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The Kaposi’s sarcoma-associated herpesvirus latent protein LANA2 has been suggested to have an impor-
tant role in the transforming activity of the virus based on its capacity to inhibit p53 and PKR-dependent
apoptosis as well as the interferon-dependent response. Here, we describe a novel interaction between LANA2
and both the phosphoserine/phosphothreonine-binding 14-3-3 proteins and the transcription factor FOXO3a.
In addition, our results indicate that LANA2 inhibits the transcriptional activity of FOX0O3a and blocks the
G,/M arrest induced by 14-3-3 protein overexpression. These results suggest a novel mechanism by which

LANA2 may promote tumorigenesis.

Kaposi’s sarcoma-associated herpesvirus (KSHV; also called
human herpesvirus 8) is a gammaherpesvirus associated with
all clinical forms of Kaposi’s sarcoma, primary effusion lym-
phomas, and a subset of Castleman’s disease (6, 23). The
genome of KSHV contains cellular homologues that permit
the manipulation of the local environment for efficient viral
replication and evasion of the immune response and that also
may contribute to host proliferation and cell transformation.
One of these genes is the ORFK10.5 encoding a latent protein
called LANA2 (latency associated nuclear antigen 2; also
called viral interferon regulatory factor 3, or vIRF3), detected
exclusively in KSHV-infected B cells (16, 22). LANA2 func-
tions as a dominant-negative mutant of both IRF-3 and IRF-7
and inhibits virus-mediated transcriptional activity of the IFNA
promoter (16). In addition, LANAZ2 is able to inactivate the
apoptosis and transcriptional activation mediated by the tumor
suppressor gene product p53 (22) as well as the apoptosis
induced by activation of the serine/threonine kinase PKR (9).
These findings together suggest that LANA2 may have a role
in KSHV-mediated oncogenesis in hematopoietic tissues.

The 14-3-3 proteins are a family of highly conserved dimeric
regulatory proteins involved in many biologically important
processes, such as cell cycle control, apoptosis, and oncogen-
esis (10). Thus, 14-3-3 proteins promote the cytoplasmic local-
ization of the FOXO class of the forkhead family of winged-
helix transcription factors, FOXO1, FOXO3a, and FOXO0O4,
resulting in the inhibition of their ability to bind DNA and to
activate the transcription of target genes (3). Activation of
genes by FOXOs results in the arrest of the cells at G, (17, 21)
and the induction of apoptosis in many cancer cell lines (5, 11,
18).

Binding of 14-3-3 proteins to target proteins is generally
mediated through the sequences R[SFYW]XpSXP (interac-
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tion motif 1), RX[SYFWTQAD]Xp(S/T)X[PLM] (interaction
motif 2), or through consensus sequences which do not exactly
match the mode 1 and mode 2 ligands [RHK][STALV]X][p-
(S/T)]X[PESRDIF]. By using the Eukaryotic Linear Motif
server at http://elm.eu.org/, we found that LANA2 contains
five putative 14-3-3 binding sites, as shown in Fig. 1A. Based on
this finding, we carried out interaction assay using glutathione
S-transferase (GST)-14-3-3 sigma (o) protein and extracts
from MCF-7 cells transfected with the enhanced green fluo-
rescent protein (EGFP)-LANA?2 plasmid (19). EGFP-LANA2
but not EGFP was detected after incubation of the cell extracts
with GST-14-3-30 (Fig. 1B, left). In addition, EGFP-LANA2
was detected only after incubation with GST-14-3-3¢ but not
with GST alone (Fig. 1B, right). In order to determine whether
LANAZ? also interacts with 14-3-3 protein in vivo, we carried
out immunoprecipitation assays in cells cotransfected with
EGFP-LANA?2 and Flag-14-3-3. Our results show that EGFP-
LANAZ? is detected after incubation of the cell extracts with
anti-GFP (JL-8; Clontech) or anti-Flag antibody (Invitrogen)
but not in the extracts incubated with the anti-actin antibody
(MP Biomedicals) (Fig. 1C). In addition, a band corresponding
to LANA2 was detected after incubation of the KSHV-in-
fected B-cell extracts with anti-14-3-3 antibody (data not
shown). These results demonstrate that LANAZ2 also interacts
with 14-3-3 proteins in vivo. Only four other viral proteins, the
middle tumor antigen of murine polyomavirus, the hepatitis
C virus core protein, the nonstructural proteins NS2 of minute
virus of mice, and the Vpr protein of human immunodeficiency
virus type 1, have previously been demonstrated to interact
with 14-3-3 proteins (2, 4, 14, 20). One of the cellular 14-3-3
binding proteins is the transcription factor FOXO3a. In the
presence of survival factors, Akt phosphorylates FOXO3a,
leading to association of FOXO3a with 14-3-3 proteins and
translocation of the transcription factor from the nucleus to
the cytoplasm where FOXO3a is inactive (3, 5, 15, 24). In order
to determine if LANA2 may interact also with this transcrip-
tion factor, immunoprecipitation assays using extracts obtained
from EGFP-LANAZ2-transfected MCF-7 cells were carried
out. Again, EGFP-LANAZ2 was precipitated after incubation of
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FIG. 1. LANA2 interacts with 14-3-3 and FOXO3a proteins. (A) Schematic representation of the 14-3-3 binding motifs in LANA2. (B) LANA2
binds to 14-3-3 in vitro. Cell extracts from EGFP- or EGFP-LANA2-transfected cells were incubated with GST-14-3-3¢, and after centrifugation
with glutathione beads and transfer to a nitrocellulose membrane, LANA2 was detected with anti-GFP antibody (Pull-down). The level of EGFP
or EGFP-LANA2 in the cell extracts is also shown in the left panel (Input). Cell extracts obtained from EGFP-LANAZ2-transfected cells were
incubated with GST or GST-14-3-3¢ (far right, bottom), and LANA2 was detected using anti-GFP antibody (far right, top). (C) LANAZ2 binds to
14-3-3 protein in vivo. MCF-7 cells were cotransfected with GFP-LANA2 and Flag-14-3-3c, and 48 h after transfection, the cells were lysed.
LANA2 or 14-3-3 protein was immunoprecipitated with anti-GFP or anti-Flag antibodies, respectively. Immunoprecipitated proteins were
immunoblotted with anti-GFP antibodies. (D) LANAZ2 binds to FOXO3a in vivo. MCF-7 cells were transfected with GFP-LANA2, and cell lysates
were subjected to immunoprecipitation with anti-GFP or anti-FOXO3a antibody. Immunoprecipitated proteins were immunoblotted with

anti-GFP antibody.

the extracts with anti-GFP or anti-FOXO3a antibody, indicat-
ing an interaction between LANA2 and FOXO3a (Fig. 1D).
However, when we carried out interaction assays using extracts
from MCF-7 cells transfected with LANA2 deletion constructs
fused to EGFP, we detected three out of four LANA2 frag-
ments interacting with GST-14-3-3 and only one of the LANA2
fragments interacting with GST-FOXO (data not shown).

These results suggest that the interaction between LANA2 and
14-3-3 protein is mediated by several LANA2 domains, in
contrast to a more restricted LANA2-FOXO interaction.
The interaction between 14-3-3 protein and most of its tar-
gets depends on the phosphorylation of the protein target. In
vitro binding assays were then carried out using extracts from
cells transfected with EGFP-LANA2 and treated with phos-
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FIG. 2. LANA?2 interaction with 14-3-3 protein requires the phosphorylation of LANA?2 and allows the binding between 14-3-3 and nonphos-
phorylated FOXO3a. (A) MCEF-7 cells were transfected with GFP-LANA2, and untreated cell lysates or cell lysates treated with phosphatase were
incubated with GST-FOXO3a or GST-14-3-30. Western blot analysis against 14-3-3 protein or FOXO3a (lower blots) proves that equal amounts
of the protein were present in each reaction. (B) 14-3-3 protein binds to GST-FOXO3a when LANA?2 is present. MCF-7 cells were transfected
with GFP or GFP-LANA2, and cell extracts were incubated with GST-FOXO3a. The presence of 14-3-3 protein was then detected using
anti-14-3-3 antibody. The level of 14-3-3 protein present in both cell extracts is shown (Input). (C) FOXO3A(A3) is detected in the cytoplasm when
LANA2 is expressed. MCF-7 cells were transfected with pcDNA-FOXO3a(A3) and GFP or GFP-LANA2, and at 48 h, localization of
FOXO3a(A3) after immunostaining of cells using anti-polyhistidine antibody was determined.
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FIG. 3. Repression of FOXO3a-mediated transcription by LANA2 and 14-3-3 proteins. (A) LANA2 expression does not have any effect on the Bim
promoter. The wild-type Bim promoter luciferase report construct or a mutant lacking the FOXO binding site was transfected into MCF-7 cells together
with increasing amounts of pcDNA-LANA2 plasmid and then analyzed for luciferase activity 48 h later. (B) Transactivation of the reporter plasmid
containing the Bim promoter in response to FOXO3a WT or FOXO 3a(A3) mutant. Cells were transfected with the wild-type or the mutant Bim
promoter luciferase report construct together with increasing amounts of pcDNA-FOXO3a WT or pcDNA-FOXO03a(A3) mutant and then analyzed for
luciferase activity. (C) FOXO3a WT- or FOXO3a(A3) mutant-stimulated expression of the Bim promoter reporter is inhibited by LANA2. MCF-7 cells
were cotransfected with the Bim promoter luciferase report plasmid, pcDNA-FOXO3a WT or pcDNA-FOXO3a(A3) mutant, and increasing amounts
of pcDNA-LANA2. (D) FOXO3a WT- or FOXO3a(A3) mutant-stimulated expression of the Bim promoter reporter is inhibited by 14-3-3 plus LANA2.
MCF-7 cells were cotransfected with the Bim promoter luciferase reporter plasmid, pcDNA-FOXO3a WT, or pcDNA-FOXO3a(A3) mutant and
increasing amounts of Flag-14-3-3 alone or in combination with pcDNA-LANA2. After 48 h transfected cells were recovered, and luciferase activity was
measured. The total amount of transfected DNA in each experiment was kept constant by the addition of empty vector. The data shown are
representative of three independent experiments; error bars represent the standard deviations of the data.

phatase. LANAZ2 was not detected after incubation with GST- transfected with EGFP-LANA?2 and left untreated or treated
14-3-3 when the cell extracts were treated with phosphatase, with 20 units of calf intestinal phosphatase (Roche) at 37°C for
demonstrating the dependence on LANA2 phosphorylation 15 min. LANA2 was detected after incubation with GST-
(Fig. 2A), as reported for most of the 14-3-3 binding partners. FOXO3a only when the cell extracts were not treated with
In addition, the GST-FOXO3a protein obtained from Esche- phosphatase, indicating that the interaction between LANA2
richia coli was incubated with extracts obtained from cells and FOXO3a depends on the phosphorylation of LANA?2 (Fig.
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FIG. 3—Continued.

2A). In addition, the use of nonphosphorylated GST-FOXO3a
indicates that, in contrast to 14-3-3 that interacts exclusively
with phosphorylated FOXO3a, LANA2 was able to bind to
nonphosphorylated FOXO3a. We then postulated that the
LANAZ2 protein may permit the interaction between 14-3-3
and the unphosphorylated FOXO3a. Cell extracts obtained
after transfection of EGFP or EGFP-LANA2 in MCF-7 cells
were incubated with GST-FOXO3a extracted from E. coli, and
a 14-3-3-FOXO3a interaction was determined by Western blot
analysis using anti-14-3-3 antibody (Santa Cruz Biotechnol-
ogy). As expected, the unphosphorylated GST-FOXO3a did
not coprecipitate with 14-3-3 after incubation of the cell ex-
tracts obtained from the EGFP-transfected cells with the
GST-FOXO3a protein (Fig. 2B). However, 14-3-3 protein was
detected when the cell extracts were transfected with EGFP-
LANAZ2 (Fig. 2B), indicating that LANA?2 facilitates the bind-
ing between 14-3-3 and unphosphorylated FOXO3a. This hy-
pothesis was also supported after analysis of the localization of
the unphosphorylatable FOXO3a, FOXO3a(A3), in the pres-
ence or absence of LANA2. MCF-7 cells were cotransfected
with pcDNA-FOXO03a(A3) (8) and GFP or GFP-LANA2.
Forty-eight hours after transfection, analysis of the subcellular
localization of the mutant FOXO3a(A3) was determined after
immunostaining with anti-polyhistidine antibody (Sigma).
FOXO03a(A3) was detected mainly in the nucleus of the cells
expressing GFP. In contrast, some cytoplasmic expression was
also detected in the GFP-LANA2-expressing cells (Fig. 2C).
The interaction between 14-3-3 proteins and FOXO3a re-
tains the transcriptional factor in the cytoplasm, inhibiting the
transactivation of FOXO3a targets, such as Bim (3). Using
reporter assays, determined by dual-luciferase assay (Pro-
mega), we investigated whether LANA2 modulated the
FOXO3a-mediated transcription of the Bim promoter. Using
the pGL3-Bim-Luc reporter construct (8), we showed that
transfection of the pcDNA-LANAZ2 plasmid (19) does not have
any effect on the Bim promoter (Fig. 3A). We also show that

transfection with both the wild-type (WT) pcDNA-FOXO3a
and the pcDNA-FOXO3a(A3) mutant plasmids (8) induces
transcriptional activation of the Bim promoter in a dose-de-
pendent manner (Fig. 3B). However, cotransfection of LANA2
inhibited the transactivation of the wild-type Bim promoter
mediated by FOXO3a WT or the mutant FOXO3a(A3) in a

GFP 14-33 + GFP
i GFP-LANA2 | 14-3-3 + GFP-LANA2
GO G1 S G2/M
GFP| 6.19 3554 23.38 38.57
14-3-3 + GFP| 929 2919 16.53 47.79
GFP-LANA2| 12 3112 2385 36.88
14-3-3 + GFP-LANA2| 954 3365 2513 353

FIG. 4. LANAZ2 inhibits cell cycle arrest mediated by 14-3-3¢ over-
expression. MCF-7 cells were transfected with pLXSN-14-3-3¢ and
EGFP or EGFP-LANAZ2, and 48 h after treatment the cell cycle profile
of EGFP-positive cells was analyzed. The percentages of cells in each
phase of the cell cycle are given in the table. The data shown are
representative of three independent experiments producing similar
results.
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dose-response manner (Fig. 3C). We then analyzed if this
inhibition could be increased after cotransfection of 14-3-3
proteins. Analysis of the effect of 14-3-3 expression on the Bim
transactivation shows a small decrease, due probably to the low
levels of phosphorylated FOXO3a. However, cotransfection of
LANAZ2 and 14-3-3 proteins clearly reduces this transactivation
(around 30% of decrease over the LANA?2 effect can be ob-
served by 14-3-3 expression) (Fig. 3D). FOXO family members
play a pivotal role in the inhibition of cell transformation and
tumorigenesis, suggesting that the inhibition of FOXO3a by
LANAZ2 may represent a new pathway by which KSHV pro-
motes tumorigenesis. Furthermore, 14-3-3 proteins have been
connected to cell cycle regulation and signaling, suggesting that
the association between LANA?2 and 14-3-3 proteins may also
deregulate proliferation control and contribute to the devel-
opment of cell proliferation and neoplasia.

Cell cycle deregulation caused by changes in 14-3-3 expres-
sion has been implicated in cancer formation. In this sense,
ectopic expression of 14-3-3¢ in cycling cells results in a G,
arrest (13). An implication of FOXO proteins in the control of
G,/M transition has also been described. Cells with active
phosphatidylinositol 3-kinase are delayed in mitotic exit be-
cause of decreased in expression of cyclin B and Polo-like
kinase (1), which may be mediated by association of forkhead
factors with 14-3-3 proteins (12). In order to determine if the
expression of LANA?2 is able to alter the control of cell cycle
mediated by these proteins, MCF-7 cells were transfected with
pLXSN-14-3-3¢ (7) in the presence or absence of GFP-
LANAZ2, and at 48 h cells were fixed with 1% paraformalde-
hyde, stained by using propidium iodine, and analyzed by flow
cytometry using cyan (DAKO Cytomation) as previously de-
scribed (19). MCF-7 cells transfected with 14-3-3 protein were
arrested in G,/M phase as previously described (Fig. 4). How-
ever, cotransfection of LANAZ2 inhibited the G,/M cell cycle
arrest mediated by 14-3-3, suggesting again that LANA2 may
play an important role in regulating KSHV-infected B cell
growth through its interaction with both proteins.
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