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Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) (also known as human herpesvirus 8) latently
infects KS tumors, primary effusion lymphomas (PELs), and PEL cell lines. In latently infected cells, KSHV
DNA is maintained as circularized, extrachromosomal episomes. To persist in proliferating cells, KSHV
episomes must replicate and efficiently segregate to progeny nuclei. In uninfected B-lymphoblastoid cells,
KSHYV latency-associated nuclear antigen (LANA1) is necessary and sufficient for persistence of artificial
episomes containing specific KSHV DNA. In previous work, the cis-acting sequence required for episome
persistence contained KSHV terminal-repeat (TR) DNA and unique KSHV sequence. We now show that
cis-acting KSHV TR DNA is necessary and sufficient for LANA1-mediated episome persistence. Furthermore,
LANA1 binds TR DNA in mobility shift assays and a 20-nucleotide LANA1 binding sequence has been
identified. Since LANA1 colocalizes with KSHV episomes along metaphase chromosomes, these results are
consistent with a model in which LANA1 may bridge TR DNA to chromosomes during mitosis to efficiently

segregate KSHV episomes to progeny nuclei.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) or
human herpesvirus 8 is a gamma-2 herpesvirus tightly linked to
KS, primary effusion lymphoma (PEL), and multicentric Cas-
tleman’s disease, an aggressive lymphoproliferative disorder
(8,9, 35, 47). KSHYV infection in tumors and PEL cell lines is
predominantly latent. Latently infected cells have multiple
copies of extrachromosomal, circularized KSHV DNA (epi-
somes) (8, 13). To persist in proliferating cells, viral episomes
must first replicate and then segregate to progeny cells.

The latency-associated nuclear antigen (LANAL1), encoded
by KSHV open reading frame 73, is one of a limited number of
KSHV genes expressed during latent infection (23, 24, 40).
Confocal microscopy using immunofluorescence and fluores-
cent in situ hybridization demonstrated that LANA1 colocal-
ized with KSHV episomes in PEL cell nuclei in interphase and
along mitotic chromosomes (4, 12, 22-24, 48). Furthermore, in
KSHV-uninfected lymphoblastoid cells, LANA1 mediates ex-
trachromosomal persistence of artificial KSHV episomes con-
taining specific KSHV DNA (4). The KSHV Z6 cosmid, which
includes KSHV terminal-repeat (TR) elements and the left
end of the KSHV genome, persisted as an episome in LANA1-
expressing cells. In contrast, the Z8 cosmid, which contains
sequence from near the center of the KSHV genome, did not
persist as an episome in LANAIl-expressing cells. Further,
DNA containing the left end of Z6, but not other Z6 segments,
persisted as episomes in LANAT1-expressing cells (4, 43). Here
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we show that KSHV TR sequence is necessary and sufficient
for LANA1-mediated episome persistence.

The ability of LANAI to bind to TR DNA was also inves-
tigated since such an interaction would be compatible with a
role in episome maintenance. Consistent with this possibility,
LANAI bound a segment of Z6 DNA which includes the
TR elements (12). Both the Epstein-Barr virus (EBV) nuclear
antigen 1 (EBNAL1) and bovine papillomavirus E2 protein di-
rectly bind DNA and are hypothesized to tether cognate viral
DNA to chromosomes in order to mediate episome segrega-
tion to progeny cells (5, 21, 30, 41, 46, 50, 52). For instance,
EBNA1 binds to multiple sites within a cis-acting 1.8-kb EBV
DNA sequence termed origin of plasmid replication (oriP) to
mediate episome persistence (6, 41, 50, 52). Here we define a
20-nucleotide LANAL1 binding site corresponding to nt 603 to
622 of the KSHV TR (43). Since LANAI1 colocalizes with
KSHV episomes along mitotic chromosomes and binds TR
DNA, these results are consistent with a model in which
LANALI directly binds KSHV episomes to mediate episome
persistence.

MATERIALS AND METHODS

Plasmids. pRepCK has the sequence between Clal and Kpnl of pRep9 (In-
vitrogen) deleted. Plasmid Z6-BE contains the Bg/II-EcoRI fragment from the
Z6-13 plasmid and has about eight copies of the TR unit and unique KSHV
sequence cloned into the BamHI-Xhol sites of the pRepCK vector (4). Z6-BE
was digested with NotI, and the 0.8- and ~0.6-kb KSHV DNA fragments were
purified and ligated into the NotI site of the pRepCK vector to generate Z6-
3TRA, Z6-2TR, Z6-1TR, and Z6-A. Z6-3TRA contains three copies of the
0.8-kb TR unit and one copy of the 0.6-kb sequence. Z6-2TR and Z6-1TR
contain two copies and one copy, respectively, of the 0.8-kb TR unit. Z6-A
contains one copy of the 0.6-kb KSHV DNA (termed A), which was sequenced
at a core facility by automated sequencing.
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Selection of G418-resistant cells and Gardella gel analysis. BJAB (KSHV-
uninfected) B-lymphoblastoid cells or hygromycin (200 U/ml) (Calbiochem)-
resistant BJAB cells stably expressing FLAG epitope-tagged LANA1 (BJAB/F-
LANAL) (4) were transfected in 400 wl at 200V and 960 pF in a 0.4-cm-gap
cuvette using a Bio-Rad Electroporator with Z6-BE, Z6-3TRA, Z6-2TR, Z6-
1TR, or Z6-A. After 48 h, the cells were plated in 96-well microtiter plates (1,000
cells/well) in medium containing G418 (600 pg/ml) (Gibco). G418 resistance is
conferred by the plasmid vector. After selection of G418-resistant cell lines,
Gardella gel analysis was performed by in situ lysis of cells in gel-loading wells
with pronase and sodium dodecyl sulfate and electrophoresis in 1X Tris-borate-
EDTA (TBE) (17). DNA was transferred to a nylon membrane, and KSHV
DNA was detected by Southern blot analysis using a 3?P-labeled TR probe.
Signal was captured with a Molecular Dynamics PhosphorImager and analyzed
with ImageQuant software.

DNA binding assay. The 535-bp NotI-Ascl and 266-bp NotI-Ascl TR fragments
were gel purified after digestion of the Z6-2TR plasmid. After digestion of the
535-bp fragment with Avall, the 297-bp Notl-Avall fragment was isolated. The
535-bp fragment was also digested with Sau3A, and the 370-bp fragment was gel
purified. Fragments were 3P radiolabeled by Klenow fill-in. Probes were purified
on a Sepharose G-50 column (Stratagene).

FLAG epitope-tagged LANA1 (F-LANA1) (4) and control immune precipi-
tates were assayed for the ability to bind radiolabeled TR DNA. BJAB cells (2 X
107) stably expressing F-LANA1 (BJAB/F-LANALI cells [4]) were lysed in lysis
buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 2 mM EDTA, 25 g of
aprotinin per ml, 25 pg of leupeptin per ml, 1 mM phenylmethylsulfonyl fluo-
ride). Cell lysates were precleared with protein G beads at 4°C for 1 h and
incubated at 4°C for 2 h with M2 anti-FLAG monoclonal antibody-conjugated
beads (Sigma) or isotype-matched control antibody bound to protein G beads.
The beads were washed twice in lysis buffer and then washed three times in 1X
binding buffer (25 mM Tris [pH 7.5], 100 mM KCI, 5 mM EDTA, 10 mM MgCl,,
0.1% NP-40, 5% glycerol, 0.1 mM dithiothreitol). Radiolabeled probe was incu-
bated with the beads and 2 pg of poly (dI-dC) in 1X binding buffer for 30 min
at room temperature. The beads were then washed five times with 1X binding
buffer, and bound DNA was eluted from the beads at 95°C for 5 min with TE
containing 0.1% sodium dodecyl sulfate. Eluted DNA fragments were detected
by autoradiography after resolution on a nondenaturing 5% polyacrylamide gel.
The signal was captured with a Phosphorlmager and analyzed with ImageQuant
software. Western blotting detected F-LANAI only in M2 immunoprecipitates.

EMSA. Oligonucleotides with 5'-GATC overhangs were annealed and 3’P
radiolabeled by Klenow fill-in. For electrophoretic mobility shift assays (EMSAs), in
vitro-translated F-LANALI (3 pl of the reaction mixture) (TNT coupled reticu-
locyte lysate systems [Promega]) was incubated in 1X reaction buffer [20 mM
Tris (pH 7.5), 10% glycerol, 50 mM KCI, 0.1 mM dithiothreitol, 10 mM MgCl,,
1 mM EDTA, 1 pg (experiments in Fig. 5 and 6A and B) or 20 pg (experiments
in Fig. 6C and 7) of poly(dI-dC) per ml] with 50,000 cpm of probe in 20 wl for
30 min at room temperature with or without excess unlabeled competitor oligo-
nucleotides. For supershift assays, M2 or an irrelevant, murine isotype matched
control antibody (Southern Biotechnology Associates) was added to the incuba-
tion mixture for 15 min prior to the addition of radiolabeled probe. Bound and
unbound probes were resolved by electrophoresis in 3.5% nondenaturing poly-
acrylamide gels in 1X TBE. The gels were dried, and the signal was detected by
autoradiography. Nuclear extracts were made by modified Dignam method (3).
For supershift assays with nuclear extracts, a rat monoclonal antibody to LANA1
(ABI Biotechnology) or an irrelevant rat immunoglobulin G control antibody
(Southern Biotechnology Associates) was used.

RESULTS

LANAI1 mediates efficient persistence of DNA containing the
KSHYV TR sequence. Experiments were performed to localize
the cis-acting sequence upon which LANAI acts to mediate
episome persistence. Previous work demonstrated that LANA1
mediated the episome persistence of Z6, Z6-13, and Z6-3TRA
but not Z6-7 and Z6-11 (Fig. 1) (4). Since Z6-3TRA contains
only TR elements and ~0.6 kb of KSHV sequence from the far
left end of Z6 (termed A) (Fig. 1), either the TR elements or
A is critical for LANAl-mediated episome persistence. Se-
quencing of the ~0.6-kb A segment demonstrated that it is
composed of KSHV nt 74931 to 75144 fused to a partial TR.
The 5’ end of the partial TR sequence is TR nt 801, which is
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z6 Tttt 5 +
213 HHHHH +
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Z6-BE -|-H+H-H— +
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FIG. 1. Schematic diagram of KSHV DNAs assayed for episome
persistence. Approximate KSHV genome coordinates (in kilobases)
are shown for Z6 (43). Vertical lines separate the ~0.8-kb TR units.
The diagrams are not drawn to scale. Episome persistence in LANAI-
expressing cells is indicated by +, and lack of episome persistence is
indicated by —. Z6, Z6-13, Z6-7, and Z6-11 were assayed in earlier
experiments for episome persistence (4). The asterisk indicates that
initial G418-resistant outgrowth of BJAB/F-LANAL cells transfected
with Z6-1TR was slower than after transfection of BJAB/F-LANA1
cells with other DNAs that scored positive for episome persistence.

fused to TR nt 1 to 322, which are in turn fused to TR nt 348 to
383 (43). (In contrast to other reported KSHV TR sequences,
A has GA in place of CC at TR at 351 and 352 [28, 38, 43].) nt
74931 to 75144 in A result from an insertion of this unique
sequence into the BC-1 TRs (41). Plasmids were generated to
assay TR and A for LANAl-mediated episome persistence.
76-2TR and Z6-1TR contain two and one TR element, re-
spectively. Z6-A contains the ~0.6-kb A element (Fig. 1).

To define the cis-acting element upon which LANA1 acts to
mediate episome persistence, Z6-BE, Z6-3TRA, Z6-2TR, Z6-
1TR, and Z6-A (Fig. 1) were each transfected into BJAB/F-
LANALI cells (4) or BJAB cells and selected for G418 resis-
tance (conferred by the plasmid vector). Z6-BE, Z6-3TRA,
and Z6-2TR DNA efficiently persisted in BJAB/F-LANA1
cells, and over 95% of microtiter wells had easily detectable
macroscopic cell clumps, each containing at least several hun-
dred cells, by ~10 days posttransfection. Z6-1TR also persisted
in BJAB/F-LANALI cells in over 95% of microtiter wells, al-
though the wells had smaller macroscopic cell clumps at ~10
days posttransfection and hence the cells took longer to acidify
the medium than after transfection with Z6-BE, Z6-3TRA, or
76-2TR. However, after several weeks in culture there was
no obvious difference between the growth of G418-resistant
BJAB/F-LANAT1 cells transfected with Z6-1TR and the growth
of those transfected with Z6-BE, Z6-3TRA, or Z6-2TR. Effi-
cient outgrowth was F-LANA1 dependent since only ~20%
of microtiter wells were positive for outgrowth after transfec-
tion of Z6-BE, Z6-3TRA, Z6-2TR, or Z6-1TR into BJAB cells
and G418 selection. Although Z6-A contains truncated TR
sequence, it lacks a cis-acting component necessary for efficient
persistence. In contrast to the efficient G418-resistant out-
growth (in over 95% of microtiter wells) after transfection
of DNA containing unit-length TR sequence into BJAB/F-
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LANAT1 cells, only ~20% of microtiter wells were positive for
outgrowth after Z6-A transfection into BJAB/F-LANALI1 cells
and G418 selection. A similar low level of G418-resistant out-
growth was observed after transfection of Z6-A into BJAB
cells. The Z6-A-transfected, G418-resistant BJAB/F-LANA1
and BJAB cells contain integrated Z6-A DNA (see below).
These results indicate that unit-length TR DNA, but not the
truncated TR sequence in A, efficiently persists in F-LANA1-
expressing cells. Of note, the truncated TR sequence in A lacks
the 20-nt LANA1 binding sequence defined below.

LANAL1 acts in frans on KSHV TR DNA to mediate long-term
episome persistence. Since efficient outgrowth of F-LANAI1-
expressing cells transfected with TR DNA is consistent with
episome persistence, Gardella gel analysis was performed on
G418-resistant cells to assay for episomes. In Gardella gels, live
cells are lysed in situ in the gel wells at the start of the gel run.
Episomal DNA (as large as 200 kb) migrates into the gel,
whereas chromosomal DNA is unable to migrate into the gel
(17). As expected, BC-1 (Fig. 2A, lane 1) and BCBL-1 (Fig.
2A, lane 3; Fig. 2B, lane 1) KSHV-infected PEL cells had
episomal DNA whereas uninfected BJAB cells did not (Fig. 2,
lanes 2). After 2 weeks of G418 selection, BJAB/F-LANAL1
cells that had been transfected with Z6-3TRA (Fig. 2A, lanes
4 to 8), Z6-2TR (lanes 9 to 13), or Z6-BE (lanes 14 to 18) had
episomal DNA. Because of their slower initial outgrowth in
microtiter plates, BJAB/F-LANALI cells transfected with Z6-
1TR and Z6-A and BJAB cells transfected with Z6-3TRA,
76-2TR, Z6-1TR, Z6-BE, and Z6-A could not be assayed for
extrachromosomal DNA after 2 weeks of G418 selection.

Gardella gel assays for episomes were repeated after 1
month of G418 selection. Z6-3TRA (Fig. 2B, lanes 6 to 9) and
Z6-BE (lanes 19 to 21), continued to persist as episomes in
BJAB/F-LANAI1 cells, and BJAB/F-LANAT1 cells transfected
with Z6-2TR or Z6-1TR also had episomes (data not shown).
Episomes persisted for as long as 7 months in BJAB/F-LANAL1
cells (data not shown). In contrast, BIJAB/F-LANALI cells that
had grown out as G418 resistant after transfection with Z6-A
(Fig. 2B, lanes 13 to 15) did not have extrachromosomal DNA.
After transfection of LANAl-negative BJAB cells and G418
selection, Z6-3TRA (Fig. 2B, lanes 3 to 5), Z6-A (lanes 10 to
12), Z6-BE (lanes 16 to 18), Z6-2TR, and Z6-1TR (data not
shown) did not have episomal DNA. These cells had trans-
fected DNA as demonstrated by PCR, and upon longer expo-
sures of Southern blots of Gardella gels, DNA was sometimes
detected at the loading wells, consistent with the presence of
integrated DNA in these cells (data not shown). Since episo-
mal DNA persisted in BJAB/F-LANAL cells only after trans-
fection of DNA containing one or more complete TR ele-
ments, these data demonstrate that F-LANA1 acts on unit-
length KSHV TR DNA to mediate episome persistence. The
truncated TR sequence in Z6-A (which lacks the LANAI bind-
ing sequence defined below) is insufficient for F-LANAI-me-
diated episome maintenance.

A decrease in episome migration rate in Gardella gels, con-
sistent with an increase in episome size, was observed over
time. For instance, after 2 weeks of G418 selection, most ex-
trachromosomal Z6-3TRA (Fig. 2A, lanes 4 to 8) and Z6-BE
(lanes 14 to 18) DNA comigrated with covalently closed cir-
cular plasmid (lanes 19 and 21, respectively), but after 1 month
of selection, almost all Z6-3TRA (Fig. 2B, lanes 6 to 9) and
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FIG. 2. LANALI acts on cis-acting unit-length KSHV TR DNA to
mediate episome persistence. (A) G418-resistant BJAB/F-LANA1
cells (2 X 10°) transfected with Z6-BE, Z6-3TRA, or Z6-2TR were
lysed in situ in wells of Gardella gels, electrophoresis was performed,
DNA was transferred to a nylon membrane, and KSHV TR DNA was
detected. Lanes: 1, BC-1; 2, BJAB; 3, BCBL-1; 4 to 18, G418-resistant
BJAB/F-LANAL cells transfected with Z6-3TRA (lanes 4 to 8), Z6-
2TR (lanes 9 to 13) or Z6-BE (lanes 14 to 18); 19, Z6-3TRA plasmid;
20, Z6-2TR plasmid; 21, Z6-BE plasmid. The upper bands in lanes 19
to 21 are from nicked plasmid DNA. The lower bands in lanes 1 and
3 are from linear and degraded virus DNA. The data shown are
representative of two experiments. (B) G418-resistant BJAB or BJAB/
F-LANAI cells transfected with Z6-BE, Z6-3TRA, or Z6-A were
analyzed in Gardella gels. Lanes: 1 BCBL-1; 2, BJAB; 3 to 5, Z6-
3TRA-transfected BJAB cells; 6 to 9, Z6-3TRA-transfected BJAB/F-
LANAL1 cells; 10 to 12, Z6-A-transfected BJAB cells; 13 to 15, Z6-A-
transfected BJAB/F-LANALI cells; 16 to 18, Z6-BE-transfected BJAB
cells; 19 to 21, Z6-BE-transfected BJAB/F-LANAI cells; 22, Z6-3TRA
plasmid; 23, Z6-A plasmid; 24, Z6-BE plasmid. The upper bands in
lanes 22 to 24 are from nicked plasmid DNA. The lower band and
smear in lane 1 is from linear and degraded DNA. The data shown are
representative of two experiments. O, well origins.

much of Z6-BE (lanes 19 to 21) extrachromosomal DNA mi-
grated at a rate similar to that of ~170-kb (42) viral BCBL-1
episomes (lane 1). Similar decreases in migration rates were
observed with other artificial KSHV episomes. Initial South-
ern blot analyses of Hirt-extracted DNA (20) from BJAB/F-
LANALI cells containing large episomes and restriction enzyme
analyses of plasmids transferred from BJAB/F-LANAT1 cells to
bacteria indicate that the slower migration is due to TR dupli-
cation and arrangement of input plasmids into multimers (data
not shown). These findings are reminiscent of multimerization
of input DNA containing partial EBV oriP sequences in
EBNAI1-expressing cells, with a resultant increase in EBNA1
binding sites per episome (11, 51).

Immunoprecipitated F-LANA1 binds KSHV TR restriction
fragments. Since KSHV TR DNA is necessary and sufficient
for LANAl-mediated episome persistence, we investigated
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FIG. 3. KSHV TR DNA restriction fragments are bound by immu-
noprecipitated F-LANAI. Radiolabeled KSHV TR restriction frag-
ments were incubated with F-LANAL1 or control immunoprecipitates
from BJAB/F-LANAI cells. Bound restriction fragments were eluted
and resolved on 5% nondenaturing polyacrylamide gels. (A) Restric-
tion map of the KSHV TR. Numbers indicate the the length of re-
striction fragments in nucleotides. (The NotI restriction site is at TR nt
383 [43].) Only the nonmethylated Avall site is shown. (B) F-LANA1
(lanes 1 and 3) or control (lane 2 and 4) immunoprecipitates were
incubated with the 266-bp Notl-Ascl probe (lanes 1 and 2) or the
535-bp Notl-Ascl probe (lanes 3 and 4); input 266-bp NotI-Ascl probe
(lane 5) and input 535-bp NotI-Ascl probe (lane 6) are also shown. The
arrow indicates the 535-bp Notl-Ascl probe, and the arrowhead indi-
cates the 266-bp NotI-Ascl probe. All lanes are from the same gel and
have the same exposure time. (C) F-LANAL1 (lanes 1 and 3) or control
(lane 2 and 4) immunoprecipitates were incubated with the 297-bp
Notl-Avall probe (lanes 1 and 2) or the 370-bp Sau3A-Ascl probe
(lanes 3 and 4); the input 297-bp NotI-Avall probe (lane 5) and the
input 370-bp Sau3A-Ascl probe (lane 6) are also shown. All lanes are
from the same gel and have the same exposure time. The arrow
indicates the 370-bp Sau3A-Ascl probe, and the arrowhead indicates
the 297-bp Notl-Avall probe. The data shown are representative of
three experiments.

whether LANAT associates with TR DNA. TR restriction frag-
ments (Fig. 3A) were assayed for the ability to bind anti-FLAG
M2 or isotype-matched control antibody immunoprecipitates
from BJAB/F-LANAL cells. F-LANA1 immunoprecipitate
(Fig. 3B, lane 3) bound sixfold more NotI-Ascl 535-nt TR
fragment than did control immunoprecipitate (lane 4, arrow)
(input NotI-Ascl 535-nt TR probe [Fig. 3B, lane 6]). In con-
trast, there was no significant difference between the low level
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of binding of F-LANA1 (lane 1) and control (lane 2, arrow-
head) immunoprecipitates to the NotI-Ascl 266-nt TR frag-
ment (input Notl-Ascl 266-nt TR probe [Fig. 3B, lane 5]).
Since F-LANA1 immunoprecipitate specifically bound the
NotI-Ascl 535-nt fragment, binding to this fragment was fur-
ther investigated by assaying the NotI-Avall 297-nt and Sau3A-
Ascl 370-nt restriction fragments (Fig. 3A) for F-LANA1 bind-
ing. F-LANA1 immunoprecipitate (Fig. 3C, lane 1) bound
12-fold more NotI-Avall 297-nt TR fragment than did control
immunoprecipitate (lane 2, arrowhead) (input NotI-Avall
297-nt TR probe [Fig. 3C, lane 5]). F-LANA1 immunoprecipi-
tate (Fig. 3C, lane 3) bound 17-fold more Sau3A-Ascl 370-nt
TR fragment than did control immunoprecipitate (lane 4, ar-
row) (input Sau3A-Ascl 370-nt TR probe [Fig. 3C, lane 6]).
Since both the the NotI-Avall 297-nt and Sau3A-Ascl 370-nt
fragments specifically bound F-LANA1 immunoprecipitates,
these findings are consistent with the possibility that F-LANA1
binds to a site(s) within the 132-bp overlapping region between
these fragments.

F-LANA1 binds specific TR sequence in EMSA analysis.
EMSA experiments with oligonucleotides TR-8, TR-7, TR-2,
and TR-3 (Fig. 4A) were performed to assay F-LANAI bind-
ing within the 132-nt overlapping region between the Notl-
Avall 297-nt and Sau3A-Ascl 370-nt TR fragments. In vitro
translated F-LANAL1 (Fig. 5, lanes 1, 2, 4, 5, 7, 8, 10 and 11)
or RBP-Jk (lanes 3, 6, 9, and 12) was incubated with radiola-
beled TR-8, TR-7, TR-2, or TR-3, and EMSA was performed.
RBP-Jk is a DNA binding protein that lacks a cognate se-
quence in TR-8, TR-7, TR-3, and TR-2 (18, 19). F-LANA1
(Fig. 5, lanes 1, 4, and 10) and RBP-Jk (lanes 3, 6, and 12) gel
shifts were faint and similar for TR-8, TR-7, and TR-3 probes,
indicating only nonspecific gel shifts. However, F-LANA1
(lane 7, arrow) generated a specific TR-2 gel shift not observed
with RBP-Jk (lane 9). A 50-fold excess of nonradiolabeled
oligonucleotide of the same sequence as the radiolabeled
probe competed the specific gel shift (lane 8). These results
indicate that F-LANALI specifically gel shifts TR-2 but not
TR-3, TR-7, or TR-8.

Localization of a 20-nt LANA1 binding sequence in TR-2.
To further define the binding domain of F-LANA1 within
TR-2, the oligonucleotides which comprise TR-2 (TR-11, TR-
12, and TR-13) (Fig. 4B) were each assayed for the ability to
compete the F-LANA1 TR-2 gel shift. F-LANAI1 (Fig. 6A,
lane 1, left arrow) again specifically gel shifted TR-2 compared
to RBP-Jk (lane 3), and the complex was competed with a
50-fold excess of unlabeled TR-2 (lane 2). Both 50- and 100-
fold excesses of unlabeled TR-13 competed the F-LANAL
TR-2 gel shift (lanes 8 and 9). TR-11 was intermediate in its
ability to compete the F-LANA1 TR-2 gel shift, since a 100-
fold excess (lane 5) but not a 50-fold excess (lane 4) of TR-11
competed the shift. TR-12 did not compete the F-LANA1 gel
shift at any concentration (lanes 6 and 7). Therefore, TR-13
competed the TR-2 gel shift more efficiently than did TR-11,
and TR-12 did not compete the F-LANA1 shift at all. Since
TR-11 and TR-13 overlap by 7 nt (Fig 4B), this result indicates
a role for these nucleotides in competing with TR-2 for F-
LANALI binding.

The ability of F-LANA1 to gel shift TR-11, TR-12, and
TR-13 was assayed. Consistent with the inability of TR-12 to
compete the TR-2 gel shift (Fig. 6A), F-LANALI did not spe-
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TR-8: gcgccccgat cccgegggeg cc
TR-7: cccctgeccgg ggacgccgcc gggcctge
TR-2: cgccgggcct gcggcgecte ccgcccggge atggggccge gegecgec
TR-3: gcgecgectc agggcccgge gcggcecggeg cctggtcece g
B.

TR-2

TR-11 TR-13 TR-12

TR-11: cgccgggect gcggegccte cegece

TR-13: tc

TR-12:

ccgececeggge atggggec

cggge atggggccgc gocgccgcc

FIG. 4. KSHV TR oligonucleotides. (A) The positions of TR-8, TR-7, TR-2, and TR-3 within the 132-bp Sau3A-Avall fragment of the KSHV
TR are shown schematically, TR-8 extends 7 nt 5’ to the Sau3A site. The sequence between TR-7 and TR-8 and the sequence 3’ to TR-3 was not
synthesized. The sequences of TR-8, TR-7, TR-2 and TR-3 are shown. Sequences common to TR-7 and TR-2 are underlined, and the overlapping
sequence between TR-2 and TR-3 is shown in bold type. (B) The positions of TR-11, TR-12, and TR-13 within TR-2 are shown schematically.

Identical sequence is aligned.

cifically gel shift TR-12 (Fig. 6B, lane 4 [compare to RBP-Jk in
Fig. 6B, lane 6]). Despite the finding that a 100-fold excess
of TR-11 competed the TR-2 gel shift (Fig. 6A, lane 5), F-
LANA1 did not specifically shift TR-11 (Fig. 6B, lane 1 [com-
pare to RBP-Jk in Fig. 6B, lane 3]). Consistent with the effi-
cient competition by TR-13 of the TR-2 gel shift (Fig. 6A),
F-LANALI specifically gel shifted TR-13 (Fig. 6B, lane 7, right
arrows [compare to RBP-Jk in Fig. 6B, lane 9]). Excess non-
radiolabeled competitor oligonucleotides competed all gel
shifts (Fig. 6B, lanes 2, 5, and 8). The nonspecific band in Fig.
6B (lanes 1, 3, 4, 6, 7 and 9) was greatly diminished when
poly(dI-dc) at 20 pg/ml (Fig. 6C) rather than 1 pg/ml (Fig. 6B)
was included in the EMSA binding buffer. Further, anti-FLAG
antibody supershifted only the specific F-LANA1 gel shifts
(see below) and not the nonspecific band (data not shown).
Competition of the F-LANA1 TR-13 gel shifts by excess, un-
labeled TR-13 was very efficient. A 10-fold excess of unlabeled
TR-13 competed most of the TR-13 gel shifts (Fig. 6C, lane 2)
and 50- and 100-fold excesses of TR-13 (lanes 3 and 4, respec-
tively) competed all the TR-13 gel shifts. In contrast, a 50- or
100-fold excess of unlabeled TR-12 did not compete the TR-13
gel shifts (lanes 5 and 6). The upper TR-13 gel shift (Fig 6B,
lane 7; Fig. 6C) was routinely resolved into two complexes on
longer gel runs (Fig. 7A, lanes 1 and 4).

Supershift analyses with F-LANA1 and LANA1 from PEL
cells. To confirm the presence of F-LANA1 in the TR-13 gel-
shifted complexes, supershift assays with anti-FLAG antibody
were performed. Anti-FLAG (Fig. 7A, lane 3), but not an iso-
type-matched control antibody (lane 4), induced supershifts of
both the upper and lower F-LANA1/TR-13 complexes (lane
1). Excess unlabeled TR-13 competed the gel shifts (lane 2).
These results demonstrate that these complexes contain F-
LANAL

Since KSHV-infected PEL cells express LANA1, PEL cell
nuclear extracts were assayed for the ability to gel shift TR-13
probe (Fig. 7B). Specific LANA1 complexes were identified
with anti-LANAI monoclonal antibody. EMSA with nuclear
extract from BCBL-1 PEL cells (Fig. 7B, lane 1, arrows) gel
shifted two complexes which were supershifted with LANAT-
specific antibody (lane 3, arrowhead) but not control antibody
(lane 4). BC-1 PEL cell nuclear extract (lane 5) gel shifted a
complex which comigrated with the upper BCBL-1 complex
(lane 1, upper arrow) and which also supershifted with anti-
body to LANAI1 (lane 7, arrowhead) but not control anti-
body (lane 8). Excess unlabeled TR-13 competed the LANA1
complexes (lanes 2 and 6). Incubation of TR-13 probe with
BJAB (uninfected) nuclear extract (lanes 9 to 12) did not
result in specific gel shifts. These results indicate that BCBL-1
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FIG. 5. Invitro-translated F-LANA1 gel shifts TR-2. TR-8 (lanes 1
to 3), TR-7 (lanes 4 to 6), TR-2 (lanes 7 to 9) and TR-3 (lanes 10 to
12) 3?P-labeled oligonucleotides were each incubated with in vitro-
translated F-LANAL (lanes 1, 2, 4, 5,7, 8, 10, and 11) or RBP-Jk (lanes
3, 6, 9, and 12), and EMSA was performed. A 50-fold excess of
unlabeled TR-8 (lane 2), TR-7 (lane 5), TR-2 (lane 8), or TR-3 (lane
11) oligonucleotide was included in the incubation. The arrow indi-
cates the specific gel shift in lane 7, and the asterisk indicates free
probe. Data shown are representative of two experiments.

A. TR-2

B.TR-11 TR-12 TR-13 ¢l
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and BC-1 nuclear extracts gel shift TR-13 in complexes that
contain LANAI.

DISCUSSION

This work demonstrates that LANA1 acts in trans on cis-
acting KSHV TR DNA to mediate episome persistence and
that LANALI specifically binds KSHV TR DNA. Plasmids con-
taining one or more TR units persisted as episomes in
F-LANAI-expressing cells but not in cells lacking F-LANAI.
Immunoprecipitated F-LANAL but not control immune pre-
cipitates specifically bound certain TR restriction fragments.
Specific TR oligonucleotides were gel shifted by in vitro-trans-
lated F-LANALI, and a 20-nt LANA1 binding site (TR-13) was
defined. Nuclear extracts from BCBL-1 and BC-1 PEL cells
specifically gel shifted TR-13, and the presence of LANAL in
these complexes was confirmed by supershift analyses. Z6-A
DNA contains truncated TR sequence but lacks the LANAL1
binding site defined here (TR-13) and did not persist as an
episome in F-LANAIl-expressing cells. Medveczky and col-
leagues have also shown that LANA1 binds to KSHV TR
sequence (Medveczky et al., Third International Workshop on
KSHYV and Related Agents, abstr. 21, 2000). These data sup-
port a model in which LANA1 directly binds KSHV episomes
via TR DNA to efficiently mediate episome persistence.

The high TR copy number (~40 copies) (28, 43) in genomic
KSHV may enhance LANA1-mediated episome persistence.

TR-13

_.’ - wes ™

123456789
Competitorr2 111112121313 11

123456789
12 13

- «U

123456
131313 12 12

FIG. 6. Delineation of F-LANAT1 binding within TR-2. (A) Competition for TR-2 binding to F-LANA1 with oligonucleotides comprising TR-2.
In vitro-translated F-LANA1 was incubated with TR-2 prior to EMSA in all lanes except lane 3, where RBP-Jk was used. A 50-fold molar excess
of unlabeled TR-2 was incubated with F-LANAI1 for 5 min before addition of TR-2 probe (lane 2). A 50-fold (lanes 4, 6, and 8) or 100-fold (lanes
5, 7, and 9) molar excess of unlabeled TR-11, TR-12, or TR-13 was incubated with F-LANA 1 before the addition of TR-2 probe. The arrow
indicates specific gel shifts, and the asterisk indicates free probe. (B) F-LANAI specifically gel shifts TR-13. In vitro-translated F-LANAI (lanes
1,2,4,5,7, and 8) or RBP-Jk (lanes 3, 6, and 9) was incubated with radiolabeled TR-11 (lanes 1 to 3), TR-12 (lanes 4 to 6), or TR-13 (lanes 7
to 9) (indicated at the top). A 50-fold excess of unlabeled oligonucleotide was included in the incubation (lanes 2, 5, and 8). Asterisk indicates
unbound probe. NSB, nonspecific band. (C) Excess nonradiolabeled TR-13 specifically competes the TR-13 gel shift. In vitro-translated F-LANA1
was incubated with radiolabeled TR-13. A 10-, 50-, or 100-fold excess of unlabeled TR-13 was included in the incubation in lanes 2, 3, and 4
respectively. A 50- or 100-fold excess of unlabeled TR-12 was included in the incubations in lanes 5 and 6, respectively. Free probe was run off
the gel. U, upper F-LANA1 TR-13 gel-shifted complex; L, lower F-LANA1 TR-13 gel-shifted complex. Unlabeled competitor oligonucleotides are
indicated at the bottom. Data shown are representative of two experiments.
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FIG. 7. Supershift analyses of F-LANAI1 and PEL cell nuclear ex-
tracts with TR-13. (A) Anti-FLAG antibody supershifts F-LANA1
TR-13 complexes. In vitro-translated F-LANA1 was incubated with
TR-13 probe for all lanes. A 50-fold excess of unlabeled TR-13 oligo-
nucleotide (lane 2), monoclonal anti-FLAG antibody (lane 3), or iso-
type-matched control antibody (lane 4) was added 15 min prior to the
addition of 50,000 cpm of TR-13. Arrows indicate specific gel shifts. U,
upper F-LANAT1 shifted complex seen in Fig. 6B and C, which is
resolved into two complexes here after a longer gel run; L, lower
F-LANALI gel-shifted complex. Data shown are representative of three
experiments. Free probe was run off the gel. (B) LANA1 from PEL
cells gel shifts TR-13. EMSA was performed using TR-13 probe and
nuclear extracts from BCBL-1 (lanes 1 to 4), BC-1 (lanes 5 to 8) or
(uninfected) BJAB cells (lanes 9 to 12). A 50-fold molar excess of
unlabeled TR-13 (lanes 2, 6, and 10), anti-LANA1 monoclonal anti-
body (lanes 3, 7, and 11), or control antibody (lanes 4, 8, and 12) were
included in incubations prior to the addition of 50,000 cpm of TR-13
probe. The arrows indicate specific gel shifts, and the arrowhead indi-
cates supershifted probe near the gel origin (lanes 3 and 7). NSB,
nonspecific band. Free probe is indicated by an asterisk. Data shown
are representative of three experiments.

The EBYV oriP contains 24 EBNAI1 binding sites distributed
among 20 tandem repeats and a dyad symmetry element (29,
37, 41, 50, 52). More than one EBNAL1 binding site is required
for efficient EBNA1 mediated episome retention (11, 34, 51).
Plasmids lacking the full complement of EBNA1 binding sites
may dimerize or form tetramers in EBNA1-expressing cells,
increasing the number of EBNAI binding sites per episome
(11, 47). Although LANA1 may bind to additional sites in

J. VIROL.

the TR unit, the tandemly repeated TR elements in genomic
KSHYV provide a large number of LANAI binding sites. Mul-
timerization of input plasmid DNA and TR duplication (Fig. 2
and data not shown) in artificial KSHV episomes increases the
number of LANAI1 binding sites and suggests that this increase
improves the efficiency of LANA1-mediated episome mainte-
nance.

It is likely that tandemly repeated TR elements mediate the
focal concentration of LANAI1 to dots seen by immunofluo-
rescence microscopy in KSHV-infected cells (23, 24, 48).
LANAT1 localizes to dots in BJAB/F-LANAL cells with artifi-
cial KSHV episomes containing tandemly repeated TR ele-
ments but is diffusely distributed in the nucleus in the absence
of KSHYV episomal DNA (4). Localization of LANA1 to dots
was also observed in cells with episomal Z6-1TR, Z6-2TR,
Z76-3TRA, or Z6-BE DNA (data not shown). LANA1 concen-
tration to dots in cells with these artificial episomes may be
dependent on increased numbers of LANA1 binding sites from
TR duplication and multimerization of input plasmids, as oc-
curred when cells proliferated over time. Also consistent with
the idea that DNA mediates the focal LANA1 concentration,
DNase but not RNase treatment of BCBL-1 nuclei eliminated
the punctate nuclear immunofluorescent staining pattern char-
acteristic of LANALT in PEL cells (49). LANA1 forms dimers in
the absence of KSHV DNA (44) and may also dimerize and
oligomerize at binding sites, as suggested by the presence of
three different F-LANA1 gel-shifted TR-13 complexes in
EMSA experiments (Fig. 7A, lane 1). By analogy, EBNA1
binds to its cognate DNA sequence as a dimer, and dimeriza-
tion is required for binding (6, 10).

In order to persist, episomes must replicate at least once per
cell cycle in addition to efficiently segregating to progeny cells.
DNA replication initiates at or near the EBNA1 binding re-
gion of dyad symmetry in the EBV oriP and at other sites in
the EBV genome during latency (16, 31). The dyad symmetry
element, which contains four EBNAI binding sites, is also a
site of termination of DNA replication (14, 16). Although
EBNAL is necessary for long-term persistence of EBV oriP
episomes, its role in EBV DNA replication remains controver-
sial (1, 7, 10, 29, 32, 45, 51, 52). Whether LANA1 plays a role
in KSHV DNA replication and how the TR functions as an
origin of replication await further investigation.

Open reading frame 73 genes of other gamma-2 herpesvi-
ruses may also act on cognate TR DNA to mediate episome
persistence. A cis-acting oriP sequence has been defined for
herpesvirus saimiri (HVS), although the frans-acting factor has
not been described (27). Despite the HVS oriP location within
the long unique region of the genome, it is likely that HVS has
an additional region(s) involved in episome maintenance, per-
haps in the TR elements, since a strain of HVS lacking the
described oriP sequence persists as an episome (27, 33). Sim-
ilar to KSHV, HVS and other gamma-2 herpesviruses also
have high TR copy numbers, which may reflect a TR role in
episome persistence.

The model of LANAL1 tethering TR DNA to chromosomes
to mediate episome persistence requires simultaneous associ-
ation of LANA1 with episomes and chromosomes, and this
work demonstrates that LANA1 directly binds KSHV TR DNA.
With respect to the association of LANA1 with chromosomes,
LANA1 may bind chromosomal DNA or chromosome-associ-
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ated proteins to mediate episome persistence. In this regard,
LANALI1 binds to histone H1, RING3, p53, members of the
mSin3 corepressor complex, and retinoblastoma protein (12,
15, 26, 36, 39), and it is possible that any of these proteins may
mediate its attachment to chromosomes. The DNA binding
domain of the EBV EBNAL protein is different from the do-
main involved in chromosome association (2, 10, 25, 29, 32,
45). Further investigation should elucidate the functional do-
mains of LANAT1 and how they coordinate to mediate episome
maintenance.
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