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Retinoblastoma tumor suppressor protein (pRB) inhibition by tumor virus oncoproteins has been attributed
to the need for these viruses to promote lytic viral nucleic acid synthesis by unscheduled entry into the S phase
of the cell cycle. Kaposi’s sarcoma-associated herpesvirus (KSHV or HHVS8) encodes a functional cyclin
(vCYC) which is expressed during latency and can direct phosphorylation of pRB. We mapped the two major
latent transcripts encoding vCYC, latent transcript 1 (LT1) and LT2, by cDNA sequencing, 5’ rapid amplifi-
cation of cDNA ends, and primer extension analyses. Both LT1 and LT2 transcripts are spliced, originate from
the same start site, and encode ORF K13 (vFLIP) as well as ORF72 (vCYC). The latency-associated nuclear
antigen (LANA, ORF73) is encoded by LT1 but spliced from LT2. While differential expression of the two
transcripts was not found, the promoter controlling LT1/LT2 transcription is regulated in a cell cycle-
dependent manner. Activities of both KSHV LT1/LT2 and huCYC D1 luciferase promoter reporters transfected
into NIH 3T3 cells increase 11- and 4-fold, respectively, after release from cell cycle arrest by serum starvation.
Further, vCYC and huCYC D2 mRNA levels are low in naturally infected BCBL-1 cells arrested in late G, with
L-mimosine but increase in parallel during a 24-h period after release from cell cycle arrest. Cell cycle
regulation of KSHV vCYC expression mimics cellular D cyclin regulation and may maintain infected cell
cycling. This is consistent with an alternative hypothesis that tumor viruses have developed specific responses

to innate cellular defenses against latent virus infection that include pRB-induced cell cycle arrest.

Kaposi’s sarcoma-associated herpesvirus (KSHV or human
herpesvirus 8 [HHVS]) is a gammaherpesvirus (9, 30) etiolog-
ically linked to Kaposi’s sarcoma (KS), primary effusion lym-
phoma (PEL, also termed body cavity-based lymphoma
[BCBL]), and a subset of multicentric Castleman’s disease (6,
9, 32, 42). Herpesviruses establish latent infections in their
natural hosts characterized by persistence of the viral genome
as a covalently closed, circular episome with limited viral gene
expression (37). Most cells infected with KSHV demonstrate
limited in situ viral gene expression consistent with virus la-
tency (12, 33, 43). Tissue culture B-cell lines derived from
PELs also have limited viral gene expression, although in some
lines a minority population of cells can undergo spontaneous
lytic replication (27, 35, 48). TPA (12-O-tetradecanoylphorbol-
13-acetate) or sodium butyrate treatment of PEL cell lines
substantially increases the proportion of KSHV-producing
cells (27, 35).

Latently expressed viral genes have a particularly important
role in maintaining the viral episome as well as in inducing
immortalization of infected cells (23). KSHV transcription in
PEL cell lines has been divided into three classes based on
responsiveness to phorbol ester treatment (40). Class I tran-
scripts are constitutively expressed and correspond to the pre-
sumed latency expression program, class II transcripts are ex-
pressed constitutively but are also induced by TPA treatment,
and class III transcripts are only expressed after TPA induction
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corresponding to late lytic gene expression. A survey of KSHV
gene transcription in BC-1 cells demonstrated that most
KSHYV genes are readily inducible by TPA treatment (class II
or IIT transcripts). Two transcripts encoded on the right-hand
end of the genome, however, show equal abundance in TPA-
treated and untreated BC-1 cells, consistent with their desig-
nation as latent (class I) transcripts (40). Preliminary mapping
of these transcripts indicated that the 6.0-kb transcript, desig-
nated latent transcript 1 (LT1), encodes ORF73, ORF72
(v€CYC), and ORF K13 (VFLIP), while the 2.0-kb transcript,
designated LT2, only encodes ORF72 and ORF K13 but not
ORF73. Expression of ORF73-containing partial cDNA clones
has demonstrated that this gene encodes the latency-associated
nuclear antigen (LANA) (20, 33), an antigen target for several
serological assays (14). In addition to the constitutively ex-
pressed latent transcripts LT1 and LT2, other class I KSHV
transcripts in PEL cell lines include LT3 (40) and a transcript
from the g block region of the KSHV genome that was not
identified during the whole genome transcriptional mapping
survey of Sarid et al. (9a, 40).

Characterization of LT1 and LT2 expression may provide
important information on KSHV and its interaction with the
host cell. vCYC, the protein product of the ORF72 gene, has
been shown to be a functional cyclin capable of directing phos-
phorylation and inactivation of the retinoblastoma tumor sup-
pressor protein (pRB) as well as phosphorylation of histone
H1 (10, 15, 25). Mechanisms to inhibit pRB are a common
feature of tumor viruses (for a review see reference 29). Ex-
pression of vCYC during latency suggests that KSHV has the
capacity to independently regulate host cell transit through the
pRB-controlled G, checkpoint. Similarly, the vFLIP encoded
by ORF K13 (sometimes referred to as ORF71) on the LT
transcripts is likely to have anti-apoptotic activity that might
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affect survival of infected cells and contribute to the tumor
phenotype (3). Thus, determining the expression patterns of
the LT transcripts may delineate how KSHV affects cellular
proliferation in tumors. Two considerations, however, are im-
portant for interpreting this data. First, posttranslational reg-
ulation is also likely to modulate expression of some latent
proteins, such as vFLIP (32a). Second, KSHV shows evidence
of tissue-specific transcriptional control such that results from
studies of cultured cell lines may differ from tumors studied in
situ. Cell culture studies, however, allow direct manipulation
and experimentation of viral gene expression.

In this study, we examined the KSHV LT1 and LT2 tran-
scripts by cDNA cloning, 5’ rapid amplification of cDNA ends
(5" RACE), and primer extension analyses. The promoter re-
gion for LT1 and LT2 (LP1/2) was examined with deletion
reporter constructs to determine its transcriptional regulation.
These studies also demonstrate that the LP1/2 promoter is
activated in a cell cycle-dependent manner, which is one of the
few examples of a viral gene regulated by the cell cycle. KSHV
vCYC may supplement or substitute for downregulated cellu-
lar D cyclin activity to maintain cell cycle periodicity. Expres-
sion of the KSHV vCYC during latency and its regulation by
the cell cycle is consistent with the virus attempting to rees-
tablish cell cycle homeostasis in the setting of cellular activa-
tion of the G, checkpoint to limit latent virus replication (29).

MATERIALS AND METHODS

Cells. BC-1 (PEL-derived B-cell line coinfected with KSHV and Epstein-Barr
virus [EBV]) (7), BCBL-1 (PEL-derived B-cell line infected with KSHV only)
(35), P3HR1 (B-cell line infected with EBV), and BJAB (KSHV and EBV
negative) were maintained at 37°C in RPMI 1640 medium (GibcoBRL, Gaith-
ersburg, Md.) containing 2 mM L-glutamine and 10% fetal calf serum (FCS)
(GibcoBRL) in the presence of 5% CO,. To induce lytic gene transcription, cells
were exposed to 20 ng of TPA (Sigma Chemical Co., St. Louis, Mo.)/ml and
harvested after 48 h (30). To inhibit virus DNA replication, phosphonoformic
acid (PFA) (Sigma) was added at a concentration of 0.5 mM alone and in the
presence of 20-ng/ml TPA for 48 h. NIH 3T3 and HeLa cell lines (American
Type Culture Collection, Rockville, Md.) were maintained at 37°C in the pres-
ence of 5% CO, in Dulbecco’s minimal essential medium (GibcoBRL) supple-
mented with 10% calf serum and FCS, respectively.

Cell cycle control of LT1/LT2 transcription. To investigate whether the LP1/2
promoter is dependent on the cell cycle, the full-length pGL3.6 promoter was
transfected into NIH 3T3 cells. These cells were then arrested in G, by serum
deprivation for 60 h. Following growth arrest, the cells were released by addition
of medium containing 20% FCS for 14 h. Comparisons were made to similarly
treated cells transfected with the human cyclin D1 promoter (cell cycle depen-
dent) in pA3-luc, a kind gift of Richard G. Pestell (1), and a constitutively active
cytomegalovirus (CMV) promoter (cell cycle independent) cloned into pGL3-
luc. Cells were harvested 0 and 14 h after serum stimulation and split into
fractions for luciferase and B-galactosidase assays and for fluorescence-activated
cell sorting (FACS).

To directly assess the cell cycle dependence of KSHV gene expression, L-
mimosine {B-[N-(3-hydroxy-4-pyridone)]-a-aminopropionic acid} (Calbiochem,
La Jolla, Calif.) was used to arrest BCBL-1 cells in late G, phase of the cell cycle.
L-mimosine solution was made fresh in phosphate-buffered saline (PBS) for each
experiment and added to FCS-containing medium. Cells were plated at approx-
imately 3 X 10° cell/ml, and L-mimosine was added at 200 mM final concentra-
tion. After 20 h of incubation, cells were collected by centrifugation and prepared
for flow cytometry and RNA extraction. Release from cell cycle arrest was
achieved by resuspending cells in fresh medium without L-mimosine. Cells were
harvested for flow cytometry and RNA extraction at 0, 3, 6, 10, and 24 h after
release. Cell viability was evaluated by light microscopy after trypan blue stain-
ing.

RNA preparation and Northern analysis. Total RNA from TPA-treated and
untreated BC-1 cells was extracted by the RNAzol method (Tel-Test, Friends-
wood, Tex.). mRNA was selected by using the PolyATract mRNA isolation kit
(Promega, Madison, Wis.). Northern blotting was performed on mRNA (300 ng
per lane) by using a 1% formaldehyde-agarose gel and transfer onto nylon
membranes (GeneScreen, NEN Research Products, Boston, Mass.). DNA
probes for the LT1- and LT2-encoded genes ORF72, ORF73, and ORF K13
were synthesized by PCR and 3?P-labeled by random priming (RediPrime DNA
labeling system, Amersham, Buckinghamshire, England). The primers used were
as follows: ORF72 (vCYC), sense, 5'-CTCCAATGGCAACTGCCAAT-3'; an-
tisense, 5'-TTAATAGCTGTCCAGAATGCG-3'; ORF73 (LANA), sense, 5'-T
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ATGCAGCAGGAGCAGGAGACGGTGGAA-3'; antisense, 5'-TGTCATTT
CCTGTGGAGAGTCCCCA-3'; ORF K13 (VFLIP), sense, 5'-CAAGCCGTCG
ACATGGCCACT-3'; antisense, 5'-CAGCTTGTAAGCTTTGGTGTATGG-3'. A
probe from the late lytic ORF25 gene encoding the major capsid protein (MCP)
was used as a comparative control: ORF25 (MCP), sense, 5'-GGCGACATTC
ATCAACCTCAGG-3'; antisense 5'-ATATCATCCTGTGCGTTCACGAC-3'.
Probes for human cyclins D1, D2, and D3 were a kind gift from I. Bernard
Weinstein. Hybridization was performed at 42°C in 5X SSC (1X SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-50% formamide-5X Denhardt’s solu-
tion-2% sodium dodecyl sulfate (SDS), 10% dextran sulfate-100 mg of dena-
tured sheared salmon sperm DNA/mI. B-Actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) probes were used to standardize loading.

Construction and screening of BC-1 cell line cDNA library. A cDNA phage
library of BC-1 cell line was constructed in the ZAP ExpressTM vector (Strat-
agene, La Jolla, Calif.). Clones identified with the ORF72 (vCYC) probe were
plaque purified; positive phages were converted into phagemids by employing
the ExAssist helper phage (Stratagene), and inserts were sequenced by auto-
mated DNA sequencing (ABI 377 Sequenator; Perkin-Elmer, Foster City, Calif.)
with specific internal primers.

5" RACE. 5' rapid amplification of cDNA ends (5" RACE) was performed by
using the MarathonTM ¢cDNA amplification kit (Clontech, Palo Alto, Calif.). To
overcome difficulties in reverse transcription because of high GC content and
repeat regions, we synthesized the first strand cDNA by employing oligo(dT)
primer and avian myeloblastosis virus reverse transcriptase (Promega) at 55°C.
The RACE primers RP1 (nucleotide [nt] 123,598 to 123,691), 5'-AGAGCCTG
GAGTTTCAGGGTGCTC-3', and RP2 (nt 123830 to 123849), 5'-TCCCCAG
GACCTTGGTTTTC-3') and an adapter primer were used for specific cDNA
PCR amplification.

Primer extension. Primers PE1 (5'-ATAAGTCAGCCGGACCAAGC-3'),
PE2 (5'-AAATGCAAGTGCGGAGCGGCGA-3'), and PE3 (5'-GACCTCAG
GCGCATTCCCGG-3") were end-labeled with [y-"?P]ATP and hybridized to 10
mg of RNA in 0.15 M KCI-10 mM Tris-HCI (pH 8.3)-1 mM EDTA at 65°C for
90 min, followed by equilibration to room temperature. Reverse transcription
was performed with Superscript IT RNase H reverse transcriptase (GibcoBRL).
Reaction products were precipitated by the addition of 2.5 volumes of ethanol
and resolved on a 6% polyacrylamide-7 M urea gel in Tris-borate-EDTA. Par-
allel DNA sequencing reactions were performed with Sequenase 2.0 (United
States Biochemical Corporation, Cleveland, Ohio). pGEM template sequenced
with the M13 forward primer was used as a size marker.

Plasmids. Reporter gene plasmids were constructed by ligating LP1/2 frag-
ments into the EcoRI and Xhol sites of pGL3-basic vector, which contains a
promoterless luciferase gene downstream of the cloning site (Promega). The
various LP1/2 fragments upstream from nt +30 relative to the start site were
synthesized by PCR (30 PCR cycles of 94°C, 2 min; 60°C, 1 min; 72°C, 1 min; and
final extension, 72°C, 7 min) with antisense primer (+9 to +30) 5'-AGCTGCC
TCCAAATGATACACA-3" and sense primers pGL3.1 (5'-CT GGGGCACCA
ATCAGAAAGTA-3"), pGL3.2 (5'-ACCACTGAACCGGTGCCAGCAA-3"),
pGL3.3 (5'-TAGCCAGATGAACGCCACCCAA-3"), pGL3.4 (5'-CTTTTTTG
CCAGGTAACGCTAA-3"), and pGL3.6 (5'-ACGGTCCTCCACGCAACTGT
AA-3") with BC-1 DNA as template.

DNA transfection and reporter assays. DNA transfections into HeLa and NIH
3T3 cells were carried out with the calcium phosphate CellPhect Transfection kit
(Pharmacia Biotech, Piscataway, N.J.). For each transfection into BJAB, 107 cells
were pelleted, resuspended in 0.4 ml of 1640 RPMI, and mixed with luciferase
reporter plasmid DNA. Cells were electroporated at 250 V and 960 mF with a
Gene Pulser (Bio-Rad, Hercules, Calif.). Transfection efficiency was normalized
by cotransfection of a reporter plasmid, pcDNA3.1/HisB/lacZ (Invitrogen, Carls-
bad, Calif.). Cell lysates were prepared 48 h after transfection by using Reporter
Lysis Buffer (Promega). In all cases, three or more separate transfections were
performed, and results shown are the averages of the experiments. In the case of
transcriptional activation studies with TPA, we could not use an internal stan-
dard for transfection variation by using a second reporter gene since TPA
activates the normalization promoter. Instead, we used multiple repeats to com-
pensate for variation in standard transfection conditions.

FACS analysis. Cells (2 X 10°) were fixed with 80% ethanol, washed, and
incubated with 1 mg of RNase (Sigma)/ml and 500 mg of propidium iodide/ml in
PBS containing 0.3% Nonidet P-40 for 30 min. Samples were analyzed for DNA
content by standard methods with a FACstar Plus flow cytometer (Becton Dick-
inson, Franklin Lakes, N.J.). ModFit LT software (Becton Dickinson) was used
for data analysis.

RESULTS

Northern blot analysis. Probes internal to ORF72 (vCYC)
(Fig. 1A) and ORF K13 (vFLIP) (Fig. 1C) detect 6.0- and
2.0-kb bands corresponding to LT1 and LT2 transcripts, re-
spectively, as previously reported (40). In contrast, the ORF73
(LANA) probe only detects the 6.0-kb LT1 transcript. Pro-
longed exposure with the ORF72 probe also demonstrates the
presence of a low-abundance transcript approximately 1 kb in
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FIG. 1. Northern hybridization of BC-1 mRNA with ORF72 (A), ORF73 (B), ORF K13 (C), and ORF 25 (D) probes. Probe hybridizations for mRNA from
uninduced BC-1 cells (lane 1), BC-1 cells treated with 20-ng/ml TPA for 48 h (lane 2), BC-1 cells treated with 0.5 mM PFA (lane 3), BC-1 cells treated with both
20-ng/ml TPA and 0.5 mM PFA (lane 4), and KSHV-negative, EBV-infected P3HRI1 cells treated with 20-ng/ml TPA (lane 5) are shown. ORF72 (vCYC) (panel A)
and ORF K13 (VFLIP) (panel C) probes hybridize to both the 6.0-kb LT1 and the 2.0-kb LT2 bands while only the 6.0-kb LT1 band hybridizes with the ORF73 probe
(panel B). A low-abundance 1-kb band is detected with the ORF72 probe alone (panel A). LT1 and LT2 bands are not induced by TPA and are not inhibited by PFA
treatment, consistent with their designation as class I or latent viral transcripts (40). PBHR1 mRNA does not cross-hybridize to any of the KSHV probes. (E) The same
as the blot shown in panel A except it has been stripped and reprobed with a B-actin probe to control for equal loading.

size that does not hybridize with either the ORF K13 or
ORF73 probe (Fig. 1A). We were unable to further character-
ize this small transcript due to its low abundance. As previously
demonstrated (13, 40), the LT1 and LT2 transcripts are not
induced by TPA treatment nor are they inhibited by treatment
with the DNA polymerase inhibitor PFA (Fig. 1A to C). In
comparison, expression of the 7.0-kb ORF25 transcript is both
induced by TPA and inhibited by PFA treatment, which is
consistent with its designation as a late lytic-phase gene (Fig.
1D).

Transcript mapping. To characterize LT1 and LT2, we
screened approximately 2 X 10° clones from a BC-1 cDNA
library with a radiolabeled ORF72 PCR probe. Approximately
30 positive clones were identified, and 8 were isolated for
plasmid excision and sequencing. cDNA inserts ranged from
1.4 to 1.8 kb, and each possessed a poly(A) tail with a con-
served polyadenylation signal, AAUAAA (24 to 33 bp from the
3’ terminus), at a position corresponding to nt 122,093 in the
BC-1 sequence (39). While most of the cDNA inserts were
found to be prematurely 5’ truncated, three cDNAs provided
information on transcript splicing patterns. Two cDNAs, ¢1
and ¢3, are full-length (or near full-length, see below) cDNAs
of the LT?2 transcript (Fig. 2). Both are spliced and bicistronic,
encoding ORF K13, ORF72, and a short, noncoding 58-bp
exon 5’ to the ORF73 gene. The intervening region (nt 123,775
to 127,812), including ORF73, between ORF72 and the 5’
exon, is spliced out from these two inserts at conserved splice
donor (5'-ATAAACAOGTGAGTA-3") and acceptor (5'-TCC
CTAGOAAGCCAC-3") sequences (4). Both ¢1 and ¢3 have
the same 5’ ends corresponding to nt 127,870. A third cDNA
clone, ¢15, was the only cDNA from the eight cDNAs isolated
which corresponded to the LTI transcript (Fig. 2). It is a
truncated cDNA which is colinear to genomic DNA through-
out its length (i.e., it does not possess the splice site present in
LT2) and contains ORF K13 and ORF72 as well as a portion

of the carboxy-terminal coding sequence of ORF73, indicating
that all three genes are expressed on the LT1 transcript.

5" RACE was performed on cDNA reverse-transcribed
poly(A)-selected BC-1 RNA to further delineate splicing pat-
terns for LT1 and LT2. Two primers were designed to prefer-
entially amplify either the LT1 or LT2 cDNA. The 5" RACE
primer 1 (RP1) (Fig. 2), located immediately 3’ to the splice
acceptor site, at nt 123,775, exclusively amplified a 235-bp PCR
product corresponding to the LT2 transcript (data not shown).
The RP1 PCR product had the same 5’ end (nt 127,870) and
splice junction (nt 123,775 to 127,812) as that found in the
cDNA ¢1 and $3 LT2 inserts. This product is consistent with
preferential amplification of only the spliced LT2 cDNA by the
RP1 primer. The RP2 primer, located immediately 5" to the
splice acceptor site at nt 123,775 (within the LT2 intron),
amplified a 3,542-bp product corresponding to the LT1 tran-
script. The sequence of the RP2 5 RACE product demon-
strated that LT1 also has a spliced intron sequence that uses
the same splice donor site as LT2 (nt 127,812) but the splice
acceptor site is at nt 127,314, corresponding to a second con-
served splice acceptor sequence (5'-TTGTCAGLACCAGAT-
3"). The RP2 5" RACE product also had the same 5’ end at nt
127,870 as the RP1 product.

To confirm the authenticity of the transcription start sites
determined by 5" RACE and cDNA sequencing, we performed
primer extension analyses. Primer extension primer 1 (PE1)
was designed to anneal to a 3’ site (nt 127,817) located 54 bp
3’ to the putative transcriptional start site determined by 5’
RACE at nt 127,870. The PE1 primer (Fig. 2) synthesized two
oligonucleotide products (Fig. 3), which extends the presumed
start site(s) beyond the site determined by 5 RACE and
cDNA sequencing. The major transcriptional start site for both
LT1 and LT2 transcripts is a unique adenine at nt 127,900
located 30 bp beyond the start site determined by cDNA se-
quencing and 5" RACE. A second minor start site is present at
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FIG. 2. Depiction of the transcript mapping results for LT1 and LT2 based on cDNA sequencing, 5" RACE, and primer extension studies. The arrangement and
orientation of genes for this region of the KSHV BC-1 genome are shown with nucleotide positions designated by Russo et al. (39). Black bars represent the LT1 and
LT2 transcripts, introns are represented as dashed lines, and nucleotide positions for polyadenylation sites, splice junctions, and start sites are indicated. The positions
of 5" truncation for cDNA phages ¢1, 3, and $15 are shown. Primer positions and orientations used for 5" RACE (RP1, RP2, and RP3) and primer extension (PE1,

PE2, and PE3) analyses are shown.

nt 127,948, which is usually less intense than the nt 127,900
product on repeated analysis. A laddering pattern (Fig. 3) is
present 47 to 54 bp from the PE1 primer which corresponds to
the nt 127,870 “start” site found by cDNA and 5" RACE
analyses. This is consistent with premature termination of the
reverse transcriptase reaction and is the likely explanation for
the shorter products found by these methods. The primer ex-
tension results for PE1 shown in Fig. 3 are atypical in that the
minor start site at nt 127,948 (Fig. 3, 132 bp upstream of the
PE1 primer) is more intense than the major start site at nt
127,900 (Fig. 3, 84 bp upstream of the PE1 primer) but the
figure is shown to highlight the laddering pattern occurring at
nt 127,870 (Fig. 3, 47 to 54 bp upstream of the PE1 primer).
These start sites were confirmed for the L'T1 transcript by using
a primer (PE3) located within the LT2 intron at nt 127,268 and
for the LT?2 transcript by using a primer (PE2) located 3’ to the
splice acceptor site at nt 123,745. For both transcripts, tran-
scription was predominantly initiated at nt 127,900.

Taken together, the cDNA sequencing, 5 RACE, and
primer extension analyses indicate that LT1 and LT2 are over-
lapping, alternatively spliced, and polycistronic transcripts
(Fig. 2). The LT1 transcript (i) corresponds to the 6.0-kb
mRNA, (ii) encodes ORF K13, ORF72, and ORF73, (iii) has
a major transcriptional start site at nt 127,900 and a minor
transcriptional start site at nt 127,948, and (iv) uses a splice
junction with the splice donor site at nt 127,812 (5'-ATAAA
CAOGTGAGTA-3’) and a splice acceptor site at nt 127,314
(5'-TTGTCAGUACCAGAT-3"). In contrast, the LT2 tran-
script (i) corresponds to the 2.0-kb mRNA, (ii) encodes ORF
K13 and ORF72 but not ORF73, (iii) has an identical 3’ end to
LTI and shares the same major 5’ start site, (iv) uses the same

splice donor site as LT1 at nt 127,812 but has a splice acceptor
sequence at nt 123,775 (5'-TCCCTAGLAAGCCAC-3"), which
splices the ORF73 gene out of the LT2 transcript.

Analysis of the promoter sequence. An 842-bp sequence
encompassing the LP region for LT1 and LT2 (LP1/2) was
examined for potential regulatory sites (Fig. 4). LP1/2 pos-
sesses a noncanonical TATA box 34 bp upstream of the nt
127,900 mRNA transcription start site and a CAAT element 15
bp upstream of the putative TATA box. Additionally, two
conserved initiator (Inr) elements, TATCATTT (+13 to +20
bp) and CTCCACTA (—20 to —28 bp), flank the major tran-
scription start site. Inr elements are present in TATA-contain-
ing promoters as well as those that lack a confirmed TATA box
(38). Inr elements bind the transcription factor TFIID and can
replace a TATA box as a site to initiate RNA polymerase
II-dependent transcription. In this case, transcriptional initia-
tion is less precisely positioned and occurs at a cluster of start
points (5, 26).

A search of the LP1/2 region for potential transcription
factor binding sites identified an SP1 binding site located 3" of
the TATA box and immediately 5’ to one of the Inr sites.
Several more conserved SP1 binding sites are clustered around
bp —350. Conserved Oct-1 and Oct-6 binding sites were also
found (Fig. 4). Oct-1 is a ubiquitous transcription factor that
recognizes an octamer sequence also recognized by Oct-2, a
lymphoid-specific transcription factor. Two conserved inter-
feron regulatory factor (IRF1/2) binding sites and a semicon-
served interferon-stimulated response element (ISGF3) are
present, which suggests the promoter may be regulated by
interferon signal transduction pathways as has been shown for
the EBV EBNA-1 Qp promoter (31, 46). Conserved c-Jun,
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FIG. 3. Primer extension results obtained with the PE1 primer. Two start
sites are present at 84 bp (nt 127,900) and 132 bp (nt 127,948) from the PE1
primer. A laddering pattern consistent with premature reverse transcription
termination is present at 47 to 54 bp from the PEI primer (nt 127,863 to
127,870), corresponding to the start sites determined by cDNA sequencing and
5" RACE analyses.

c-myc, and NF1 binding sites are also present in this region.
One AP-1 conserved binding site is present, although LT1-2
transcription has not been found to be responsive to TPA (13,
14, 40).

LP1/2-luciferase reporter activity. To confirm that the 5’
flanking region functions as a promoter, we assessed its ability
to drive expression of a reporter gene in transiently transfected
cells. Promoter-reporter gene recombinants were constructed
in which various lengths of the LP1/2 promoter were cloned in
front of a luciferase reporter gene (pGL3.1-6) (Fig. 4). The
sites of fusion were in the 5’ untranslated leader sequence of
LT1-2 corresponding to nt 127,870. Results from three inde-
pendent experiments are shown in Fig. 5. When transfected
into human epithelial HeLa cells, a construct containing se-
quences —774 to +30 (pGL3.6) demonstrated 10-fold greater
luciferase activity over that of the basal activity of the pGL3-
basic luciferase construct. Truncation of promoter length from
the 5" end had little effect on promoter activity, and a minimal
promoter containing 67 bp of the promoter sequence was able
to initiate reporter transcription efficiently. Similar results
were found when reporter plasmids were transfected into the
EBV-negative B-cell line BJAB; however, luciferase activity
was much higher for each promoter construct. In contrast to

J. VIROL.

the experiments with HeLa cells, luciferase activity in the
BJAB cell line was 32-fold higher for pGL3.6 (—774 to +30)
and 58-fold higher for pGL3.4 (=378 to +30) than for pGL3-
basic. The higher transcriptional activity of the reporter in
BJAB compared to HeLa cells may represent lymphoid-spe-
cific transcription, while the decreased activity of pGL3.6 com-
pared to that of pGL3.4 in BJAB cells suggests a possible
lymphoid-specific repressor element in this region.

Although the presence of a conserved AP-1 (—550) suggests
responsiveness to TPA, we found no evidence for enhanced
reporter activity for any of the five LP1/2 luciferase constructs
in HeLa (Fig. 6A) and BJAB (Fig. 6B) cells treated with
20-ng/ml TPA. TPA treatment of BJAB cells resulted in min-
imal inhibition of reporter activity for the pGL3.4 and pGL3.6
constructs but this may have been due to cellular toxicity rather
than a direct effect of TPA-induced signaling on the AP1
promoter site. Similarly, assays with LP1/2 luciferase-reporter
constructs showed no response to interferon treatment or
transfection with either human IRF-1 or KSHV VIRF expres-
sion plasmids in either HeLa and BJAB cells despite the pres-
ence of potential interferon responsive elements in the pro-
moter (not shown).

Cell cycle control of LT1-2 transcription. To examine cell
cycle regulation of the LP1/2 promoter, the pGL3.6 luciferase
reporter activity was compared to those of a cellular cyclin D1
(huCYC D1) promoter and a constitutively active CMV pro-
moter in NIH 3T3 cells. Promoter-reporter constructs were
transfected into NIH 3T3 cells which were then serum arrested
in 0.1% FCS for 60 h. Release from serum starvation by serum
stimulation for 14 h resulted in a 4-fold induction for the
human cyclin D1 promoter and an 11-fold induction of the
KSHYV LP1/2 promoter compared to only a 1.7-fold induction
for the CMV promoter (Fig. 7A). Parallel flow cytometry de-
terminations (Fig. 7B) demonstrate that serum starvation for
60 h effectively arrests mitogenesis of NIH 3T3 cells (0% in S
phase) and addition of serum for 14 h initiates cell cycle pro-
gression (32% in S phase).

Direct confirmation of KSHV LP1/2 dependence on the cell
cycle was performed by Northern analysis of LT1 and LT2
expression in BCBL-1 cells (Fig. 8). Unlike NIH 3T3 cells, PEL
cells are resistant to arrest by serum starvation and continue to
proliferate in the absence of serum but undergo marked loss of
viability, an effect similar to that seen for EBV-immortalized
cells (11). Growth arrest of PEL cells, however, was achieved
by 200 mM L-mimosine treatment for 20 h, which arrests cells
in late G, phase (16). L-mimosine-induced arrest is reversible
by washing BCBL-1 cells with fresh medium (Fig. 9). For
comparison, expression of the human cyclin D2 gene was ex-
amined because preliminary Northern analyses showed that
only cyclin D2, and not cyclin D1 or D3, was appreciably
expressed in BCBL-1 cell lines. KSHV LT1 and LT2 (Fig. 8A)
and human cyclin D2 (Fig. 8B) expression was nearly absent in
L-mimosine-arrested cells at time zero (87% G,/G,) (Fig. 9B).
Expression of these transcripts progressively increased in par-
allel after release from L-mimosine arrest. L-mimosine arrest
had no effect on GAPDH transcription used to confirm RNA
loading (Fig. 8C).

DISCUSSION

Like other herpesviruses, KSHV gene transcription is lim-
ited during presumed virus latency (40, 48). KSHV latent (or
class I) gene expression has been functionally defined as being
constitutive in PEL tissue culture cells (40) in that it is not
induced by phorbol esters nor inhibited by DNA polymerase
inhibitors. In contrast, class III genes such as ORF25, which
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TCTCATTTCCCCAGGTGATGAGACATATTCCCTCACTTGGGGTGGTATTATCCCCACGCGGCAGCCTCACGGTCCTCCA =763
-Myc c-Jun
CGCAACTGTAAGACCATCACTGTCAGTGAACTGCTCCTGGGTAGAAGAGGCGTTGTTCCAGGGTGCGGCCCAGGTGACA 684
c-Myc cJun c-Mye
TTGGGGGGTGGGCGACCAGTTGCCAARACAGGTGACGGTGTCTGCGTCTTCTGTGCTATTTACCTGCACGTGTCCAGTAG 605
IRF1/2 ¢-Jun AP1L
GGGGAGATGTCACTTCCAGGCAGGCTGTGCATGACACCTGCCGGCCACCAAATGAGTTAAAGATACACAGGTAACAGCC 526
GR
CTCATCATCCACTGCAAGGTTATGGATAACAAGGGTAGAGTTCCAAAGCCCAGGACAGGTTATATTTGCCTTGTGGCGG 447
pGL3-4
TACTGGGTCTGAACCACCACCCCATATGAATGGCTGTACGTGGCGACGTTTACGGGACCGGGGAGCTGCCTTTTTTGCC -368
SP1 SP1 SP1
AGGTAACGCTAACTATGTCAGCACGGGGCGTGATGGCGCAGGTGAGGCCAGCAGAGCCCCGCATGGGCCCCTCAACGCE -289
pGL3-3
NF1 Y Oct-6
GGCACCCCCAACCGCGCCAAGGAGGGCTAGCCAGATGAACGCCACCCAAGGTAATGAAATGAACAGGCTAGACATGGAC -210
pGL3-2

AP2 Y NF1 -131

CCCCGAGAGGCACTCGGCGTCGTCCATGGEGGAGCACAGACGACAGGTCGGACCACTGAACCGGTGCCAGCAACCGGGA

pGL3-1

ISGF3 AP2 % CAAT 52

Oct-1 AP2
GCACAGTGGGGGGTAAATTCTGCAAAGCAGACACGCCTTCTTCAGTTTTTATGGCAGTCCTGCCTGGGGCACCAATCAG

TATA i |

-1%

AAAGTAGCTTGATATAACTCCGCCCTCCACTACGCGGCGCCCGGGACAATCAAAAAATGTGTGTATCATTTGGAGGCAGCT

FIG. 4. Nucleotide sequence of the latent promoter region (LP1/2) for LT1-2. The first nucleotide of the presumed major transcription start site at nt 127,900 is
marked by a single asterisk and is indicated in boldface. The second start site is marked by a double asterisk, and potential transcription factor binding sites in the
promoter region are indicated. The locations of promoter deletions used for reporter studies indicated by arrows.

encodes the MCP, are expressed in a manner consistent with
late lytic cycle genes in that they are not expressed without
TPA treatment in some highly restricted cell lines such as BC-1
(40).

In this study we defined the nucleotide sequences and gene
organization of two KSHV latent transcripts, LT1 and LT2,

that were found during a survey for KSHV gene transcription
(40). The constitutive transcription of LT1-2 transcripts is con-
sistent with transcriptional studies of vCYC mRNA performed
with BC-1 and BC-3 cell lines (13) and for LANA protein
expression with BC-1 cells (14). Both LT1 and LT2 are spliced
transcripts which have the same transcriptional start site and a

| p— T T T
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Promoter Length

(bp)

FIG. 5. Luciferase expression levels for LP1/2-luciferase reporter constructs in HeLa (white bars) and BJAB (grey bars) cells. HeLa cells were transfected with 1
mg of reporter gene and 1 mg of control plasmid pcDNA3.1/lacZ. BJAB cells were transfected with 10 mg of reporter gene and 10 wg of control plasmid
pcDNA3.1/lacZ. Mean promoter activities obtained from three transfections after normalization for -galactosidase expression are indicated relative to the pGL3-luc

basic reporter plasmid lacking a promoter sequence.
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FIG. 6. Effect of TPA treatment on LP1/2-luciferase promoter reporter con-
structs. HeLa (A) and BJAB (B) cells cultured in the presence (grey bars) or the
absence (white bars) of 20-ng/ml TPA were transfected with LP1/2-luciferase
constructs as described in the legend for Fig. 4 and assayed for luciferase activity.
No evidence for TPA inducibility was found for either cell type.

splice junction beginning after a short untranslated 5’ leader
sequence. The LT1 intron is a short noncoding region, whereas
the LT?2 intron splices out the entire ORF73 gene. Our primer
extension analysis suggests that an additional transcription
start site is present; however, we found no evidence for differ-
ential regulation of LT1 and LT2, and a more comprehensive
examination of study of transcriptional factor activation may
reveal important differences in expression of these transcripts.
The reasons why the KSHV ORF73 gene encoding LANA is
spliced from LT2 and why the virus possesses these two over-
lapping transcripts can only remain speculative since little is
currently known about the functions of the LANA protein.
The promoter region for these transcripts, LP1/2, was tran-
scriptionally active in both epithelial and lymphoid cell lines by
using a luciferase reporter construct. The higher activity in
BJAB cells suggests transcription might be specifically en-
hanced in lymphoid cell lines. Although a 67-bp minimal LP1/2
promoter was sufficient to drive efficient transcription of the
reporter gene, the putative promoter region contains a number
of potential transcriptional factor binding sites that might reg-
ulate transcription. While examination of promoter-reporter
constructs in tissue culture provides important information on
LT1-2 transcriptional regulation, an important caveat is that
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FIG. 7. (A) Cell cycle-dependent induction of the pGL3.6 LP1/2-luciferase
reporter. NIH 3T3 cells were transfected with the indicated constructs and
cultured in low serum (0.1% FCS) for 60 h. Bars indicate the levels of induction
of luciferase activity 14 h after readdition of 20% FCS compared to pretreatment
luciferase activity for the constitutively active CMV, the human cyclin D1, and
the KSHV LP1/2 promoters. (B) Cell cycle distributions as determined by FACS
analyses at 0 and 14 h after serum readdition. Serum starvation for 60 h arrested
90% of NIH 3T3 cells in G/G,, whereas 32% of cells were entering S phase 14 h
after serum stimulation.

cell type-specific transcriptional programs exist for KSHV (28,
34). Direct examination of tissue-specific transcription and
translation is necessary to extend our results directly to tumors
in situ.

At least two nuclear proteins, LANA (ORF73) and vCYC

A o & o &L
S & o O &
7.46 —
|- LT
4.4 —
2.37 -
B | <LT2
1.35 -
0.24 —
B
—“ < Cyclin D2
C
S s s e | «— GAPDH

FIG. 8. Time course of KSHV vCYC (A) and cellular huCYC D2 (B) mRNA
expression in BCBL-1 cells after release from L-mimosine G, arrest. GAPDH
mRNA expression (C) was used as a control for equal mRNA loading. Cells were
arrested for 20 h by treatment with 200 mM L-mimosine and released from cell
cycle arrest by washing in fresh medium. Cell cultures were harvested at 0, 3, 6,
10, and 24 h after L-mimosine washout and prepared for mRNA extraction.
Expression of KSHV LT1 and LT2 mRNA mirrors expression of cellular CYC
D2, which is expressed early in G, phase of the cell cycle.
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FIG. 9. FACS analysis demonstrating that BCBL-1 cells are reversibly ar-
rested by L-mimosine treatment. (A) Cell cycle distribution of exponentially
growing BCBL-1 prior to L-mimosine arrest. (B) G, arrest of BCBL-1 cells at 0 h
as shown in Fig. 8, after treatment with 200 nM L-mimosine for 20 h. (C) Cell
cycle progression of BCBL-1 cells 24 h after L-mimosine washout, as shown in
Fig. 8.

(ORF72) are expressed during viral latency (12, 30). LANA
possesses a long acidic repeat domain which is reminiscent of
a similar domain in the latent EBV EBNA-1 protein that
inhibits cytotoxic T-lymphocyte recognition of this antigen
(24). At present it is unclear whether LANA functions like
EBNA-1 in maintaining viral episomal replication or has other
functions during viral latency. No functional data are available
to determine if ORF73 plays a role in cell cycle regulation or
transformation; however, NIH 3T3 cells stably expressing
ORF73 alone are not transformed (40a). KSHV vCYC has a
high degree of sequence homology with cellular D-type cyclins
(8) and is functionally similar to these cell cycle control pro-
teins (10). vCYC can overcome the G;-S block mediated by
pRb in SAOS-2 cells (10) and induce pRb and histone H1
phosphorylation via CDK6 activation (15, 25). Further, the
viral cyclin, unlike cellular D-type cyclins, is resistant to p16,
p21, and p27 CDK inhibitors (44). A third protein encoded by
these latent transcripts, VFLIP (ORF K13), is a dominant neg-
ative inhibitor of Fas/APOl-activated apoptosis. Preliminary
studies suggest that this protein may be under posttranscrip-
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tional regulation and is not expressed during latency in PEL
cells despite active transcription of the gene on LT1 and LT2
(32a).

Cellular D-type cyclin expression is required for progression
through the G, cell cycle checkpoint controlled by the pRB
tumor suppressor protein. This checkpoint is therefore a crit-
ical target for proliferative signals in G,. Several tumor viruses,
such as simian virus 40, human papillomavirus 16, and adeno-
virus, have evolved mechanisms to subvert the host cell cycle
through direct binding and inactivation of the pRB tumor
suppressor protein (18). Other tumor viruses, including EBV
and human T-cell lymphotropic virus type 1, have evolved
mechanisms to indirectly inactivate pRB (29). The EBV latent
immortalizing genes EBNA-LP and EBNA-2, for example,
induce cyclin D2 expression (17, 21, 41). Although EBNA-LP
protein levels are stable throughout the cell cycle, this protein
is phosphorylated in a cell cycle stage-specific manner, suggest-
ing possible functional regulation (22). KSHV also indirectly
inactivates pRB through pRB phosphorylation in conjunction
with cyclin-dependent kinase 6 (CDK 6). This is an intriguing
correlation since many of the cellular genes induced by EBV
are also encoded by the KSHV genome (28, 29). In vitro
overexpression of cyclin D induces apoptosis (36), presumably
through deregulated overexpression of E2F-1 and induction of
pl4ARF (2). Similarly, overexpression of vCYC in NIH 3T3
cells induces cell death (40b).

The convergent evolution of pRB inhibitory mechanisms by
tumor viruses illustrates the importance of the pRB checkpoint
to the life cycles of both DNA and RNA tumor viruses. pRB
inhibition has been attributed to the need for a virus to induce
S-phase DNA synthesis in order to expand virion production
(18). This is likely to be the case for at least some tumor viruses
during lytic virus replication. EBV, for example, encodes lytic
replication transactivator proteins (BRLF1 and BZLF1) which
directly inhibit pRB and p53 proteins (45, 47). However, pRB
inactivation during virus latency does not preferentially repli-
cate viral genome over host cell genome. An alternative expla-
nation for pRB inhibition during virus latency is that cell cycle
arrest serves as an antiviral mechanism to limit latent virus
replication (29). Our data is consistent with this latter hypoth-
esis in that the KSHV vCYC is expressed during virus latency.
Rather than being constitutively overexpressed, vCYC tran-
scription appears to be closely regulated by cell cycle-specific
signaling events. Swanton and colleagues have demonstrated
that the KSHV vCYC is resistant to cellular CDK inhibitors
that control D cyclin activities (44). This suggests that KSHV
replaces cellular D cyclin activity with a viral cyclin that is
resistant to cellular control mechanisms. In this case, vCYC
expression may reestablish cell cycle homeostasis in the pres-
ence of active cellular antiviral responses that would otherwise
induce cell cycle arrest.
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ADDENDUM

After submitting this article we learned of the publication by
Dittmer et al. (12a) of transcriptional mapping results for the
KSHV LT1 and LT2 transcripts which are similar to our own
results reported here.
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