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Human herpesvirus 8 (HHV-8; also known as Kaposi’s sarcoma-associated herpesvirus) is the causative
agent of Kaposi’s sarcoma and certain B-cell lymphomas. In most infected cells, HHV-8 establishes a latent
infection characterized by the expression of latency-associated nuclear antigen (LANA) encoded by open read-
ing frame 73. Although unrelated by sequence, there are functional similarities between LANA and the EBNA-1
protein of Epstein-Barr virus. Both accumulate as subnuclear speckles and are required for maintenance of the
viral episome. EBNA-1 also regulates viral gene expression and is required for cell immortalization, suggesting
that LANA performs similar functions in the context of HHV-8 infection. Here we show that LANA forms stable
dimers, or possibly higher-order multimers, and that this is mediated by a conserved region in the C terminus.
By expressing a series of truncations, we show that both the N- and C-terminal regions localize to the nucleus,
although only the C terminus accumulates as nuclear speckles characteristic of the intact protein. Lastly, we
show that LANA can function as a potent transcriptional repressor when tethered to constitutively active
promoters via a heterologous DNA-binding domain. Domains in both the N and C termini mediate repression.
This suggests that one function of LANA is to suppress the expression of the viral lytic genes or cellular genes

involved in the antiviral response.

Human herpesvirus 8 (HHV-8) is a recently identified gam-
ma-2 herpesvirus (rhadinovirus) involved in Kaposi’s sarcoma,
multicentric Castleman’s disease, and primary effusion lym-
phoma (reviewed in references 4, 6 and 30). In most infected
cells, HHV-8 establishes a latent infection in which the circu-
larized genome resides as a multicopy episome and expresses a
limited repertoire of viral genes. Foremost among these is
latency-associated nuclear antigen (LANA; also referred to as
LNA or LNAL1), encoded by viral open reading frame 73
(ORF73) (17, 18, 33).

Although the role of LANA during HHV-8 latency and
tumor formation is poorly understood, there are interesting
functional parallels to the EBNA-1 protein of Epstein-Barr
virus. LANA and EBNA-1 are unrelated by sequence; how-
ever, both accumulate in the infected cell nucleus as charac-
teristic speckles, associate with host mitotic chromosomes,
contain repetitive amino acid sequences, and are required for
maintenance of the viral chromosome in the dividing host cell
(3, 16, 19, 41, 42). EBNA-1 is a DNA-binding protein that
initiates viral replication through recognition of multiple
EBNA-1-binding sites within the viral origin of replication
(34). In addition, EBNA-1 regulates expression of a number of
viral promoters, including its own (23). EBNA-1 forms a stable
dimer, and this is required for DNA binding, plasmid mainte-
nance, and transcription regulation (2, 12).

Here we show that LANA is also capable of dimerization
and that this is independent of other HHV-8 gene products or
DNA. The dimerization domain lies between residues 884 and
1089 within the C terminus and is thus distinct from the puta-
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tive leucine zipper motif located in the central repetitive do-
main (37). Both the N- and C-terminal regions of the protein
contain nuclear localization sequences; however, only the C
terminus accumulates as nuclear speckles similar to those ob-
served with the full-length protein. Lastly, we show that LANA
can function as a potent transcriptional repressor when teth-
ered to constitutively active promoters using a heterologous
DNA-binding domain. Independent repression domains were
identified in both N- and C-terminal domains.

MATERIALS AND METHODS

Plasmids. ORF73 was amplified from cloned HHV-8 genomic DNA (Gen-
Bank accession number AAB62657, phage sy3-7) by high-fidelity PCR as two
segments using primers 5'-GCTCTAGAGCGCCCCCGGGAATGCGCCTG-3’
with 5'-CTCAACGTTTTGTTTCCATC-3' and 5'-GATGGAAACAAAACGT
TGAG-3' with 5'-CAGGATCCTATGTCATTTCCTGTGGAGA-3' (added re-
striction sites are underlined). Each fragment was subcloned into the pGEM-T
Easy vector (Promega, Inc.), released by digestion with Xbal and Psp14061 or
Psp14061 and BamHI, and ligated into the mammalian expression vectors pCGN
and pCGT using the unique Xbal and BamHI sites. The resulting constructs,
pCGNLANA; and pCGTLANAg,, respectively, express full-length LANA
bearing N-terminal influenza virus hemagglutinin (HA) or bacteriophage T7
gene 10 (T7) epitope tags, respectively (44, 47).

The isolated N- and C-terminal domains were also generated by PCR using the
following primer combinations for the N-terminal region (residues 2 to 329),
5'-GCTCTAGAGCGCCCCCGGGAATGCGCCTG-3" with 5'-CGGATCCAA
AGCTTATTGTCATTGTCATCCTTGTC-3', and for the C-terminal region
(residues 863 to 1089), 5'-GTCTAGAAAGCTTCCCATAATCTTGCACGGG
TCG-3" with 5'-CAGGATCCTATGTCATTTCCTGTGGAGA-3' (added Xbal,
BamHI, and HindIII restriction sites are underlined). The internal deletion
(LANAy) was constructed by releasing the N-terminal coding fragment using
Xbal and HindIll and the C-terminal encoding fragment using HindIII and
BamHI and then simultaneously ligating both fragments into pCGN or pCGT.

The Gal4 fusion proteins were constructed by cloning appropriate Xbal-
BamHI fragments into the expression vector pPCGNGal(1-94), which fuses the
first 94 residues of the yeast Gal4 DNA-binding domain to the N terminus of
the LANA fragments. Luciferase reporter constructs p5xGal4SV40-luc and
p5xGal4tk-luc were a generous gift of Milo Vassallo and Naoko Tanese. Green
fluorescent protein (GFP)-LANA fusions were constructed by subcloning appro-
priate Xbal-BamHI fragments into a modified polylinker that added a unique




VoL. 74, 2000

A. N-terminus Central Repeats  C-terminus o

1 329 330 se2. 863 1oss  Sel-Association

L Y Y |
LANAR. [7 A [ | +

| I—
Leucine Repeat (651-786)

LANANG EZZZZ]\/|:| +
LANAy r77777) -
LANAG 1 +
LANANR T p) | -
LANARc [ [ | +

FIG. 1. Schematic representation of the primary structure of recombinant
LANA and derivatives. (A) LANA can be divided into three regions by virtue of
amino acid composition: the 329-amino-acid N terminus (residues 1 to 329); a
variable central region (residues 330 to 862) consisting of multiple repeat ele-
ments rich in leucine residues as well as the charged polar amino acids glutamine,
glutamic acid, and aspartic acid; and the 227-amino-acid C terminus (residues
863 to 1089). Amino acid numbers follow the sequence determined by Neipel et
al. (GenBank accession number AAB62657) (29). (B) Fragments used in this
study. The ability to self-associate is indicated with a plus.

EcoRI site immediately upstream of the Xbal site. Each ORF was then released
as an EcoRI-BamHI fragment and cloned into the pPEGFP-C2 vector (Clontech).
GFP-HCF-1. expresses residues 1756 to 2035 of human HCF-1, which include
the C-terminal nuclear localization signal.

Sequence analysis. Alignments of LANA-like protein sequences were com-
piled using ZEGA and CLUSTALW (Molecular Modeling and Bioinformatics
Group, Skirball Institute). Secondary-structure predictions were performed for
each viral sequence using the PHD algorithm (36).

Transfections, coimmunoprecipitations, and immunoblotting. 293T cells were
transfected with lipofectamine (Life Technologies) using 20 pl of lipid reagent
per 6-cm dish. Whole cell/nuclear extracts were prepared after 40 h by lysing cells
in high-salt lysis buffer (420 mM KCI, 10 mM Tris-HCI [pH 7.9], 5% glycerol,
0.25% Nonidet P-40, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.2
mM sodium vanadate, 50 uM sodium fluoride, 1 mM dithiothreitol). Nuclei were
extracted at 4°C for 30 min and removed by centrifugation. For immunoprecipi-
tations, 100 pl of extract was incubated with 2.5 pl of anti-HA («HA) antibody
12CA5-coupled protein G-agarose beads at 4°C for 1 h. The beads were washed
four times in 1 ml of wash buffer (200 mM KCl, 10 mM Tris-HCI [pH 7.9], 5%
glycerol, 0.5 mM EDTA), before separation by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE). Immunoblotting was performed by
semidry transfer and detected by enhanced chemiluminescence (SuperSignal;
Pierce). The aHA antibody and «T7 antibody (Novagen) were diluted 1:5,000
and 1:10,000, respectively.

Epifluorescence microscopy. Cos-1 cells were plated into 35-mm dishes con-
taining a glass coverslip-covered 15-mm cutout (MatTek Corporation) and trans-
fected the next day with 500 ng of GFP expression plasmid. Cells were examined
24 h posttransfection with a Zeiss Axiovert epifluorescence microscope equipped
with a Princeton Instruments cooled charge-coupled device camera and Meta-
Morph digital imaging software (Universal Imaging).

Luciferase reporter assays. For transcriptional repression assays, 293T cells
were transfected by electroporation (10° cells/assay) using a Bio-Rad Genepulser
with capacitance extendor set at 0.22 kV and 950 pF, and extracts were prepared
after 30 h by adding 300 nl of LCCLR buffer (Promega, Inc.) to each 6-cm dish.
For the luciferase activity assay, 50 wl of cell extract and 300 pl of reaction buffer
(25 mM glycineglycine [pH 7.8], 15 mM MgSO,, 1 mM ATP [pH 7.0], 0.1 mg of
bovine serum albumin per ml, and 1 mM dithiothreitol) were mixed, added to 1
mM D-luciferin substrate (Analytical Luminescence Laboratory), and immedi-
ately assayed using an LB9507 luminometer (EG&G Berthold, Inc.). Values
represent the means of three independent transfections, and error bars indicate
standard deviation from the mean.

RESULTS

LANA can be divided into three regions. LANA can be
divided into three general regions based on amino acid com-
position (Fig. 1A): a 329-amino-acid N-terminal portion, a
534-amino-acid highly repetitive central domain, and a 227-
amino-acid C-terminal domain. The N terminus is rich in
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serine/threonine, proline, and basic residues. The large central
repetitive region is highly enriched for four residues, glutamic
acid, aspartic acid, glutamine, and leucine, arranged as imper-
fect reiterations of several different repeat units, including 19
copies of a leucine heptad repeat (LEEQEQEL) predicted to
form a coiled-coil structure or leucine zipper (37). The calcu-
lated plI of the entire central region is 2.97, reflecting the
extremely acidic composition (51% Glu or Asp). The C termi-
nus is rich in charged and bulky hydrophobic residues.

LANA associates with itself in the absence of viral DNA or
other viral gene products. To determine whether LANA is
capable of dimerization, we transiently expressed a mixture of
HA and T7 epitope-tagged versions of the full-length protein
in transiently transfected 293T cells (Fig. 2). Extracts were
prepared and immunoprecipitated using «HA antibody-cou-
pled agarose beads. The resulting immunocomplexes were re-
solved by SDS-PAGE, transferred to a nitrocellulose mem-
brane, and immunoblotted using an «T7 monoclonal antibody
(Fig. 2, lanes 1 to 3). T7-tagged LANA was recovered only in
the presence of HA-tagged LANA (compare lanes 2 and 3),
suggesting that HA- and T7-tagged LANA polypeptides exist
within a complex. Direct immunoblotting of the starting ex-
tracts with the «T7 antibody (lanes 4 to 6) or «HA antibody
(lanes 7 to 9) showed that similar amounts of recombinant
protein (either T7- or HA-LANAy, ) were expressed in each
sample. Consistent with previous studies, recombinant LANA
migrated with an apparent mass of greater than 200 kDa,
perhaps reflecting the unusual amino acid composition or pres-
ence of extensive posttranslational modifications (18, 19, 33,
48). Association of HA- and T7-tagged polypeptides was main-
tained in the presence of the DNA intercalator ethidium bro-
mide (400 wg/ml) (22), indicating that it is not mediated by
fragments of DNA present in the extract (data not shown).

Self-association is mediated by the C terminus of LANA. To
map the sequences necessary for self-association, we generated
an internal deletion variant lacking the central repetitive do-
main (LANAyc shown schematically in Fig. 1B) and exam-
ined self-association by coimmunoprecipitation (Fig. 3A). HA-
epitope tagged LANA - migrates as a cluster of bands of 120
to 130 kDa (Fig. 3A, lanes 4 and 6). Following immunopre-
cipitation with the aHA antibody, T7-LANAy was recovered
when coexpressed with HA-LANAy (lane 3). This result
shows that the central domain is not required for self-associa-
tion.

Next we asked whether individual N- or C-terminal subdo-
mains were capable of interaction (Fig. 3B). The T7-LANA.
polypeptide was efficiently coprecipitated when coexpressed
with HA-LANA(. (Fig. 3B, lane 3) but not with HA-LANA
(lane 7). Expression and recovery of the HA-tagged fusion
proteins was confirmed by immunoblotting (not shown). This
suggests that self-association is mediated through the C-termi-
nal domain alone and does not involve an “end-to-end” inter-
action. T7-LANAy, could not be recovered with HA-LANA
(Fig. 3B, lane 6), indicating that the association between C-
terminal domains is likely to be the predominant interaction.

We were unable to detect expression of the isolated central
region (data not shown); however, we were able to express
T7-tagged fusions containing the N terminus linked to the
central region (LANAyg) or the central region linked to the C
terminus (LANAg ). Consistent with the previous results, only
the LANAg( fusion could be coimmunoprecipitated using
LANA( or LANAg,; (summarized in Fig. 1B).

Sequences required for self-association are conserved in
LANA-like proteins. Figure 4A compares the amino acid se-
quence of the C terminus of HHV-8 LANA with the equiva-
lent regions of LANA-like proteins encoded by four other
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FIG. 2. LANA interacts with itself in solution. Human 293T cells were transfected with expression plasmids (2 ug each) encoding HA-tagged LANAy, (lanes 1,
3,4,6,7,and 9) and T7-tagged LANAg; (lanes 2,3, 5, 6, 8, and 9). After 40 h, whole-cell extracts were prepared and immunoprecipitated (IP) using an «HA monoclonal
antibody (12CAS) coupled to agarose beads. Immunoprecipitates were resolved on an SDS-8% polyacrylamide gel, transferred to nitrocellulose, and blotted with the
oaT7.tag monoclonal antibody (Invitrogen). Approximately 1/20 of the starting extracts were electrophoresed in parallel and immunoblotted with the «T7 or aHA
antibodies. Nonspecific cross-reacting polypeptides are indicated with an asterisk. Sizes are shown in kilodaltons.

rhadinoviruses: Ateline herpesvirus-3 (11), herpesvirus saimiri
(1), macaque rhadinovirus 17577 (38), and murine herpesvirus
68 (45). Within this region, the area of greatest conservation
corresponds to residues 934 to 1072 in the HHV-8 LANA
sequence, with a more limited conservation (notably three
invariant prolines residues) between residues 885 and 922. To
localize sequences required for self-association more precisely,
we generated four additional truncations within the C terminus
and assayed these for coimmunoprecipitation with the full C
terminus (LANA(). These results are summarized in Fig.
4B. The truncation preserving the entire conserved region
(LANA gg4_1089) Was coprecipitated with similar efficiency to
LANA(, while further N-terminal truncation (LANA 35 1030
and LANA y50_1030) abolished the association entirely. A rel-
atively large deletion from the C-terminal end of the fragment
(LANAg05_1010) also prevented association. Thus, almost the
entire C terminus of LANA (residues 884 to 1089) is required
for self-association and encompasses the majority of residues
conserved between rhadinovirus family members.

Both the N and C termini localize to the nucleus. Immuno-
localization studies in latently infected cell lines, tumor biop-
sies, and transfected tissue culture cells have shown that
LANA accumulates in discrete spots or speckles within the
interphase nucleus (16, 19, 33, 41, 42). To map the regions of
LANA required for the punctate nuclear distribution, selected
LANA polypeptides were fused to GFP, and the subcellular
localization was determined in live Cos-1 cells using epifluo-
rescence microscopy (Fig. 5). Fusions containing full-length
LANA (GFP-LANAg,, Fig. 5A) or the C-terminal domain
(GFP-LANA(, Fig. 5C) accumulated in the majority of trans-
fected nuclei as discrete speckles, strongly reminiscent of the
staining pattern described for HHV-8-infected cells. Interest-
ingly, the N terminus (GFP-LANA,, Fig. 5B) also localized to

the nucleus, but with a more uniform distribution similar to
that shown by HCF-1 (GFP-HCF-1, Fig. 5D), a cellular tran-
scription factor that contains a bipartite nuclear localization
signal (21, 46). Expressed on its own, the GFP moiety was
distributed evenly throughout both cytoplasm and nucleoplasm
(Fig. SE), indicating that the nuclear accumulation of all three
LANA derivatives was specific.

To further localize the determinants for nuclear localization
and speckling, we assayed the truncations of the C-terminal
region described above. The results are summarized in Fig. 4B.
Removal of the first 22 residues from the N terminus (GFP-
LANA 454 1080) Tesulted in a predominantly cytoplasmic dis-
tribution with a weak signal in the nuclei of some but not all
cells. Nuclear localization was lost entirely by further trunca-
tion. In contrast, deletion from residue 1020 to the end of the
polypeptide (GFP-LANA g63_1019) did not prevent nuclear lo-
calization, although the GFP fusion protein accumulated in
large granules that were clearly distinct from the more numer-
ous speckles seen with the intact C terminus. These results
show that residues N-terminal to the minimal self-association
fragment (residues 884 to 1089) are required for nuclear lo-
calization. Deletion of residues 1020 to 1089 prevents forma-
tion of nuclear speckles and also disrupts self-association, sug-
gesting that the two functions might be related.

LANA functions as a transcriptional repressor. EBNA-1
acts as both a transcriptional activator and repressor (reviewed
in reference 23). To determine whether LANA is capable of
modulating gene expression, we fused LANA to the Gal4
DNA-binding domain (Gal4-LANAp,) and assayed two re-
porter genes in which five Gal4-binding sites had been placed
upstream of either the simian virus 40 (SV40) early promoter
(5xGal4SV40-luc, Fig. 6A) or the herpes simplex virus thymi-
dine kinase promoter (5xGal4tk-luc, Fig. 6B). The constitutive
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FIG. 3. LANA associates with itself through the C-terminal domain. (A) The central repetitive domain is dispensable for self-association. Human 293T cells were
transfected with expression plasmids (2 g each) encoding HA-tagged LANAy (lanes 1, 3, 4, and 6) and/or T7-tagged LANAy (lanes 2, 3, 5, and 6), and coassociation
was monitored by immunoprecipitation (IP) using aHA antibody beads followed by SDS-7% PAGE and immunoblotting with «T7 antibody (lanes 1 to 3).
One-twentieth of the starting extract was resolved in parallel and immunoblotted with the «HA antibody (lanes 4 and 5). Nonspecific cross-reacting polypeptides are
indicated with an asterisk. (B) The C-terminal domain interacts with itself. HA- and T7-tagged polypeptides corresponding to the N- and C-terminal regions of LANA
were assayed for coassociation as described above. 293T cells were transfected with plasmids encoding HA-LANA (lanes 1, 3, 8, and 9), T7-LANA( (lanes 2, 3, 7,
9, 10, and 14), HA-LANA\ (lanes 4, 6, 7, 11, 13, and 14), and T7-LANAy (lanes 5, 6, 12, and 13). Extracts were immunoprecipitated using «HA antibody beads and
probed with the oT7 antibody (lanes 1 to 7) or probed directly with the «T7 antibody (lanes 8 to 14). Nonspecific cross-reacting polypeptides are indicated with an

asterisk. Sizes are shown in kilodaltons.

expression of both reporters was repressed in a dose-depen-
dent manner by cotransfection with Gal4-LANAg,. This is
specific to the fusion protein, as no repression was observed
using the Gal4 DNA-binding domain alone (Gal4,gp). The
SV40 promoter was significantly more sensitive to LANA-
mediated repression than the thymidine kinase promoter. For
example, 50 ng of Gal4-LANA,; reduced SV40 promoter ac-
tivity by 60%, compared to a 10% reduction for the thymidine
kinase promoter. The reasons for this interesting difference are
unclear but may be related to the much higher activity of the

SV40 promoter. Although constitutively active, both promot-
ers could be further stimulated using activator fusions such as
Gal4-VP16 or Gal4-LZIP (data not shown).

In addition, we measured the activity of the SV40 promoter
in the presence of full-length LANA lacking the Gal4 DNA-
binding domain (LANAp,, Fig. 6C). Increasing amounts of
LANA[; had no effect on promoter activity, showing that
LANA must be bound to the target promoter to mediate re-
pression. Immunoblotting confirmed that LANAg, and Gal4-
LANA¢,; were expressed at comparable levels (data not shown).
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FIG. 4. Mapping of the self-association domain within the C terminus. (A) Alignment of the C-terminal domains from LANA-like proteins encoded by HHV-8,
Ateline herpesvirus-3 (AHV-3), herpesvirus saimiri (HVS), macaque rhadinovirus 17577 (mac17577), and murine herpesvirus 68 (mHV68). Residues identical to the
HHV-8 sequence are shown in black, and introduced gaps are represented by dashes. An asterisk signifies the carboxy terminus of the polypeptide. Structural
predictions (shown above the HHV-8 sequence) suggest a conserved arrangement of interspersed B-sheets (B) and a-helices (). The minimal RING3-binding peptide
(residues 934 to 982) defined by Platt et al. (32) is indicated with a bracket. (B) HA-tagged LANA g43_1080 Was coexpressed in Cos-1 cells with a the following T7-tagged
C-terminal derivatives: LANAgg3_10800 LANAcggs_1089, LANACo32 10890 LANAGgs0_ 1089, and LANAgg3_1010- Plus signs indicate a positive interaction with the
HA-tagged LANA( fragment or specific localization to the nucleus (Nuc) or cytoplasm (Cyt). n.d., not determined.

Both the N and C termini contain repression domains. To
map the regions of LANA that are required for repression
more precisely, we fused the N- and C-terminal regions of
LANA to the Gal4 DNA-binding domain and monitored ex-
pression of the SV40-derived reporter (Fig. 6D). Both fusion

proteins were able to repress transcription with similar effi-
ciency to Gal4-LANAg, or a derivative lacking the central
repetitive domain (Gal4-LANAy). Because protein expres-
sion was not normalized in this experiment, we are unable to
draw meaningful conclusions from the small differences in
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FIG. 5. N- and C-terminal domains of LANA contain nuclear localization signals. Cos-1 cells were transiently transfected with expression plasmids encoding (a)
GFP-LANAg,, (b) GFP-LANAy, (c) GFP-LANA(, (d) GFP-HCF-1, and (e¢) GFP alone, and GFP localization was visualized in living cells by epifluorescence

microscopy.

repression activity between the various fusion proteins. As with
full-length LANA, repression by the isolated N- and C-termi-
nal domains was only observed when tethered to the promoter
via the Gal4 DNA-binding domain (data not shown). In sum-
mary, these results show that LANA contains at least two
repression domains, one located in the N terminus and one in
the C terminus.

DISCUSSION

This study presents a structure-function analysis of LANA,
the major latency-associated nuclear antigen of HHV-8-in-
fected cells. Using epitope-tagged proteins, we show that
LANA is capable of multimerization and that this occurs in the
absence of other HHV-8 gene products. The self-association
function was mapped to a 206-amino-acid region (residues 884
to 1089) within the C terminus. This corresponds to region that
is conserved in other LANA-like proteins, suggesting that self-
association is a general property of these proteins. Additional
studies are needed to determine whether LANA forms dimers,
as with EBNA-1 (2), or higher-order multimers, as described
for a number of viral replication proteins, including SV40 large
T antigen (27, 31). While it is not known whether LANA is
able to bind DNA directly, it would be consistent with its role
in maintenance of the viral latent genome (3) and association
with both viral and cellular chromosomes (3, 7, 42). Dimeriza-

tion is a common feature of DNA-binding proteins and may be
critical for the DNA-binding activity of LANA.

C terminus of LANA specifies punctate nuclear distribution.
Using GFP-tagged polypeptides, we have found that both the
N- and C-terminal regions of LANA localize to the nucleus.
While the N terminus gives a diffuse pattern in interphase
nuclei typical of many transcription factors, the C terminus
accumulates as discrete nuclear speckles reminiscent of the
punctate pattern shown by full-length LANA (7, 16, 19, 42).
The primary sequence of the N terminus contains several short
stretches of basic residues which might function as simple
nuclear localization sequences (9, 25), and similar sequences
occur in the N termini of all the known LANA-like proteins (1,
11, 24, 38, 45). Using truncations within the C-terminal region,
we show that residues amino-terminal to the minimal self-
association domain are required for nuclear localization. De-
letion of residues 1020 to 1089 at the C terminus does not
affect nuclear localization but disrupts speckle formation and
self-association. While this implies a causal relationship, addi-
tional mutations will need to be tested.

Why LANA accumulates at specific locations within the
nucleus is not known. Similar behavior has been described for
a variety of viral regulatory proteins, and these structures may
act as viral replication centers (28, 40). LANA does not asso-
ciate with ND10 bodies, which contain PML and Sp100 pro-
teins, and does not colocalize with EBNA-1 in spite of the
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FIG. 6. LANA represses transcription when tethered to a promoter by a heterologous DNA-binding domain. 293T cells were cotransfected with (A) p5xGal4SV40-
luc (25 ng) or (B) p5xGaldtk-luc (250 ng) luciferase reporter plasmids together with expression vectors encoding Galdppp, alone (500 ng) or increasing amounts of
Gal4-LANAg, (50, 100, and 500 ng). (C) The p5xGal4SV40-luc reporter (25 ng) was cotransfected with increasing amounts of T7-tagged LANA; (50, 100, and 500
ng) or Gal4-LANAg; (500 ng) expression vectors. (D) The p5xGal4SV40-luc reporter (25 ng) was cotransfected with vectors (500 ng) encoding Gal4-LANAg,,
Gal4-LANAy, Gal4-LANA(, Gal4-LANAy, and Gal4pgp, alone. Values are the means of three independent assays, and the error bars indicate standard deviation.

functional similarities outlined above (5, 42). The absence of a
recognizable nuclear localization signal in the C terminus sug-
gests that it is targeted through protein-protein interactions.
One candidate is RING3, a nuclear protein related to the
female sterile homeotic protein of Drosophila melanogaster (32).
RINGS3 contains two bromodomains, which may be involved in
association with chromatin, and an extraterminal (ET) domain
of unknown function (35). The C terminus of LANA interacts
directly with the ET domain, and in vivo this results in phos-
phorylation of the LANA C terminus. RING3 does not appear
to be a kinase itself but is thought to recruit another unchar-
acterized activity (32, 35). Our deletion mapping suggests that
interaction with RING3 is not sufficient for speckle formation
or LANA multimerization. By immunofluorescence, RING3 is
distributed evenly throughout the interphase nucleus (8), sug-

gesting that other factors specify LANA’s pattern distribution.
Multimerization requires a larger region (residues 884 to 1089)
than is needed to recruit RING3 (corresponds to residues 934
to 982 in Fig. 4A) (32), again implying that these are separate
functions.

LANA represses transcription. We have shown that LANA
acts as a transcriptional repressor utilizing independent repres-
sion domains located in both the N- and C-terminal regions.
The fact that LANA can suppress two heterologous promoters
suggests that it acts on a generalized target such as chromatin
structure or some aspect of the general transcription machin-
ery (reviewed in reference 20). Alternatively, one or both
repression domains may direct the reporter gene to a tran-
scriptionally silent compartment within the nucleus, such as
heterochromatin (42). This might provide an efficient mecha-
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nism for silencing the entire repertoire of lytic cycle genes,
provided the handful of latency-associated promoters manage
to escape repression.

Repression by LANA may also play an important role in
preventing apoptosis of the latently infected cell. Friborg and
colleagues have shown that LANA interacts with the cellular
transcription factor p53, preventing transcriptional activation
of genes containing p53 binding sites (13). p53 plays a unique
role in protecting cells against DNA damage and in triggering
programmed cell death in response to viral infection. Loss of
p53 function is also an important contributor to cellular trans-
formation (10, 14). It is perhaps not surprising that HHV-8,
like many other DNA tumor viruses, has evolved a mechanism
to interfere with p53 function (15, 39, 43). LANA binds to
directly to pS3; however, this does not prevent DNA binding or
alter p53 stability (13). Instead, LANA may selectively repress
pS3-responsive promoters through a “piggybacking” mecha-
nism involving the repression domains identified in this study.
A similar mechanism is employed by the adenovirus E1B 55K
protein, which binds to the N-terminal activation domain of
pS3 and inhibits transcription via a separate repression domain
(reviewed in reference 26).

By analogy to EBNA-1, we suspect that LANA performs
multiple functions required for latent infection. The list may
include regulation of viral gene expression, replication of the
viral genome, tethering to the cellular chromosome, and sup-
pression of the antiviral response (3, 13). Because multimer-
ization of LANA is likely to be important for several or all of
these functions, this virus-specific interaction provides an at-
tractive therapeutic target.
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