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Kaposi’s sarcoma-associated herpesvirus (KSHV) has been implicated in Kaposi’s sarcoma, as well as in
primary effusion lymphoma and multicentric Castleman’s disease. The K1 protein of KSHV has been shown
to induce cellular transformation and focus formation and to deregulate B-lymphocyte signaling pathways by
functionally mimicking the activated B-cell receptor complex. Here we show that expression of K1 in B
Iymphocytes targets the phosphatidylinositol-3 kinase pathway, leading to the activation of the Akt kinase and
the inhibition of the phosphatase PTEN. We also demonstrate that activation of Akt by the K1 protein leads
to the phosphorylation and inhibition of members of the forkhead (FKHR) transcription factor family, which
are key regulators of cell cycle progression and apoptosis. We demonstrate that K1 can inhibit apoptosis
induced by the FKHR proteins and by stimulation of the Fas receptor. Our observations suggest that the K1
viral protein promotes cell survival pathways and may contribute to KSHV pathogenesis by preventing virally
infected cells from undergoing apoptosis prematurely.

Kaposi’s sarcoma-associated herpesvirus (KSHV; also
known as human herpesvirus 8) is a gammaherpesvirus that
was first identified in Kaposi’s sarcoma (KS) biopsies (14).
KSHYV has since been found in all epidemiological forms of
KS. Viral DNA has been consistently isolated from cases of
AIDS-associated KS as well as human immunodeficiency virus-
negative classic and transplant-associated KS (21). KSHV has
also been associated with lymphoproliferative diseases, such as
pleural effusion lymphomas and multicentric Castleman’s dis-
ease (52), both of which originate in B cells. However, the
molecular mechanism by which KSHV induces malignancy in
its host remains to be resolved.

At the far left end of its genome (5’ end), KSHV encodes a
46-kDa transmembrane glycoprotein called K1. This position
is equivalent to that of the herpesvirus saimiri (HVS) trans-
forming protein (STP) and the R1 gene of rhesus monkey
rhadinovirus (16). K1 expression has previously been shown to
deregulate cell growth, inducing focus formation and morpho-
logical changes in Rat-1 fibroblasts (35). Additionally, K1 can
functionally substitute for STP of HVS for transforming com-
mon marmoset T lymphocytes to interleukin-2-independent
growth (35). Furthermore, transgenic K1 mice develop tumors
with features of spindle-cell sarcomatoid and malignant plas-
mablastic lymphomas (43).

K1 is structurally similar to the B-cell receptor (BCR). The
cytoplasmic tail contains an immunoreceptor tyrosine-based
activation motif (ITAM) which has been shown to be capable
of activating signaling pathways (31, 34) similar to those acti-
vated by the BCR complex in B lymphocytes. However, unlike
the BCR, it is thought that K1 is constitutively active through
oligomerization via conserved, extracellular cysteine residues
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(31). Activation of K1 leads to phosphorylation of the ITAM
and recruitment of the major B-cell kinase, Syk. This initiates
a signaling cascade in K1-expressing B cells (31, 34). Addition-
ally, the cytoplasmic tail of the K1 protein has been shown to
induce the phosphorylation of several different signaling mol-
ecules, including Syk, Vav, Cbl, and the p85 subunit of phos-
phatidylinositol-3'-OH kinase (PI3K), leading to lymphocyte
activation, as measured by calcium mobilization, phosphoryla-
tion of tyrosine residues, and up-regulation of the NFAT and
AP-1 transcription factors (34). K1 has also been shown to
inhibit intracellular transport of BCR complexes and to have
effects on viral lytic reactivation and replication (30, 32, 33).
Furthermore, lymphocytes isolated from transgenic mice ex-
pressing K1 showed constitutive activation of NF-kB and Oct-2
as well as enhanced Lyn kinase activity (43).

The PI3K/Akt pathway is one of the key signaling pathways
that are activated upon engagement of the BCR complex.
PI3Ks are heterodimeric enzymes consisting of a regulatory
subunit, p85, and a catalytic subunit, p110 (11). Consequent to
BCR activation, p85 is recruited to the BCR-Syk complex,
followed by the recruitment of the p110 subunit (5, 51). This
results in the activation of PI3K and phosphorylation of the
lipid membrane-associated moiety phosphatidylinositol 4,5-
bisphosphate to yield phosphatidylinositol 3,4,5-triphosphate
(PIP3). The Akt kinase specifically binds PIP3 through its
pleckstrin homology domain, and this event recruits Akt to the
plasma membrane (3, 22, 56). The PTEN phosphatase has
previously been shown to be a negative regulator of this path-
way (53, 59). PTEN catalyzes dephosphorylation at the D3
position of PIP3, serving to counter the effects of PI3K and
resulting in the inhibition of Akt. Conversely, PTEN is itself
inactivated by phosphorylation, leading to the activation of Akt
kinase (57, 58). Active Akt kinase promotes cellular survival
mechanisms by directly phosphorylating and inactivating pro-
apoptotic factors such as Bad and caspase-9 (10, 17, 19). Ad-
ditionally, Akt phosphorylates a family of transcription factors



VoL. 78, 2004

known as the forkhead transcription factors (FKHR) (8, 28,
55). Members of this family include FKHR, FKHRLI1, and
AFX. The net result of phosphorylation of the downstream
targets of Akt is cell survival via inactivation of the FKHR
family, glycogen synthase kinase 38 (GSK-3p), caspase-9, and
Bad (10, 15, 17, 19).

At the present time, the exact mechanism by which the
KSHYV K1 viral protein transforms cells and activates B-cell
signaling pathways remains to be elucidated. Given the facts
that K1 elicits B-cell signaling events and that the cytoplasmic
tail of K1 can induce the phosphorylation of a number of
different kinases, including the p85 subunit of PI3K (34), we
attempted to dissect the downstream effects of K1 signaling.
Here we show that K1 up-regulates the PI3K pathway in B
lymphocytes, resulting in the phosphorylation of Akt and
PTEN. Further, this event appears to be significantly depen-
dent on an intact K1 ITAM motif. The activation of Akt leads
to an increase in phosphorylation of FKHR transcription fac-
tors. Phosphorylation of FKHR family members promotes
their nuclear exclusion and inhibits their transcriptional acti-
vation properties (8, 28, 55). FKHR family members modulate
transcription of several classes of genes involved in cell cycle
regulation, including p27%* (37, 39), p130 (29), and cyclin D1
(47), as well as genes that promote cell death, including Bim
(20) and Fas ligand (8). We present data demonstrating that
expression of the K1 viral protein in B lymphocytes enhances
cell survival signals and protects cells from FKHR- and Fas-
mediated apoptosis.

MATERIALS AND METHODS

Plasmid constructs. EF-K1 was constructed as previously described (31). The
CD8 signal peptide and Flag M2 epitope were fused in frame to the amino-
terminal end of the K1 open reading frame. Three K1 mutants, EF-Klyv rr,
EF-Kly,gp, and EF-Klp.\—, were created by using a QuikChange site-di-
rected mutagenesis kit from Stratagene. The tyrosines at positions 270, 271(EF-
Klyypr and EF-Klppay o), and 282 (EF-Kly,gp and EF-Kljpay-) from
EF-K1 were changed to phenylalanines and verified by sequencing. pGL2-3xIRS,
pcDNA3-FKHR, pcDNA3-GFP-FKHR, and pcDNA3-GFP-FKHR, . Wwere
previously described elsewhere (39). pCDNA3-Bcl-2 was a gift from John Reed.

Cell lines, cell culture, and transfections. BJAB cells, a human B-cell line that
is KSHV and Epstein-Barr virus negative, were maintained in RPMI 1640 me-
dium supplemented with 10% calf serum, penicillin, and streptomycin. Forty
micrograms of EF-K1 plasmid or empty vector was electroporated in serum-free
medium into BJAB cells at 300 V and 950 wF. At 24 h postelectroporation, cells
were rinsed in phosphate-buffered saline and transferred to serum-free medium
for an additional 48 h. For luciferase assays, 293 cells were transfected with 1 pg
of pcDNA3-GFP-FKHR or pcDNA3-GFP-FKHR 455 plus 2 pg of EF-K1 or
empty vector by use of GenePorter 2 reagent (Gene Therapy Systems) as di-
rected by the manufacturer. Cells were harvested at 48 h postelectroporation,
and luciferase assays were performed as previously described (7). BIAB cells
were electroporated with 5 or 10 pg of EF-K1 or empty vector EF and 5 pg of
pCDNA3-FKHR or pCDNA3. A similar procedure was performed for transfec-
tion of BCBL-1 cells with the GenePorter 2 reagent.

Cell fractionation. For cell fractionation, BJAB cells were electroporated and
incubated as described above. At 72 h postelectroporation, cells were harvested
and fractionated into cytoplasmic and nuclear lysates by use of OptiPrep (Ny-
comed Pharma) as described by the manufacturer, with the following modifica-
tions: harvested cells were rinsed in phosphate-buffered saline, pelleted, resus-
pended in 350 pl of cold buffer A (10 mM HEPES [pH 7.8], 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, complete protease inhibitor cocktail, and phosphatase inhibitor cocktail
[Sigma]), and incubated on ice for 15 min prior to the addition of 40 pl of 10%
NP-40. Samples were vortexed and then centrifuged, and cytoplasmic superna-
tants were reserved. Pelleted nuclei were rinsed in homogenization buffer (0.25
M sucrose, 25 mM KCI, 5 mM MgCl,, 20 mM Tris [pH 7.8], and phosphatase and
protease inhibitors) and were resuspended in a final volume of 400 pl in homog-
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enization buffer. Nuclei were isolated by underlaying them with 600 wl of 30%
OptiPrep and 800 pl of 35% OptiPrep and centrifugation at 10,000 X g for 20
min. Isolated nuclei were rinsed in homogenization buffer, pelleted, and lysed in
NE buffer (20 mM Tris [pH 8.0], 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
25% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, and protease and phospha-
tase inhibitors). Lysates were incubated on ice for 10 min and then centrifuged
to pellet debris. Supernatants were reserved as nuclear lysates.

Immunoblotting and immunofluorescence. At 72 h posttransfection, cells were
harvested and lysed in RIPA buffer containing a phosphatase inhibitor cocktail
and protease inhibitors. For K1 expression, cells were freeze-thawed three times.
Protein concentrations were determined by use of the Bradford assay. Eighty
micrograms of protein was loaded per lane, resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to nitrocellu-
lose. Each blot was stained with Ponceau S to ensure that equivalent amounts of
protein samples were loaded. Primary antibodies were used at 1:1,000 and sec-
ondary antibodies were used at 1:2,000. K1 expression was verified by using
horseradish peroxidase (HRP)-conjugated anti-Flag M2 (Sigma). Anti-Akt, anti-
phospho-Akt (T308), anti-phospho-Akt (S473), anti-PTEN, anti-phospho-
PTEN, anti-FKHR, anti-phospho-FKHR (S256), anti-phospho-PDK1, anti-
phospho-GSK3, anti-phospho-Bad, and HRP-conjugated anti-mouse and anti-
rabbit antibodies were all purchased from Cell Signaling Technologies. The
anti-PI3K (p85) antibody and the anti-phosphotyrosine HRP-conjugated anti-
body (4G10) were obtained from Upstate Biotechnology. Anti-caspase-9 anti-
body was a gift from M. Deshmukh. Immunoblotting detection was performed by
using the ECL Plus kit (Amersham).

For immunofluorescence assays, 293 cells were transfected as described above,
rinsed with Tris-buffered saline (TBS), fixed at room temperature in methanol-
acetone (1:1), rinsed with TBS, and incubated for 1 h with anti-Flag M2-Cy3
(Sigma) antibody at room temperature. Cells were rinsed with TBS and viewed
under a fluorescence Leica Axiovert microscope.

Apoptosis assay. For FKHR-mediated apoptosis, 293 cells were transfected
with the indicated amounts of EF-K1 or EF vector, 3 pg of P>CDNA3-FKHR, and
1 g of B-galactosidase (B-Gal) expression vector by using Superfect (Qiagen).
Cells were harvested and analyzed at 72 h posttransfection. For Fas-mediated
apoptosis, 293, BJAB, and BCBL-1 cells were transfected with the indicated
amounts of EF-K1 and EF vector. Superfect (Qiagen) was used for transfection
of 293 cells, electroporation was used for transfection of BJAB cells, and Gene-
Porter 2 reagent was used for transfection of BCBL-1 cells. At 48 h posttrans-
fection, 1.0 mg of anti-Fas antibody (Upstate Biotechnology)/ml was added in
1% fetal bovine serum, and cells were harvested 24 h later. Apoptosis was
analyzed by using an ApoAlert caspase-3 colorimetric assay kit from Clontech.
The transfection efficiency was normalized to B-Gal expression (Galacto-Star;
Tropix).

TUNEL assay and flow cytometry. BIAB cells were electroporated with 20 pg
of EF or EF-K1 expression plasmid. At 48 h postelectroporation, anti-Fas anti-
body was added at 1 pg/ml in RPMI with 1% fetal bovine serum and was
incubated for 24 h. Cells were then stained for terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) by using an in situ cell
death detection kit (Roche) as directed by the manufacturer. Briefly, cells were
fixed in 2% paraformaldehyde, permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate, and incubated with the TUNEL reaction mixture for 1 h. Cells
were rinsed and analyzed by use of a FACScan instrument (Becton-Dickinson),
and data were acquired by use of Cytomation, Inc.

RESULTS

K1 activates the Akt signaling pathway. The KSHV Kl
protein has previously been shown to induce phosphorylation
of the p85 subunit of PI3K (34). BJAB cells were transfected
with EF or EF-K1 expression plasmids. Cells were harvested
and cell lysates were subjected to immunoprecipitation, with
an anti-p85 antibody used to pull down PI3K. Immunoprecipi-
tates were subjected to SDS-PAGE, and Western blotting was
performed with an anti-pTyr—-HRP antibody. As shown in Fig.
1A, we observed an increase in the phosphorylation of the p85
subunit of PI3K in K1-expressing cells, as previously described
(34).

To understand the functional consequence of this induction,
we analyzed the effects of K1 expression on downstream effec-
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FIG. 1. K1 activates the Akt pathway in B cells. (A) BJAB cells
were transfected with the EF or EF-K1 expression plasmid as indi-
cated. Cells were harvested, lysed, and subjected to immunoprecipita-
tion with an anti-p85 antibody to pull down PI3K. A Western blot
analysis was performed on the immunoprecipitate reactions, using an
anti-phospho-Tyr—-HRP antibody to detect the phosphorylated p85
subunit of PI3K. (B) BJAB cells were transfected with empty vector
(EF) or a K1 expression vector (EF-K1). Equal amounts of proteins
were separated by SDS-PAGE, transferred to nitrocellulose, and
probed with the indicated antibodies. Ponceau S staining was used to
evaluate equivalent loading of the samples. K1 expression was deter-
mined by probing with an anti-Flag antibody.

tors in the PI3K pathway. We transfected BJAB cells with
either an EF-K1 expression plasmid or empty EF vector. Equal
amounts of total protein per sample were subjected to SDS-
PAGE, and Western blot analyses were performed. Each blot
was also stained with Ponceau S to ensure that equivalent
amounts of protein samples were loaded and transferred. As
shown in Fig. 1B, EF- and EF-Kl-transfected cells had equal
amounts of the p85 subunit of PI3K and total amounts of
PTEN. However, only the K1-expressing cells showed a signif-
icant increase in the amount of phospho-PTEN on serine 380,
as measured by a phospho-specific anti-PTEN antibody. Phos-
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phorylation of PTEN at serine 380 is known to inhibit it from
actively dephosphorylating PIP3. It has been shown that this
inhibition allows for an increase in PIP3, which recruits Akt to
the membrane, where it can be activated by the phosphoinosit-
ide-dependent kinase 1 (PDK1) (2, 22). Interestingly, although
we observed no increase in the phosphorylation of PDK1 itself,
we did see an increase in the phosphorylation of Akt at resi-
dues serine 473 (S473) and threonine 308 (T208) in K1-ex-
pressing cells (Fig. 1B). It has been widely reported that phos-
phorylation of Akt correlates with its activation (22, 27).
Hence, the expression of K1 in B cells resulted in the activation
of Akt, while the total levels of this kinase remained un-
changed (Fig. 1B). Upon dual phosphorylation, Akt has been
previously demonstrated to become fully activated, detach
from the plasma membrane, and phosphorylate target sub-
strates, such as Bad, FKHRs, GSK-383, and caspase-9 (8, 10, 15,
17, 19, 28, 39).

Expression of K1 results in phosphorylation of the FKHR
transcription factor family. Since K1 activated Akt kinase in B
cells, we investigated the effects on the downstream targets of
Akt. Of the four Akt targets we analyzed, only the phosphor-
ylation of FKHR was increased in K1-expressing cells (Fig. 2).
There was a very marginal increase in phosphorylation of the
proapoptotic protein Bad (Fig. 2).

To determine if the changes in protein phosphorylation state
in K1-expressing B cells are directly attributable to the activa-
tion of Akt by PI3K, we inhibited PI3K activation by using the
specific chemical inhibitor LY294002. BJAB cells were trans-
fected as described above, and LY294002 was added to the
culture for a period of 12 h as previously reported (41). Upon
exposure to LY294002, phosphorylation of Akt at serine 473
was completely eliminated, while phosphorylation of Akt at
Thr 308 was inhibited slightly. It has been shown that the
phosphorylation of Akt at S473 is much more sensitive to PI3K
inhibition by LY294002 than that at the T308 residue (36),
which may account for the different phosphorylation states of
the two residues in this experiment. Phosphorylation of Akt
reappeared after an additional 12 h (Fig. 2), which was most
likely due to the drug losing its effect. There was no inhibition
of PTEN phosphorylation. We also saw a slight inhibition of
FKHR phosphorylation after 12 h of exposure to LY294002 in
K1-expressing cells, and similar to the case with Akt, this was
reversed at 24 h. The total levels of FKHR remained unaf-
fected by the presence of LY294002. Curiously, L'Y294002 did
not affect the phosphorylation of Bad. However, it has been
shown that there are other kinases in addition to Akt that are
capable of phosphorylating Bad (62).

Activation of the PI3K/Akt pathway and phosphorylation of
FKHR by a panel of K1 mutants. Much importance has been
attributed to the presence of the ITAM in the cytoplasmic tail
of K1. Despite significant variations in K1 sequences from
different KSHYV isolates from around the world, more than 60
K1 isolates sequenced to date show that the ITAM in the K1
cytoplasmic domain is always conserved (65). It has been dem-
onstrated that the K1 ITAM is capable of activating signaling
pathways (31, 34) similar to those activated by the BCR com-
plex in B lymphocytes. In order to investigate whether the K1
ITAM was responsible for activating the Akt signaling cascade
described above, we analyzed three mutants of K1 in which the
tyrosine residues in the ITAM were individually or dually mu-
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FIG. 2. Activation of Akt by K1 is inhibited by LY294002. EF- or
EF-Kl1-transfected BJAB cells were incubated for 12, 24, or 48 h in the
presence of 10 uM LY294002. Lysates were subjected to Western blot
analysis and probed with the indicated antibodies.

tated to phenylalanine. These mutants were cloned into the
same EF vector as wild-type K1 and were named EF-K1,g,p,
EF-K1y v pp and EF-K1;p4n -, respectively. We next deter-
mined whether these tyrosine-altering mutations in the Kl
cytoplasmic tail were capable of activating the Akt pathway in
BJAB cells. Cells were electroporated with the aforemen-
tioned expression plasmids, and Western blot analysis was per-
formed to analyze the phosphorylation status of PTEN, Akt,
and FKHR. As shown in Fig. 3, all three K1 mutants, K155,
Klyvy/rr and K1y, Were unable to phosphorylate PTEN
and thus unable to inactivate PTEN compared to wild-type K1.
In addition, an analysis of the phosphorylation and activation
state of Akt suggested that wild-type K1, and to some extent,
the Kly+,pr mutant could still activate Akt, as measured by
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FIG. 3. Activation of the PI3K/Akt pathway by K1 mutants. BJAB
cells were electroporated with the indicated expression plasmids. Cells
were harvested as previously described. Equal amounts of proteins
were separated by SDS-PAGE, transferred to nitrocellulose, and
probed with the indicated antibodies. The individual panels, from top
to bottom, represent Western blots probed with an anti-pPTEN, anti-
pAKT (T308), and anti-pFKHR antibody, respectively. Ponceau S
staining was used to evaluate equivalent loading of the samples. K1
expression was determined by probing with an anti-Flag antibody.

phosphorylation of T308, but that the Kly,g,r and Kljpan -
mutants could not activate this kinase. Lee et al. previously
showed that the K1y, mutant can weakly induce cellular
tyrosine phosphorylation, although at a much reduced level
compared to that of wild-type K1 (34). The same pattern was
seen when we looked at the FKHR transcription factor (Fig.
3). Wild-type K1, and to some degree, the Kl g mutant
could still induce inactivation of FKHR, as measured by phos-
phorylation of FKHR, but the Kly,¢,; and K114 mutants
could not inactivate FKHR (Fig. 3).

Expression of K1 results in the cytoplasmic sequestration of
FKHR. Direct phosphorylation of FKHR by Akt has been
previously shown to result in cytoplasmic retention and inac-
tivation of FKHR family members (6, 39, 55). We attempted to
determine the cytoplasmic versus nuclear localization of
FKHR in response to K1 expression. As we were limited by the
rounded morphology of B cells, we analyzed the localization of
FKHR in Kl-expressing 293 cells, which have a flatter mor-
phology and a more demarcated nuclear and cytoplasmic com-
partment than B cells. 293 cells were cotransfected with either
empty vector EF or an EF-K1 plasmid, as well as with an
FKHR-green fluorescent protein (GFP) fusion expression
plasmid (39, 55). In Fig. 4, panels a and b depict the localiza-
tion of FKHR-GFP in the presence of empty EF vector. The
FKHR-GFP protein resides in both the cytoplasm and the
nucleus, with the majority of the protein being in the nucleus.
This correlates with what has been previously shown for this
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protein (39). Since FKHR in the nucleus activates the tran-
scription of proapoptotic genes, these cells also appear to be
undergoing apoptosis, as is evident from their morphology.
However, in cells in which FKHR-GFP was coexpressed with
K1 (Fig. 4c to f), the FKHR-GFP protein was predominantly
excluded from the nucleus (see arrows in Fig. 4d to f). This was
true for the majority of cells expressing both FKHR-GFP and
the K1 protein. This conclusion was strengthened by the ob-
servation that the adjacent cell, which did not express K1, had
FKHR-GFP localized to both the nucleus and the cytoplasm
and appeared to be undergoing apoptosis. To determine if the
localization of FKHR is dependent on the phosphorylation of
FKHR by Akt, we cotransfected a mutant FKHR (FKHR 4 4 4)
lacking the three Akt phospho-acceptor sites, threonine 24A,
serine 256A, and serine 319A (39, 55), along with the EF-K1
expression vector (Fig. 4g to j). The FKHR s o-GFP protein
was predominantly localized in the nucleus, regardless of
whether or not the cell also expressed K1 (Fig. 4g to j), cor-
roborating our observation that K1’s effects on FKHR are
dependent on Akt phosphorylation of the three aforemen-
tioned phospho-acceptor sites. Finally, we also analyzed the
ability of the K1;1,,,— mutant and found that it was unable to
sequester the FKHR-GFP fusion protein in the cytoplasm of
the cell (Fig. 4k to n). Thus, we suggest that FKHR phosphor-
ylation and localization in K1-expressing cells are dependent
on the ITAM.

To confirm the localization of endogenous FKHR in B cells
in response to K1 expression, we transfected BJAB cells with
either the EF vector or an EF-K1 expression plasmid. At 72 h
posttransfection, cells were harvested and lysed. Cell lysates
were subjected to a nuclear and cytoplasmic fractionation
scheme, as described in Materials and Methods, and Western

FIG. 4. K1 promotes cytoplasmic localization of FKHR. (a) 293
cells were transfected with empty vector (EF) and FKHR-GFP. Trans-
fected cells were fixed and examined by bright-field microscopy. (b)
The same cells as in panel a examined for expression and distribution
of FKHR-GFP (green) by immunofluorescence microscopy. Cells ex-
pressing FKHR-GFP appear to be undergoing apoptosis based on
their rounded morphology. (c) Cells were transfected with EF-K1 and
FKHR-GFP expression plasmids. (d) The same cells as in panel ¢ fixed
and examined for expression and distribution of FKHR-GFP (green).
(e) The same cells as depicted in panels ¢ and d stained for expression
of K1 (red) and examined by immunofluorescence microscopy. (f)
Merged image of the same cells shown in panels ¢, d, and e. Yellow
represents the colocalization of K1 (red) and FKHR-GFP (green). The
white arrow indicates a cell that is coexpressing K1 and FKHR-GFP.
The adjacent cell to its left expresses FKHR-GFP, but not K1, and
appears to be undergoing apoptosis. (g) Cells were transfected with
EF-K1 and the mutant FKHR 5 o-GFP expression plasmid. (h) The
same cells shown in panel g analyzed for expression and distribution of
FKHR s o-GFP (green). Based on their morphology, these cells ap-
pear to be undergoing apoptosis. (i) Cells were examined for expres-
sion of K1 (red) by immunofluorescence microscopy. (j) Merged image
of the same cells shown in panels g, h, and i. Yellow represents the
colocalization of FKHR 4, o-GFP (green) and K1 (red). (k) Cells were
transfected with FKHR-GFP and the EF-K1;r.\_ expression plas-
mid. Transfected cells were fixed and examined by bright-field micros-
copy. (1) The same cells shown in panel k analyzed for expression and
distribution of FKHR-GFP (green). (m) Cells were examined for ex-
pression of the K1y mutant (red). (n) Merged image of the same
cells shown in panels k, 1, and m. Yellow represents the colocalization
of FKHR-GFP (green) and the K1, mutant (red).
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FIG. 5. Phospho-FKHR is retained in the cytoplasm of K1-express-
ing B cells. BJAB cells were transfected with EF or EF-K1, and the
whole-cell extract (W.C.E.) was fractionated into a nuclear and a
cytoplasmic fraction. Equal amounts of cytoplasmic and nuclear frac-
tions from each sample were subjected to Western blot analysis with
the indicated antibodies. Left panels, nuclear fraction; middle panels,
cytoplasmic fraction; right panels, whole-cell extract. GRP78, a cyto-
plasmic protein, was used as a marker to assess the purity of the
nuclear and cytoplasmic fractions. The arrows point to the FKHR-
specific band.

blot analyses were performed (Fig. 5). The fractions were an-
alyzed for both total FKHR and phosphorylated FKHR. The
amount of phospho-FKHR present in the nucleus of Kl-ex-
pressing cells was less than that in the empty vector transfected
cells (Fig. 5, left panels). This is further supported by the
observation that K1 expression results in an increase in phos-
pho-FKHR protein in the corresponding cytoplasmic fraction
of K1-expressing cells compared to empty vector controls (Fig.
5, middle panels). Taken together, our data suggest that the
majority of FKHR in K1-expressing cells is phosphorylated on
residue S256, resulting in the cytoplasmic retention of FKHR
and thereby causing inhibition of its transcriptional activity (8§,
25, 28). GRP78, a cytoplasmic protein, was used as a marker to
assess the purity of the nuclear and cytoplasmic fractions.

K1 represses FKHR-responsive promoters and can inhibit
both FKHR- and Fas-mediated apoptosis. The localization
and phosphorylation of FKHR suggest that the transcriptional
function of FKHR may be inhibited in K1-expressing cells. The
observation that FKHR is retained in the cytoplasm by the
expression of K1 in B lymphocytes prompted us to investigate
whether K1 could prevent the activation of FKHR-responsive
promoters. FKHR has been shown to activate transcription
from a minimal promoter element contained within insulin-
like growth factor binding protein 1 known as the insulin re-
sponse sequence (IRS) and from a forkhead-responsive ele-
ment (FHRE) within the FasL promoter (8, 25, 55). Cells were
cotransfected with various amounts of an EF-K1 plasmid or EF
empty vector and a luciferase reporter plasmid, pFHRE-Luc,
which contains three FHRESs upstream of luciferase. A 3-Gal
expression vector was used to control for transfection effi-
ciency. K1 repressed the FHRE-Iuciferase promoter threefold
(Fig. 6a). The three FHREs are naturally present in the FasL
promoter itself (8, 39) and are activated upon Fas receptor
ligation. We next performed the identical experiment again,
but stimulated the transfected cells with an anti-Fas receptor
antibody to simulate the Fas receptor-dependent death path-
way (Fig. 6b). K1 inhibited the FHRE-luciferase promoter
fourfold in the presence of Fas-receptor engagement (Fig. 6b).
Cells were also cotransfected with various amounts of EF-K1
plasmid or EF empty vector and a different FHRE reporter
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plasmid, 3XIRS-luciferase, which is comprised of three insulin-
response elements upstream of the luciferase reporter gene (8,
25, 28). Again, K1 repressed the 3XIRS-luciferase promoter
threefold (Fig. 6¢).

The forkhead family of transcription factors has been impli-
cated in cell survival through the regulation of several pro-
apoptotic genes, e.g., FasL and Bim. Our observation that the
expression of K1 modulated FKHR expression and localiza-
tion as well as its transcriptional activity on the FHRE-lucif-
erase promoter led us to investigate whether K1 could increase
cell survival under conditions of apoptotic stimuli, such as
overexpression of FKHR or engagement of the Fas receptor by
FasL or anti-Fas receptor antibody.

Caspase-3 is a downstream effector of both receptor-depen-
dent and receptor-independent apoptotic stimuli, and its acti-
vation has served as a marker for cells undergoing apoptosis, as
has been widely reported in the literature (42). We analyzed
caspase-3 activity in EF- versus EF-K1-expressing cells that
were cotransfected with a pCDNA3-FKHR expression plasmid
to induce FKHR-mediated apoptosis. We observed that ex-
pression of K1 in these cells resulted in an ~30% decrease in
caspase-3 activity (Fig. 6d), indicating that K1 is able to thwart
FKHR-mediated apoptosis. To determine whether K1 could
inhibit Fas-mediated apoptosis, we transfected cells with EF or
EF-K1 vector and pcDNA3 or pcDNA3-Bcl-2 vector, and at
48 h posttransfection, we stimulated the cells with anti-Fas
receptor antibody. We observed that K1 expression resulted in
a 50% decrease in caspase-3 activity induced by engagement of
the Fas receptor compared to cells transfected with EF vector
alone (Fig. 7a). BJAB cells transfected with Bcl-2 showed an
~60% decrease in caspase-3 activity, which corresponds well
with published literature that demonstrated that Bcl-2 antag-
onizes Fas receptor-induced apoptosis in B lymphocytes (1).
Finally, in order to determine whether K1 could protect
KSHV-positive B cells from Fas-mediated apoptosis, we re-
peated the experiment in BCBL-1 cells. We observed that
expression of K1 in BCBL-1 cells resulted in an ~40% de-
crease in caspase-3 activity induced by engagement of the Fas
receptor, while Bcl-2 resulted in an ~60% decrease in
caspase-3 activity (Fig. 7b), again suggesting that K1 is able to
inhibit Fas death receptor-dependent apoptosis. The K11 .n—
mutant was also tested in the caspase-3 cell death assays and
only showed a 10% decrease in protection against Fas-medi-
ated apoptosis (data not shown). We also performed a TUNEL
assay with BJAB cells transfected with either EF vector or
EF-K1 expression plasmid (Fig. 7c). Cells were incubated with
anti-Fas antibody for 24 h to induce Fas receptor-dependent
apoptosis, and a TUNEL assay was used to measure DNA
fragmentation. BJAB cells were transfected with the EF or
EF-K1 expression plasmid. The results showed that 14.86% of
cells transfected with EF vector alone were fluorescein isothio-
cyanate (FITC) or TUNEL positive, while only 7.5% of cells
transfected with the EF-K1 plasmid were FITC or TUNEL
positive by flow cytometry, confirming our findings that K1 is
able to protect against Fas-mediated apoptosis.

In order to confirm our findings, we also performed an in
situ TUNEL assay to measure DNA fragmentation. We found
that 15% of cells expressing wild-type K1 stained positive for
DNA fragmentation, while 39% of cells expressing the
K1;1an_ mutant protein stained positive for TUNEL. Thus,



1924 TOMLINSON AND DAMANIA

s
3

=
>

(%)
a

Relative Luciferase Activity
(=] é

0 2 3
K1 Expression Plasmid (micrograms)

g

=
S

[
b

0 2 3
K1 Expression Plasmid (micrograms)

=]

Relative Luciferase Activity
8

J. VIROL.

75
50
‘'l =
0
0 2 3

K1 Expression Plasmid (micrograms)

d 100
B 75
) l l
0
0 1 2 3

K1 Expression Plasmid (micrograms)

_
o
o

Relative Luciferase Activity

% Caspase-3 Activity
wn
(=]

FIG. 6. K1 represses forkhead-regulated promoters and protects cells from FKHR-mediated apoptosis. (a) 293 cells were transfected with 0,
2, or 3 pg of EF-K1 or EF empty vector and 3 pg of a 3XFHRE-Iuciferase plasmid. A B-Gal construct was also cotransfected to normalize for
transfection efficiency. At 48 h posttransfection, cells were lysed and assayed for luciferase expression. Luciferase activity in the absence of K1 was
set to 100%, and relative luciferase activities in the presence of different amounts of the K1 expression plasmid were calculated as percentages of
this luciferase activity. Error bars represent variations from the means. (b) Cells were transfected similar to the case for panel a, except that anti-Fas
antibody was used to stimulate apoptosis with the FHRE-luciferase promoter. Luciferase activity in the absence of K1 and the presence of anti-Fas
antibody was set to 100%, and relative luciferase activities in the presence of different amounts of the K1 expression plasmid were calculated as
percentages of this luciferase activity. Error bars represent variations from the means. (c) 293 cells were transfected with 0, 2, or 3 ng of EF-K1
or EF empty vector and 3 pg of a 3XIRS-luciferase plasmid. Luciferase activity in the absence of K1 was set to 100%, and relative luciferase
activities in the presence of different amounts of the K1 expression plasmid were calculated as percentages of this luciferase activity. Error bars
represent variations from the means. (d) Cells were transfected with 0, 1, 2, or 3 pg of EF-K1 or EF empty vector and pCDNA3-FKHR. At 48 h
posttransfection, cells were lysed and assayed for caspase-3 activity. Caspase-3 activity in the absence of K1 was set to 100% activity, and relative
caspase-3 activities in the presence of different amounts of the K1 expression plasmid were calculated as percentages of this caspase-3 activity.

Error bars represent variations from the means.

we conclude that wild-type K1 is able to protect cells from
Fas-mediated apoptosis.

DISCUSSION

The KSHV K1 protein has been shown to have transforming
potential by a wide variety of different assays, including in vitro
focus formation assays, the induction of tumors in K1 trans-
genic animals and in nude mice injected with K1-expressing
cells, and studies of the ability of K1 to substitute for the STP
oncogene in HVS to immortalize T cells to interleukin-2-inde-
pendent growth and to induce lymphomas in common marmo-
sets (35, 43). Although K1 mRNA is induced upon lytic reac-
tivation, its expression in latent cells cannot be definitively
ruled out. KI mRNA has been shown to be transcribed in KS
lesions and in KSHV-infected B lymphoma cell lines, although
in the latter case this may be a result of lytic K1 expression in
the 3 to 5% of cells that undergo spontaneous reactivation (7,
46). Regardless of whether K1 is expressed during latency, the
expression of K1 during the KSHV lytic cycle may contribute
to the paracrine stimulation that is thought to sustain prolif-
eration in most KSHV-associated malignancies (13, 24, 46). It
is possible that K1, similar to the KSHV vGPCR protein (13),
activates expression of a number of cytokines and growth fac-

tors needed for expansion of KSHV-associated neoplasms.
Hence, an understanding of K1’s signaling properties is impor-
tant to the understanding of KSHV pathogenesis.

The KSHV K1 protein bears a marked structural resem-
blance to members of the immunoreceptor superfamily. Func-
tional analysis of the K1 protein in B cells has demonstrated
that K1 can elicit B-lymphocyte signaling events. For K1-me-
diated activation, there is a requirement for the major B-cell
kinase, Syk. In addition, K1 has been shown to induce the
phosphorylation of several signaling molecules, including the
p85 subunit of PI3K. Given the fact that the PI3K pathway is
linked not only to cell activation events but also to cell survival,
our analysis here indicates that K1 is able to modulate the
PI3K pathway by eliciting cell activation and survival re-
sponses.

In B lymphocytes, Akt kinase is a downstream target of
activated PI3K. The activation of Akt itself plays an important
role in B-cell survival, proliferation, and differentiation (41).
Here we demonstrate that K1 expression leads to the activa-
tion of Akt. When expressed in B lymphocytes, K1 activates
Akt by inducing phosphorylation at two separate residues,
Thr308 and Ser473. Interestingly, K1 simultaneously appears
to target the phosphatase PTEN, which is a negative regulator
of the Akt pathway. The expression of K1 results in increased
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electroporation. At 48 h posttransfection, cells were stimulated with 1
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amounts of the K1 expression plasmid were calculated as percentages
of this caspase-3 activity. Error bars represent variations from the
means. (b) KSHV-positive BCBL-1 cells were transfected with 0, 2, or
4 pg of EF-K1 or EF vector or pcDNA3 or pcDNA3-Bcl-2 expression
plasmid by using GenePorter 2 reagent. At 48 h posttransfection, cells
were stimulated with 1 pg of anti-Fas antibody/ml for 24 h. Cells were
lysed and assayed for caspase-3 activity. Caspase-3 activity in the ab-
sence of K1 was set to 100%, and relative caspase-3 activities in the
presence of different amounts of the K1 expression plasmid were
calculated as percentages of this caspase-3 activity. Error bars repre-
sent variations from the means. (c) BJAB cells were transfected with
the EF or EF-K1 expression plasmid. Cells were treated with anti-Fas
antibody to simulate Fas receptor-dependent apoptosis. Twenty-four
hours later, a TUNEL assay was performed. Cells were stained for
fragmented DNA by enzymatically labeling the nicked ends with
FITC-conjugated dUTP and were assayed by flow cytometry. A total of
14.86% of cells transfected with EF vector alone were FITC or
TUNEL positive, while only 7.5% of cells transfected with EF-K1
plasmid were FITC or TUNEL positive.

PTEN phosphorylation, which is indicative of its inactivation.
Thus, K1 appears to activate Akt by a two-pronged approach
that involves phosphorylation of the kinase itself as well as
phosphorylation of its regulatory phosphatase, PTEN. In ad-
dition, Akt activation by K1 is inhibited by the PI3K-specific
inhibitor, L'Y294002, confirming that K1 modulates Akt via the
PI3K pathway.
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As a key regulator of cell survival events, Akt targets a
number of different cytoplasmic proteins, including GSK3p,
caspase-9, Bad, and the FKHR family of transcription factors.
As is widely reported, phosphorylation of these proteins by Akt
generally results in their inactivation and inability to activate
proapoptotic pathways. While K1 expression in B lymphocytes
did not change the phosphorylation of GSK3p or caspase-9, it
resulted in the marked phosphorylation of FKHR transcription
factors and altered their cellular localization. Curiously, the
marginal inhibition of FKHR phosphorylation levels by
LY294002 suggests that although K1 targets Akt, its effect on
FKHR may be mediated by other kinases besides Akt. Indeed,
it is known that serum- and glucocorticoid-inducible kinase can
also phosphorylate FKHR family members (9). A panel of K1
mutants in which the tyrosine residues in the ITAM were
individually or dually mutated to phenylalanine (Kly,gop,
K1y er and K114\ ) Were unable or very much inhibited in
the ability to activate Akt or inactivate PTEN and FKHR,
suggesting that activation of this pathway is dependent to a
significant extent upon the ITAM present in the K1 cytoplas-
mic tail.

A wide variety of reports have shown that Akt kinase con-
trols the subcellular localization of the members of the FKHR
family via phosphorylation. Phosphorylation of FKHRs results
in the preferential sequestration of these proteins in the cyto-
plasm, thus preventing them from activating their target genes,
such as FasL and Bim. The exact mechanism by which this
occurs has yet to be investigated. Phosphorylation may cause
FKHR to interact with 14-3-3 proteins, resulting in nuclear
export and cytoplasmic sequestration. It has also been ob-
served that a decrease in DNA binding results when FKHR is
phosphorylated at Ser256, which is located in the FKHR DNA-
binding domain (63). Similar to the work of other laboratories,
we observed that upon transient transfection of an FKHR-
GFP expression plasmid into cells, FKHR was localized mainly
in the nucleus. However, upon K1 coexpression in these cells,
the FKHR protein was redirected to the cytoplasm. This lo-
calization was dependent on phosphorylation, since an
FKHR 5 o-GFP mutant in which all three Akt phospho-ac-
ceptor sites were mutated to alanine accumulated in the nu-
cleus regardless of K1 coexpression. This observation was fur-
ther supported by the fact that B lymphocytes expressing K1
showed a decrease in the levels of phospho-FKHR in the
nuclear fraction accompanied by a concomitant increase in
phospho-FKHR in the cytoplasmic fraction. Interestingly, al-
though we saw a specific effect of K1 expression on the FKHR
family, we did not see an effect on other downstream targets of
Akt, such as GSK-33 and caspase-9. This suggests that these
targets may be regulated by counteractive signals which pre-
vent their phosphorylation, and it is possible that they may be
targets of other KSHV viral proteins, such as the latency-
associated nuclear antigen (23).

The biological significance of FKHR retention in the cyto-
plasm of Kl1-expressing cells was established by analyzing the
functional targets of FKHR. One important target of the fork-
head family of transcription factors is the Fas ligand. Specifi-
cally, FKHRL1 mediates the transcription of FasL in response
to apoptotic stimuli. This activation is mediated through bind-
ing of FKHRLI1 to the three FHREs in the FasL promoter.
Secreted FasL binds to the Fas receptor on the surface of the
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cell and establishes a positive feedback loop, resulting in cell
death. We observed that K1 protects cells from both FKHR-
mediated apoptosis and Fas-mediated apoptosis, as analyzed
by several different apoptosis assays.

Signaling through the BCR can disrupt the Fas pathway and
inhibit apoptosis in both primary and established B-cell lines
(12, 45). Hinshaw et al. (26) have shown that this protection is
mediated upstream of caspase activation. Although Fas-medi-
ated apoptosis has been well studied, FKHR-induced apopto-
sis is not completely understood. While we did observe that K1
protected cells from FKHR-induced apoptosis, it was to a
lesser extent than that seen with Fas-mediated apoptosis.
FKHR can transactivate several proapoptotic genes but has
also been shown to repress gene transcription (44). In addition,
the FKHR family can regulate genes directly by binding to
their promoters or indirectly through interactions with other
cellular factors (49, 64). Importantly, an FKHR mutant that is
unable to bind DNA to induce cell death could still induce cell
cycle arrest. Hence, although K1 prevents FKHR from trans-
locating to the nucleus, it may not preclude FKHR’s ability to
interact with other cellular proteins, and although K1 may be
able to repress the FKHR-regulated arm of the Fas-FasL
apoptotic pathway, it may not be effective at preventing other
types of apoptosis that are regulated by various members of the
FKHR family. Conversely, although K1 can prevent FKHR
from activating FasL transcription, it is possible that it can also
inhibit other arms of the Fas-FasL pathway as well, which may
explain why K1 protects cells from Fas-mediated apoptosis
more effectively.

Our data indicate that the K1 protein can activate the Akt
pathway in B lymphocytes and that this activation event is
mediated by PI3K. This is consistent with recent reports indi-
cating that Akt is a target for other transforming viral gene
products, namely simian virus 40 large and small T antigens
and Epstein-Barr virus LMP1 and LMP2A proteins (18, 48, 54,
60, 61). Similar to K1, the KSHV vGPCR protein has also been
shown to transform cells and to target Akt kinase (4, 38, 40,
50). In addition, we have shown that K1 inhibits FKHR. Given
the role of the FKHR family in activating expression of the
proapoptotic FasL. and Bim-1 genes and repressing cyclin D1
expression, the FKHR family members seem likely candidates
for inactivation by viruses to prevent infected cells from un-
dergoing apoptosis.

In summary, we suggest that the role of the KSHV K1
protein in the viral life cycle is to protect KSHV-infected cells
from undergoing premature apoptosis by initiating cell survival
signals. Thus, K1’s ability to enhance B-cell survival may play
an important role in the KSHYV viral life cycle.
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