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Though similar to those of herpesvirus saimiri and Epstein-Barr virus (EBV), the Kaposi’s sarcoma-
associated herpesvirus (KSHV) genome features more splice genes and encodes many genes with bicis-
tronic or polycistronic transcripts. In the present study, the gene structure and expression of KSHV
ORF56 (primase), ORF57 (MTA), ORF58 (EBV BMRF2 homologue), and ORF59 (DNA polymerase
processivity factor) were analyzed in butyrate-activated KSHV� JSC-1 cells. ORF56 was expressed at low
abundance as a bicistronic ORF56/57 transcript that utilized the same intron, with two alternative branch
points, as ORF57 for its RNA splicing. ORF56 was transcribed from two transcription start sites,
nucleotides (nt) 78994 (minor) and 79075 (major), but selected the same poly(A) signal as ORF57 for RNA
polyadenylation. The majority of ORF56 and ORF57 transcripts were cleaved at nt 83628, although other
nearby cleavage sites were selectable. On the opposite strand of the viral genome, colinear ORF58 and
ORF59 were transcribed from different transcription start sites, nt 95821 (major) or 95824 (minor) for
ORF58 and nt 96790 (minor) or 96794 (major) for ORF59, but shared overlapping poly(A) signals at nt
94492 and 94488. Two cleavage sites, at nt 94477 and nt 94469, could be equally selected for ORF59
polyadenylation, but only the cleavage site at nt 94469 could be selected for ORF58 polyadenylation
without disrupting the ORF58 stop codon immediately upstream. ORF58 was expressed in low abundance
as a monocistronic transcript, with a long 5� untranslated region (UTR) but a short 3� UTR, whereas
ORF59 was expressed in high abundance as a bicistronic transcript, with a short 5� UTR and a long 3�
UTR similar to those of polycistronic ORF60 and ORF62. Both ORF56 and ORF59 are targets of ORF57
and were up-regulated significantly in the presence of ORF57, a posttranscriptional regulator.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a B-
lymphocyte-tropic �-herpesvirus with a genome of �165 kb
that can encode up to 90 viral proteins (21, 28, 33, 41). Despite
its similarity to the organization of other �-herpesvirus ge-
nomes, the KSHV genome is unique in having multiple regions
with gene clusters and more split (splice) genes than any other
herpesvirus (45). Considerable insight has been gained from
recent studies on the structure and expression of individual
genes in the KSHV genome, including the identification of
ORF50/K8/K8.1 as a cluster gene locus in which all three genes
share a common poly(A) signal but utilize alternative promot-
ers and alternative RNA splicing to express each gene (20, 22,
30, 39, 40, 43). ORF73/72/K13 is another cluster gene locus in
which all three genes initiate their transcription from the same
promoter and polyadenylation from the same poly(A) signal
but utilize alternative RNA splicing and translation initiation
for the expression of each gene (1, 9, 14, 35, 38). ORF34/35/
36/37 was also identified recently as a cluster gene locus that
responds to hypoxia for transcription activation, and the hy-
poxia-induced polycistronic transcripts are presumably poly-
adenylated from a common poly(A) signal (12, 13).

Several elegant studies have succeeded in mapping and char-
acterizing the transcription start sites of representative genes

from the KSHV genome. However, we know little about the 3�
ends of their transcripts except that they are presumed to
contain poly(A) signals because such signals are located 3� to
the individual open reading frames (ORFs). Where the tran-
scription of most KSHV genes starts and ends remains largely
unknown. In the course of studying KSHV ORF57 gene ex-
pression and looking for ORF57 targets, we extensively ana-
lyzed the gene structures and expression of four KSHV early
genes: ORF56, ORF57, ORF58, and ORF59. KSHV ORF56
encodes a primase protein for viral DNA replication (42) and
is positioned immediately upstream of ORF57 on the sense
strand of the KSHV genome. KSHV ORF57 has been charac-
terized as a posttranscriptional regulator of viral gene expres-
sion (10, 15, 23, 25), as well as a cooperative transcriptional
regulator (15, 24). KSHV ORF58 encodes an Epstein-Barr
virus BMRF2 homologue of unknown function (18) and is
positioned side-by-side with KSHV ORF59 in the reverse di-
rection on the antisense strand of KSHV genome. KSHV
ORF59 encodes a viral DNA polymerase processivity factor
involved in viral DNA replication (4, 5, 19). Some limited
knowledge has been obtained about ORF57, but very little is
known about the gene structures and expression of ORF56,
ORF58, and ORF59 in the context of the KSHV genome. In
this study, we combined all available techniques to precisely
map the transcription start sites and polyadenylation sites as
well as the expression levels of these genes. We found that
KSHV ORF56 and ORF59 are transcribed as bicistronic RNA
transcripts and are targets of KSHV ORF57.
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MATERIALS AND METHODS

Cells. The human KSHV-positive, Epstein-Barr virus-positive, PEL-derived
B-cell line JSC-1 (3) was a generous gift from Richard Ambinder of The John
Hopkins University. Cells were cultured in RPMI 1640 medium (Invitrogen,
Carlsbad, CA) containing 10% (vol/vol) fetal bovine serum (HyClone, Logan,
UT), 2 mM L-glutamine, 100 U/ml of penicillin, and 100 �g/ml of streptomycin
in a humidified 5% CO2 atmosphere at 37°C. For induction of the KSHV lytic
cycle, JSC-1 cells were treated with sodium butyrate (Aldrich, Milwaukee, WI) at
a final concentration of 3 mM for 24 or 48 h.

RT-PCR. Total RNA extracted from cells using the TRIzol reagent (Invitro-
gen) was treated with RQ1 DNase I (Promega, Madison, WI) for 20 min at 37°C,
followed by heat inactivation, phenol-chloroform extraction, and precipitation.
DNase I-treated total RNA (8 �g) was then used in a one-step reverse trans-
criptase (RT)-PCR containing Superscript II/Platinum Taq (�RT) or Platinum
Taq (�RT) (Invitrogen). The gene-specific primers oVM9 (Pr81856; 5�-GGTG
AGCGAAGTCACGGTAAC-3�) and oVM11 (Pr82296; 5�-CTCGTCTTCCAG
TGTCGGTG-3�) were used to detect spliced ORF56/57 bicistronic transcripts.

RPA. The radioactive RNA probes were prepared by in vitro transcription in
the presence of [�-32P]GTP with Riboprobe System-T7 (Promega), using PCR
products with built-in T7 promoter sequences as templates. The following prim-
ers were used for DNA template preparation: oVM9 and oVM14 (Pr82297;
5�-TAATACGACTCACTATAGG/GCTCGTCTTCCAGTGTCGGT-3�) for
probe a, oVM36 (Pr83438; 5�-TGGAACATCACAGCTTG-3�) and oVM90
(Pr83705; 5�-TAATACGACTCACTATAG/GGCGGTCTGGTGTTGTGTT-3�)
for probe b, oVM54 (Pr97374; 5�-CAGGGTGCGTAAGGCGAC-3�) and
oVM58 (Pr96704; 5�-TAATACGACTCACTATAGG/GTCCACCCTGACCCC
ATAGT-3�) for probe c, oVM159 (Pr95717; 5�-TAATACGACTCACTATA/G
GGACCAACTGGTGTGAGAGG-3�) and oVM160 (Pr96080; 5�-ACCCGTTT
CTGGCTGGGATGGT-3�) for probe d, and oVM91 (Pr94368; 5�-TAATACG
ACTCACTATAG/GGACAGCACCCAGGCACT-3�) and oVM92 (Pr94768;
5�-ATGCGTGGGCGTATCCG-3�) for probe e. The positions of the individual
probes relative to the KSHV genome are shown in Fig. 1 and Fig. 4. The RNase
protection assay (RPA) was performed with an RPA III kit (Ambion, Austin,
TX) according to the manufacturer’s instructions with minor modifications.
Briefly, 4 ng of each probe (specific activity, 35,000 cpm/ng) was hybridized
overnight at 42°C with 20 to 25 �g of total RNA in hybridization buffer and then
digested with an RNase A-T1 mixture for 30 min at 37°C. Five micrograms of
yeast RNA was used as a negative control. Protected RNA fragments were
separated in a denaturing 8% polyacrylamide gel containing 8 M urea. DNA
ladders with 32P end labeling were used as size markers. Autoradiographic data
were captured with a Molecular Dynamics PhosphorImager Storm 860 instru-
ment and analyzed with ImageQuant software.

Primer extension assay. To map the transcription start site(s) of selected
KSHV transcripts or the ORF56/57 branch point(s) for RNA splicing, primer
extension assays were carried out using a Primer Extension System-AMV Re-
verse Transcriptase kit (Promega). Each reaction contained 20 �g of total RNA
and one of the following oligonucleotides: oVM158 (Pr95717; 5�-GGGACCAA
CTGGTGTGAGAGG-3�) for mapping the 5� end of ORF58 transcripts, oVM73
(Pr96704; 5�-GTCCACCCTGACCCCATAGT-3�) for mapping the 5� end of
ORF59 transcripts, and oVM11 for mapping the ORF56/57 branch point(s).

Manual sequencing. The precise sizes and positions of various RNA fragments
obtained by RPA or primer extension assays were determined with sequencing
ladders. Templates used for sequencing were prepared by TA cloning of the PCR
templates used for probe preparation (probes a, b, c, d, and e) into pCR2.1
vectors using a TA TOPO cloning kit (Invitrogen). Three micrograms of purified
plasmid DNA was sequenced with 32P-labeled individual primers using a Seque-
nase Quick-Denature plasmid sequencing kit (USB, Cleveland, OH) and sepa-
rated in a denaturing polyacrylamide gel together with RPA and primer exten-
sion products.

5�- and 3�-RACE. 5�- and 3�-rapid amplification of cDNA ends (RACE) assays
were carried out to amplify the ends of the studied viral transcripts using a BD
SMART RACE cDNA amplification kit (BD Biosciences, San Diego, CA),
following the manufacturer’s instructions. Poly(A)� RNA (1 �g/reaction) from
JSC-1 cells induced with sodium butyrate for 24 h was used as a template.
Poly(A)� RNA was selected with a QuickPrep Micro mRNA purification kit
(GE Healthcare, Piscataway, NJ). The primer oVM146 (Pr79608; 5�-AGGGTT
ACCCTGGGGGCGAGTATCTGGG-3�) was used for ORF56 5�-RACE,
oVM67 (Pr83254; 5�-GCATGTAACCTTCTTGGCGAG-3�) for ORF56/57 3�-
RACE, oVM47 (Pr95379; 5�-GCGTGACTGGCAGCGACC-3�) for ORF58 and
ORF59 5�-RACE, and oVM92 (Pr94768; 5�-ATGCGTGGGCGTATCCG-3�)
for ORF58/59 3�-RACE. To amplify the 5� ends of ORF58 transcripts, the
extension time for RACE PCR amplification was shortened to 30 s to favor the

amplification of the short ORF58 over the more abundant ORF59 transcripts.
Each RACE product was cloned into a pCR2.1 vector (Invitrogen) using TA
cloning, and individual colonies were picked up for sequence analysis.

Plasmid construction. To express the KSHV ORF57-FLAG fusion protein in
mammalian cells, a KSHV ORF57 cDNA from nucleotide (nt) 82069 to nt 83541
in the KSHV genome was amplified by RT-PCR from JSC-1 cells using a 5� sense
primer (oVM68; 5�-TACTCAGAATTCACC/ATGGTACAAGCAATGATAG
ACATGG-3�) containing an EcoRI site in combination with a 3� antisense
primer (oVM69; 5�-ATCGTGGATCC/AGAAAGTGGATAAAAGAATAAAC
CCTTG-3�) containing a BamHI site. After double digestion with EcoRI and
BamHI, the cDNA without an intron was cloned in frame in the mammalian
expression vector pFLAG-5.1-CMV (Sigma, St. Louis, MO). The resulting plas-
mid was named pVM7 and expressed ORF57 with a FLAG tag on its C terminus.
A similar strategy was used to construct the KSHV ORF56-FLAG expression
vector. ORF56 (nt 79436 to 81964) was amplified with a sense primer, oVM71
(Pr79433; 5�-TACTCAGAATTC/ACCATGGAGACGACATAC CGC-3�), con-
taining an EcoRI site, and an antisense primer, oVM72 (Pr81964; 5�-ATCGTG
TCGAC/ACTGGCCAGTCCCACTGGTACCA-3�), containing a SalI site from
Bac36 DNA (48). The resulting 2.5-kb PCR product was double digested with
EcoRI and SalI and then cloned into the multiple cloning sites of the pFLAG-
CMV-5.1 vector (Sigma) using the corresponding restriction sites. The new
plasmid was named pVM9 and expresses ORF56 with a FLAG tag on its C
terminus.

Cotransfection of 293 cells and sample preparation. The cotransfection study
was performed with 293 cells (5 � 105) in a six-well plate with 1 �g of pVM9
(ORF56-FLAG fusion) together with 0.2 �g of pVM7 (ORF57-FLAG fusion) or
empty pFLAG-CMV-5.1 vector using Lipofectamine 2000 (Invitrogen). Protein
samples were prepared 24 h after transfection by direct cell lysis in 500 �g of 2�
sodium dodecyl sulfate (SDS) protein loading buffer containing 5% (vol/vol)
2-mercaptoethanol. The cytoplasmic and nuclear fractions of total RNA were
prepared 24 h after transfection. Briefly, after trypsinization, cells were washed
with cold phosphate-buffered saline, transferred into a 1.5-ml tube, and centri-
fuged at low speed. The cell pellet was resuspended in 200 �l of buffer A (50 mM
Tris [pH 8.0], 140 mM NaCl, 1.5 mM MgCl2, 0.2% NP-40, 1 mM dithiothreitol,
and 200 U RNAsin), incubated for 5 min on ice, and spun for 2 min at 3,000 �
g. The supernatant (cytoplasmic fraction) was transferred into a prechilled tube
and used to extract cytoplasmic RNA. The pellet was saved for the extraction of
nuclear RNA by the addition of 1 ml of TRIzol reagent (Invitrogen).

Western blot analysis. Twenty microliters of protein from each sample was
separated in a NuPAGE 4 to 12% Bis-Tris gel (Invitrogen) in 1� morpho-
lineethanesulfonic acid running buffer. After transfer, the nitrocellulose mem-
brane was blocked with 5% nonfat milk in Tris-buffered saline (TBS) (10 mM
Tris, 150 mM NaCl, pH 7.4) with the addition of Tween 20 at a final concen-
tration of 0.05% (vol/vol) (TTBS) for 1 h at room temperature. After a quick
wash with TBS, the membrane was incubated for 1 h at room temperature with
primary antibody diluted in TTBS. A monoclonal anti-FLAG M2 antibody
(Sigma) diluted 1:5,000 for ORF56-FLAG and ORF57-FLAG detection or an
immunoglobulin M (IgM)-type monoclonal anti-	-tubulin antibody (BD Phar-
mingen, San Jose, CA) diluted 1:1,000 for sample loading controls were used
separately in combination with an appropriate horseradish peroxidase-labeled
secondary antibody (Sigma) diluted 1:10,000 in 1% nonfat milk in TTBS for 1 h
at room temperature. The immunoreactive proteins were detected with en-
hanced chemiluminescence using the SuperSignal West Pico Western chemilu-
minescence substrate (Pierce, Rockford, IL). The enhanced chemiluminescence-
generated signal was captured on X-ray film or with a charge-coupled-device
camera in the Bio-Rad ChemiDoc system and analyzed with Quantity One
software (Bio-Rad, Hercules, CA). Before subsequent staining, the membranes
were stripped with Restore Western blot stripping buffer (Pierce) according to
the manufacturer’s instructions.

Northern blot analysis. Each sample containing 1 �g of poly(A)� mRNA
isolated from butyrate-induced JSC-1 cells was mixed with NorthernMax form-
aldehyde load dye (Ambion) and denatured at 75°C for 15 min. One microliter
of ethidium bromide (1 mg/ml) was added before loading. The samples were
then separated in 1% (wt/vol) formaldehyde-agarose gels in 1� morpholine-
propanesulfonic acid running buffer, capillary transferred onto a nylon mem-
brane, and immobilized by UV light. After 1 h of prehybridization, hybridization
was carried out for 24 h at 65°C or 42°C (for oligonucleotide probes) in Super-
Hyb hybridization buffer (Sigma) with the addition of shredded salmon sperm
DNA (0.1 mg/ml). The 32P-labeled ORF-specific probes (107 cpm) prepared by
end labeling (if they were oligonucleotides) or by in vitro transcription (see RPA)
were used to detect specific transcripts. The following sense oligonucleotides
were used for the hybridizations: oVM45 (Pr94923; 5�-CTGAATAGGTGATG
TACTTCCC-3�) for ORF58, oVM73 (Pr96704) for ORF59, oVM169 (Pr97635;
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5�-GTCCTTGTCGGCATCGCTGAG-3�) for ORF60, oVM170 (Pr100080; 5�-
TGAGAGATTGGGCACACATATCA-3�) for ORF61, and oVM171 (Pr101121;
5�-CGGTGAGTTGGTGGAGGTAAA-3�) for ORF62. After hybridization, the
membrane was washed once with a 2� SSPE (1� SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA [pH 7.7])–0.1% SDS solution for 5 min at room
temperature and twice with 0.1� SSPE–0.1% SDS for 15 min at 65°C or 42°C
(oligonucleotide probes) and exposed to X-ray film at �80°C for various amounts of
time.

Cytoplasmic or nuclear total RNA (�5 �g) isolated from transfected 293 cells
was blotted for ORF56 RNA transcripts with a 32P-labeled antisense oligonu-
cleotide probe (2 � 106 cpm), oVM24 (Pr81676; 5�-AGTGTCGTATGCTTTA
TCCCAAA-3�), positioned from nt 81676 to 81654 on the antisense strand of the
viral genome. Glyceraldehyde-3-dehydrogenase (GAPDH) mRNA and U6
snRNA were probed separately with individual 32P-labeled oligonucleotide
probes, oZMZ 270 (5�-TGAGTCCTTCCACGATACCAAA-3�) for GAPDH,
and oST 197 (5�-AAATATGGAACGCTTCACGA-3�) for U6 snRNA, as indi-
cators of fractionation efficiency. The nuclear and cytoplasmic fractionation
efficiencies were also verified by the presence of 45S and 32S pre-rRNA. The
prehybridization and hybridization were performed at 42°C for 20 h, followed by
one wash with 2� SSPE–0.1% SDS solution for 5 min at room temperature and
two washes with 0.1� SSPE–0.1% SDS for 15 min at 42°C before exposure to a
PhosphorImager screen.

RESULTS

KSHV ORF56 is a split gene encoding a bicistronic ORF56/57
mRNA expressed after lytic induction. KSHV ORF56 and
ORF57 physically reside side-by-side in the same orientation
on the sense strand of the viral genome and are separated by
only 102 nt. A computer analysis of the KSHV ORF56 coding
region and its downstream sequences suggests that KSHV
ORF56 might share its poly(A) signal with ORF57 for poly-
adenylation. The poly(A) signal at nt 83608 downstream of the
ORF57 coding region had previously been postulated to be
used for ORF57 polyadenylation (15). If the two genes share
this poly(A) signal, the KSHV ORF56 gene would be a split
gene that contains the previously reported ORF57 intron (15).
In this case, ORF56 transcripts should be longer than ORF57
transcripts, with a calculated size of more than 4 kb (Fig. 1A).
To test this hypothesis, an RT-PCR assay was first conducted
with total RNA isolated from butyrate-treated JSC-1 cells to
detect ORF56 transcripts. To determine whether ORF56 tran-
scripts contain the ORF57 intron, we performed RT-PCR
analyses using a forward primer from the ORF56 coding re-
gion approximately 150 nt upstream of the ORF57 transcrip-
tion start site in combination with a reverse primer down-
stream of the ORF57 intron. With this strategy, two RT-PCR
products of the appropriate sizes were detected, one repre-
senting an unspliced, intron-containing ORF56 pre-mRNA
and the other representing a spliced ORF56 mRNA (Fig. 1B,
top panel). Sequencing of the spliced products (Fig. 1B, bot-
tom panel) revealed the identical splice junction (nt 82117/
82226) seen in spliced ORF57 transcripts (15), demonstrating
that the ORF56 and ORF57 transcripts contain the same in-
tron. This observation was further confirmed by RPA with
probe a. As shown in Fig. 1C, we detected an RPA product of
261 nt, representing spliced ORF56 transcripts, or of 441 nt,
representing unspliced ORF56 transcripts, in total RNA iso-
lated from butyrate-induced JSC-1 cells (lane 5). However, the
majority of the protected RNA products were spliced ORF57,
as indicated by the protection of exon 1 (114 nt) and exon 2 (71
nt; lane 5) at similar levels. Unspliced ORF57 transcripts were
less abundant. Consistent with the RPA results described
above, Northern blot analysis of poly(A)� mRNAs using a

32P-labeled antisense probe covering the 3� end of ORF57
showed that butyrate treatment of JSC-1 cells did induce the
cells to produce two major RNA transcripts: an abundant
ORF57 of �1.6 kb and a much less abundant ORF56 of �4.4
kb (Fig. 1D). Together, these data indicate that KSHV ORF56
is a split gene whose 3� UTR overlaps with ORF57; thus,
ORF56 transcripts are bicistronic.

Mapping of the branch point used in the intron splicing of
KSHV ORF56 and ORF57 transcripts after lytic induction.
After demonstrating that the KSHV ORF56 and ORF57 tran-
scripts contain the same intron, we used a primer extension
assay to map the intron branch point (BP) that mediates the
intron recognition by U2 snRNA in spliceosome-mediated
splicing of ORF56 or ORF57 RNA. In this strategy, primer
extension was performed with total RNA obtained from
butyrate-treated JSC-1 cells using the 32P-labeled primer
Pr82296, which is complementary to the exon 2 sequences of
both the ORF56 and ORF57 transcripts. The same primer was
used for both primer extension and dideoxy DNA sequencing
reactions. Since primer extension stops one nucleotide before
the BP in lariat-containing splicing intermediates, the BP can
be mapped by comparing the extended products with the DNA
sequencing ladders and showing exactly where the extended
products are terminated (46). We detected three extension
products from the total RNA obtained from butyrate-activated
JSC-1 cells (Fig. 2A, lane 5), one corresponding to spliced
ORF57 RNA transcripts with a size of 184 nt and the other two
corresponding to extension products of lariat-containing exon
2 RNAs that stopped, respectively, at nt 82186 and nt 82189,
with the former being more abundant than the latter. These
extension products were not seen when total RNA from unin-
duced JSC-1 cells was used as a template (Fig. 2A, lane 6).
Since primer extension stops one nucleotide before the BP,
these results mapped the BP to two adenosine residues on the
sense strand at nt 82185 and 82188 (Fig. 2B). Thus, two alter-
native BPs with overlapping BP sequences, GGCGGAC and
GGACCAU (the BP is underlined), are located, respectively,
40 nt and 37 nt upstream of the nt 82226 3� splice site. Com-
pared with the mammalian BP consensus sequence YNYU-
RAC, the BP sequence GGCGGAC at nt 82185 deviates at two
positions, whereas the BP sequence GGACCAU at nt 82188
deviates at four positions. Therefore, the BP at nt 82185 would
be predominantly selected for U2 recognition during RNA
splicing, as shown in Fig. 2, even though both BP sequences are
nonconsensus BP sequences.

Between the nt 82185 BP and the nt 82226 3� splice site is a
polypyrimidine tract. The polypyrimidine tract contains 10 in-
terspersed purines and is therefore predicted to be suboptimal.
Together with the sequence data of the BPs, we conclude that
the intron of the ORF56 and ORF57 transcripts is a weak or
suboptimal intron.

Mapping of the ORF56 transcription start site and poly-
adenylation cleavage sites for ORF56 and ORF57 expression
in lytic induction. As described above, KSHV ORF56 tran-
scripts are much less abundant than ORF57 transcripts in
activated KSHV-positive cells. Initially, it was difficult to map
the transcription start site of ORF56 with conventional RPA
assays, which had been used for mapping the ORF57 (15) and
K8.1 (40) transcription start sites. To locate the transcriptional
start site of ORF56, we performed a 5�-RACE assay on
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FIG. 1. KSHV ORF56 is a split gene that produces transcripts of low abundance after lytic induction. (A) Schematic diagrams of the KSHV ORF56
and ORF57 ORFs and their transcripts. The numbers above each ORF are the nucleotide positions of the start and termination codons in the KSHV
genome (GenBank accession number U75698) (33). The heavy line with dashes on both ends represents the genomic region encompassing ORF56 and ORF57,
with promoters (arrows, designated by their transcription start sites) and 3�-end processing signals [a poly(A) signal and a cleavage site (CS)] indicated. Below
the heavy line are bicistronic ORF56/57 and monocistronic ORF57 pre-mRNAs that each contain two exons (boxes 1 and 2) and one intron (dashes between
boxes). Primers (heavy arrows) used to characterize KSHV ORF56 and ORF57 transcripts are shown below the pre-mRNAs and are named by the locations
of their 5� ends. Antisense RNA probes a and b for RPA assays and the resulting RNA products protected from each probe are illustrated in the bottom of the
diagram, with the sizes (nt) in parentheses. (B) The majority of KSHV ORF56 transcripts are bicistronic ORF56/57 transcripts that are spliced to remove the
ORF57 intron. The primers Pr81856 and Pr82296 were used in an RT-PCR on DNase I-treated total RNA (8 �g) isolated from uninduced (0 h) or n-butyrate
(NB)-induced (24 and 48 h) JSC-1 cells. Parallel reactions without reverse transcriptase were used as a control. Twenty nanograms of Bac36 DNA (48) was used
as a KSHV DNA control. The lower panel shows the splicing junction identified by sequencing of the 333-bp PCR product. (C) RPA analysis of ORF56 and
ORF57 transcripts. Twenty micrograms of total RNA from uninduced or butyrate (NB)-induced JSC-1 cells was hybridized with 4 ng of antisense 32P-labeled
probe a prepared by in vitro transcription. The protected products were separated along with 100-bp DNA ladders in an 8% denaturing polyacrylamide
gel. Yeast total RNA (yRNA) was used as a negative RPA control. (D) Northern blot analysis of ORF56 and ORF57 transcripts. Approximately 1 �g
of poly(A)-selected mRNA from uninduced (lane 1) or butyrate-induced (24 h) (lane 2) JSC-1 cells was used in Northern blot analysis with 32P-labeled
antisense probe b prepared by in vitro transcription. The membrane was then exposed to X-ray film for various times. ?, unknown transcripts.
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poly(A)-selected mRNAs obtained from butyrate-treated
JSC-1 cells by using an ORF56-specific primer, Pr79608 (see
primer position in Fig. 1A). As shown in Fig. 3A, two RACE
products of �600 bp (product I) and �700 bp (product II)
were obtained, cloned, and sequenced to determine the 5� end
of each transcript. Among the 12 clones sequenced, 7 showed
an ORF56 transcription start site at nt 79075, 4 at nt 78994,
and 1 at nt 78993. The mapped ORF56 transcription start site
at nt 79075 corresponds to the major 5� RACE product I, and
the mapped ORF56 transcription start sites at nt 78994 or
78993 correspond to the minor 5� RACE product II, demon-
strating that KSHV ORF56 utilizes at least two alternative
transcription start sites (one major and one minor) to initiate
its transcription during viral lytic infection. The major tran-
scription start site A, at nt 79075, and the minor transcription
start site G, at nt 78994, are positioned, respectively, 361 nt and
442 nt upstream of the first AUG at nt 79436. Analysis of the
region 5� to each start site revealed TATA-like boxes, TTTA,
26 bp upstream of nt 79075, and TATT, 24 bp upstream of nt
78994.

A highly conserved hexanucleotide signal, AAUAAA, at nt
83608 downstream of the ORF57 coding region, could poten-
tially be used as a poly(A) signal for cleavage to generate the
3� ends of nascent ORF56 or ORF57 transcripts for polyaden-
ylation. To map the cleavage sites, a 32P-labeled antisense

RNA probe from nt 83438 to 83705 that includes the putative
3� ends of the transcripts was prepared for RPA analysis of
total RNA isolated from butyrate-treated JSC-1 cells. The
primer Pr83438, used to generate a DNA template for prepa-
ration of the antisense RNA probe, was also used for sequenc-
ing after end labeling with 32P. The cleavage sites were mapped
by comparing the RPA products with the DNA sequencing
ladders. As shown in Fig. 3B and C, the protected products
detected in the total RNA of butyrate-induced JSC-1 cells
displayed considerable heterogeneity, with multiple (at least
five) RPA products with a 2- or 3-nt difference in size, but no
products were detected in uninduced JSC-1 cells. By compar-
ing the protection pattern with the DNA sequence ladders, five
major RPA products were mapped to individual corresponding
cleavage sites at least 15 nt downstream of the nt 83608
poly(A) signal (Fig. 3C, see the arrow to the left), with the
predominant cleavage site (over 33%) at nt 83628 for ORF56
and ORF57 polyadenylation. Four other minor cleavage sites
were also mapped downstream of the nt 83628 cleavage site
just one or two nucleotides apart (Fig. 3, see diagram below the
gels). The heterogeneity and precise positions of the ORF56
and ORF57 cleavage sites mapped by RPA were further con-
firmed by 3�-RACE analysis of poly(A)� mRNA from bu-
tyrate-treated JSC-1 cells (Fig. 3D) by which the Pr83254
primer was used, and a RACE product with the predicted size

FIG. 2. Splicing of the ORF56/57 intron is mediated through two alternative branch points. Primer extension was performed on 20 �g of total
RNA from uninduced or butyrate (NB)-induced JSC-1 cells using a 32P-labeled antisense primer, Pr82296. (A) The sizes of the extended products,
whether fully spliced products or splicing intermediates, were compared with the sequencing ladders obtained using the same primer on plasmid
pVM1, which contains genomic ORF57 DNA. (B) The identified branch points (arrows pointing to the antisense sequence readout) and the branch
point sequences (bolded and boxed) are shown to the right of an enlarged portion of the gel in panel A.
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of �390 bp was detected, cloned, and sequenced. The sequenc-
ing results confirmed the heterogeneity of the cleavage sites
mapped by RPA.

Sixteen nucleotides downstream of the last cleavage site of

ORF56 and ORF57 is a suboptimal GU/U-rich element. This
element downstream of a cleavage site is often a recognition
site for cleavage stimulation factor, part of the RNA polyaden-
ylation machinery. Together, our data indicate that the KSHV

FIG. 3. Mapping of the ORF56 transcription start site and cleavage sites for ORF56 and ORF57 polyadenylation. (A) Mapping of the ORF56
transcription start site. The 5�-RACE was conducted on total poly(A)� mRNA isolated from butyrate-induced JSC-1 cells using an ORF56-specific
primer, Pr79608. The sequences of RACE products I and II are shown to the right of the gel, where the start sites are indicated. (B) An RNase
protection assay was performed on 20 �g of total RNA from uninduced or butyrate-induced JSC-1 cells with 4 ng of 32P-labeled antisense RNA
probe b (see Fig. 1A) covering KSHV genome nt 83438 to 83705. The same PCR product was also cloned into the pCR2.1 vector (Invitrogen) and
served as a template for sequencing with the 32P-labeled Pr83438 primer. The protected products were separated along with sequencing ladders
and a 100-bp DNA ladder on an 8% denaturing polyacrylamide gel. (C) A portion of the gel in panel B, enlarged to show the protected products
and the sequencing ladders. The arrow indicates a major protected product from butyrate-induced JSC-1 cells. The diagram shown below B and
C contains the calculations of alternative cleavage site usage; regulatory elements upstream [a poly(A) signal] or downstream (a GU/U-rich
element) of the cleavage site are also shown. (D) Mapping of ORF56/57 cleavage sites by 3�-RACE by using a primer, Pr83254 (see its position
in Fig. 1A). An RACE product with the predicted size of �390 bp was detected, cloned, and sequenced.
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ORF56/57 bicistronic RNA and ORF57 monocistronic mRNA
are polyadenylated from the same poly(A) site during lytic
KSHV infection.

Mapping of transcription start sites for KSHV ORF58 and
ORF59 expression in lytic KSHV induction. The primer exten-
sion, RPA, and 5�-RACE strategies were also used to map the
KSHV ORF58 and ORF59 transcription start sites. Because

ORF58 and ORF59 are located side-by-side on the opposite
strand of the viral genome relative to ORF56 and ORF57, a
sense probe for ORF58 (probe d) and a sense probe for
ORF59 (probe c; see their relative positions in Fig. 4A) were
synthesized for RPA by in vitro transcription from individual
PCR templates. The same sense primers, Pr95717 for ORF58
and Pr96704 for ORF59, were also labeled with 32P for primer

FIG. 4. Mapping of the KSHV ORF58 and ORF59 transcription start sites. (A) Schematic diagrams of KSHV ORF58 and ORF59 ORFs and
their transcripts. See other details in Fig. 1A. The heavy line below ORF58 and ORF59 with dashes on both ends represents the genomic region
encompassing ORF58 and ORF59, with the promoters (arrows, designated by their transcription start sites) and 3� end processing signals [a
poly(A) signal and a cleavage site (CS)] characterized in this study. Below the heavy line are the transcripts of bicistronic ORF58/59 and
monocistronic ORF58. Primers (heavy arrows) used for primer extension, sequencing, or RACE are shown below the transcripts. Antisense RNA
probes c, d, and e for RPA assays and the resulting RNA products protected from each probe are illustrated in the bottom of the diagram, with
the sizes (nt) in parentheses. (B) Mapping of ORF58 transcription start sites by primer extension. Total RNA (20 �g) from uninduced or
butyrate-induced JSC-1 cells was used for primer extension with a 32P-labeled primer, Pr95717. The same 32P-labeled primer was used to generate
a sequencing ladder from a plasmid containing KSHV genomic DNA from nt 95717 to nt 96080. The extended products were compared with the
sequencing ladder in an 8% denaturating polyacrylamide gel, and the corresponding sequence ladders to the extended products are the
transcription start sites, as indicated by arrows shown at the bottom of the panel. (C) Mapping of ORF58 transcription start sites by RPA. RPA
was performed on 20 �g of total RNA from uninduced or butyrate-induced JSC-1 cells, with 4 ng of 32P-labeled antisense RNA probe d. Arrows
indicate the protected ORF58 or ORF59 transcripts. (D) Mapping of ORF58 and ORF59 transcription start sites by 5�-RACE with primer
Pr95379. The left panel shows the products of 5� RACE from regular extension (3 min) cycles. The right panel shows the products of 5� RACE
from short extension (30 s) cycles preferentially amplifying ORF58 transcripts. (E) Mapping of KSHV ORF59 transcription start site by primer
extension. A primer extension assay was performed on 20 �g of total RNA from uninduced or butyrate-induced (24 h) JSC-1 cells with a
32P-labeled Pr96704 primer. The same primer was also used to generate a sequencing ladder from a plasmid containing KSHV genomic DNA from
nt 97374 to 96704. The extended products were compared with the sequencing ladder in an 8% denaturating polyacrylamide gel, and the
corresponding sequence ladders to the extended products are the transcription start sites as indicated by arrows shown at the bottom of the panel.
(F) Mapping of ORF59 transcription start sites by RPA. RPA was performed on 25 �g of total RNA from uninduced or butyrate-induced JSC-1
cells with 4 ng of 32P-labeled RNA probe c (see panel A). Arrows indicate RPA products in sizes of 87 and 91 nt, respectively, just above its
1-nt-truncated product.
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extension and DNA sequencing to map where the extension
products would stop. As shown in Fig. 4B, we detected two
weak extension products for ORF58 in total cell RNA ob-
tained from butyrate-induced JSC-1 cells but did not detect
these products in uninduced JSC-1 total RNA (compare lane 5
to lane 6). The major extension product for ORF58 was 105 nt
in size, corresponding to a nucleotide C position (lane 4) at nt
95821 of the viral genome sense strand, and the minor exten-
sion product was 108 nt in size, also corresponding to a nucle-
otide C position (lane 4) at nt 95824 of the viral genome sense
strand. Since ORF58 is positioned on the opposite strand, the
two alternative transcription start sites of ORF58 were thus
mapped by primer extension to a G at nt 95821 (major) and a
G at nt 95824 (minor). RPA analysis of the total cell RNA
from butyrate-induced JSC-1 cells using sense probe d con-
firmed the presence of two RPA products with sizes similar to
those of the extension products (Fig. 4C, compare lane 5 to
lane 4), but their expression levels were much lower than the
level of ORF59 detected by probe d (Fig. 4C, lane 5), in spite
of some RNA degradation in the reaction. The two ORF58
transcription start sites were also verified by 5�-RACE (Fig.
4D), cDNA cloning, and sequencing analysis of butyrate-in-
duced JSC-1 poly(A)� mRNA, showing that the majority of
5�-RACE products had a 5� end at nt 95821 (six of nine
clones), with a minority at nt 95824 (three of nine clones).
Analysis of the region 5� to each transcription start site re-
vealed a TATA-like box, TTTA, 25 bp upstream of nt 95821
and 22 bp upstream of nt 95824.

Figure 4E shows three primer extension products, using
primer Pr96704 for ORF59 from total cell RNA isolated from
butyrate-induced JSC-1 cells, which were 87, 91, and 92 nt in
size according to the sequencing ladders generated with the
same primer (compare lane 5 to lanes 1 to 4). The three
products correspond, respectively, to a T at nt 96790, a T at nt
96794, and a G at nt 96795 on the sense strand of the viral
genome. Since ORF59 is also positioned on the opposite
strand, the transcription start sites for ORF59 mapped by
primer extension should be an A at nt 96790 and 96794 and a
C at nt 96795. Products with similar sizes were also detected in
RPA assays using probe c on total RNA from butyrate-in-
duced, but not from uninduced, JSC-1 cells (Fig. 4F, compare
lane 4 to lane 3). The 5� ends of the ORF59 transcripts were
further verified at nt 96790 (two of seven clones) and 96794
(five of seven clones) by sequencing analysis of cloned 5�-
RACE products (Fig. 4D), but none of the seven cDNA clones
sequenced showed a 5� end at nt 96795. Altogether, the
ORF59 transcription start sites were mapped by the three
means to nt 96790 (minor) and nt 96794 (major), each starting
with an A on the opposite strand. By scanning the region 5� to
each transcription start site, we found a potential TATA-like
box, TATTTA, 23 nt upstream from nt 96794 and 27 nt up-
stream from nt 96790.

KSHV ORF58 and ORF59 transcripts utilize two overlap-
ping poly(A) sites and two alternative cleavage sites for mRNA
polyadenylation. After mapping the transcription start sites for
both ORF58 and ORF59, we further mapped the 3� ends of each
transcript. A search for a poly(A) signal 3� to the ORF58 and
ORF59 coding regions showed two overlapping AAUAAA hexa-
nucleotides at nt 94492 and nt 94488, respectively, of the viral
genome, a region that resides in the 3� end of the ORF58

coding region. Although another AAUAAA hexanucleotide
was identified in the middle of the ORF59 coding region at nt
96557, the lack of a GU/U-rich element downstream suggests
that this is a cryptic poly(A) signal. This presumption was
further supported by various assays in which we never found a
truncated form of ORF59 (�0.24 kb) derived from usage of
this poly(A) signal (data not shown). The unique organization
of the two overlapping poly(A) signals near the 3� end of the
ORF58 coding region implies that KSHV ORF59 mRNAs
must be bicistronic.

To determine whether the two putative overlapping poly(A)
signals can actually be used for both ORF58 and ORF59 ex-
pression, we designed a sense probe, probe e, from nt 94368 to
94768 to cover the two putative overlapping poly(A) sites, as
well as their downstream and upstream sequences. To map the
selection of each poly(A) signal-mediated cleavage site for the
addition of a poly(A) tail to individual transcripts, we per-
formed an RPA analysis using this probe on total cell RNA
isolated 24 h after butyrate induction of JSC-1 cells. The re-
sults in Fig. 5A show that two RNA fragments of 291 and 299
nt were protected by the probe from RNase digestion in bu-
tyrate-induced JSC-1-cell total RNA (lane 5). In contrast, no
RPA products were detected in total RNA from uninduced
JSC-1 cells (lane 6). By comparing the RPA products with the
DNA sequencing ladder generated by the 32P-labeled anti-
sense primer Pr94768, the two protected RNA products were
determined to be at nt 94477 and nt 94469 of the viral genome,
respectively. The bands were of equal density, and each prod-
uct had a U residue at its 3� end (compare lane 5 to lane 3).
Thus, two alternative cleavage sites were determined to be at
positions �10 and �14, respectively, downstream of the two
alternative poly(A) signals. The two cleavage sites determined
by RPA were further verified by 3�-RACE and cDNA se-
quence analysis (Fig. 5B). Consistent with the role of these
cleavage sites in polyadenylation, we found an optimal GU/U-
rich element, which facilitates cleavage, 12 nt downstream of
the cleavage sites (Fig. 5C). Since the ORF58 stop codon at nt
94473 is positioned between the two alternative cleavage sites,
the only cleavage site that could provide ORF58 transcripts for
polyadenylation without losing the stop codon would be the
cleavage site at nt 94469. However, either cleavage site could
be selected for ORF59 expression, because the ORF58 coding
region only serves as a 3� UTR for ORF59.

Expression of KSHV ORF58 as a monocistronic transcript
and ORF59 as a bicistronic transcript in KSHV lytic induc-
tion. By mapping and identifying the KSHV ORF58 and
ORF59 transcription start sites and polyadenylation sites, we
revealed that the two transcripts share the same poly(A) signal
for polyadenylation despite each gene having its own transcrip-
tion start site. To test whether ORF58 mRNA is monocistronic
and ORF59 mRNA is bicistronic, probe e was further used for
a Northern blot analysis of poly(A)� RNA isolated from un-
induced or butyrate-induced JSC-1 cells. Transcripts of �1.5
kb, corresponding to monocistronic ORF58 [1.35 kb plus a
poly(A) tail], were approximately 18-fold less abundant than
transcripts of �2.5 kb, corresponding to bicistronic ORF59
[2.3 kb plus a poly(A) tail] in JSC-1 cells receiving butyrate
treatment (Fig. 6A and B). In contrast, no products were de-
tected in uninduced JSC-1 cells, suggesting that the products
are specific to lytic induction. Surprisingly, several additional
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transcripts, including an abundant RNA product of �6.7 kb
and two less-abundant products of �5.7 kb and �3.3 kb, were
detected by Northern blot analysis from butyrate-induced
JSC-1 cells. Although a search for other poly(A) signals 3� to
ORF60 (small subunit of ribonucleotide reductase), ORF61
(large subunit of ribonucleotide reductase), and ORF62 (as-
sembly and DNA maturation protein) on the antisense strand
of the KSHV genome localized an AAUAAA hexamer at nt
98298 in the ORF61 coding region, none of the detected prod-
ucts had a size nearly matching a possible product from the
usage of this hexamer for polyadenylation in our Northern blot
analysis. We therefore hypothesized that these three genes
might share the same poly(A) signal with ORF58 and ORF59.
Accordingly, the predicted ORF60, ORF61, and ORF62 (Fig.
6A) matched the detected products in size (Fig. 6B), indicating
that the three genes are all transcribed as polycistronic RNA
transcripts, with ORF62/61/60/59/58 being most abundant dur-
ing lytic viral induction. This observation was further con-
firmed by Northern blot analysis using probes from all five
ORFs (Fig. 6C). Except for monocistronic ORF58, all other
RNA transcripts from individual ORFs were detectable by two
or more ORF-specific probes, e.g., ORF59 transcripts by two,
ORF60 by three, and ORF62 by all five. In all cases, ORF61

transcripts were under the detectable level for butyrate-acti-
vated JSC-1 cells.

Enhancement of ORF56 and ORF59 expression by ORF57.
Previous studies in our laboratory and others showed that
ORF57 expression promotes the expression of several viral
genes, including KSHV ORF59 (a viral DNA polymerase pro-
cessivity factor) (15, 23) and PAN RNA (nut-1 RNA; poly-
adenylated nuclear RNA with unknown function) (15), pre-
sumably at the posttranscriptional level. We examined whether
this regulation is limited to ORF59 or whether other KSHV
genes are targets for regulation by ORF57. In this experiment,
the ORF56 ORF was cloned downstream of a cytomegalovirus
immediate-early promoter and fused in frame with a C-termi-
nal FLAG tag. Since ORF57 does not up-regulate the cyto-
megalovirus immediate-early promoter (15), cotransfection of
ORF56 with ORF57 expression vectors allowed us to examine
the posttranscriptional effect of ORF57 on ORF56 transcripts.
As shown in Fig. 7A, cytoplasmic and nuclear RNAs were
separated by cell fractionation and RNA isolation after co-
transfection of 293 cells, as indicated by the presence of pre-
cursor rRNAs (45S), immature rRNAs (32S), and U6 only in
the nuclear total RNA. When probed with an ORF56-specific
probe, the amounts of ORF56 RNA in the cytoplasmic and

FIG. 5. Mapping of the KSHV ORF58 and ORF59 polyadenylation cleavage sites by RPA and 3� RACE. (A) RPA was performed on 20 �g
of total RNA from uninduced or butyrate-induced (24 h) JSC-1 cells with 4 ng of 32P-labeled RNA probe e (see Fig. 4A). The protected RNA
products were then compared with a sequence ladder that was generated by the antisense primer Pr94768 from a plasmid containing KSHV
genomic DNA from nt 94368 to 94768. The protected products were separated along with the sequencing ladders and a 100-bp DNA ladder in
an 8% denaturating polyacrylamide gel. (B) Mapping of ORF58 and ORF59 cleavage sites by 3� RACE by using a primer, Pr94768 (see its position
in Fig. 4A). An RACE product with the predicted size of �320 bp was detected, cloned, and sequenced. (C) The sequence reading showing two
alternative cleavage sites from the mappings, along with two alternative overlapping poly(A) signals upstream and one GU/U-rich element
downstream of the cleavage site. The �10 position is relative to the first poly(A) signal, and the �14 position is relative to the second.
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nuclear total RNAs obtained from 293 cells cotransfected with
wild-type ORF57 were roughly 14- and 19-fold, respectively,
higher than the corresponding levels seen in the absence of
ORF57 (compare lanes 4 and 5 to lanes 2 and 3 or lanes 6 and
7) after normalization of the signal to GAPDH RNA or U6 to
the control for sample loading. The data indicate that KSHV
ORF56 is subject to ORF57 regulation in vivo. Further exper-
imental approaches by Western blotting showed that ORF57-
mediated accumulation of the nuclear and cytoplasmic ORF56
RNAs led to a significant level of ORF56 protein expression
(compare lanes 1 and 3 to lane 2 in Fig. 7B).

Using a similar strategy, we tried several times to determine
whether ORF58 is also subject to ORF57 regulation but failed

due to an extremely low level of ORF58 expression (below
detection) even after cotransfection with ORF57.

DISCUSSION

KSHV infection proceeds through two phases. Latent
KSHV infection in B-cell lines and Kaposi’s sarcoma tissues is
limited to the expression of only a few viral latent genes (7).
Lytic KSHV infection features the production of infectious
virus particles from infected cells and is inducible from the
viral latent stage by the viral transactivator ORF50 (RTA) (22,
37) or by chemicals, such as n-butyrate (27), phorbol esters (for
example, 12-O-tetradecanoylphorbol-13-acetate) (31), or val-

FIG. 6. Transcription profiling of KSHV ORF58, ORF59, ORF60, ORF61, and ORF62 by Northern blotting. (A) Schematic diagram of
predicted positions and transcription orientations of the ORFs from nt 94471 to 101194 in the KSHV genome. Dashes below the 6.7-kb transcript
are individual ORF-specific probes used in this study. (B and C) Northern blot analysis. Approximate 1 �g of poly(A)� mRNAs were isolated from
uninduced (lane 1 in panel B and lanes 1, 3, 5, 7, and 9 in panel C) or butyrate-induced (lane 2 in panel B and lanes 2, 4, 6, 8, and 10 in panel
C) JSC-1 cells, separated in a 1% formaldehyde–morpholinepropanesulfonic acid agarose gel, transferred onto a nylon membrane, fixed with UV
light, and probed with 32P-labeled antisense probe e prepared by in vitro transcription (B) (see Fig. 4A) or a 32P-labeled oligonucleotide prepared
by end labeling (C).
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proic acid (17). Although the mechanism of conversion from
the viral latent stage to the lytic stage remains largely un-
known, it has been explored by analyzing various viral promot-
ers and their activities under different conditions that drive
viral latent gene expression during latent viral infection and
viral lytic gene expression after viral induction. The initial
approach has been to locate individual promoters through
mapping of the transcription start sites of individual genes.
Today, the transcription start sites of more than 10 KSHV
genes have been mapped, including those of ORF50 (22), K8
(20), K8.1 (39), ORF57 (15), ORF73/72/K13 (34), K14/ORF74
(16), ORF34 (13), ORF35 (13), PAN (36, 47), K3 (32), and K5
(11). These mapping analyses have provided fundamental in-
sights into the mechanisms by which the expression and tran-
scriptional regulation of KSHV genes occur during KSHV
infection and reactivation. In contrast, the transcripts of many
fewer genes have been mapped to define their 3� ends for

polyadenylation, an important RNA processing event in the
posttranscriptional regulation of gene expression.

To define the structure and expression of four KSHV early
genes, ORF56, ORF57, ORF58, and ORF59, we first mapped
the transcription start sites of ORF56, ORF58, and ORF59;
the ORF57 transcription start site had been mapped previously
in another laboratory (15). Subsequently, we mapped all cleav-
age sites for the addition of a poly(A) tail in the individual
transcripts of ORF56, ORF57, ORF58, and ORF59. Our anal-
ysis demonstrated that the four genes are derived from two
gene clusters on separate strands of the viral genome: ORF56/
ORF57 on the sense strand and ORF59/ORF58 on the an-
tisense strand. The genes in each cluster have their own
promoters but share a common poly(A) signal for polyaden-
ylation of each transcript. Because of this clustered gene
organization, ORF56 and ORF59 are transcribed, respec-
tively, as bicistronic ORF56/57 and ORF59/58 transcripts,

FIG. 7. Enhancement of ORF56 expression by ORF57. (A) Detection of ORF56 transcripts by Northern blotting. Fractionated cytoplasmic
(C) or nuclear (N) total RNA from 293 cells transfected with 1 �g of pVM9 (ORF56-FLAG) in the presence or absence of 0.2 �g of pVM7
(ORF57-FLAG) or pFLAG-CMV-5.1 control vector was prepared 24 h after transfection. Five micrograms of total RNA was used for Northern
blot analysis with a 32P-labeled ORF56-specific probe. The same membrane was reprobed separately with a 32P-labeled GAPDH-specific probe
and a U6-specific probe for sample loading and fractionation efficiency. The nuclear and cytoplasmic fractionation efficiencies were also verified
by the presence or absence of 45S and 32S pre-rRNA. T, total RNA from unfractionated 293 cells. (B) Detection of ORF56-FLAG fusion protein
by Western blot analysis. Protein samples were prepared after 24 h of transfection and blotted with anti-FLAG antibody to detect ORF56- and
ORF57-FLAG fusions. The membrane was reprobed with anti-	-tubulin antibody for sample loading.
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whereas the ORF57 and ORF58 transcripts are monocistronic.
Except for the ORF57 transcription start site, which was pre-
viously mapped to a T nucleotide (15), all transcription start
sites mapped for ORF56, ORF58, and ORF59 in our study
were initiated from a purine (A or G), which is common for the
initiation of eukaryotic gene transcription (2). A TATA-like
box, TTTA, positioned 22 to 26 bp upstream of the individual
start site, is another common feature among the three genes.
In metazoans, the TATA box is typically located about 25 to 30
nt upstream of the transcription start site (2). Interestingly,
each of the four mapped genes could initiate its transcription
from two alternative transcription start sites.

RNA polyadenylation plays an important role in the control
of viral and eukaryotic gene expression and involves cleavage
of the nascent transcript and addition of a poly(A) tail with 150
to 200 adenylate residues. Cleavage and polyadenylation are
tightly coupled events that are triggered through recognition of
three RNA signals by the cellular polyadenylation machinery:
a highly conserved AAUAAA hexamer, a cleavage site gener-
ally positioned 10 to 30 nt downstream of AAUAAA, and a
GU-rich element that is �30 nt further downstream of the
cleavage site (8). In this study, our extensive 3� end mapping
revealed KSHV ORF56 and ORF57 transcripts with hetero-
geneous 3� ends derived from five tandem cleavage sites start-
ing 15 nt downstream of the canonical AAUAAA sequence. A
major cleavage site for the ORF56 and ORF57 transcripts was
mapped to nt 83628. Four minor cleavage sites, including one
at nt 83636 that was reported previously (15), were mapped
downstream of the major site, with only one or two nucleotides
separating them. The heterogeneity of the cleavage site usage
in ORF56 and ORF57 transcripts can presumably be ascribed
to the weak content of the GU/U-rich element downstream
and may simply reflect selection flexibility, as is common in
mammals (29). Recognition of the GU/U-rich element by
cleavage stimulation factor in the cellular polyadenylation ma-
chinery will stabilize the binding of cleavage and polyadenyla-
tion specificity factor to AAUAAA (6, 44).

The maturation of the 3� end of the KSHV ORF58 and
ORF59 transcripts involves cleavage of the nascent tran-
scripts at two cleavage sites that are separated by 7 nt. Since
the ORF58 stop codon resides between the two cleavage
sites, the only one that can be used for ORF58 polyadenylation
is the one immediately downstream of the stop codon, because
selection of the cleavage site upstream of the stop codon would
disrupt ORF58 translation termination and restrict ORF58
expression. However, either cleavage site could be efficiently
selected for ORF59 polyadenylation, because the ORF58 cod-
ing region is part of the 3� UTR of the bicistronic ORF59
transcript, giving a selection advantage for ORF59 expression.
This was further supported by the presence of bicistronic
ORF59 transcripts in much greater abundance than monocis-
tronic ORF58 in butyrate-induced JSC-1 cells. In addition, our
expression analysis demonstrated that the polyadenylation
sites mapped for ORF58 and ORF59 expression may also be
used for ORF60, ORF61, and ORF62 expression, resulting in
production of multiple polycistronic transcripts from this re-
gion. The similar sizes of the transcripts from this region were
reported from another study (34). The polycistronic nature of
the transcripts from this region was taken into account when

the transcription start sites of ORF58 and ORF59 were deter-
mined.

The finding that both ORF56 and ORF59, but not ORF58,
are targets of ORF57 implies involvement of ORF57 in KSHV
DNA replication during lytic viral infection. However, exactly
how ORF57 selectively enhances expression of both genes at
the posttranscriptional level remains to be understood. Previ-
ous studies in other laboratories have indicated that ORF57
promotes viral RNA export from the nucleus to the cytoplasm
through interactions with the cellular export factor REF (25,
26). However, our recent study showed that the binding of
ORF57 to REF is not essential for promoting viral RNA ex-
port, and ORF57 acts to enhance accumulation of ORF59
RNA in the nucleus (23). Consistent with this, similar ORF57
activity was observed in promoting ORF56 expression in the
nucleus, suggesting that ORF57 might play an important role
in nuclear viral RNA processing.
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