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The latency-associated nuclear antigen (LANA) of Kaposi’s sarcoma-associated herpesvirus (KSHV) is
expressed in all KSHV-associated malignancies. LANA is essential for replication and maintenance of the viral
episomes during latent infection. However, LANA also has a transcriptional regulatory role and can affect gene
expression both positively and negatively. A previously performed yeast two-hybrid screen identified glycogen
synthase kinase 3 (GSK-3) as a LANA-interacting protein. Interaction with both GSK-3� and GSK-3� was
confirmed in transfected cells with coprecipitation assays. GSK-3� also interacted with the herpesvirus saimiri
homolog ORF73. GSK-3� is an intermediate in the Wnt signaling pathway and a negative regulator of
�-catenin. In transfected cells, LANA was shown to overcome GSK-3�-mediated degradation of �-catenin.
Examination of primary effusion lymphoma (PEL) cells found increased levels of �-catenin relative to KSHV-
negative B cells, and this translated into increased activity of a �-catenin-responsive reporter containing
Tcf/Lef binding sites. In tetradecanoyl phorbol acetate-treated PEL cells, loss of LANA expression correlated
temporally with loss of detectable �-catenin. LANA was found to alter the intracellular distribution of GSK-3�
so that nuclear GSK-3� was more readily detectable in the presence of LANA. Mapping experiments with
coimmunoprecipitation assays revealed that both N-terminal and C-terminal LANA sequences were required
for efficient GSK-3� interaction. LANA mutants that were defective for GSK-3� interaction were unable to
mediate GSK-3� relocalization or activate a �-catenin-responsive Tcf-luciferase reporter. This study identified
manipulation of GSK-3� activity as a mechanism by which LANA may modify transcriptional activity and
contribute to the phenotype of primary effusion lymphoma.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also
known as human herpesvirus 8, is a gamma-2 herpesvirus that
was initially discovered in association with the endothelial cell
malignancy Kaposi’s sarcoma and is also associated with the
B-cell malignancies primary effusion lymphoma and plasma-
blastic variant multicentric Castleman’s disease (16, 17, 57, 77).
In primary effusion lymphoma and in Kaposi’s sarcoma lesions,
KSHV gene expression is restricted primarily to expression of
the viral latency genes (13, 26, 40, 72, 78, 91), and only a small
number of cells within the lesions show expression of viral lytic
proteins such as viral G protein-coupled receptor, viral inter-
leukin-6, and ORF59 (15, 20, 62). KSHV gene expression is
less stringently regulated in multicentric Castleman’s disease,
in which both latent and lytic proteins have been detected (39,
62). KSHV latency genes are the coordinately expressed laten-
cy-associated nuclear antigen (LANA), viral cyclin (v-cyclin),
and FAS-associating protein with death domain-like interleu-
kin-1 converting enzyme (FLICE)-inhibitory protein viral
FLICE inhibitory protein (v-FLIP) plus the interferon regula-
tory factor (IRF) homolog LANA2 (also called v-IRF3 or
K10.5), which is expressed during latent infection in primary
effusion lymphoma and multicentric Castleman’s disease but

has not been detected in Kaposi’s sarcoma (26, 29, 38, 52, 64,
67, 70).

The v-cyclin, v-FLIP, and LANA2 proteins have been shown
to contribute to KSHV-associated pathogenesis in ways that
are related to modification or constitutive activation of the
functions of their cellular homologs. v-cyclin is a human cyclin
D2 homolog that binds to and activates the cyclin-dependent
kinases CDK4 and CDK6 (18, 33, 49), but the complex, unlike
that formed by the cellular cyclin D2, is not susceptible to
inhibition by the regulatory proteins p16INK4a, p21CIP1, and
p27KIP1 (81). v-cyclin/CDK6 phosphorylates retinoblastoma
protein, which results in release from E2F and activation of
E2F-responsive S-phase genes (reviewed in reference 56). In
addition, v-cyclin/CDK6 phosphorylation of p27KIP1 leads to
p27KIP1 degradation and loss of p27KIP1 function in cell cycle
arrest (28, 54). v-FLIP, like its cellular homolog, protects cells
from Fas-mediated apoptosis (25), but v-FLIP also associates
with and activates the I�B kinase complex to constitutively
activate NF-�B (51, 79). LANA2 (v-IRF3) has been found to
inhibit p53 transcriptional activity in reporter assays and p53-
induced apoptosis in transfected SAOS-2 cells (70) and show
anti-interferon activity (53).

LANA, which is encoded by ORF73 (41, 67), has no recog-
nizable cellular homolog, and hence the functions of LANA
have had to be addressed empirically. The punctate distribu-
tion of LANA in the cell nucleus and the colocalization with
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KSHV genomes on cell chromosomes led to a focus on
parallels between LANA and the Epstein-Barr virus (EBV)
EBNA-1 protein, which binds to multiple sites within the EBV
latency origin of replication, oriP, and is essential for replica-
tion and maintenance of the EBV genome during latent infec-
tion (48, 68, 89). LANA is necessary and sufficient for main-
tenance of episomes containing the terminal repeat region of
the KSHV genome (5, 23). LANA is also the only viral protein
required for short-term replication of terminal repeat-contain-
ing plasmids (36).

The carboxy-terminal domain of LANA binds as a dimer
(74) to two binding sites in the KSHV terminal repeats (6, 22,
32). LANA associates with mitotic chromosomes (5), and a
chromatin binding domain that is necessary for binding of
full-length LANA to chromosomes is located within N-termi-
nal amino acids 5 to 22 (63). This domain mediates chromo-
somal tethering through interaction with the methyl-CpG
binding protein MeCP2 (46). The C terminus of LANA, when
expressed independently, also associates with chromosomes,
indicating that a second chromosome tethering domain exists.
This second domain binds to the cellular DEK protein (46).
Thus, LANA utilizes two separate cellular protein intermedi-
ates to tether the KSHV genomes to chromosomes during
mitosis and ensure long-term viral persistence. Maintenance of
artificial episomes containing the KSHV terminal repeats can
also be achieved when the N-terminal chromatin binding do-
main is deleted and LANA is expressed as a fusion with the
chromatin-associated protein histone H1 (76). Interactions be-
tween LANA and histone H1 may also contribute to chromo-
somal association (23).

In addition to its contribution to latency DNA replication
and maintenance, LANA has transcriptional regulatory prop-
erties. Experiments targeting LANA to DNA by expressing the
protein fused to the DNA binding domain of GAL4 revealed
the existence of N-terminal and C-terminal transcriptional re-
pression domains (47, 74). Repression by the N-terminal do-
main is mediated in part by association with the mSin3 core-
pressor complex (47). Direct binding of LANA to the terminal
repeat binding sites also results in transcriptional repression in
reporter assays (32). Repression of p53-responsive promoters
is attributed to a physical interaction between LANA and p53
(31). Interactions between LANA and CREB binding protein
(CBP) that interfere with CBP histone acetyltransferase activ-
ity and between LANA and ATF4/CREB2 (50) may also con-
tribute to transcriptional downregulation.

On the other hand, LANA activates expression from a va-
riety of promoters. Activation of E2F-dependent promoters as
a consequence of interaction between LANA and the retino-
blastoma promoter is likely to be important in KSHV-induced
growth stimulation (66). LANA activates the cellular interleu-
kin-6 promoter through an AP-1 site and activates its own
promoter (47, 69) and the telomerase reverse transcriptase
promoter (43). Interaction between LANA and RING3 (55)
may also have gene-regulatory consequences.

The ways in which LANA modifies cellular transcription are
not yet fully understood. We now present evidence for an
interaction between LANA and the serine-threonine kinase
glycogen synthase kinase 3� (GSK-3�), a negative regulator of
�-catenin activity. By modulating GSK-3� activity LANA has
the potential to upregulate expression of �-catenin-Tef/Lef-

responsive genes, a category that is known to include genes
involved in cell proliferative responses, as well as modify the
activity of transcription factors that are substrates for GSK-3�.

MATERIALS AND METHODS

Plasmids and antibodies. LANA and its deletion variants, GSK-3�, and
GSK-3� were expressed from SG5 (Stratagene, La Jolla, Calif.)-based vectors:
Flag-wtLANA (DY52), Flag-LANA-C (MF10), Flag-LANA-N (MF40), Flag-
LANA-dCR (MF24), Flag-LANA-N93 (MF68), Flag-LANA-N155 (MF69),
Flag-LANA-N175 (MF71), Flag-LANA-N241 (MF44), Flag-LANA-N275
(MF67), Flag-LANA-C1147 (MF81), Flag-LANA-C1133 (MF82), Flag-LANA-
C1108 (MF43), Flag-LANA-C1043 (MF73), and Myc-GSK-3� (MF29). Herpes-
virus saimiri ORF73 was ligated as a BamHI fragment into the BamHI site of the
modified SG5 vector pJH253 to obtain Flag-ORF73 (MF77). Glutathione S-
transferase (GST)-GSK-3� (MF72) was generated by ligating a 1.3-kb BglII
GSK-3� DNA fragment into the BamHI site of pGEX-2T (Amersham Pharma-
cia Biotech, Piscataway, N.J.). The Tcf-luciferase reporter pGL3-OT, mutant
reporter pGL3-OF, and �-catenin and mutant �-catenin(S33Y) expression vec-
tors were obtained from K. W. Kinzler (Johns Hopkins School of Medicine).
Hemagglutinin (HA)-GSK-3� was obtained from F. McCormick (University of
California, San Francisco).

Antibodies used were anti-GSK-3� and �-catenin mouse monoclonal antibod-
ies (BD Transduction Laboratories, San Diego, Calif.), anti-LANA rat mono-
clonal antibody (Advanced Biotechnologies Inc, Gaithersburg, Md.), anti-HA
mouse monoclonal antibody (Roche Applied Science, Indianapolis, Ind.), rabbit
polyclonal (Upstate Biotechnology), and anti-Myc, anti-Flag, and anti-�-actin
monoclonal antibodies (Sigma, St. Louis, Mo.). Molecular mass standards were
purchased from Life Technologies, Grand Island, N.Y.

Immunoprecipitation. HeLa cells seeded at 106 per 10-cm dish were trans-
fected by the calcium phosphate procedure with Flag-LANA (7 �g), Myc-
GSK-3� (7 �g), or HA-GSK-3� (7 �g). Cells were harvested 48 h posttransfec-
tion, resuspended in 3 ml of ice-cold lysis buffer (50 mM Tris-HCl [pH 7.8], 0.2%
Nonidet P-40, 5% glycerol, 1 mM dithiothreitol [DTT], 0.5 mM EDTA, 50 mM
NaCl, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 1 �g of pepstatin per ml,
5 �g of aprotinin per ml, 0.5 mM NaF, and 1 mM sodium pyrophosphate) and
homogenized in a glass Dounce homogenizer. Lysates were precleared by mixing
with Sepharose beads (60 �l), followed by centrifugation at 5,000 rpm for 5 min.
The supernatant was subjected to a second centrifugation at 15,000 rpm for 15
min. The supernatant was then incubated with anti-HA monoclonal antibody (10
�g) or anti-Myc monoclonal antibody (5 �g) for 2 h at 4°C, followed by incu-
bation with protein G-Sepharose beads (30 �l, swollen volume) for 2 h at 4°C.
Beads were washed six times with ice-cold lysis buffer, resuspended in sample
buffer (30 �l), and subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by Western blotting.

GST affinity assay. Expression of GST–GSK-3� in transformed Escherichia
coli BL21 bacteria was induced by treatment with 0.5 mM isopropylthiogalacto-
pyranoside (IPTG). Bacterial pellets were resuspended in 50 mM Tris-HCl (pH
7.6), 120 mM NaCl, 2 mM DTT, 0.5 mM EDTA, 5% glycerol, 1 �g of lysozyme
per ml, 5% Nonidet P-40, 5 mM phenylmethylsulfonyl fluoride, 1 �g of pepstatin
per ml, and 5 �g of aprotinin per ml and sonicated for 30 s. GST–GSK-3� was
purified by binding to glutathione-Sepharose beads (Amersham Pharmacia Bio-
tech, Piscataway, N.J.) for 30 min at 4°C in binding buffer (50 mM Tris-HCl [pH
7.6], 150 mM NaCl, 2 mM DTT, 0.5 mM EDTA, 5% glycerol, 1 �g of bovine
serum albumin, 0.5% Nonidet P-40, 0.5 mM phenylmethylsulfonyl fluoride, 1 �g
of pepstatin per ml, and 5 �g of aprotinin per ml). [35S]methionine- and [35S]cys-
teine-labeled LANA proteins were synthesized with the TNT transcription-trans-
lation system (Promega, Madison, Wis.) and incubated for 1 h at 4°C with the
immobilized GST–GSK-3�. Beads were washed six times in binding buffer and
resuspended in SDS sample buffer. Bound proteins were analyzed by SDS-
PAGE followed by autoradiography.

Preparation of cell extracts and Western blotting. Tetradecanoyl phorbol
acetate (TPA)-treated primary effusion lymphoma (PEL) cells or transfected
HeLa cells (2 � 106) were pelleted by centrifugation and solubilized in 500 �l of
SDS sample buffer containing 2 mM PMSF, 2 mM N-ethylmaleimide, 5 �g of
aprotinin per ml, 0.2 mM Na3VO4, 10 mM NaF, and 10 mM sodium pyrophos-
phate. The cell lysate was sonicated for 30 s and boiled for 5 min. Lysate (20 �l)
was subjected to SDS-PAGE followed by Western blot analysis with peroxidase-
conjugated anti-mouse, anti-rat, or anti-rabbit immunoglobulin G as the second-
ary antibody and the enhanced chemiluminescence system (Amersham Pharma-
cia Biotech, Piscataway, N.J.). Bands were visualized by exposure to X-ray film.
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Subcellular fractionation. Nuclei and cytoplasm were fractionated as previ-
ously described (73). Briefly, 2 � 106 HeLa or 5 � 106 BC2 or Raji cells were
harvested and resuspended in 2 ml of ice-cold hypotonic buffer (20 mM HEPES
[pH 7.8], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM
PMSF, 5 �g of aprotinin per ml, and 1 �g of pepstatin per ml). After incubation
for 10 min on ice, Nonidet P-40 was added to a final concentration of 0.6%, and
the sample was vortexed for 10 s. Samples were centrifuged for 20 s at 13,000
rpm. The supernatant was collected and recentrifuged for 2 min at 13,000 rpm.
The resulting supernatant formed the cytoplasmic fraction. The pellet containing
the nuclei was washed with hypotonic buffer containing 0.6% Nonidet P-40. For
direct analysis by SDS-PAGE, the pellet was resuspended in SDS sample buffer.
For immunoprecipitation analyses, the pellet was resuspended in 2 ml of ice-cold
lysis buffer (50 mM Tris-HCl [pH 7.8], 0.6% Nonidet P-40, 5% glycerol, 1 mM
DTT, 0.5 mM EDTA, 50 mM NaCl, 0.5 mM PMSF, 1 �g of pepstatin per ml, and
5 �g of aprotinin per ml) and sonicated for 10 s. Lysates were centrifuged at
13,000 rpm for 2 min. The supernatant formed the nuclear fraction.

Immunofluorescence. BC2 and BC3 PEL cells and Raji and DG75 B cells were
fixed in 50% methanol–acetone (1:1) on glass slides. Cells were incubated with
anti-GSK-3� mouse monoclonal antibody (1:100) for 1 h at 25°C. After washing,
the cells were incubated with rhodamine-conjugated donkey anti-mouse immu-
noglobulin G (1:100). To examine the intracellular localization of the Flag-
LANA mutants, Flag-LANA plasmids (1.5 �g) were transfected by the calcium
phosphate method into HeLa cells seeded at 8 � 105 per well in two-well slide
chambers. At 48 h after transfection, cells were fixed in 50% methanol–acetone
(1:1) for 15 min at 4°C. Cells were incubated with anti-Flag antibody for 1 h at
25°C. After washing three times in phosphate-buffered saline, the cells were
incubated with fluorescein isothiocyanate-conjugated secondary antibody for 1 h
at 25°C.

Luciferase assays. BC2 and BC3 PEL cells and DG75 B cells (2 � 106) were
cultured in six-well plates and transfected with Mirus TransIT-LT1 reagent
(PanVera Corp., Madison, Wis.). SV-�-gal was used as an internal control for

transfection efficiency. Vector (SG5) was used to equalize the amount of DNA
in each transfection. HeLa cells were transfected by the calcium phosphate
method.

RESULTS

LANA interacts with GSK-3. A previously performed yeast
two-hybrid screen with LANA as the bait protein identified a
number of LANA-interacting proteins, including the corepres-
sor SAP30 and the chromosome binding protein DEK (46, 47).
The same screen also identified the serine-threonine kinase
GSK-3 as a LANA-interacting protein. There are two closely
related isoforms of GSK3, GSK-3� and GSK-3� (86). Inter-
action with both GSK-3� (Fig. 1A) and GSK-3� (Fig. 1B) was
confirmed by coimmunoprecipitation. HeLa cells were co-
transfected with LANA and either HA-GSK-3� or Myc-GSK-
3�. Immunoprecipitation with anti-HA or anti-Myc antibody
followed by Western blotting and probing with anti-LANA
monoclonal antibody revealed the presence of LANA in the
direct anti-LANA precipitates (Fig. 1A, lane 5; Fig. 1B, lane
3). Coprecipitating LANA was also present in the GSK-3�
precipitate (Fig. 1A, lane 4) and in the GSK-3� precipitate
(Fig. 1B, lane 4) but not in the precipitates generated with
control antibodies (Fig. 1A, lanes 2 and 3; Fig. 1B, lanes 1 and
2). Thus, LANA interacts with GSK-3� and with GSK-3�.

To determine whether interaction with GSK-3� was a con-

FIG. 1. LANA interacts with GSK-3� and GSK-3�. Western blots showing coimmunoprecipitation of LANA with HA-GSK-3� (A) and
Myc-GSK-3� (B) and coimmunoprecipitation of herpesvirus saimiri (hsv) ORF73 with GSK-3� (C). (A) Extracts of HeLa cells transfected with
LANA plus HA-GSK-3� were subjected to immunoprecipitation (IP) with control mouse or rat antibodies (lanes 2 and 3), anti-HA mouse
monoclonal antibody (lane 4), or anti-LANA rat monoclonal antibody (lane 5). Lane 1 contained 5% of the extract used for the immunopre-
cipitation reactions. A Western blot of the precipitated proteins was probed with anti-LANA rat monoclonal antibody. LANA coprecipitated with
HA-GSK-3� (lane 4). (B) Extracts of HeLa cells transfected with LANA plus Myc-GSK-3� were immunoprecipitated with the indicated antisera,
and a Western blot of the precipitated proteins was probed with anti-LANA rat monoclonal antibody. Lane 1, control rat monoclonal antibody;
lane 2, control rabbit polyclonal antibody; lane 3, anti-LANA rat monoclonal antibody; lane 4, anti-Myc rabbit polyclonal antibody; lane 5, extract
(5% of the amount used in the immunoprecipitation reactions). LANA coprecipitated with Myc-GSK-3� (lane 4). (C) Extracts of HeLa cells
transfected with herpesvirus saimiri Flag-ORF73 plus GSK-3� were subjected to immunoprecipitation with control rabbit polyclonal antibody (lane
1), anti-GSK-3� rabbit polyclonal antibody (lane 2), or anti-Flag rabbit polyclonal antibody (lane 3). The input sample (lane 4) contained 5% of
the extract used for the immunoprecipitation reactions. A Western blot of the precipitated proteins was probed with anti-Flag rabbit polyclonal
antibody. Flag-ORF73 coprecipitated with GSK-3� (lane 2). (D) Endogenous LANA and GSK-3� coprecipitate. Western blot of BC2 PEL cell
nuclear extract immunoprecipitated with control rabbit polyclonal antibody (lane 1) or rabbit anti-GSK-3� polyclonal antibody (lane 2) and probed
with anti-LANA rat monoclonal antibody; 5% of the nuclear extract used in the immunoprecipitations was loaded in lane 3.
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served property, the herpesvirus saimiri ORF73 homolog was
also tested for GSK-3� interaction. An immunoprecipitation
assay was performed on extracts of HeLa cells cotransfected
with Flag-ORF73 and GSK-3� followed by Western blot anal-
ysis with anti-Flag monoclonal antibody (Fig. 1C). Flag-
ORF73 was present in the direct rabbit anti-Flag precipitate
(Fig. 1C, lane 3) but not in the precipitate generated with
control rabbit antibody (Fig. 1C, lane 1). Flag-ORF73 was also
present in the precipitate generated with anti-GSK-3� rabbit
antibody (Fig. 1C, lane 2), indicating interaction between her-
pesvirus saimiri ORF73 and GSK-3�.

To confirm that the interaction between LANA and GSK-3�

also occurs in latently infected PEL cells, a coimmunoprecipi-
tation assay was performed with a nuclear extract of BC2 cells
(Fig. 1D). Western blotting of the immunoprecipitated pro-
teins with anti-LANA monoclonal antibody revealed the pres-
ence of LANA in the anti-GSK-3� precipitate (Fig. 1D, lane 2)
but not in the precipitate generated with control rabbit anti-
body (Fig. 1D, lane 1).

LANA interferes with GSK-3�-mediated degradation of
�-catenin. GSK-3� is a key regulatory kinase in the Wnt sig-
naling pathway, where it phosphorylates �-catenin and marks
�-catenin for proteasomal degradation (1, 42, 85). We exam-
ined the affect of LANA on GSK-3�-mediated turnover of

FIG. 2. �-Catenin accumulates in the presence of LANA. (A) Western blot showing rescue of �-catenin from GSK-3�-mediated degradation.
Extracts of HeLa cells transfected with 1.5 �g of wild-type or mutant (S33Y) �-catenin, 1 �g of HA-GSK-3�, and either 1 �g (�) or 2.5 �g (��)
of Flag-LANA as indicated were analyzed by Western blotting for �-catenin levels with anti-�-catenin monoclonal antibody. Unlike wild-type
�-catenin, S33Y mutant �-catenin is partially resistant to GSK-3�-mediated degradation. The membrane was subsequently stripped and reprobed
with anti-�-actin monoclonal antibody to demonstrate equal loading of samples. (B) �-Catenin is abundant in PEL cells. Immunofluorescence
assay comparing endogenous �-catenin levels in BC2 and BC3 PEL cells with EBV-positive Raji and EBV-negative, KSHV-negative DG75 B cells.
Upper panels: Cells were stained with anti-�-catenin monoclonal antibody and fluorescein isothiocyanate-conjugated secondary antibody. Lower
panels: Nuclei were stained with 4�,6�-diamidino-2-phenylindole (DAPI).
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�-catenin (Fig. 2A). In Western blot analyses performed on
lysates of transfected HeLa cells, cotransfection of GSK-3�
with �-catenin resulted in the loss of detectable �-catenin, as
would be expected. However, in the presence of LANA, the
ability of GSK-3� to promote �-catenin turnover was greatly
reduced, and �-catenin was readily detectable. To further es-
tablish that the transfection assay was an appropriate measure
of �-catenin turnover, the assay was repeated with �-catenin
(S33Y), which carries a mutation in one of the three sites
within �-catenin that are phosphorylated by GSK-3�. The
S33Y mutant is consequently a less effective target for GSK-3�
and has increased stability (59). In contrast to wild-type �-cate-
nin, the S33Y mutant remained detectable in the presence of
cotransfected GSK-3�. The addition of LANA resulted in a
further small stabilization of �-catenin(S33Y) levels.

The level of endogenous �-catenin in KSHV-positive, LANA-
expressing BC2 and BC3 PEL cells was compared to that in the
EBV-positive Raji and EBV-negative DG75 B-cell lines in an
immunofluorescence assay. Strong cytoplasmic staining and
faint nuclear �-catenin staining were seen in BC2 and BC3
cells stained with anti-�-catenin primary antibody and fluores-
cein isothiocyanate-conjugated secondary antibody (Fig. 2B).
In contrast, �-catenin was present in much lower levels in Raji
cells and DG75 cells (Fig. 2B).

LANA overcomes GSK-3�-mediated repression of a Tcf/Lef
reporter. Accumulation of cytosolic �-catenin allows entry into
the nucleus, where �-catenin interacts with Tcf/Lef family tran-
scription factors to stimulate expression of cellular genes
whose promoters contain Tcf/Lef binding sites (8, 14, 58). To
determine whether antagonism of GSK-3� function by LANA
led to increased nuclear �-catenin activity, transient-expression
assays were performed in HeLa cells with luciferase reporters
carrying three copies of either wild-type Tcf binding sites
(GL3-OT) or three copies of a mutated binding site (GL3-
OF). Expression from the GL3-OT reporter was activated by
cotransfection of �-catenin, and this activation was abolished
in the presence of GSK-3� (Fig. 3A, lane 2). Addition of

increasing amounts of LANA resulted in a dose-responsive
reactivation of the reporter (Fig. 3A, shaded bar, lanes 3 and
4), showing that LANA interaction with GSK-3� led to in-
creased nuclear �-catenin activity. Dose-responsive activation
was not seen with the GL3-OF reporter carrying mutated Tcf/
Lef binding sites (Fig. 3A, open bar, lanes 3 and 4).

The Tcf-luciferase reporter assay was repeated in BC2 and
BC3 PEL cells and virus-negative DG75 B cells to determine
whether the observed increase in �-catenin abundance in PEL
cells also correlated with increased nuclear �-catenin activity.
Reporter activity was ninefold higher in BC2 and BC3 PEL
cells than in DG75 cells (Fig. 3B, lanes 1 to 3). Cotransfection
of �-catenin into DG75 cells resulted in an increase in reporter
expression, indicating that �-catenin levels were limiting in
DG75 cells (Fig. 3B, lane 5). Cotransfection of LANA plus
�-catenin (Fig. 3B, lane 6) gave a four- to fivefold increase in
activity over that seen with �-catenin alone. This is likely to be
a result of LANA stabilization of the transfected �-catenin. No
response was seen with the mutated GL3-OF reporter. Assays
were normalized to control �-galactosidase activity and were
performed in triplicate.

Loss of LANA expression correlates with loss of �-catenin
accumulation. LANA is expressed in latently infected PEL
cells, but expression is reduced after lytic cycle induction. The
effect of lytic induction on �-catenin levels was examined in
BC3 PEL cells treated with TPA. Western blot analysis showed
strong induction of the lytic cycle K8/RAP protein by 12 h
postinduction and continued expression of K8/RAP at 96 h
postinduction (Fig. 4). LANA was expressed prior to TPA
treatment and remained detectable at 48 h postinduction but
not at the later time points of 72 h and 96 h. �-Catenin distri-
bution mirrored that of LANA. �-Catenin was detectable in
the extracts prior to induction and at 12, 24, and 48 h, but levels
were diminished at 72 h and 96 h. This observation is consis-
tent with the proposed role for LANA in �-catenin stabiliza-
tion.

FIG. 3. LANA reverses GSK-3�-mediated suppression of Tcf/Lef-dependent gene expression. (A) Transient-expression assay performed in
HeLa cells transfected with 1 �g of the Tcf-luciferase reporter GL3-OT (shaded bar) or the control reporter GL3-OF (open bar), Tcf4 (0.75 �g),
�-catenin (0.75 �g), control SV-�-gal (0.5 �g), HA-GSK-3� (1.5 �g), and Flag-LANA (�, 0.25 �g; ��, 0.5 �g) as indicated. GSK-3� abolished
Tcf/Lef reporter expression (lane 2), and this repression was reversed by LANA (lanes 3 and 4). (B) Transient-expression assay performed in
KSHV-positive PEL cells (BC2 and BC3) and KSHV-negative DG75 B cells. Cells were transfected with wild-type or mutant Tcf-luciferase
reporter (GL3-OT or GL3-OF; 0.9 �g), control SV-�-gal (0.5 �g), and either �-catenin (0.4 �g) (lane 5) or �-catenin plus LANA (0.15 �g) (lane
6). Data are plotted as GL3-OT � GL3-OF. The assay was performed three times, and the standard deviation is shown.
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LANA alters intracellular distribution of GSK-3�. LANA is
a nuclear protein, and GSK-3� is predominantly cytoplasmic.
However, a small proportion of GSK-3� is known to enter the
nucleus during the S phase of the cell cycle (24). We compared
the distribution of GSK-3� in HeLa cells transfected with
either HA-GSK-3� or HA-GSK-3� plus LANA (Fig. 5). Cells
were harvested 2 days after transfection, and nuclear and cy-
toplasmic fractions were isolated. By Western blot analysis,
GSK-3� was almost completely cytoplasmic in cells transfected
with HA-GSK-3� alone. In striking contrast, a significant
amount of GSK-3� was present in the nucleus of cells cotrans-
fected with LANA (Fig. 5A). The integrity of the nuclear
fraction was checked by probing with antibody to the nuclear
transcription factor SP1 (Fig. 5B).

As a further demonstration that the interaction between
LANA and GSK-3� was taking place in the cell nucleus, the
same nuclear and cytoplasmic fractions were immunoprecipi-
tated with anti-HA antibody, and a Western blot of the pre-
cipitated proteins was probed with anti-LANA antibody (Fig.
5C). LANA was shown to coprecipitate with HA-GSK-3� in
the nuclear fraction of the cotransfected cells. In a reciprocal
immunoprecipitation (Fig. 5D), the fractionated extracts were
immunoprecipitated with anti-LANA antibody, and a Western
blot of the precipitated proteins was probed with anti-HA
antibody. HA-GSK-3� was found to coprecipitate with LANA
in the nuclear fraction of the cotransfected cells.

To determine whether LANA also led to increased nuclear
accumulation of GSK-3� in KSHV-infected cells, EBV-posi-
tive Raji B cells and BC2 PEL cells were fractionated into
nuclear and cytoplasmic fractions, and the extracts were sub-
jected to Western blotting with anti-GSK-3� monoclonal an-
tibody (Fig. 5E). The amount of GSK-3� detected in the nu-
clear fraction of BC2 cells was increased relative to that in Raji
cells.

Identification of LANA sequences required for GSK-3� in-
teraction. Large deletions of the LANA N terminus, internal
repeat region, and C terminus were generated along with a
series of smaller N-terminal and C-terminal deletions (Fig.
6A). The different Flag-tagged LANA constructions were co-

transfected with HA-GSK-3� into HeLa cells, and the cell
extracts were immunoprecipitated with anti-HA antibody fol-
lowed by Western blotting of the immunoprecipitated proteins.
The blots were probed with anti-Flag antibody to detect co-
precipitating Flag-LANA and map the regions of LANA re-
quired for GSK-3� interaction (Fig. 6B). Examination of the
results obtained with the large deletions indicated that the
internal repeat region was not required for binding to GSK-3�.
However, neither the LANA N terminus nor the LANA C
terminus was able to be coprecipitated with HA-GSK-3�, sug-
gesting that more than one region of LANA was necessary for
the interaction (Fig. 6B).

Analysis of the N-terminal deletion series revealed that
LANA mutants deleted for the N-terminal 93, 155, 175, and
241 amino acids continued to coprecipitate with HA-GSK-3�.
However, deletion to amino acid 275 resulted in a loss of
interaction. In the case of the C-terminal mutants, deletion to
position 1147 did not affect GSK-3� binding, but binding was
lost when the deletion was extended to position 1133 or beyond
to position 1108 or 1043 (Fig. 6B). LANA contains both an
N-terminal nuclear localization signal (amino acids 24 to 30

FIG. 4. Loss of LANA expression correlates with loss of �-catenin
accumulation. Western blot of extracts of BC3 cells harvested at the
indicated times after treatment with TPA to induce KSHV lytic gene
expression. One membrane was probed first with mouse anti-�-catenin
monoclonal antibody and then stripped and reprobed with mouse
anti-�-actin monoclonal antibody. Parallel blots of the same extract
were probed with rat anti-LANA monoclonal antibody and anti-K8/
RAP rabbit polyclonal antibody. Bands were visualized with the ECL
reaction. Loss of LANA at the 72- and 96-h time points after lytic
induction correlates with loss of �-catenin accumulation.

FIG. 5. LANA alters the intracellular localization of GSK-3�. West-
ern blot analyses of fractionated extracts (C, cytoplasmic; N, nuclear)
of HeLa cells transfected with 5 �g each of HA-GSK-3�, �-catenin,
and either vector (� LANA) or Flag-LANA (� LANA). (A) Mem-
brane probed with anti-GSK-3� antibody. Nuclear GSK-3� was in-
creased in the presence of LANA. (B) The membrane in A was
stripped and reprobed with anti-SP1 rabbit antibody to demonstrate
the distribution of a known nuclear protein. (C) The same extracts
were immunoprecipitated with anti-GSK-3� monoclonal antibody, and
a parallel Western blot was probed with anti-LANA monoclonal an-
tibody. Detection of LANA in the HA precipitate of the nuclear
LANA-transfected cells indicates interaction between LANA and
GSK-3� in the nucleus. (D) The extracts were immunoprecipitated
with anti-LANA monoclonal antibody, and a parallel Western blot was
probed with rabbit anti-HA antibody to detect HA-GSK-3�. Detection
of nuclear GSK-3� in the LANA precipitate confirmed that interaction
between these proteins is occurring in the nucleus. (E) Western blot
comparing the distribution of nuclear (N) and cytoplasmic (C) GSK-
3� in fractionated Raji B-cell and BC2 PEL cell extracts. The mem-
brane was probed with anti-GSK-3� monoclonal antibody.
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[63]) and a C-terminal nuclear localization signal (amino acids
863 to 932 [74]) that is unmasked when the C terminus is
expressed alone. The length of the central repeat region differs
between different LANA isolates, which alters the amino acid
numbering in the C terminus, and amino acids 863 to 932 equal
amino acids 935 to 1004 in our LANA proteins. All of the
LANA constructions used for the mapping experiments there-
fore contain the region encoding the C-terminal nuclear local-
ization signal. However, these LANA constructions are fusions
between the N terminus and the C terminus, and the nuclear
localization of LANA proteins of this kind has not been ex-
amined experimentally.

To ensure that the lack of interaction between LANA mu-
tants and GSK-3� was not an artifact of improper intracellular
localization of LANA, the ability of the LANA mutants N275,

C1133, C1108, and C1043 to target to the nucleus was exam-
ined in transfected HeLa cells. Immunofluorescence assays
showed that these LANA mutants retained the ability to lo-
calize to the nucleus (Fig. 6C). Note that LANA exhibits dif-
fuse nuclear staining in the absence of KSHV genomes. The
punctate nuclear staining seen in PEL cells reflects colocaliza-
tion of LANA and KSHV episomal DNA (5). Thus, the coim-
munoprecipitation experiments indicated that LANA N-termi-
nal sequences between amino acids 241 and 275 plus LANA
C-terminal sequences between amino acids 1133 and 1147 are
required for LANA to interact effectively with GSK-3�.

The interaction between LANA and GSK-3� was also ex-
amined in GST affinity assays with purified GST–GSK-3� and
the in vitro-translated, 35S-labeled Flag-LANA constructions
whose expression is shown in Fig. 7B. The results obtained

FIG. 6. Mapping the requirements for GSK-3� interaction. (A) Diagrammatic representation of the Flag-LANA mutants used in the mapping
experiments. The boundary amino acids are numbered. (B) Western blot examining coprecipitation of Flag-LANA and HA-GSK-3�. Extracts of
HeLa cells cotransfected with HA-GSK-3� (8 �g) and Flag-LANA mutants (8 �g) were immunoprecipitated with anti-HA antibody, and the
presence of Flag-LANA in the precipitates was examined by probing with anti-Flag monoclonal antibody. Ex, cell extract; IP, immunoprecipitated
with rabbit anti-HA antibody; C, immunoprecipitated with control rabbit antibody; WT, wild type. (C) Immunofluorescence assay showing nuclear
localization of the non-GSK-3�-interacting Flag-LANA mutants. HeLa cells were transfected with the Flag-LANA mutants and stained with
anti-Flag monoclonal antibody followed by fluorescein isothiocyanate-conjugated secondary antibody (left panel). Nuclei were stained with
4�,6�-diamidino-2-phenylindole (DAPI) (right panel).
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differed slightly from those observed in the coimmunoprecipi-
tation assays but further supported the existence of N-terminal
and C-terminal LANA domains for binding to GSK-3�. Con-
sistent with the coimmunoprecipitation assays, LANA deleted
for the central repeat region (dCR) interacted with GST–
GSK-3�, and the LANA N terminus (LAN-N) did not (Fig.
7A). However, in the GST affinity assay, the LANA C terminus
(LAN-C) was capable of binding to GST–GSK-3� in the ab-
sence of any N-terminal sequences (Fig. 7A). In addition,
LANA truncated at amino acid 1108 (C1108), which is deleted
for part of the C-terminal GSK-3� binding domain and did not
coimmunoprecipitate with GSK-3�, bound to GST–GSK-3�
(Fig. 7A). Further truncation of the C-terminal domain to
amino acid 1043 (C1043) severely reduced binding in the GST
affinity assay (Fig. 7A).

One difference between the C1108 and C1043 constructions
is that the former would be capable of dimerization while the
latter would not, based on the mapping data of Schwam et al.
(74). We interpret these data to suggest that dimerization
may be important for GSK-3� interaction. The C terminus of
LANA contains both the dimerization domain and a GSK-3�
interaction region, while the N terminus also has an interaction
domain, but this region requires LANA C-terminal sequences
to allow protein dimerization. In this analysis, C1108 would
interact with GSK-3� through the N-terminal contact region,
while the N-terminal sequences in C1043 and LANA-N would
not be capable of effective interaction because of the inability

of these proteins to dimerize. Interestingly, the LANA C ter-
minus shows sequence similarity to the GSK-3 binding domain
of axin. An alignment between the C-terminal region of LANA
required for binding to GSK-3� and the GSK-3� binding do-
main of axin (90) is presented in Fig. 8.

LANA–GSK-3� interaction is necessary for GSK-3� redis-
tribution and for nuclear �-catenin activity. The ability of the
different Flag-LANA mutants to mediate intracellular redistri-
bution of HA-GSK-3� was examined. Cotransfected HeLa
cells were harvested and separated into nuclear and cytoplas-
mic fractions prior to Western blotting. Probing of the blots
with anti-HA antibody showed that nuclear accumulation of
GSK-3� was dependent on LANA interaction (Fig. 9). Co-
transfection with LANA mutants N93, N155, N175, N241, and
C1147, which retained GSK-3� binding activity, led to an in-
creased nuclear presence of HA-GSK-3�, while LANA mu-
tants that were impaired for GSK-3� binding (N275, C1133,
C1108, and C1043) had minimal impact on GSK-3� relocal-
ization.

An additional linkage between GSK-3� binding and nuclear
�-catenin activity was demonstrated when these LANA mu-
tants were tested for their ability to activate expression from
the Tcf-luciferase reporter in transfected HeLa cells. The
LANA derivatives that retained GSK-3� binding ability also
activated reporter expression (Fig. 10, lanes 3 to 8 and 12).
Interestingly, deletion of the N-terminal 93 amino acids in
mutants N93, N155, and N175 resulted in increased stimula-
tion of reporter activity over that observed with the equivalent
construction retaining these sequences (dCR), although this
effect was not observed with the larger N-terminal deletions
N204 and N241. The N-terminal 93 amino acids of LANA
contain the binding domain for the methyl-CpG binding pro-
tein MeCp2 (46). The C-terminal mutants that did not bind
GSK-3� in the coimmunoprecipitation assays (C1133, C1108,
and C1043) were also inactive in the reporter assay (Fig. 10,
lanes 13 to 15), as was the N-terminal non-GSK-binding mu-
tant N275 (Fig. 10, lane 9).

DISCUSSION

GSK-3� phosphorylates serine and threonine residues in the
context of S/TXXXS/Tp where the S/Tp position is phosphor-
ylated by another priming kinase and is unusual for a regula-
tory kinase in that it is constitutively active and is inhibited as
a downstream response to induction. GSK-3� participates in
the growth factor, insulin, and Wnt signaling pathways. In the
last pathway, GSK-3� is present in a cytoplasmic complex
containing axin, the adenomatous polyposis coli tumor sup-
pressor protein (APC), diversin (75), the priming kinases ca-

FIG. 7. Analysis of LANA interaction with GSK-3� in a GST af-
finity assay. (A) Autoradiograph showing binding of individual radio-
labeled Flag-LANA plasmids to purified bacterially expressed GST–
GSK-3�. The LANA C terminus (LAN-C) showed independent
binding in this assay, as did the LANA N terminus when expressed in a
dimerization-competent construction (C1108) but not when expressed
in nondimerizing constructions (C1043 and LAN-N). (B) Autoradio-
graph showing expression of the different 35S-labeled, in vitro-trans-
lated Flag-LANA proteins.

FIG. 8. Alignment of the C-terminal region of LANA and herpesvirus saimiri ORF73 with the mapped GSK-3� interaction domains of human
axin (hAxin), mouse axin (mAxin), and chicken axin (cAxin) (90). Amino acid similarities between LANA and the herpesvirus saimiri ORF73 and
axin proteins are highlighted in bold.
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sein kinase I	 and I� (2, 51), and �-catenin. GSK-3� regulates
the stability of �-catenin by phosphorylating residues 33, 37,
and 41 in the N terminus of �-catenin, which marks �-catenin
for binding by the �-transducin repeat-containing protein (�-
Trcp) E3 ubiquitin ligase, ubiquitination, and proteasomal
degradation (1, 60).

In the canonical Wnt pathway, secreted Wnt family glyco-
proteins bind to seven transmembrane receptors of the Friz-
zled family, which also complex with low-density lipoprotein
receptor-related protein (LRP5 and LRP6) coreceptors (61,
82) to mediate hyperphosphorylation of Dishevelled (88). Ac-
tivated Dishevelled is believed to cause the release of GSK-3�
from the complex by promoting the association of Frat/GSK-
3-binding protein with GSK-3�, which displaces GSK-3� from
axin (34). Loss of GSK-3� leads to hypophosphorylation of
�-catenin and �-catenin accumulation and nuclear entry. Nu-

clear �-catenin does not itself bind DNA but rather complexes
with the high mobility group (HMG) domain family of Tcf/Lef
transcription factors (37). In the absence of �-catenin, these
factors act as repressors through histone deacetylase tethering
(12, 71). �-Catenin displaces the repressor complex and re-
cruits coactivators such as CBP/p300, Brg-1, and pygopus (7,
10, 27, 45, 80, 83). Tcf/Lef-responsive genes play a part in cell
proliferation, apoptosis, and cell fate decisions and include
c-myc, c-myb, c-jun, cyclin D1, c-ETS2 and c-KIT, BMP4,
ITF-2, Nr-CAM, Fra, and MDR1 (7, 21, 44, 87).

�-Catenin accumulation occurs in a variety of human can-
cers (9, 65, 84). Inactivating mutations in APC or mutations in
the N terminus of �-catenin that abolish GSK-3� phosphory-
lation are the most frequently recognized defects and occur in
90% of colorectal cancers (65). Experimentally, fusion of
LEF-1 to �-catenin to give constitutive activity results in a

FIG. 9. LANA interaction is required for GSK-3� nuclear translocation. Western blot analysis of the intracellular distribution of HA-GSK-3�
in HeLa cells cotransfected with the indicated LANA variants. The nuclear (N) and cytoplasmic (C) fractions were probed with anti-HA
monoclonal antibody. –, LANA absent. LANA mutants LAN-C, LANA-N, N-275, C1133, C1108, and C1043 were severely impaired for nuclear
relocalization of HA-GSK-3�. WT, wild type.

FIG. 10. LANA interaction with GSK-3� is required for activation of a Tcf-luciferase reporter. Transient-expression assay in which HeLa cells
were transfected with the Tcf-luciferase reporter GL3-OT or the mutant reporter GL3-OF (1 �g), Tcf4 (0.75 �g), �-catenin (0.75 �g), HA-GSK-3�
(1 �g), control SV-�-gal (0.5 �g), and the indicated Flag-LANA variants (1 �g). Solid bar, GL3-OT; open bar, GL3-OF. The assay was repeated
three times, and the standard deviation is indicated.

VOL. 77, 2003 LANA AND GSK-3� 8027



protein that transforms chicken embryo fibroblasts (4). Wnt
signaling also inhibits apoptosis through �-catenin-mediated
transcriptional activity (19). By increasing levels of �-catenin,
LANA potentially contributes to growth dysregulation through
upregulation of cellular Tcf/Lef-responsive genes, and some of
the genes reported to be positively regulated by LANA may
also be downstream responders to �-catenin accumulation. For
example, cellular interleukin-6 is upregulated in endothelial
cells by LANA, and an AP-1 site in the interleukin-6 promoter
was identified as being required for this response (3). �-Cate-
nin–Tcf/Lef increases transcription of c-Jun and thus has the
potential to increase expression through AP-1 sites.

LANA interacted with both GSK-3� and GSK-3�. These
two isoforms of GSK-3 are closely related but may not be
identical functionally. In mice, elimination of GSK-3� is lethal,
indicating that GSK-3� either is not expressed comparably or
does not function comparably to GSK-3� (35). GSK-3� has
been subjected to much less scrutiny than the � isoform. How-
ever, in GSK-3� knockout mouse cells, there was no defect in
Wnt signaling, with GSK-3� substituting effectively for GSK-
3�, suggesting that both of these isoforms may participate in
�-catenin regulation (85). Two regions of LANA were found
to be necessary for efficient binding to GSK-3�, as measured by
coimmunoprecipitation, an N-terminal region between amino
acids 241 and 275 and a C-terminal region between amino
acids 1133 and 1147. These regions appeared to be capable of
independent binding to GSK-3� in the GST affinity assay,
where the high concentration of bacterially expressed GST
fusion protein permits detection of lower-affinity interactions.
The GST affinity experiments also suggested that interaction
between LANA and GSK-3� may require protein dimeriza-
tion.

Limited homology was noted between a C-terminal region of
LANA (amino acids 1114 to 1146) and the domain of axin
(amino acids 373 to 412) that binds to GSK-3� (Fig. 8). There
is also considerable amino acid conservation in the C terminus
of the primate herpesvirus LANA homologs, and herpesvirus
saimiri ORF73 also interacted with GSK-3� in a coimmuno-
precipitation assay. A region with a similar level of homology
to the GSK-3� binding region of axin can be identified in the
ORF73 homolog of herpesvirus saimiri, although the aligning
sequences are displaced relative to the equivalent KSHV
LANA sequences (Fig. 8). At a minimum, GSK-3� binding
appears to be a conserved LANA function, but the conse-
quences of that interaction may not be identical in the different
gamma-2 herpesvirus family members. The N terminus of
LANA is not well conserved in other primate gamma-2 her-
pesvirus LANA homologs, and the nature of the requirement
for the N-terminal LANA sequences is not clear. Axin is a
substrate for GSK-3 as well as containing a GSK-3 binding
domain (30). The N terminus of LANA contains multiple
potential GSK-3 phosphorylation sites, including sites in the
region found to be required for efficient interaction with GSK-
3�. It is possible that phosphorylation may be important for
optimal GSK-3 interaction with LANA.

GSK-3� is predominantly cytoplasmic, but a small propor-
tion of GSK-3� enters the nucleus during S phase and during
apoptosis (11, 24). We found that LANA interaction with
GSK-3� results in increased nuclear accumulation of GSK-3�.
We speculate that nuclear accumulation of GSK-3� may lead

to cytoplasmic depletion of the enzyme and escape of �-cate-
nin from phosphorylation and degradation. The increased pool
of free cytosolic �-catenin would then be available for nuclear
entry and gene activation. This suggestion is supported by the
experiments showing that LANA variants that have lost
GSK-3� interaction do not relocalize GSK-3� and are defec-
tive in their ability to activate a Tcf-responsive reporter.

There is a second aspect to GSK-3� nuclear accumulation
that remains to be examined experimentally. Substrates for
GSK-3� include nuclear transcription factors such as CREB,
c-Jun, c-Myc, C/EBP�, C/EBP�, and NFATc and nuclear cell
cycle regulatory factors such as cyclin D1. In the majority of
cases, phosphorylation by GSK-3� interferes with the activity
of these proteins. Whether nuclear GSK-3� remains active
when complexed with LANA or whether this form of GSK-3�
is sequestered in a manner that limits its access to nuclear
substrates is an interesting question.

In summary, we have identified relocalization of GSK-3� as
one of the mechanisms by which LANA may modify cellular
gene expression. Since deregulation of �-catenin has been de-
scribed in a variety of human cancers, including breast, ovar-
ian, gastric, hepatocellular, thyroid, and renal cell carcinomas
and melanoma, it seems likely that the manipulation of
GSK-3� by LANA may be a contributing factor in KSHV-
associated malignancies.
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