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Kaposi’s sarcoma-associated herpesvirus (KSHYV) is the causative agent of three malignancies associated
with AIDS and immunosuppression. Tumor cells harbor latent virus and express kaposin (open reading frame
[ORF] K12), v-FLIP (ORF 71), v-Cyclin (ORF 72), and latency-associated nuclear antigen (LANA; ORF 73).
ORFs 71 to 73 are transcribed as multicistronic RNAs initiating from adjacent constitutive and inducible
promoters upstream of ORF 73. Here we characterize a third promoter embedded within the ORF 71-to-73
transcription unit specifying transcripts that encode ORF 71/72 or K12. These transcripts may also be the
source of 11 microRNAs arranged as a cluster between K12 and ORF 71. Our studies reveal a complex
arrangement of interlaced transcription units, incorporating four important protein-encoding genes required
for latency and pathogenesis and the entire KSHV microRNA repertoire.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHYV, or
human herpesvirus 8) is a gamma-2-herpesvirus associated
with three human malignancies: Kaposi’s sarcoma (KS), pri-
mary effusion lymphoma (PEL), and multicentric Castleman’s
disease (7, 15, 24). Typically, KSHV is present in the majority
of tumor cells and maintains a state of latency in which the
viral genome persists as a circular episome in the host cell
nucleus, but only a tiny fraction of the 90 or so viral open
reading frames (ORFs) are expressed. Four KSHV proteins
are consistently detected in all latently infected cells: kaposin
(several isoforms encoded by ORF K12), v-FLIP (ORF 71),
v-Cyclin (ORF 72), and the latency-associated nuclear antigen
(LANA; ORF 73). Numerous lines of evidence suggest these
gene products drive proliferation of the host cell, prevent apo-
ptosis, facilitate immune evasion, and maintain the extrachro-
mosomal viral genome during repeated cell divisions (3, 4, 17,
18, 20, 26, 28, 32, 36, 37, 39, 42, 49, 51). Each of these functions
is likely to be critical for KSHV pathogenesis, prompting di-
verse efforts to understand how the gene cluster is regulated
and to elucidate the molecular function of each protein (8, 15).

The genomic organization of the major latency cluster is shown
in Fig. 1A. ORFs 71, 72, and 73 belong to a multicistronic tran-
scriptional unit, known as the latency transcript (LT) cluster (14,
50). The LT cluster is transcribed from a constitutively active
promoter (LT,) and through alternative splicing gives rise to a
5.4-kb mRNA containing ORFs 71, 72, and 73 and a 1.7-kb
transcript containing ORFs 71 and 72. It is likely that LANA
(ORF 73) is the principal translation product of the longer
mRNA, whereas both v-Cyclin and v-FLIP are synthesized
from the shorter transcript, the latter by way of an internal
ribosome entry site upstream of ORF 71 (5, 6, 22, 34). Al-
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though not shown in the figure, a 1.1-kb monocistronic (ORF
71) transcript can also be detected in PELs at low abundance
compared to the 1.7-kb mRNA and is derived from LT, by
additional splicing (22). Expression of the K12 locus is unusual
because translation initiates at non-methionine codons that are
located within a repetitive and polymorphic sequence, giving
rise to three different polypeptides (45). K12 is separated from
the LT cluster by an ~4-kb intergenic region that includes one
of two origins of lytic DNA replication (2, 31). Recent studies
have also revealed a cluster of microRNAs (miRNAs; see
Fig. 1A) within this so-called intergenic region (9, 40, 46).
Although their function is not yet known, all 11 miRNAs are
encoded on the same strand and are expressed constitutively in
latently infected PEL cells.

Recent work from our laboratory has characterized a second
promoter (LT;) that is located between LT, and the initiation
codon of ORF 73 (35). In latent cells, LT; is inactive but can be
induced by the lytic switch protein RTA encoded by ORF 50.
Using a PEL-derived cell line (TREXBCBL1-Rta) that has been
engineered to allow regulated expression of the lytic switch pro-
tein RTA in the presence of doxycycline (38), we observed a five-
to sevenfold induction of both the 5.4- and 1.7-kb LT mRNA:s,
accompanied by a small but appreciable decrease in average tran-
script length to approximately 1.5 kb (35).

To explore the origins of these shorter transcripts, we per-
formed primer extension analysis using a synthetic oligonucle-
otide (primer 2a) complementary to the 5’ end of ORF 72
(indicated in Fig. 1A). TREXxBCBLI-Rta cells were treated with
water (—Dox, Fig. 1B, lane 2) or 1 pg/ml doxycycline (+Dox,
lane 3) for 18 h, and then poly(A)" RNA was isolated using
oligonucleotide-coated beads (Oligotex Direct; QIAGEN). Cells
were cultured in RPMI 1640 medium (Invitrogen Life Tech-
nologies) supplemented with 20% Neugem serum (Gemini
Bio-Products), 100 pg/ml hygromycin B (Invitrogen), 2 mM
L-glutamine, and antibiotics. After elution from the resin,
equal amounts of RNA were mixed with the **P-labeled oli-
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FIG. 1. The latency gene cluster is expressed via a network of overlapping transcripts. (A) Organization of known ORFs, miRNAs, and mRNA
transcripts within the major latency cluster of KSHV. Coordinates are based on the prototype BC-1 sequence (44) and correspond to initiation/
termination codons (upper set) and exon sequences (lower set). A cluster of 11 miRNA genes, orientated in the direction indicated by an arrow,
are located between the body of the K12 ORF (nucleotide 117,970) and the 3’ end of ORF 71 (nucleotide 121,911) (9, 40, 46). RNAP, RNase
protection assay probe. A constitutively active promoter (LT,) gives rise to a precursor RNA (dotted line) that undergoes polyadenylation/cleavage
and alternative splicing to produce ~5.7-kb and ~5.4-kb tricistronic (ORFs 71, 72, and 73) and ~1.7-kb dicistronic (ORFs 71 and 72) mRNAs (14,
47, 50). Expression of the lytic activator RTA induces a second promoter (LT;) located between ORF 73 and LT, giving rise to a 5.5-kb mRNA
spanning all three ORFs (35). A 2.3- to 2.5-kb spliced mRNA corresponding to ORF K12, encoding multiple isoforms of kaposin, is transcribed
during latency from a promoter at the 3’ end of ORF 73 and is induced further during lytic replication (27, 45). Shorter K12 transcripts initiating
at 118,758 have also been reported (45). ORF K14 is essentially silent during latency but strongly induced by RTA utilizing promoter elements
shared by LT; (11, 25, 30, 35). (B) Primer extension analysis to detect transcripts initiating upstream of ORF 72. Poly(A)* RNA was isolated from
mock (—Dox; lane 2) or Dox-treated (+Dox; lane 3) TREXBCBL1-Rta cells and reverse transcribed in the presence of radiolabeled oligonucle-
otide primer 2a. Extension products were resolved on an 8% acrylamide-7 M urea denaturing gel and visualized by autoradiography. Lane 1, size
marker (in base pairs) prepared from end-labeled Hinfl-digested ®X174 DNA (Promega).

gonucleotide primer 2a (5'-GGGCGGGTTATTGGCAGTTG
CCAT-3', corresponding to KSHV nucleotides 123,544 to
123,567) (44), annealed by incubation of the mixture at 58°C
for 20 min, and then slow cooled to room temperature. The
annealed primers were extended using avian myeloblastosis
virus reverse transcriptase (RT; Primer Extension System; Pro-
mega) at 41°C for 1 h before the reaction was stopped by
ethanol precipitation, and the extension products were re-
solved on an 8% acrylamide—7 M urea denaturing gel followed
by autoradiography. At least nine bands were detected, ranging
in size from 175 to 299 bp. Six of the products (175, 185, 205,
210, 215, and 299 bp) were clearly represented in the —Dox
and +Dox RNA samples, whereas three others (232, 257, and

285 bp) were specific to the Dox-treated cells. Only the longest
299-bp product was consistent with the 1.7-kb spliced tran-
script initiating at LT.. The remaining extension products ap-
peared to be too short to have initiated at LT, or LT; using the
known splice donor or acceptor sites. From this result, we
hypothesized that the smaller products were generated by an
uncharacterized RNA splice or, alternatively, represented
transcripts that had initiated within the intergenic region be-
tween ORF 72 and ORF 73 (see Fig. 2A).

To distinguish between these two possibilities, we next per-
formed 5’-RNA ligase-mediated rapid amplification of cDNA
ends (5'-RLM-RACE; Ambion) using primers from the same
region of ORF 72 (Fig. 2A and B). In addition to primer 2a
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FIG. 2. Characterization of transcripts initiating in the LT region.
(A) Schematic showing the intergenic region between ORFs 72 and 73.
The probe used for RNase protection is shown above the ORF map
and the primers used for 5'-RLM-RACE are shown below the map.
For simplicity, all 5'-RLM-RACE products in panel B are depicted as
originating from the common point of origin at nucleotide 123,568.
(B) Summary of 5'-RLM-RACE products obtained from uninduced
(—Dox) and induced (+Dox) TREXxBCBLI1-Rta cells using the KSHV-
specific primers described for panel A. Twenty-one out of 38 5'-RLM-
RACE products sequenced terminated in the highlighted region be-
tween nucleotides 123,739 and 123,791. An additional six clones (not
shown) contained products corresponding to the splice from 123,776 to
127,813 and terminated at 127,880.

described above, we used two KSHV-specific primers: primer 1
(5'-ACATAGCGTGGGATCCAGAAGTCC-3'; nucleotides
123,517 to 123,540) and primer 2b (5'-TGGAGTTTCAGGG
TGCTCT-3'; nucleotides 123,605 to 123,623). Primer 1 was
used for the first round of nested PCR and then followed by
either primer 2a or 2b in the second round. These were com-
bined with primers complementary to an oligonucleotide RNA
adaptor that was ligated to the 5’ end of the RNA template
prior to reverse transcription. An important feature of the
5’-RLM-RACE protocol is that the adaptor is specifically li-
gated to the decapped 5’ end of the RNA, thereby excluding
truncated products generated by RNA breakage or premature
termination of the reverse transcriptase (33). 5'-RLM-RACE
products were subcloned into pCR2.1Topo (Invitrogen) with-
out selection for insert size, and 38 clones were chosen at
random for further analysis. Upon DNA sequencing, the
—Dox and +Dox samples yielded three clones each that con-
tained 5'-RLM-RACE products corresponding to the previ-
ously described 1.7-kb spliced mRNA initiating at nucleotide
127,880 in LT, (Fig. 1A). The remaining 32 clones had cap-
tured extension products that terminated downstream of ORF
73, and these are shown schematically in Fig. 2B. Twenty-one
clones (55% of the total) terminated within a 53-bp region
(nucleotides 123,739 to 123,791) and were similarly repre-
sented in the —Dox and +Dox samples. The sheer variety of
extension products obtained by 5'-RLM-RACE was surprising
given that this methodology is specifically designed to amplify
products that correspond to the 5’ ends of mRNAs only. How-
ever, the result was strongly reminiscent of the ladder of
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primer extension products, and nearly half of the primer ex-
tension products are the correct length to have initiated in the
region between nucleotides 123,739 and 123,791. Both RNA
preparations yielded products (two from —Dox samples, four
from +Dox samples) that had apparently initiated at residue
123,757, suggesting this is a more frequently utilized start site.
Five additional 5'-RLM-RACE products initiated within 6 bp
on either side of this residue, consistent with a loose clustering
of initiation sites. These results imply the presence of a con-
stitutive promoter, which we will refer to as “LT downstream”
(LT,), located within the intergenic region immediately down-
stream of the primary ORF 73 termination codon.

Both RACE and primer extension rely on the processivity of
the RT enzyme, and we were concerned that the new initiation
sites might be caused by premature termination during the RT
step. To address this, we performed RNase protection analysis,
an unrelated method that is not dependent on the processivity
of a polymerase (Fig. 3A). A 373-nucleotide **P-labeled anti-
sense ribonucleotide complementary to KSHV nucleotides
123,568 to 123,874 (indicated Fig. 1A and 2A), together with
some additional vector sequence, was transcribed in vitro using
bacteriophage T7 RNA polymerase, mixed with 10 pg of total
RNA prepared from induced and uninduced TRExBCBLI-
Rta cells (Fig. 3A, lanes 3 and 4, respectively), and hybridized
at 55°C overnight. As a negative control, we also hybridized the
probe to 10 pg of total RNA isolated from KSHV-negative
human HeLa cells (lane 2). HeLa cells were maintained in
Dulbecco’s modified Eagle medium (Gibco) supplemented
with 2 mM L-glutamine and antibiotics. RNA duplexes were
digested with a mixture of RNase A and RNase T1 for 30 min
at 37°C to remove single-stranded probe, and the protected
fragments were analyzed by 8% denaturing polyacrylamide gel
electrophoresis. A series of protected probe fragments were
observed with both of the TRExBCBL1-Rta RNA samples but
not with the HeLa RNA. Approximate sizes of the protected
products were estimated by comparison to a sequencing ladder
(not shown) run alongside. A prominent protected fragment
(estimated as 320 nucleotides in length) was detected in the
TRExBCBLI1-Rta samples but not in the HeLa sample. This is
likely to correspond to the entire KSHV portion of the probe
(307 nucleotides), which would be protected by the 5.4- to
5.7-kb tricistronic mRNAs. Compression of the sequencing
ladder made it difficult to accurately calculate the sizes of the
smaller products, and the numbers given in the figure repre-
sent relatively crude estimates. Regardless of the precise sizes,
the majority of the smaller protected fragments were of an
appropriate size for the 5" ends of transcripts that had initiated
within a region between KSHV nucleotides 123,737 and
123,793. Thus the series of bands detected by RNase protec-
tion appears to be in general agreement with the end points of
LTg4-derived transcripts mapped previously by primer exten-
sion (Fig. 1B) and 5'RLM-RACE (Fig. 2B). It is worth noting
that the spliced 1.7-kb mRNA derived from LT, should
generate a 209-nucleotide protected fragment (nucleotides
123,568 to 123,776) and would therefore also fall within the
cluster of protected products.

RNase protection was also used to ask if similar LT -derived
transcripts could be detected in other KSHV-positive PEL cell
lines. Total RNA was prepared from BC-1 (KSHV™" Epstein-
Barr virus positive [EBV™]) (10) and BC3 (KSHV* EBV ")
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FIG. 3. RNase protection assays to characterize the 5’ and 3’ ends of ORF 71- and 72-associated transcripts. (A) A 373-nucleotide
32P-labeled antisense riboprobe (KSHV nucleotides 123,568 to 123,874 plus vector sequence) was transcribed in vitro using T7 RNA polymerase.
Undigested probe is shown in lane 1. Probe was hybridized with 10 pg of total RNA from KSHV-negative human HelLa cells (lane 2), Dox-treated
TREXBCBLI1-Rta cells (lane 3), mock-treated TREXxBCBL1-Rta cells (lane 4), BC-1 cells (lane 5), and BC3 cells (lane 6). After hybridization and
RNase digestion, protected fragments were resolved on an 8 M urea—-8% polyacrylamide gel and visualized by autoradiography. An open arrow
indicates full-length probe. Fragment sizes were calculated from a DNA sequencing ladder run in adjacent lanes (not shown). (B) A 388-nucleotide
antisense riboprobe (lane 1) corresponding to KSHV nucleotides 121,820 to 122,205 (plus 2 additional nucleotides), was hybridized to total RNA
isolated from HeLa (lane 2) and Dox- or mock-treated TREXBCBL1-Rta cells (lanes 3 and 4).

(1) cells and hybridized to the same riboprobe. After digestion,
both samples (lanes 5 and 6) yielded a similar ladder of pro-
tected fragments to the TREXxBCBLI1-Rta samples. The pro-
tected fragments were especially abundant in the BC3 sample
(lane 6), consistent with previous reports of high levels of RNA
and protein products from the LT gene cluster in this PEL line
(12, 27, 41). This result shows that the transcripts at LT, are
not peculiar to TREXxBCBL1-Rta cells but can be readily de-
tected in other PEL-derived cell lines.

Earlier studies of the LTs mapped the major site of poly-
adenylation to residues 122,070 and 122,066, less than 80 nu-
cleotides downstream of ORF 71 (14, 43, 50). To map the 3’
end of the LTs, we constructed a 388-nucleotide **P-labeled anti-
sense riboprobe corresponding to genomic coordinates 121,820 to
122,205 (386 nucleotides, see Fig. 1A). This probe was transcribed
directly from a PCR product that included the T7 promoter that
added only 2 nucleotides of non-KSHV sequence. The labeled
antisense riboprobe was hybridized to RNA from mock-
treated and induced TREXxBCBL1-Rta cells and processed as
described above. Fewer protected species were observed com-
pared to the 5'-end probe, and these consisted of three rela-
tively abundant products in the 136- to 145-nucleotide range
and a doublet at ~300 nucleotides (Fig. 3B). The shorter
products likely correspond to the previously mapped cleavage

point that should give a 136-nucleotide product. The longer
protected fragments might represent transcripts that have ex-
tended slightly further, ending near nucleotide 121,906 within
the intergenic region. We also detected a weak signal corre-
sponding to the full-length probe. This was absent in the HeLa
sample, suggesting that it is a bona fide protected species
signifying longer transcripts that extend the entire length of the
probe. At least one miRNA is encoded with this protected
region, and our mapping data do not preclude the possibility
that primary transcripts extend across the entire intergenic
region and beyond.

Our previous results indicated a five- to sevenfold increase in
abundance of the ~1.7-kb LT transcript following Dox treat-
ment of TRExBCBL1-Rta cells (35). We have no evidence that
the 5.5-kb transcript originating from LT; is spliced and suspect
that the LT, promoter region might also be responsive to
RTA. To verify this observation, we used semiquantitative
RT-PCR to amplify the 5’ end of ORF 72 from poly(A)" RNA
isolated from TRExBCBL1-Rta cells that were either induced
with Dox for 16 h or treated in parallel with water (Fig. 4A).
RNA samples were treated with RNase-free DNase (Promega)
to remove any contaminating viral DNA. Reverse transcription
was carried out using AMV RT at 48°C for 45 min, and linear
PCR amplification was achieved by using serial dilutions



VoL. 79, 2005

Fold
A. ! Tarnp1:te|iln

500 -

» <« GAPDH
400 (452-0p)
300 -

200 -
(ISGDD}

B.
60,0001
50,000
£ 40,000 Hela cells
30,000
] 20,000
10,000
0.

Relative Luciferase Activity

pCMV-RTA: - WT - WT - WT - WT - WT
pGL3-luc pLT‘, -luc pLT-uc  pLT -luc p‘,TL-luc
Fold Induction: 1.2 108.8 0.5
C' 30,000
25,000 Hela cells
& 20,000
2 15,000
10,000
500
0-
pCMV-RTA: - WT AAD - WT AAD - WT AAD - WT AAD
pGL3-Iuc pLT uc LT luc pK14-uc
Fold Induction: - 51 09 - 496 09 128 3.2
D. 2,000,000
1,500,000 TRExBCBL1-Rta cells
S5
& 1,000,000
500,000
0
Dox:
pGL3-uc pLT-uc pKld-uc plTluc pyTl-luc pLT -uc
Fold Induction: 11 40.5 49.7 21.8 19.3 3.5
E 1000000
209000 TREXBCBL1-R Il
; 600000 X ta cells
400000
200000 ' '
0+— e R
Dox: + + + + + &
NaB: + + + + + +
PGL3-luc pLTuc pLT rluc
Fold Induction: - 11 121. 11 3.0 35 35 06 7.5

FIG. 4. LT, promoter can be induced by RTA. (A) RT-PCR anal-
ysis. Poly(A)" mRNA was isolated from TRExBCBLI-Rta cells
treated for 16 h with water (—=Dox) or doxycycline (+Dox). PCR
amplification was carried out using serial dilutions (1-, 10-, 25-, and
50-fold) of the cDNA with primers complementary to KSHV LT and
human GAPDH, and the products were resolved on a 2% agarose gel
stained with ethidium bromide. Size markers (lane 1) are shown in
base pairs. (B) A total of 0.5 g each of various reporter constructs was
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(1-, 10-, 25-, and 50-fold) of the resulting cDNA. The LT
transcript primers were as follows: 123,434-GATTGTTGA
AAGGTCCCAAA-123,453 and 123,589-CCACATACGCTC
GCCACTCTA-123,569. The expected 156-bp product was ob-
tained from both RNAs (lanes 2 and 3), and the dilutions
confirmed that the template RNA was at least fivefold more
abundant in the induced sample. To confirm that equal
amounts of RNA were used in each pair of reactions, we
included primers complementary to human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; 5'-ACCACAGTCCAT
GCCATCAC-3" and 5'-CCACATACGCTCGCCACTCTA-3")
(19) and yielded similar amounts of the expected 452-bp
fragment.

Next, we asked if a 700-bp genomic DNA fragment (nucle-
otides 123,568 to 124,267), encompassing the LT, initiation
sites (centered on nucleotide 123,757) and sequences up-
stream, would be sufficient to drive expression of a luciferase
reporter gene (Fig. 4B). The fragment was amplified from BC3
cell genomic DNA by high-fidelity PCR (Roche) and sub-
cloned into a promoterless luciferase reporter plasmid (pGL3-
basic; Promega) in either the correct (pLTy-luc) or incorrect
(paLT-luc) orientation relative to the luciferase cassette. Pro-
moter activity of these two constructs was measured in tran-
siently transfected HeLa cells and compared to that of the
promoterless vector (pGL3-luc) or equivalent constructs con-
taining the RTA-inducible LT; (pLT;-luc, nucleotides 127,609
to 127,807) (35) or constitutive LT, (pLT.-luc, nucleotides
127,816 to 129,375) promoters. Full-length RTA was supplied
from a cotransfected cytomegalovirus (CMV) enhancer-driven
expression plasmid (pCMV-RTA). When the LT, fragment
was inserted in the correct orientation with respect to lucif-
erase (pLTg4-luc), it gave a significant increase in promoter
activity over that of the empty vector (pGL3-luc), and this was
increased further (2.8-fold) in the presence of RTA. Induction
was modest compared to LT;, which displays very little constitu-
tive activity but was induced by more than 100-fold by addition of
RTA. In contrast, the activity of the constitutive promoter pLT-
luc was reduced by RTA. To ask whether induction of pLTy-luc
was specific, the assay was repeated using a version of RTA
lacking the activation domain (pCMV-RTA, o, Fig. 4C). Again
pLT,-luc displayed significant constitutive activity, and this was
boosted 5.1-fold by expression of the wild-type but not trun-
cated RTA. As controls, we also tested the RTA-responsive
LT, and K14 (pK14-luc, nucleotides 127,298 to 128,114) pro-
moters and both were induced strongly by wild type RTA

electroporated into 1 X 10° HeLa cells, together with 1 pg of an empty
expression vector (—) or pCMV-RTA encoding full-length KSHV
RTA (+). Luciferase activity was measured 24 h after transfection.
Bars represent the mean and standard deviation of three independent
transfections. (C) As in panel B, except that reporters were also co-
transfected with pCMV-RTA, ,p, encoding a version of RTA trun-
cated at residue 530 to remove the C-terminal activation domain. (D)
A total of 1 X 10”7 TRExBCBLI1-Rta cells were transiently transfected
with 2 g of the luciferase reporter construct indicated. After 24 h, the
transfected cells were split into two flasks, and either mock or Dox
treated. After a further 18 h, cell extracts were prepared and assayed
for luciferase activity. (E) Addition of NaB amplifies the RTA re-
sponse. Transfected TREXBCBLI1-Rta cells were induced with Dox
(1 pg/ml), NaB (3 mM), or a combination of both drugs for 16 h prior
to harvest.
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but not the truncation. Thus the small but significant induc-
tion of the LT, promoter was dependent on the RTA acti-
vation domain.

The same reporter set was tested in TRExXBCBL1-Rta cells
(Fig. 4D). A total of 1 X 107 cells were transfected with 2 pg
of each reporter plasmid using Lipofectamine 2000, split into
six separate dishes, and treated with either 1 pg/ml Dox or
water for 24 h before being harvested and before luciferase
activity was measured. With the exception of pyLT-luc, each
reporter showed a significant activity compared to that of the
promoterless plasmid but differed in terms of responsiveness to
RTA. K14 was induced 49.7-fold, LT;, by 40.5-fold, and LT, by
21.8-fold. Note that the apparent 19.3-fold increase observed
with the reversed-orientation construct pyLT-luc is most likely
an artifact of the barely measurable activity in the uninduced
state. These results confirm that the 700-bp LT, fragment
contains a constitutively active promoter that can be further
induced by forced expression of RTA.

Finally, we asked if the deacetylase inhibitor sodium bu-
tyrate (NaB) could augment the response to RTA (Fig. 4E).
Previously, we had found that treatment of TRExBCBLI1-Rta
cells with Dox and NaB for periods of less than 24 h leads to
an elevated response from RTA-inducible promoters (35). As
shown in Fig. 4E, NaB had no effect on the constitutive activity
of LT, but increased the response to Dox from four- to eight-
fold. By comparison, the Dox-mediated induction of LT; went
from 11-fold to 35-fold. This result confirms that the moderate
stimulation of LT, in TRExBCBL1-Rta cells is most likely due
to expression of RTA rather than a nonspecific effect of Dox.

In summary, our studies show that the major cluster of
KSHYV latency-associated genes (ORFs K12 to 73 and all 11
miRNAS) contains at least three separate promoters (LT, LT;,
and LT,), giving rise to a complex and interwoven network of
mono-, di-, and tricistronic mRNAs. The LT, promoter de-
scribed here is constitutively active, mirroring LT, but tran-
scription can be further boosted by expression of RTA, remi-
niscent of LT;. Induction may occur as a direct result of RTA
transactivation or through indirect effects on the cellular tran-
scription machinery. Several RTA-responsive promoters, in-
cluding LT;, contain binding sites for the Notch-regulated tran-
scription factor CSL (CBF1/RBP-Jk) (29, 30, 35), and
two candidate binding sites (123,704-GTGAGAA-123,710 and
124,167-TTTCCCA-124,173) are found in the LT, promoter
fragment tested here.

Although initially characterized as a short 0.7-kb transcript,
subsequent studies have shown that ORF K12 is expressed
as an ~2.5-kb spliced mRNA that initiates within the region
designated LT, (27, 45). These K12 transcripts are very abun-
dant in KS tumor samples and PEL lines but can be induced
further by treatment with tetradecanoyl-phorbol-13-acetate, a
potent inducer of RTA expression and lytic reactivation. Kaye
and colleagues have reported that a genomic fragment span-
ning nucleotides 123,526 to 124,242 displays robust promoter
activity in uninfected BJAB cells indicative of a constitutive
promoter (27). Their fragment overlaps extensively with the
LT, promoter fragment (nucleotides 123,568 to 124,267) char-
acterized here, and it is likely the two studies characterize the
same promoter, albeit one with an unusually broad spread of
initiation sites. Primer 2a (coordinates 123,544 to 123, 567),
used here for both primer extension and 5'-RLM-RACE, lies
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within the intron (118,779 to 123,594) of the K12 transcript de-
scribed previously by Kaye and colleagues and highlights the
fact that the LT, promoter gives rise to multiple mRNAs
through alternative splicing as well as multiple initiation
points. We favor the hypothesis that transcripts starting within
LT, can give rise to two major mRNA species: the unspliced
1.5-kb transcript encoding ORFs 71 and 72 and the spliced
2.5-kb K12 transcript described by Kaye. The model requires
that the polyadenylation signals immediately downstream of
OREF 71, visualized by RNase protection in Fig. 3B, be ignored
by a significant proportion of the transcripts. Consequently,
read-through transcripts would transverse the miRNA cluster
and terminate downstream of K12. Removal of the large intron
that includes ORFs 71 and 72 would give rise to the known
2.5-kb mRNA encoding kaposin. This intron might serve as a
source for the 10 of the 11 miRNAs. A less appealing possi-
bility is that the K12 and ORF 71/72 transcripts might initiate
from closely spaced but functionally distinct promoters, and
only those transcripts initiating at the more distal promoter
initiate splicing and terminate after the K12 coding sequences.
Regardless of the precise details, our findings provide compel-
ling evidence that levels of expression of ORFs 71, 72, and K12
are linked by usage of a common promoter region.

Although two or more major polyadenylation sites have
been identified, it is not known where each of the primary
transcripts initiating from LT, LT}, or LT, terminate. In prin-
ciple, all three promoters could contribute substrate RNAs for
the production of the 11 known miRNAs (9, 40, 46). miRNAs
are usually transcribed by RNA polymerase II and are often
derived from capped and polyadenylated mRNAs. LT, lies
immediately upstream of the miRNA cluster and would
provide transcripts that can be processed into pre-miRNA
hairpins. Estimates of the relative abundance of the mature
miRNAs suggest that they are derived from one or more mod-
erately active promoters and can be induced slightly by treat-
ment with TPA (9). This behavior is also consistent with the
observed properties of LT,,.

Work by others has found that RNA interference (RNAi)
knockdown of v-FLIP depletes v-Cyclin but not LANA and
vice versa (21, 23). Although unusual RNA structures that
insulate the RNAI effects or the existence of unknown RNA
processing events there that convert the tricistronic precursor
into monocistronic ORF 73 and dicistronic ORF 71/72
mRNAs have been proposed, a simpler explanation is that the
LT, promoter generates sufficient levels of ORF 71/72 mRNA
to compensate for destruction of the tricistronic precursor.
Likewise, it has been shown that treatment of PEL cells with
the triterpenoid glycyrrhizic acid leads to a marked down-
regulation of the 5.4-kb transcript encoding LANA accompa-
nied by significant up-regulation in the expression of 1.4- to
1.5-kb transcripts encoding v-FLIP or v-Cyclin transcripts (13).
While this may reflect changes in splice site usage, it is equally
possible that the drug selectively inhibits activity of the LT,
promoter without affecting the LT, promoter. Reduction in
promoter occlusion due to read-through transcripts from LT,
may account for the increase in abundance of 1.4- to 1.5-kb
transcripts derived from LT,.

Usage of multiple LT promoters provides the KSHV with
a mechanism to adjust the relative levels of v-FLIP, v-Cyclin,
and LANA. This may allow the virus to fine-tune the ex-
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pression of each protein to fit the specific environment of a
host cell or adapt to changing growth properties of a developing
tumor. In situ hybridization studies of late-stage nodular KS
lesions reveal significantly higher levels of bicistronic tran-
scripts encoding ORF 71/72 compared to those encoding
LANA (48). This can be explained by preferential usage of LT,
in the tumor cells and is also consistent with the abundant
expression of K12 RNA in the same cells. KS lesions are
continually exposed to inflammatory cytokines such as tumor
necrosis factor alpha and gamma interferon and are infiltrated
by activated T cells, both of which provide strong proapoptotic
signals (16). By selectively elevating the expression of anti-
apoptotic factors v-FLIP and v-Cyclin, KSHV is able to
prevent the host cell from initiating programmed cell death
without altering the proliferation and episome maintenance
functions provided by LANA.
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