, the lengths of KSHV
3'UTRs are shorter than those of human (mean 855 bp versus
1,313 bp, median 366 bp versus 866 bp, P = 0.0069) (Fig. 3D).
Among the KSHV transcripts, the average length for the 3'UTRs
of viral genes with bicistronic and polycistronic transcripts is sub-
stantially longer than that for monocistronic transcripts (1,574 bp
versus 168 bp) (Fig. 3E).

Screening of 3'UTR reporters for novel viral targets of KSHV
miRNAs. The relative long 3'UTRs of KSHV genes suggest that
they might be more likely regulated by miRNAs. We performed
screening of the 3'UTR reporters for their responsiveness to
KSHV miRNAs. Each 3"UTR reporter, as well as the 3'UTR re-
porter control vector, were examined for their responsiveness to
the individual expression constructs of the 12 KSHV pre-miRNAs
or the miRNA expression vector control. Reporters with two re-
peats of perfect matching sequences of the respective miRNAs,
termed “sensor reporters,” were used to monitor the expression of
the miRNAs (45). In total, three rounds of independent screening
were performed, each with three repeats. The results of the three
rounds of screenings were combined and analyzed by using the
values of miRNA expression vector control as “1”.

Previous studies have shown that RTA (ORF50) 3'UTR is tar-
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geted by miR-K7-5p and miR-K9* (19, 34). Indeed, both pairs
were identified in our screening, albeit only weak repression ac-
tivity was observed for miR-K9 construct expressing both miR-K9
and -K9* (Fig. 4A). In total, we identified 28 new 3'UTR-miRNA
pairs with repression levels ranging from 5 to 45% (Fig. 4A), 12
(43%) of which were 3"UTRs from viral genes with bicistronic and
polycistronic transcripts (Fig. 4B). Multiple 3'UTR reporters
from the ORF71-73 locus or the ORF31-33 locus were repressed
by the same miRNA, respectively, indicating that the repression
effects were likely mediated by the same targeting site(s). We fur-
ther confirmed the responsiveness of the 3'UTR reporters to
miR-K3 (ORF-K3, ORF4, ORF-K7, ORF31, ORF32, and ORF33)
(Fig. 4C), miR-K8 (ORF25 and ORF65) (Fig. 4D), miR-K10
(ORF71, ORF72,and ORF73) (Fig. 4E), and miR11 (ORF59) (Fig.
4F).

miR-K3-5p targets ORF31, ORF32, and ORF33 transcripts.
KSHV ORF30-33 locus, which encodes lytic genes ORF30,
ORF31, ORF32, and ORF33, has not been extensively studied thus
far. In MHV-68, these genes are involved in the late stage of viral
replication (54-56). In particular, ORF33 is a tegument protein
associated with virion maturation (57, 58). Transcription map-
ping of this gene locus identified four transcripts with the same
poly(A) site (53). We further examined miR-K3 targeting of the
transcripts from this locus. Bioinformatics analysis predicted two
putative miR-K3-5p binding sites in the coding region of ORF33
(Fig. 5A). Interestingly, our initial screening only observed repres-
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sion of 3"UTRs of ORF31, ORF32, and ORF33 by miR-K3 (Fig. 4A
and C). To confirm that the two putative sites indeed mediated
miR-K3 targeting of these 3'UTRs, we generated reporters with
single and double mutations in these sites (Fig. 5B). Reexamina-
tion confirmed miR-K3 repression of the 3'UTRs of ORF31,
ORF32, and ORF33 but not that of ORF30 (Fig. 5C). Mutation of
site 1 or 2 alone only partially relieved miR-K3 repression of
ORF31 and ORF32 3"UTR reporters (Fig. 5C). However, muta-
tion of both sites completely relieved miR-K3 repression of these
two 3'UTRs. The ORF33 3'UTR reporter contained only site 2
(Fig. 5A). Mutation of this site alone completely relieved miR-
K3-5p repression of this 3'UTR (Fig. 5C). These results indicate
that both predicted sites are functional. We further determined
whether miR-K3 could inhibit the protein expression of ORF31,
ORF32, and ORF33. Because there is no antibody available for
these proteins, we generated 3 X FLAG-tagged fusion protein ex-
pression plasmids under the control of their respective 3'UTRs
with or without mutations of the binding sites (Fig. 5A). Note that
both sites were present in the ORF33 fusion construct. Consistent
with the 3"UTR reporter results, miR-K3-5p mimic did not re-
press the expression of ORF30 fusion protein (Fig. 5D). In fact, the
expression of ORF30 fusion protein appeared to be slightly in-
creased in the presence of miR-K3-5p. In contrast, miR-K3-5p
mimic repressed the expression of ORF31, ORF32, and ORF33
fusion proteins (Fig. 5E). Mutation of a single site only partially
relieved the repression effect of miR-K3-5p. However, mutation
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of both sites completely abolished the repression effect of miR-
K3-5p on the expression of these proteins (Fig. 5E). Together,
these results indicate that sites 1 and 2 mediate the miR-K3-5p
repression of ORF31, ORF32, and ORF33 3’ UTRs, resulting in the
inhibition of their protein expression.

miR-K10a-3p and miR-K10b-3p targets ORF71, ORF72, and
ORF?73 transcripts. KSHV pre-miR-K10 is derived from the cod-
ing region of ORF-K12 (59). Although there are several functional
variants, the predominant mature miRNA in latent KSHV cells is
miR-10a-3p, which can be switched to miR-10b-3p with a single
point mutation during lytic replication through RNA editing (13,
32,38,60,61). The ORF71-73 gene locus encodes three viral latent
proteins, including vFLIP (ORF71), vCyclin (ORF72), and LANA
(ORF?73), that have diverse functions during viral latency. Consis-
tent with the screening results, bioinformatics analysis predicted
two putative miR-K10a-3p targeting sites (S1 and S2) located in
the downstream sequence and coding sequence of ORF71, respec-
tively, and two putative miR-K10b-3p targeting sites within the
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coding sequence of ORF72 (Fig. 6A and B). To determine whether
sites S1 and S2 mediated miR-K10a-3p targeting of ORF71,
ORF72, and ORF73 3"UTRs, we cotransfected the 3'UTR report-
ers with a pre-miR-K10 expression plasmid, which only expressed
miR-K10a (38). miR-K10a repressed ORF71, ORF72, and ORF73
3'UTR reporters by 45, 42, and 30%, respectively (Fig. 6C). Mu-
tation of either the S1 or the S2 site partially relieved miR-K10a-3p
repression of all three reporters, while mutation of both SI and S2
sites fully restored the reporter activities (Fig. 6C), indicating that
both sites were functional.

To determine whether sites S3 and S4 mediated miR-K10b-3p
targeting of ORF71, ORF72, and ORF73 3'UTRs, we cotrans-
fected the 3'UTR reporters with a miR-K10b mimic (Fig. 6D).
miR-K10b repressed ORF73 3"UTR reporter by 52% (Fig. 6D). As
expected, mutation of S1, S2, or both had no effect on miR-K10b
repression of the reporter. Mutation of site 3 relieved miR-K10b’s
repression effect to 24%, while mutation of site 4 had no effect,
indicating that site 3 but not site 4 was functional, and there was
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potentially another unidentified unconventional miR-K10b
site(s). Although sites S3 and S4 were absent in both ORF71 and
ORF72 3"UTR reporters, miR-K10b repressed their activities by
13 and 20%, respectively, indicating that the unidentified site
could be resided in the 3"UTR of ORF73. As expected, mutation of
both S1 and S2 sites alone or together did not relieve the repres-
sion effect of miR-K10b. These results were consistent with the
results of ORF73 3'UTR reporter (Fig. 6D), further indicating that
there could be likely an unidentified miR-K10b site(s) in these
3'UTRs. Nevertheless, it is possible that the observed weak repres-
sion is due to other unknown indirect effect.

Recent studies indicate that both miR-K10a-3p and miR-
10b-3p have minor variants with a single extended nucleotide at
the 5" end, termed miR-K10a_+1_5 and miR-K10b_+1_5, re-
spectively (32, 60). Moreover, human miR-142-3p_-1_5 shares
the same 7mer seed region with that of miR-K10a-3p_+1_5 (32,
38, 60). Both miR-K10a-3p_+1_5 and miR-10b-3p_+1_5 mim-
ics repressed the expression of ORF73 3"UTR reporter (Fig. 6E
and F). Mutation of S1 partially relieved the repression effect of
miR-K10a-3p_+1_5 on the reporter, while repression of S2 or
both sites completely relieved the repression effect (Fig. 6E) indi-
cating that S2 played a dominant role in mediating miR-K10a-
3p_+1_5 targeting of the ORF73 3'UTR. Nevertheless, both S1
and S2 appeared to be functional sites for miR-K10a-3p_+1_5.In
contrast, mutation of S1, S2, or both did not relieve any repression
effect of miR-K10b-3p_+1_5 (Fig. 6F), indicating that, similar to
miR-K10b-3p, SI and S2 did not mediate miR-K10b-3p_+1_5
targeting of the ORF73 3’UTR. To our surprise, miR-142-3p_-
1_5 had no effect on ORF73 3"UTR reporter (data not shown).
Together, these results indicated that miR-K10a-3p and miR-
K10a-3p_+1_5 targeted the 3'UTRs of ORF71, ORF72, and
ORF73 through both sites S1 and S2. miR-K10b-3p and miR-
K10b-3p_-+1_5 targeted the 3’ UTR of ORF73 primarily through
site S3 and a putative identified site resided in the downstream and
coding regions of ORF71. miR-K10b-3p and miR-K10b-
3p_+1_5 targeted ORF71 and ORF72 3'UTRs through this un-
identified site, but the effect was minimal.

To confirm the results of 3'UTR reporters, we examined the
effects of miR-K10a-3p and miR-K10b-3p on the expression of
LANA, vCyclin, and vFLIP proteins. Cotransfection of a
3XFLAG-tagged ORF73 expression plasmid and a 3XFLAG-
tagged luciferase expression plasmid as a transfection control, to-
gether with miR-K10a-3p and miR-K10b-3p mimics, into 293T
cells repressed the LANA protein level by 91 and 85%, respectively
(Fig. 6G), whereas transfection of miR-K10a-3p and miR-
K10b-3p mimics into KSHV-infected cells 293T-BAC36 repressed
LANA protein levels by 88 and 68%, respectively (Fig. 6H). Con-
sistent with these results, inhibition of miR-K10a-3p and miR-
K10b-3p in BCP-1 cells with a locked nucleic acid (LNA)-based
suppressor increased LANA protein level by 2.82-fold (Fig. 6I).
Furthermore, inhibition of miR-K10a-3p and miR-K10b-3p with
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an miRNA sponge in BC-3 cells increased the protein levels of
LANA, vCyclin, and vFLIP by 2.2-, 2.9-, and 3.0-fold, respectively
(Fig. 6]). Together, these results indicated that both miR-K10a-3p
and miR-K10b-3p indeed targeted the 3’ UTRs of ORF71, ORF72,
and ORF73 to repress the expression of these proteins.

DISCUSSION

It is estimated that each miRNA can have as many as several hun-
dreds of cellular targets (10, 42). Therefore, it is not surprising that
the complete functions of most miRNAs, including those that
have been heavily scrutinized, remain to be revealed. Similar to
most cellular miRNAs, the full functions of KSHV miRNAs re-
main to be determined, albeit a number of cellular and viral tar-
gets have been identified in the last few years (16-39). By using
RNA-cross-linking immunoprecipitation approaches, several
groups have recently identified a large number of potential targets
of KSHV miRNAs (23, 32, 40), providing a roadmap for their
further functional delineations. Nevertheless, among the putative
targets identified by these genomic approaches, few are of viral
origins. To dissect the roles of KSHV miRNAs in regulating the
expression of viral genes, we sought to identify the viral targets of
these miRNAs. Because miRNAs primarily target the 3'UTRs of
gene transcripts, we postulated that a functional approach by
screening a 3'UTR library of KSHV genes could lead to the iden-
tification of viral targets of KSHV miRNAs. This approach has
recently been used to identify targets of miR-122 by screening a
library of 3’ UTR reporters of human genes (62). Of 142 predicted
target genes, as many as 57 (40%) were significantly inhibited by
miR-122 mimics, validating the effectiveness of this functional
approach for the global identification of miRNA targets.

We carried out a genome-wide mapping for the 3'UTRs of
KSHYV genes by using 3'RACE and cloned 83 3'UTR reporters for
74 KSHV genes. Of the 3'UTRs of 74 viral genes, 43 are newly
mapped. Further analyses of these 3’ UTRs have revealed a distinct
feature of KSHV genome, which is the presence of a large number
of viral genes that are transcribed as bicistronic and polycistronic
transcripts. Of 83 transcripts identified, as many as 34 (41%) of
them are from viral genes with bicistronic or polycistronic tran-
scripts. Although bicistronic and polycistronic transcripts have
previously been identified in several KSHV loci (5), our results
indicate that these transcripts are widely spread across the entire
viral genome.

In mammalian cells, it is usually the 5'-proximal ORFs that are
translated into proteins by cap-dependent mechanism in bicis-
tronic and polycistronic transcripts (1, 2). Although the 5'-distal
OREFs have the potentials for encoding proteins, alternative mech-
anism other than the cap-dependent initiation for protein trans-
lation is required (1, 2). Surprisingly, such an alternative mecha-
nism has thus far only been identified for two of these 5'-distal
KSHV OREFs (6, 7). ORF71 positioning as a 5’ -distal ORF in either
the ORF71-72 transcript or the ORF71-73 transcript is translated

a pSV-B-galactosidase plasmid for 48 h, and the relative luciferase activities were examined and normalized for (3-galactosidase activity. Experiments were
repeated three times, and the results are presented as averages and STD by setting the values of miRNA expression vector control as “1”. (D and E) The mimic of
miR-K3-5p does not repress the expression of fusion protein from the 3XFLAG-ORF30 construct (D). The mimic, but not the scrambled control mimic,
of miR-K3-5p inhibits the expression of fusion proteins of ORF31, ORF32, and ORF33 by targeting S1 and S2 binding sites (E). Western blot analyses of
3XFLAG-ORF30 fusion protein (D) and of 3X FLAG-ORF31, -ORF32, and -ORF33 fusion proteins (E) in 293T cells were performed. The mimic of miR-K3-5p
orascrambled control mimic was cotransfected with each FLAG-tagged protein expression construct or its mutants with mutation in S1, S2, or both binding sites
into 293T cells for 48 h, and the expression of the fusion protein was detected by Western blotting. A 3XFLAG-tagged firefly luciferase construct was also

cotransfected as an internal control.
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FIG 6 miR-K10 and variants target 3'UTRs of the ORF71-ORF73 cluster through distinct binding sites. (A) Schematic illustration of the ORF71-73 gene locus,
their transcripts, 3'UTR luciferase reporters, and a 3X FLAG-ORF73 construct. S1 and S2 are predicted miR-10a-3p binding sites, while S3 and S4 are predicted
miR-10b-3p binding sites. For the 3XFLAG-ORF73 construct, ORF73 and the downstream 3'UTR sequence is fused in frame with the N terminus of the
3XFLAG tag. (B) Alignment of miR-K10a-3p and miR-K10b-3p with the predicted binding sites. Mutated nucleotides in the binding sites are marked in red type.
Solid lines indicate the Watson-Crick base paring, and dotted lines indicate wobble base pairing. (C) miR-K10a represses ORF71, ORF72, and ORF73 3'UTRs
by targeting binding sites S1 and S2 residing in the downstream sequence and ORF71 coding region, respectively. miR-K10 expression plasmid, which expresses
only miR-K10a or a miRNA expression vector control, was cotransfected with wild-type 3"UTR reporter, mutant 3'UTR reporter, or a reporter control vector
into 293T cells, together with a pSV-B-galactosidase plasmid for 48 h, and the relative luciferase activities were examined and normalized for 3-galactosidase
activity. Experiments were repeated three times, and the results are presented as averages and STD by setting the values of miRNA expression vector control as

17. (D) Repression of ORF71, ORF72, and ORF73 3'UTRs by miR-K10b-3p. miR-K10b-3p represses ORF73 3'UTR by targeting the S3 and possibly an
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through initiation at an internal ribosomal entry site residing in
ORF72 (6). ORF36, which is only transcribed as a 5'-distal ORF in
the ORF35-37 transcript, is translated through a termination-re-
initiation mechanism (7). It is unclear whether any other 5'-distal
ORFs in KSHYV bicistronic and polycistronic transcripts is also
translated into proteins. Nevertheless, it is clear that the presence
of 5'-distal ORF(s) in these bicistronic and polycistronic tran-
scripts results in significant increase of the 3'UTR lengths of their
5’-proximal ORFs (Fig. 3E). These extended 3'UTRs could serve
as regulatory targets of other cellular and viral factors, such as
RNA-binding proteins and miRNAs. Indeed, results from the
screening of 3"UTR reporters obtained here have revealed a num-
ber of 5'-proximal ORFs that are regulated by KSHV miRNAs
through their 3'UTRs containing the 5’-distal ORFs, including
ORF25 (miR-K8), ORF31 (miR-K3), ORF32 (miR-K3), ORF43
(miR-K4), ORF59 (miR-K11), ORF72 (miR-K10), and ORF73
(miR-K10) (Fig. 4). Mutagenesis analyses have confirmed the reg-
ulation of ORF31, ORF32, ORF72, and ORF73 by the respective
miRNAs (Fig. 5 and 6). A recent study has also identified target
sites of miR-K5 and miR-K6-3p in the ORF57 coding region,
which is part of the ORF56 3'UTR of a bicistronic transcript (41).
Nevertheless, to what extent that KSHV miRNAs regulate viral
gene expression through the extended 3"UTR regions remains to
be determined.

Among the KSHV genes with potential transcripts identified
here, the transcript of ORF62, which encodes a capsid protein, has
previously been shown to be coterminal with that of ORF58,
ORF59, ORF60, and ORF61 (48). However, it has been mapped to
the coding region of the downstream ORF61 with a typical
“AAUAAA” PAS signal sequence in the present study. PCR anal-
ysis with RT primers has confirmed the presence of the poly(A)
sequence (data not shown). It is possible that ORF62 has two
transcripts, with one presenting as a shorter and minor transcript
that has escaped detection by Northern blot analysis thus far,
while the second one presents as the longer and major transcript
previously identified by Northern blot analysis but was missed by
3'RACE here because of the preferential amplification of shorter
products in PCR. Similar to ORF62, the poly(A) site of the tran-
script of another KSHV gene ORF6 is also mapped to the coding
region of ORF7 (Fig. 2 and see Fig. S1 in the supplemental mate-
rial).

ORF-K1 is the first gene located in the KSHV genome. The
intergenic region between ORF-K1 and the adjacent ORF4 is 168
nucleotides. ORF-K1 3'RACE analysis did not identify any
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poly(A) site in the intergenic region but did reveal two 3"UTRs
coterminal with that of the ORF4 transcript (see Fig. S2 in the
supplemental material). One of the 3'"UTRs spans the intergenic
region and the entire ORF4 coding region, while the second one is
aspliced 3'UTR derived from sequence immediately after the stop
codon to the poly(A) tail, which has been previously described
(63, 64). Thus, ORF-K1 has long and short 3'UTRs, which might
subject them to differential regulation by miRNAs or RNA-bind-
ing proteins in different stages of the KSHV life cycle.

By screening 3'UTR reporters of KSHV genes, we have identified
28 new miRNA-target pairs, which cover 22 KSHV genes from all
four gene classes, including ORF-K1, ORF4, ORF10, ORF-K2, ORF2,
ORF-K4, ORF-K7, ORF25, ORF31, ORF32, ORF33, ORF34, ORF43,
ORF44, ORF45, ORF57, ORF-K9, ORF59, ORF65, ORF71, ORF72,
and ORF?73 (Fig. 4A). Previous studies have already identified several
KSHV genes that are targeted by KSHV miRNAs (19, 28, 34, 40, 41).
ORF50, which has been identified as the target of miR-K9* and
miR-K7-5p (19, 34), has also been confirmed in our experiments
(Fig. 4A). As indicated above, ORF56 is targeted by both miR-K5
and miR-K6-3p through binding in the 3'UTR of a bicistronic
transcript (41). The same study has also shown that ORF57 is
targeted by miR-K5 in the protein-coding region of an ORF57
monocistronic transcript. In our screening, we failed to identify
ORF56 as the target of miR-K5 and miR-K6-3p, and ORF57 as the
target of miR-K5. Examination of our results indicated that both
miRNAs had low repression efficiencies for their respective “sen-
sor reporters,” suggesting poor expression of these miRNAs in the
screening assays. Similarly, we have noticed low repression effi-
ciencies (<50%) of “sensor reporters” by miR-K2, -K7, -K9, and
-K12, suggesting that some targets of these miRNAs could be
missed in our screening. A number of the newly identified targets
were only weakly repressed by the respective miRNAs (<10%).
Although it is possible that this could also be due to the poor
expression of these miRNAs, a recent study using a comprehen-
sive proteomics approach has shown that the repression effects of
miRNAs on most of their targets are modest (65). Thus, it might
be worthwhile to further confirm the biological significance of
such modest repression.

Most the 3'UTR reporters used here contained portions of the
ORFs. Our results showed that they did not interfere with the
screening of miRNA target sites in the 3"UTRs. For any identified
putative sites, further mutagenesis analysis can confirm whether
they are in the 3'UTR or ORF sequences, as illustrated for
ORF71-73 and ORF31-33 3’ UTR reporters (Fig. 5 and 6). Because

unidentified site but not the S4 site. miR-K10b also weakly represses ORF71, ORF72, and ORF73 3"UTRs by targeting the unidentified binding site. Mimic of
miR-K10b-3p or scrambled control mimic was transfected into 293T cells for 16 h, followed by cotransfection of the 3’ UTR reporter or a reporter control vector
with pSV-B-galactosidase plasmid for 48 h, and the relative luciferase activities were examined as described in panel C. (E and F) Repression of ORF73 3"UTR by
miR-K10 variants. miR-K10a-3p variant miR-K10a-3p_-+1_5 represses the ORF73 3"UTR by targeting both S1 and S2 sites (E), but these two sites do not mediate
miR-K10b-3p variant miR-K10b-3p_+1_5 repression of the ORF73 3"UTR (F). Mimic of miR-K10a-3p_+1_5 or miR-K10b-3p_+1_5 or scrambled control
mimic was transfected into 293T cells for 16 h, followed by cotransfection of the 3"UTR reporter or a reporter control vector with pSV--galactosidase plasmid
for 48 h, and the relative luciferase activities were examined as described in panel C. (G) Mimic of miR-K10a-3p or miR-K10b-3p represses the expression of
LANA from the 3XFLAG-ORF73 construct. Western blot analyses of 3X FLAG-ORF?73 fusion protein in 293T cells. Mimic of miR-K10a-3p or miR-K10b-3p or
scrambled control mimic was cotransfected with 3XFLAG-ORF73 expression construct into 293T cells for 48 h. A 3XFLAG-tagged firefly luciferase construct
was also cotransfected as an internal control. (H) Mimic of miR-K10a-3p or miR-K10b-3p represses the expression of LANA in 293T-BAC36 cells. Mimic of
miR-K10a-3p or miR-K10b-3p or scrambled control mimic was transfected into 293T-BAC36 cells for 48 h, and the expression of LANA was examined by
Western blotting. 3-Tubulin was used as a loading control. (I) LNA-based miR-K10-3p suppressor upregulates the endogenous protein expression of ORF73 in
BCP-1 cells. BCP-1 cells transfected with LNA suppressor or scrambled control suppressor for 48 h were examined for the expression of LANA by Western
blotting. -Tubulin was used as a loading control. (J) Specific miR-K10a-3p and miR-K10b-3p sponges increase the expression of LANA, vCyclin, and vFLIP
proteins in BC-3 cells. BC-3 cells transduced with lentiviral viruses expressing a miR-K10-3p sponge or a vector control for 48 h were examined for the expression
of LANA, vCyclin, and vFLIP proteins by Western blotting. 3-Tubulin was used as a loading control.
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some ORFs can be targeted by miRNAs (41), any targets identified
in our screening can also be resided in the ORF sequences. How-
ever, our reporters lack a full coverage of the ORFs. Thus, our
screening for target sites in the ORFs was far from exhaustive.
Although it was not the primary goal of the study, any sites iden-
tified in the ORFs could also be valuable for understanding the
functions of KSHV miRNAs once they were validated and their
functions further defined.

Four lytic transcripts are transcribed from the ORF30-33 locus
in the KSHV genome (53). Both ORF30 and ORF31 are present in
two polycistronic transcripts containing all four ORFs. However,
only ORF30 is a 5'-proximal ORF, which can be translated by
cap-dependent mechanism. Our previous study failed to identify
any functional internal ribosomal entry site that can be used for
the translational initiation of ORF31 (53). Thus, it is unclear
whether ORF31 is translated in KSHV-infected cells. Interestingly,
all of the 3'UTR reporters from the ORF30-33 locus were re-
pressed by miR-K3-5p except the ORF30 construct in the 3'UTR
reporter assays, despite the translation of a luciferase reporter gene
designed to function in cap-dependent fashion for all of the con-
structs. Sequencing of the cDNA revealed that the full transcript of
the ORF30 3'UTR reporter was expressed, indicating that the lack
of repression was not due to truncation of the targeting sites in the
transcript (data not shown). Because both ORF30 and ORF31
reporters share most of the 3'UTR regions, including those that
are targeted by miR-K3-5p, it remains to be determined whether
the additional ORF31 sequence in the ORF30 3'UTR reporter
prevents miR-K3-5p repression of the reporter.

Recent RNA cross-linking immunoprecipitation analyses have
revealed a limited number of enriched KSHV gene transcripts (23,
32, 40). Among them ORF-K2 (vIL6) has been confirmed as a
miR-K10a-3p target (40), a finding which is consistent with our
screening results. Transcripts from the ORF71-73 latent locus
were also enriched in the RNA cross-linking immunoprecipita-
tion analyses (32, 40). Indeed, we demonstrated that the 3"UTRs
of these transcripts were robustly repressed by miR-K10 in our
3'UTR screening. One reason RNA cross-linking immunopre-
cipitation studies have identified few viral targets is the use of
latent uninduced KSHV-infected cells. It would be interesting to
carry out similar analyses with lytically induced KSHV-infected
cells, which are likely to reveal additional viral transcripts. Cross-
validation of the results from the RNA cross-linking immunopre-
cipitation and 3"UTR screening approaches would provide in-
sightful information into how KSHV miRNAs might regulate the
viral gene expression program.

Our mutagenesis analyses have revealed that miR-K10a-3p and
miR-K10b-3p, as well as their variants, directly target ORF71-73
transcripts through distinct sites (Fig. 6). Extensive studies have
shown that the products encoded by these transcripts vFLIP,
vCyclin, and LANA regulate KSHV latency and promote cell
growth and survival (8). Nonetheless, excessive expression of
these genes could also have detrimental effects on the cells. It has
been shown that overexpression of VFLIP or vCyclin retards cell
proliferation (66). Thus, maintaining the appropriate expression
levels of KSHV latent proteins is likely essential for the survival of
latent KSHV-infected cells. In this case, viral miRNAs might play
arole in fine-tuning the expression of KSHV latent genes. A sim-
ilar mechanism has also been described for Epstein-Barr virus
(EBV) latent gene LMP1, which is regulated by EBV-encoded
BART miRNAs (67). Furthermore, our previous study showed
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that miR-K10a-3p and miR-K10b-3p and their variants inhibit
the transforming growth factor B (TGF-3) pathway by targeting
TGE-B type II receptor to promote cell survival (38). Taken to-
gether, these viral miRNAs are likely to have a critical role in
KSHYV latency by maintaining the cell homeostasis and promoting
the cell survival.

ADDENDUM IN PROOF

While the present study was under review, a study describing the
mapping of KSHV 3’UTRs was published. Most of the 3"UTRs
mapped in these two studies are consistent [68].
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