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A Virally Encoded Small Peptide Regulates RTA Stability and
Facilitates Kaposi’s Sarcoma-Associated Herpesvirus Lytic Replication

Tareq Jaber, Yan Yuan

Department of Microbiology, School of Dental Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA

In both mammalian and viral genomes, a large proportion of sequences are transcribed and annotated as noncoding RNAs. A
polyadenylated RNA of 3.0 kb (T3.0) is transcribed from the opposite strand of the open reading frame 50 (ORF50) DNA tem-
plate in the genome of Kaposi’s sarcoma-associated herpesvirus (KSHV) and has been annotated previously as a noncoding
RNA. ORF50 encodes the replication and transcription activator (RTA), which controls the switch of the virus between the latent
and lytic phases of the life cycle. Here we show that T3.0 encodes a small peptide of 48 amino acids (designated viral small pep-
tide 1 [vSP-1]). vSP-1 interacts with RTA at the protein abundance regulatory signal (PARS) motifs, and the association prevents
RTA from being subjected to degradation through the ubiquitin-proteasome pathway. As a consequence, vSP-1 facilitates KSHV
gene expression and lytic replication. This finding reveals a novel mechanism of gene regulation in the viral life cycle.

s a herpesvirus, Kaposi’s sarcoma-associated herpesvirus
(KSHV) has two modes of infection: latency and productive
lytic replication. The switch of KSHV between latency and lytic
replication is controlled by a virally encoded transcriptional acti-
vator, namely, RTA (replication and transcription activator). RTA
expression is necessary and sufficient to disrupt latency and initi-
ate viral lytic replication. It activates a number of viral and cellular
promoters by different mechanisms, including (i) directly binding
to specific motifs in some promoters, (ii) piggybacking on other
cellular proteins bound on certain promoters, and (iii) promoting
the degradation of transcriptional repressors (reviewed in refer-
ence 1). In addition, RTA has also been found to promote the
degradation of several proteins, cellular and viral (including it-
self), through the ubiquitin-proteasome pathway by serving as an
intrinsic E3 ubiquitin ligase (2). Therefore, defining the mecha-
nism that regulates RTA expression and activity is crucial for un-
derstanding the molecular switch of the KSHYV life cycle.
Genomewide analyses of the KSHV transcriptome have re-
vealed that nearly the entire viral genome, including both DNA
strands, is transcribed. Ganem and colleagues observed extensive
transcription from noncoding regions, including both intergenic
regions and noncoding regions antisense to known open reading
frames (ORFs) (3). Currently no biological function has been
demonstrated to be associated with these noncoding RNAs. The
same phenomenon is also seen in mammalian genomes. Although
only 2% of the total human genomic sequence consists of protein-
coding genes, >90% of the human genome is transcribed, as re-
vealed by large-scale cDNA cloning projects (4, 5) and genome-
wide tiling arrays (6-8). The majority of the transcripts are long
RNAs with little or no protein-coding capacity (with the criterion
that only open reading frames with at least 100 codons are anno-
tated) (9). Although the functions of the majority of these non-
coding RNAs have not been revealed, several potential functions
are beginning to emerge, including inducing chromatin remodel-
ing to affect gene expression either in cis on neighboring genes
(10) orin trans (11), serving as antisense RNAs to generate endog-
enous small interfering RNA (endo-siRNA) (12, 13), binding to
specific protein partners to modulate protein activity (14, 15),
serving as a structural component to form an RNA-protein com-
plex that regulates cell functions (16), and serving as precursors to
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small RNAs, including microRNA (miRNA) and Piwi-interacting
RNA (piRNA) (17-20).

A 3.0-kb polyadenylated RNA (designated T3.0) that is tran-
scribed from the opposite strand of ORF50 in the KSHV genome
has been identified in KSHV-infected cells and has been annotated
as a noncoding RNA because no large open reading frame was
found in the transcript (21). Since T3.0 RNA is potentially able to
base-pair with ORF50 mRNA, which specifies RTA, we wondered
if T3.0 modulates RTA expression, either positively or negatively.
Here we report that T3.0 indeed upregulates RTA expression.
However, T3.0 exerts this function by encoding a small peptide
that complexes with RTA and prevents it from being degraded by
the ubiquitin-proteasome pathway, representing a novel mecha-
nism underlying RTA regulation and KSHV reactivation. This
finding also demonstrates a novel paradigm for the function of
so-called noncoding RNAs in cells.

MATERIALS AND METHODS

Cells. The primary effusion lymphoma cell line BCBL-1 was obtained
from the NIH AIDS Research and Reference Reagent Program. The cells
were grown in RPMI 1640 medium (Gibco-BRL, Gaithersburg, MD) sup-
plemented with 10% fetal bovine serum (Gibco-BRL) and penicillin-
streptomycin (50 U/ml). Human embryonic kidney (HEK) 293T cells
were obtained from the ATCC and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 2
mM L-glutamine, and antibiotics (penicillin-streptomycin and ampho-
tericin B [Fungizone]).

Constructs. The pCR3.1-ORF50 plasmid, RTA internal deletion mu-
tants, and the promoter-luciferase reporter plasmids [pK8-DE250 and
pOrilyt (R)-12F] have been described previously (22). T3.0 cDNA was
amplified from a bacterial artificial chromosome (BAC)-cloned KSHV
genome (BAC36) by PCR using a pair of primers adding EcoRI and Xhol
restriction sites (all the primers used in this study are listed in Table 1),
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TABLE 1 Oligonucleotide primers used in this study

Primer target or function Sequence

T3.0

5'-GGAATTCCTCAGTCACGGAAGTAATTACGC-3'

5'-CTGCTCGAGTACATGGCGCAAGATGACAAGGTAAAG-3'

T3.0 Ist mut

5'-GAG GCG ACC CGA CAT CCC AAG TTT CAG GGC CCG CTT CGT CTA ACA G-3’

5'-CTG TTA GAC GAA GCG GGC CCT GAA ACT TGG GAT GTC GGG TCG CCT C-3'

T3.0 2nd mut

5'-GCA CAC CTT GGT CTC CGT CAA GAC CGC CCG GAA GCT CTT CGC CC-3'

5"-GGG CGA AGA GCT TCC GGG CGG TCT TGA CGG AGA CCA AGG TGT GC-3'

vSP-1

5'-CGGGATCCATGTTTCAGGGCCCGCTTCGTCTAACA-3’

5'-GGAATTCCCAAGGTGTGCCGTGTAGAGA-3'

vSP-2

5'-GGAATTCATGACCGCCCGGAAGCTCTTCGC-3’

5'-GGGCGAAGAGCTTCCGGGCGGTCTTGACGGAGACCAAGGTGTGC-3'

ORF50 (in the pCMV-cMYC-1 vector)

5'-GGAATTCATGGCGCAAGATGACAAGGGTAAGAAG-3’

5'-CCGCTCGAGTCAGTCTCGGAAGTAATTACGCCATTG-3’

Flag tag insertion upstream of the vSP-1 AUG
within the T3.0 transcript

Flag tag insertion upstream of the vSP-2 AUG
within the T3.0 transcript

GAPDH

5'-CGACCCGACATCCCATGGACTACAAGGATGACGACGATAAGATGTTTCAGGGCCC-3’
5'-GGGCCCTGAAACATCTTATCGTCGTCATCCTTGTAGTCCATGGGATGTCGGGTCG-3'

5'-CCTTGGTCTCCGTCATGGACTACAAGGATGACGACGATAAGATGACCGCCCGGAA-3’
5"-TTCCGGGCGGTCATCTTATCGTCGTCATCCTTGTAGTCCATGACGGAGACCAAGG-3'

5'-TGATGACATCAAGAAGGTGGTGAAG-3’

5'-TCCTTGGAGGCCATGTGGGCCAT-3’

followed by subcloning into the pcDNA3.1+ vector (Invitrogen). vSP-1
and vSP-2 were amplified from the T3.0 construct by PCR, followed by
subcloning into the pPCMV-3FLAG-1 expression vector (Agilent Technol-
ogies). For the Myc-tagged RTA vector, RTA sequence was first amplified
from the pCR3.1-ORF50 construct and then subcloned into the pCMV-
3MYC-1 expression vector (Agilent Technologies). The sequence fidelity
of all new constructs was verified by DNA sequencing. Expression was
verified by Western blot analysis with antibodies against tag epitopes.

Antibodies. Mouse anti-3-actin, rabbit anti-Flag epitope, rabbit anti-
Myc epitope, rabbit anti-SP1, and mouse anti-histone antibodies were
purchased from Cell Signaling (Beverly, MA). A rabbit anti-ubiquitin
antibody was purchased from Calbiochem (Gibbstown, NJ). A mouse
monoclonal anti-RTA antibody was provided by Erle Robertson (Univer-
sity of Pennsylvania). A rabbit polyclonal anti-RTA antibody was pro-
vided by Charles Wood (University of Nebraska—Lincoln).

To generate an antibody against vSP-1, a keyhole limpet hemocyanin
(KLH)-conjugated peptide of vSP-1 (MFQGPLRLTGRIDSDLRPVAGVT
TVAGVVPPMVPQTWRHPWRAHPGGWC) was used to immunize
BALB/c mice (ProMab Biotechnologies, Richmond, CA). The titers of the
antibody were determined by enzyme-linked immunosorbent assays
(ELISA) and by Western blotting.

Site-directed mutagenesis. All mutations were generated using a
QuikChange multisite-directed mutagenesis kit (Stratagene). Mutagene-
sis was performed according to the manufacturer’s protocol. T3.0-1st mut
and T3.0-2nd mut were generated using the pcDNA3.1-T3.0 construct as
a template. The primers are shown in Table 1. The positions of the point
mutations in the genome are shown in Fig. 1A.

Transient-transfection assays. 293T cells were plated into 60-mm
dishes 24 h prior to transfection and were transfected with plasmid DNA
using Lipofectamine 2000 reagent (Invitrogen) according to the manu-
facturer’s protocol. BCBL-1 cells were transfected by nucleoporation us-
ing the Nucleofector II device (program S002; Nucleofector kit V)
(Lonza) according to the manufacturer’s protocol. After 48 h, BCBL-1
cells were treated with 20 ng/ml of 12-O-tetradecanoylphorbol-13-acetate
(TPA) to activate RTA expression.
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Coimmunoprecipitation. Cell lysates were clarified by high-speed
centrifugation at 4°C and were subjected to immunoprecipitation with
either an anti-FLAG M2 affinity gel (Sigma) or recombinant protein G
(rProtein G) agarose (Invitrogen) cross-linked with antibodies against
Myc epitopes (Cell Signaling) or with a monoclonal antibody against RTA
overnight at 4°C. Protein complexes were washed four times in lysis buf-
fer, eluted with a protein loading buffer, incubated at 95°C for 5 min, and
resolved by immunoblotting using specific antibodies.

Western blotting. Cell lysates or immunoprecipitates were resolved
on either 4-12% or 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels (Invitrogen) and were transferred to Hy-
bond enhanced-chemiluminescence (ECL) nitrocellulose membranes
(GE Healthcare). Membranes were blocked for 2 h in 5% nonfat dry milk
containing 0.1% Tris-buffered saline (TBS)—Tween 20 and were then in-
cubated with diluted primary antibodies overnight at 4°C. Anti-rabbit or
anti-mouse immunoglobulin G antibodies conjugated to horseradish
peroxidase (Amersham) were used as the secondary antibodies. An en-
hanced-chemiluminescence system (Amersham) was used for the detec-
tion of antibody-antigen complexes. For the RTA stability assay, cells were
treated with 100 pg/ml of cycloheximide (CHX) (Sigma) 48 h after trans-
fection and were lysed at different time points.

RNA isolation and RT-coupled quantitative PCR (RT-qPCR). Cul-
tured cells were lysed, and total RNA was prepared using TRIzol reagent
(Ambion). RNA samples were treated with amplification-grade DNase I
(Invitrogen). Reverse transcription (RT) was performed using Super-
Script II reverse transcriptase (Invitrogen). Real-time PCRs were carried
out in triplicate both with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) internal controls and with no-template controls by using cycle
conditions of 95°C for 10 min, 45 cycles of 10 s at 95°C, 10 s at 55°C, and
10 s at 72°C, and 1 cycle of 15 s at 65°C and 30 s at 40°C in LightCycler
capillaries on a LightCycler system (Roche). Each 20-pl PCR mixture
contained 2 pl of relevant cDNA, 50 pmol of gene-specific primers, and 4
wl of LightCycler FastStart DNA Master SYBR green I PCR master mix
(Roche). PCR product intensity data were normalized to those for
GAPDH and were then analyzed with LightCycler software, version 4.0
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FIG 1 T3.0 RNA enhances the expression of RTA in cells. (A) Schematic representation of the intron-exon structure of ORF50 mRNA and the T3.0 transcript
with its nucleotide positions in the KSHV genome. T3.0-1st mut and T3.0-2nd mut represent two separate point mutations. The positions of the point mutations
that changed the initiation codon AUG to AAG are indicated. (B) The T3.0 expression vector and pCR3.1-ORF50 were introduced into 293T cells. RNAs were
isolated at 48 h posttransfection and were subjected to Northern blot analysis for T3.0 or ORF50. 28S and 18S rRNAs served as controls to ensure the equal loading
of each sample. E, empty vector. (C) 293T cells were cotransfected with 5 pg of either a T3.0 expression vector or an empty construct and 0.5 pg of pCR3.1-
ORF50. Cells were analyzed by Western blotting using an anti-RTA antibody. (D) 293T cells were cotransfected with 0.1 g of the ORF50 expression plasmid and
increasing amounts of the T3.0 expression vector (0, 0.1, 2.5, or 5.0 pg). Cells were analyzed as described in the legend to panel C. The total amount of plasmids
was maintained at 5.1 pg by the addition of the empty vector pCR3.1. (E) BCBL-1 cells were transfected with 3 g of either an empty vector or the T3.0 expression
vector by nucleoporation (Amaxa). After 24 h, cells were treated with 20 ng/ml of TPA for 4 h and were analyzed for the RTA protein level by Western blotting.
(F) The promoter-luciferase reporter plasmids under the control of either the K8 or the ori-Lyt promoter were introduced into 293 cells with pCR3.1-ORF50
along with either an empty vector (RTA + E) or the T3.0 expression vector (RTA + T3.0). The reporter plasmid pRL-TK, encoding Renilla luciferase, was
included as an internal control. Cells were lysed, and luciferase activities were measured at 48 h. The activity of firefly luciferase relative to that of the internal
control, Renilla luciferase, is shown. Data are means and standard deviations for three experimental replicates.

(Roche), to calculate fold values for the appropriate parallel sample com-
binations based on exponential-phase measurements.

Northern blotting. Total RNA isolated from transfected 293T cells
with TRIzol reagent was separated by electrophoresis in a 1% agarose—6%
formaldehyde gel in 20 mM morpholinepropanesulfonic acid (MOPS)
buffer, pH 7.0. The RNA was transferred to a Nytran membrane (Schlei-
cher & Schuell, Keene, NH) and was hybridized with a single-stranded
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2P-labeled probe. The probe was prepared by using T4 polynucleotide
kinase (New England Biolabs). Hybridization was carried out in ULTRA-
hyb solution (Ambion) for 4 h at 65°C.

Luciferase assays. 293T cells were cotransfected with a luciferase re-
porter construct and with the pCR3.1-ORF50 and T3.0 expression vec-
tors. The pRL-TK plasmid was also included as an internal control that
constitutively expresses Renilla luciferase. A dual-luciferase reporter assay
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system (Promega) was used to examine the responsiveness of the promot-
ers to RTA. Transfected cells were washed once with 1X phosphate-buff-
ered saline (PBS) and were suspended in 400 pl of 1 X passive lysis buffer.
Cells were broken by one freeze-thaw cycle and were centrifuged in a
microcentrifuge for 1 min. Supernatants were assayed for firefly luciferase
and Renilla luciferase activities by use of a TD-20/20 luminometer with a
dual auto injector (Turner Designs). The luciferase assays were carried out
according to the manufacturer’s instructions (Promega).

Fractionation assay. 293T cells were cotransfected with the pCR3.1-
ORF50 and Flag-vSP-1 expression vectors. Forty-eight hours posttrans-
fection, cells were fractionated by using the Subcellular Protein Fraction-
ation kit (Thermo Scientific) according to the manufacturer’s
instructions. Fractions were subjected to SDS-PAGE and Western blot
analyses with specific antibodies.

Ubiquitination assay. 293T cells were transfected with relevant ex-
pression plasmids and were then treated with dimethyl sulfoxide (DMSO)
or MG132 (0.5 wM) (Calbiochem) for 16 h. The cells were harvested,
lysed, and immunoprecipitated using an anti-Myc antibody. The precip-
itates were subjected to 4—12% SDS-PAGE, followed by immunoblotting
using a rabbit anti-ubiquitin antibody (Calbiochem).

Bioinformatics and statistical analysis. NCBI BLASTn for T3.0,
ORF49, ORF50, and vSP-1 was performed using genome sequences of
KSHV (NCBI accession no. U75698) and the KSHV T3.0 mRNA sequence
(NCBI accession no. AF402655). The nucleotide sequence of the Flag-
tagged vSP-1 transcript and its predicted ORF were predicted using NCBI
OREF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).

Data were analyzed for statistical significance by a one-tailed Student ¢
test. Differences with P values of =0.05 were considered statistically sig-
nificant.

RESULTS
T3.0 RNA enhances RTA expression. During the lytic phase of
the KSHYV life cycle, there is extensive transcription from noncod-
ing regions, including both intergenic regions and noncoding re-
gions antisense to known open reading frames (ORFs) (3, 21). A
3.0-kb polyadenylated RNA (designated T3.0) that is transcribed
from the opposite strand of ORF50 was identified and has been
annotated as a noncoding RNA because no large open reading
frame was found in the transcript (Fig. 1A) (21). Since T3.0 RNA
is potentially antisense to ORF50 mRNA, which encodes RTA, we
asked whether RTA could be regulated by T3.0, either positively or
negatively. To address this question, T3.0 was coexpressed with
RTA in 293T cells (Fig. 1B), and the effect of T3.0 on RTA expres-
sion was examined by Western blot analysis. The results showed
that RTA expression was significantly increased in the presence of
T3.0 RNA, since the RTA protein level was found to be higher than
that in the absence of T3.0 (Fig. 1C). RTA expression was en-
hanced by T3.0 in a dose-dependent manner (Fig. 1D). The effect
of T3.0 on endogenous RTA was also seen in BCBL-1 cells latently
infected by KSHV. Ectopic expression of T3.0 in BCBL-1 cells
resulted in a significant increase in the RTA level after viral lytic
replication was chemically induced with 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) (Fig. 1E). In addition, the activities of
the K8 and ori-Lyt promoters, downstream target promoters of
RTA, upon overexpression of T3.0 were examined by a luciferase
reporter assay. The activities of both promoters were significantly
enhanced with overexpression of T3.0 in 293T cells (Fig. 1F).
T3.0 RNA encodes small peptides, one of which is responsi-
ble for RTA upregulation. Although T3.0 was annotated as a non-
coding RNA, the possibility that the T3.0 transcript encodes small
peptides was not excluded. The NCBI and Expasy open reading
frame prediction programs suggest that there are at least three
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FIG 2 T3.0 RNA encodes two small peptides. (A) A Flag tag sequence was
inserted into the T3.0 transcript just upstream of the AUG codon at position
74356 (left) or 74028 (right). The resultant constructs were introduced into
293T cells. Forty-eight hours posttransfection, cells were subjected to Western
blotting using an anti-Flag antibody. (B) BCBL-1 cells were treated with 20
ng/ml of TPA and were analyzed at different time points, as indicated, by
Western blotting with an anti-RTA or anti-vSP-1 antibody. (C) Nucleotide
sequences of the predicted sORFs, obtained by using the NCBI ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The amino acid sequences of
vSP-1 and vSP-2 are given below the nucleotide sequences.

predicted small open reading frames (sORFs) with AUG start
codons within the T3.0 transcript. Xu and Ganem recently re-
ported that small peptides are synthesized from sORFs in T3.0
RNA and showed that the T3.0 transcript associates with the
polyribosomes (23). We also independently investigated whether
these potential small ORFs are translatable in cells by inserting a
Flag tag at the N terminus of each of the potential sORFs, followed
by Western blot analysis of transfected cells with an anti-Flag an-
tibody. The results indicated that two potential ORFs, encompass-
ing nucleotides 74356 to 74035 and 74029 to 73912, respectively,
could be translated after T3.0 was introduced into 293T cells (Fig.
2A). However, the third ORF appeared not to be translated. It is
worth noting that the third ORF is identical to ORF49, which has
been reported not to be translated from T3.0 but is expressed by
translation from a short transcript of 1.2 kb (annotated as ORF49
mRNA) (24).

Furthermore, we also attempted to raise antibodies in mice
against these two potential small peptides by using synthetic pep-
tides of 48 and 38 amino acids (aa) as immunogens. A mouse
antiserum reacted with the 48-aa synthetic peptide from the first
AUG and with an ectopically expressed peptide in cells transfected
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FIG 3 vSP-1 enhances the expression of RTA. (A) 293T cells were cotransfected with pCR3.1-ORF50 and T3.0 mutant constructs as indicated, followed by
Western blotting for the RTA expression level. T3.0-1st mut is T3.0 with a point mutation at position 74356, and T3.0-2nd mut is T3.0 with a point mutation at
position 74028 (as diagramed in Fig. 1A). Lane E, empty vector. (B) 293T cells were cotransfected with pCR3.1-ORF50 and either vSP-1, vSP-2, or an empty
vector. Then the expression of RTA and vSP-1/2 was analyzed by Western blotting. (C) Effect of vSP-1 on the expression of the KSHV lytic genes downstream of
RTA in the RTA-initiated lytic gene expression cascade. BCBL-1 cells were transfected with the vSP-1 expression vector. Twenty-four hours posttransfection, cells
were induced by TPA for 16 h. (Top) Cell lysates were subjected to Western blotting for the expression levels of the different KSHV viral proteins by using specific
antibodies. (Bottom) The band intensities are plotted graphically. Data are means and standard deviations for three experimental replicates. *, P < 0.05. (D) A
Flag-vSP-1 or empty vector was introduced into 293T cells with either a K8« or an ORF45 expression vector. Transfected cells were lysed and were analyzed by

Western blotting using antibodies against K8a, ORF45, and B-actin.

with vectors expressing this small peptide. BCBL-1 cells were
treated with TPA to induce lytic replication of KSHV and were
subjected to kinetic analysis by Western blotting with the same
antibody. The results showed that at 24 and 48 h postinduction,
the antibody could detect a peptide at the same position as that of
the Flag-tagged peptide shown in Fig. 2A, suggesting that the small
peptide is indeed translated from T3.0 in cells during viral reacti-
vation (Fig. 2B). The 48-aa small peptide, translated by using the
first AUG codon of T3.0 RNA, is designated viral small peptide 1
(vSP-1), and the 38-aa small peptide, translated using the second
AUG codon of T3.0 RNA, is designated vSP-2. The predicted
amino acid sequences are shown in Fig. 2C.

To determine if either of these two potential small peptides
regulates RTA, as seen with T3.0, two lines of experiments were
carried out. First, we generated two T3.0 mutants in which the
initiation codons for vSP-1 and vSP-2 were altered from AUG to
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AAG, respectively (Fig. 1A). When the mutant and wild-type T3.0
constructs were introduced into 293T cells along with the ORF50
expression vector, the mutation at the initial codon of vSP-1
(T3.0-1stmut, with a mutation at position 74356) abolished RTA
enhancement activity, while the mutant bearing the mutation at
the initial codon of vSP-2 (T3.0-2ndmut, with a mutation at po-
sition 74028) and wild-type T3.0 retained their RTA upregulation
activities (Fig. 3A).

Second, the sequences of peptides vSP-1 and vSP-2 were
cloned into pCMV-3FLAG-1 vectors, allowing expression of the
small peptides with Flag tags fused at the N-terminal site. Western
blot analysis of the cells transfected with these two expression
vectors by use of an anti-Flag antibody showed bands between 10-
and 17-kDa markers (Fig. 3B). It is not clear why the band posi-
tions of vSP-1 and vSP-2 on SDS-PAGE gels are not consistent
with their calculated molecular sizes of 5.3 kDa for vSP-1 and 4.7
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kDa for vSP-2. The discrepancy might be caused by the unusual
secondary or tertiary structure of the peptides or by covalent mod-
ifications. The Flag-vSP-1 and Flag-vSP-2 expression vectors were
used to transfect 293T cells along with the ORF50 expression vec-
tor. The results showed that vSP-1 expression increased RTA ex-
pression but vSP-2 expression did not (Fig. 3B). These two lines of
evidence strongly suggest that T3.0 regulates RTA expression
through a small peptide encoded by T3.0.

To further understand the role of vSP-1 in the context of viral
lytic reactivation, a vSP-1 expression vector was introduced into a
latently KSHV infected BCBL-1 cell line, followed by TPA induc-
tion for 24 h. The endogenous RTA protein level was higher in
cells overexpressing vSP-1 than in cells transfected with an empty
vector. As a consequence, the expression levels of RTA down-
stream target gene products, such as K8 and ORF45 proteins, were
also increased in the presence of vSP-1 (Fig. 3C). The expression of
K8 and ORF45 was not directly affected by the presence of vSP-1
in cells (Fig. 3D).

It appears that the degrees of upregulation of RTA and down-
stream viral gene expression by vSP-1 are not dramatic but subtle.
This is probably the nature of regulation by small peptides, resem-
bling that by microRNAs.

vSP-1 stabilizes RTA protein expression. To characterize the
subcellular localization of vSP-1 in cells, 293T cells cotransfected
with an ORF50-expressing vector and either an empty vector or a
Flag-vSP-1 vector were fractionated into cytosolic, nuclear, and
chromatin-bound fractions. The presence of Flag-tagged vSP-1 in
each fraction was analyzed by immunoblotting with specific anti-
bodies against the Flag tag as well as against the proteins from
various cellular compartments. The fractionation of the cells re-
vealed the cytoplasmic localization of vSP-1 (Fig. 4A), which sug-
gests that the small peptide is not likely to act at the level of RTA
transcription. This notion was confirmed by the fact that no sig-
nificant differences in RTA mRNA levels were found between cells
that express vSP-1 and those that do not (Fig. 4B and 1B). In
contrast, cotransfection of 293T cells with vSP-1 and RTA expres-
sion vectors resulted in elevated RTA protein levels and increased
stability of the protein relative to those in cells that did not express
vSP-1 (Fig. 4C). Taking these results together, we conclude that
vSP-1 regulates the RTA level at a posttranscriptional level in the
cytoplasm.

vSP-1 complexes with RTA protein. To reveal the mechanism
underlying the upregulation of RTA by vSP-1, we used a coimmu-
noprecipitation (co-IP) assay to determine whether vSP-1 inter-
acts with RTA. 293T cells were cotransfected with expression vec-
tors for RTA and Flag-tagged vSP-1. Cell extracts were
immunoprecipitated with an anti-Flag antibody. Western blot
analysis detected RTA in the precipitate, indicating that vSP-1 is
complexed with RTA in cells where these proteins are coexpressed
(Fig. 5A). Then RTA was mapped for the domain(s) that interacts
with vSP-1 by use of a series of deletion mutants of RTA (D1 to D8
[Fig. 5B, top]). In a co-IP assay, mutant D7 (RTAA626—-641) dis-
played a significant reduction in interaction with vSP-1, suggest-
ing that the region missing in these deletion clones is the target of
vSP-1 in the RTA (Fig. 5B, bottom).

The region that is missing in mutant D7 has been reported to
be part of the regulatory domains called the protein abundance
regulatory signal (PARS), which consist of two components:
PARS (aa 490 to 535) and PARS II (aa 590 to 650). Mutation or
deletion of either component results in abundant expression of
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FIG 4 vSP-1 stabilizes RTA protein. (A) Subcellular localization of vSP-1.
293T cells were cotransfected with the Flag-vSP-1 and RTA expression vectors.
Cells were fractionated using the Subcellular Protein Fractionation kit. Nor-
malized portions of each extract were analyzed by Western blotting using
specific antibodies against Flag (vSP-1) and Myc (RTA). Antibodies against
proteins from various cellular compartments, including B-actin (cytoplasmic
soluble proteins [CE]), SP-1 (nuclear soluble proteins [NE]), and histone
(chromatin-bounded proteins [CB]), were included as references. (B) 293T
cells were cotransfected with an RTA expression vector and either a Flag-vSP-1
vector (filled bar) or an empty vector (shaded bar) for 48 h. RTA mRNA was
detected using RT-qPCR with specific primers. Data are means and standard
deviations for three experimental replicates. (C) Measurement of RTA stability
in the absence and presence of vSP-1. pCR3.1-ORF50 was introduced into
293T cells with either a Flag-vSP-1 vector or an empty vector (E). Forty hours
posttransfection, cells were treated with 100 pg/ml of cycloheximide (CHX).
(Top) Cells were analyzed by immunoblotting for RTA at different time
points, as indicated. B-Actin was used as a control for equivalent sample load-
ing. (Bottom) The band intensities on the exposed film are plotted graphically.

RTA protein (25, 26). We also found that deletion of the region
around the D6 and D7 deletions, or of the region around the D2
and D3 deletions, renders RTA highly and constitutively ex-
pressed. These mutants are no longer regulated by vSP-1 but are
constitutively expressed at levels much higher than that of wild-
type RTA (Fig. 6). Our data are consistent with the previous find-
ing and suggest the hypothesis that vSP-1 might stabilize RTA by
interacting with the PARS II domain and abrogating PARS-asso-
ciated regulation.

vSP-1 inhibits the proteasome-mediated degradation of
RTA. The PARS I and PARS IT domains in RTA have been hypoth-
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FIG 5 vSP-1 interacts with RTA at the PARS domain. (A) vSP-1 complexes
with RTA protein. 293T cells were cotransfected with an RTA expression vec-
tor and a Flag-vSP-1 or empty (E) vector, followed by immunoprecipitation
(IP) with an anti-Flag antibody and Western blotting for RTA. WCE, whole-
cell extracts. (B) Mapping of RTA for the vSP-1 binding region. (Top) A set of
deletion mutants of pCR3.1-ORF50 was constructed. The positions of deleted
amino acids for each construct are given on the maps. (Bottom) The deletion
mutants were used for coimmunoprecipitation as described in the legend to
panel A. WT, wild type.

esized to serve consecutively as an acceptor site for ubiquitination
and a dock site for ubiquitin ligase (26). Thus, it is likely that vSP-1
stabilizes RTA by interacting with PARS domains, thereby pre-
venting the autoubiquitination and proteasome-associated degra-
dation of RTA. To investigate this hypothesis, 293T cells cotrans-
fected with RTA and vSP-1 expression vectors were treated with
the proteasome inhibitor MG132. In the absence of vSP-1, the
steady-state level of RTA was significantly increased in cells ex-
posed to MG132. However, in the presence of vSP-1, the abun-
dance of RTA was dramatically enhanced regardless of the pres-
ence or absence of MG132 (Fig. 7A). To further study the effect of
vSP-1 on the ubiquitination status of RTA, the cell extracts were
immunoprecipitated with an antibody that brought down Myc-
tagged RTA, followed by Western blotting with an anti-ubiquitin
antibody. In cells that did not express vSP-1 and were treated with
MG132, we observed a slowly migrating high-molecular-weight
polyubiquitin-RTA smear, which was absent from cells expressing
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construct, for 48 h. RTA expression levels were examined by Western blotting
using an anti-RTA antibody. Lane M, mock transfection; lanes E, empty vec-
tor. 3-Actin was used as a control for equivalent sample loading.

vSP-1 (Fig. 7B), suggesting a role for vSP-1 in inhibiting the ubiq-
uitination of RTA. These data provide evidence that vSP-1 en-
hances the stability of RTA by preventing the degradation of RTA
by the ubiquitin-proteasome pathway.

In addition, the treatment of cells with MG132 dramatically
increased the abundance of vSP-1 (Fig. 7A). This finding suggests
that vSP-1 is also under the regulation of the ubiquitin-protea-
some pathway, adding an additional layer of regulation of RTA
expression and the viral life cycle.

DISCUSSION

In the current study, we demonstrated that a previously annotated
noncoding RNA of KSHV, namely, T3.0, modulates RTA stability,
thereby facilitating viral lytic replication. Further investigation
discovered that the upregulation of RTA by T3.0 is actually medi-
ated by a small peptide translated from T3.0. This small peptide,
vSP-1, binds to RTA at the PARS motif and blocks the degradation
of RTA by the ubiquitin-proteasome pathway. The salient features
of our finding are as follows.

First, the mammalian genome is extensively transcribed, giving
rise to thousands of noncoding transcripts (4, 6). The same phe-
nomenon is also seen in viral genomes. In the KSHV genome,
Ganem and colleagues observed extensive transcription from
noncoding regions, including both intergenic regions and non-
coding regions antisense to known open reading frames (3, 27).
These noncoding RNAs have been found to regulate a wide range
of biological processes through different mechanisms. Accumu-
lating data also suggest that some of the noncoding RNAs may
encode small open reading frames (sORFs) that were previously
ignored in gene annotation, since they are shorter than 100 codons
(28). This notion is in accordance with (i) computational methods
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that determine coding potential through evolutionary informa-
tion on potential SORFs conserved across species and (ii) an ex-
perimental approach, such as ribosomal profiling, that provides
information on ribosome occupancy on RNA. These methods
have predicted that sORFs are likely to be very abundant, and they
are believed to represent an untapped source of important biology
(29). However, this prediction can be proven only by clear dem-
onstrations of the functions of the products encoded by the
sORFs. Recently, a study on Drosophila showed that a set of small
peptides produced from the noncoding RNA gene polished rice
(pri) “control epidermal differentiation in Drosophila by modify-
ing the transcription factor Shavenbaby (Svb)” (30). Here we
present the first example of a viral SORF-encoded small peptide
that regulates the viral life cycle switch from latency to lytic repli-
cation by modifying a viral transcription activator in human cells.
Therefore, it is possible that mammalian cells and herpesviruses
encode large numbers of small peptides that regulate various bio-
logical processes. A proteomic study on human cytomegalovirus
(HCMV) virions identified 12 small peptides, ranging from 22 to
60 amino acids, associated with purified HCMV virion particles.
All the sequences identified were present in all the HCMV strains
(TR, PH, FIX, Merlin, Toledo, and Towne) and were 97 to 100%
identical at the DNA level (31). Interestingly, the nucleotide and
amino acid sequences of vSP-1 are conserved in four independent
isolates of KSHV (23).

It is worth noting that there are multiple SORFs in the T3.0
transcript of KSHV. At least two of them (vSP-1 and vSP-2) have
been proven to be translated, giving rise to peptides. It is possible
that multicistronic expression is a common feature for sORF-car-
rying “noncoding” RNA in viruses and cells.
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Second, the results obtained in the current study suggest a
novel type of regulation of RTA expression and, as a consequence,
of regulation of the lytic phase of the viral life cycle. RTA is en-
coded by an immediate-early gene, ORF50, and the expression of
its mRNA is detected as early as 2 h during reactivation (21, 32).
However, as shown in Fig. 2B, the protein level of RTA peaks at 48
h after the induction of reactivation by TPA. The inconsistency
between the transcription and protein levels of RTA reflects regu-
lation of its expression at several levels—transcription and post-
transcription/protein stability. Our study led to a model for post-
transcriptional regulation of RTA as follows. During the onset of
KSHYV reactivation, RTA expression is tightly controlled by ubiq-
uitin-proteasomal degradation mechanisms and the cellular and
viral repressors, frequently leading to the abortion of lytic replica-
tion. However, when RTA expression is robust enough or reaches
a level above a threshold at a later stage, it activates certain early-
gene promoters, including T3.0. The T3.0-encoded small peptide
vSP-1 interacts with RTA at the PARS domain and stabilizes RTA
by interfering with the interaction of RTA with its negative regu-
lators and preventing its degradation. The elevated level of RTA
overcomes its suppression and induces lytic replication.

The detailed mechanism underlying the vSP-1-mediated inhi-
bition of RTA degradation through the ubiquitin-proteasome
pathway has not yet been revealed. It has been reported that RTA
ubiquitination involves both PARS I and PARS II (25, 26). There
are several lysines in PARS I that may function as ubiquitination
bindingsites, but none in PARSII. Chang et al. (26) have proposed
that one or more lysines in component I of the PARS motif may
function as an acceptor site for ubiquitination and that a ubiquitin
ligase (E3) may dock on component II. Since vSP-1 has been
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found to interact with component II of the PARS motif, it is likely
that vSP-1 binds to the E3 docking site, thereby blocking RTA
ubiquitination. We hypothesize further that vSP-1 may function
as a ubiquitin mimic so as to occupy dock sites for ubiquitin ligase
or even so as to be conjugated to the acceptor sites for ubiquitina-
tion. As a result, vSP-1, a virally encoded ubiquitin-like peptide,
prevents the ubiquitination and degradation of RTA. This model
is proposed based on the following observations: (i) the vSP-1
binding site in RTA has been suggested to be the dock site for
ubiquitin E3 ligase (26); (ii) vSP-1 shares some common features
with ubiquitin and ubiquitin-like proteins, including small size
and the signature carboxyl-terminal diglycine motif, which is es-
sential for the formation of covalent bonds between ubiquitin or
ubiquitin-like proteins and their target substrates (33, 34). Fur-
ther investigation is needed in order to comprehend this novel
mechanism of regulation.
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