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The Kaposi’s sarcoma-associated herpesvirus (KSHV) (or human herpesvirus 8) open reading frame (ORF)
K15 encodes a putative integral transmembrane protein in the same genomic location as latent membrane
protein 2A of Epstein-Barr virus. Ectopic expression of K15 in cell lines revealed the presence of several
different forms ranging in size from full length, ~50 kDa, to 17 kDa. Of these different species the 35- and
23-kDa forms were predominant. Mutational analysis of the initiator AUG indicated that translation initiation
from this first AUG is required for K15 expression. Computational analysis indicates that the different forms
detected may arise due to proteolytic cleavage at internal signal peptide sites. We show that K15 is latently
expressed in KSHV-positive primary effusion lymphoma cell lines and in multicentric Castleman’s disease.
Using a yeast two-hybrid screen we identified HAX-1 (HS1 associated protein X-1) as a binding partner to the
C terminus of K15 and show that K15 interacts with cellular HAX-1 in vitro and in vivo. Furthermore, HAX-1
colocalizes with K15 in the endoplasmic reticulum and mitochondria. The function of HAX-1 is unknown,
although the similarity of its sequence to those of Nip3 and Bcl-2 infers a role in the regulation of apoptosis.
We show here that HAX-1 can form homodimers in vivo and is a potent inhibitor of apoptosis and therefore
represents a new apoptosis regulatory protein. The putative functions of K15 with respect to its interaction with

HAX-1 are discussed.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) is
the infectious cause of KS and is also linked to the pathogen-
esis of certain lymphoproliferations (4, 14). It is proposed that
KSHYV latent proteins are directly involved in modulating sig-
nal transduction pathways and cellular circuits leading to un-
controlled cell proliferation (2).

At the far right-hand end of the KSHV genome, open read-
ing frame (ORF) K15 encodes a putative transmembrane pro-
tein in the same genomic location as the Epstein-Barr virus
(EBV) latent membrane protein 2A (LMP2A) (5, 7, 12, 39).
K15 resembles LMP2A not only in genomic location but also in
its splicing pattern and predicted protein structure. Two highly
divergent forms of K15 have been identified: the predominant
(P) and minor (M) forms (5, 12, 39). These two alleles possess
only 33% amino acid identity yet retain 12 membrane-span-
ning domains and a putative cytoplasmic signal-transducing
carboxyl terminus (C terminus) (5). The C terminus of K15 has
potential signaling motifs, including Src homology 2 and 3
binding domains (SH2-B and SH3-B, respectively) (12). A
CD8-K15 C-terminal chimeric protein was shown to be con-
stitutively tyrosine phosphorylated within the SH2-B motif (5).
Like LMP2A, this CD8-K15 chimeric protein modulates B-cell
receptor (BCR) signal transduction. The mechanism(s) of sig-
nal transduction is unknown but appears to be distinct from
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that of LMP2A and does not involve intracellular free calcium
mobilization (5).

In addition, the C terminus of K15 has sequences similar to
those found in EBV LMP1, including a putative tumor necrosis
factor receptor-associated factor (TRAF) binding site. K15
therefore appears to be a hybrid of a distant evolutionary
relative of both EBV LMP1 and LMP2A (13). The putative C
terminus of K15 has been shown to interact with the TRAFs
(12), and we have also shown that K15 can indeed activate
NF-kB via this putative TRAF binding site (unpublished data).
By way of activating NF-«kB, LMP1 of EBV plays an essential
role in EBV-induced transformation of B lymphocytes (3, 16,
21). NF-kB activation also appears to be essential for the
proliferation potential of KSHV positive primary effusion lym-
phoma (PEL) cells (22), but whether all of this NF-«B activity
in PEL cells is due to K15 expression is not yet known.

Although K15 mRNA has been demonstrated in PEL cells
(5, 12, 39), it is not known whether the K15 protein is actually
expressed in latently infected tumor cells. The size of endog-
enous protein, its exact subcellular localization, and its cellular
binding partners have not previously been determined.

We generated a monoclonal antibody (MAD) against K15
and show here that when K15 cDNA is ectopically expressed
we detect the predicted 50-kDa form as well as a series of
smaller proteolytically cleaved forms, of which the 35- and
23-kDa species are predominant. Deletion of the initiator
AUG of the K15 ORF abolished protein expression, suggest-
ing that the 50-kDa form of K15 is a precursor which is sub-
sequently proteolytically processed into smaller species. We
demonstrate here that K15 is expressed in latently infected
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PEL cells and in the KSHV-infected plasmablasts in multicen-
tric Castleman’s disease (MCD) (8). We show that the pre-
dominant endogenous K15 protein species in PEL cells is 23
kDa and that K15 localizes to the endoplasmic reticulum (ER)
and mitochondria. As a first step to elucidate functions of K15,
we show that K15 interacts in a yeast two-hybrid system, in in
vitro glutathione-S-transferase (GST) pull down, and in in vivo
coimmunoprecipitation assays with the HS1 associated protein
X-1 (HAX-1). HAX-1 is implicated in modulating apoptosis
and in actin cytoskeletal binding and motility functions (11, 44,
49). Therefore, K15 may modulate any one of these cellular
processes via its interaction with HAX-1.

MATERIALS AND METHODS

Plasmids. KSHV K15 ¢cDNA was cloned by reverse transcriptase PCR fol-
lowed by nested PCR. Total RNA from the PEL cell line BC3 was extracted
using the total RNA isolation kit from Qiagen (Crawley, United Kingdom). Total
RNA (1 pg) was reverse transcribed using Superscript II RT (Gibco-BRL,
Paisley, United Kingdom) and the KSHV 3’ primer 5'-GAGATCACTCTCCA
A-3’ in a total reaction volume of 50 .l and incubated at 42°C for 20 min. A 5-p.l
aliquot of this cDNA was then used for nested PCR with K15 (P) 5'-specific
primer 5'-PO,-~-ATGAAGACACTCATATTCTTCTG-3’ (predicted start codon
underlined) and the 3'-specific primer 5'-GTGGTCGTGGAGGGCTAGTTCC
TGGG-3' (predicted stop codon in boldface type) with Expand high fidelity Tag
polymerase (Roche Diagnostics, Mannheim, Germany) in a total reaction vol-
ume of 50 pl. The resulting 1.4-kb DNA fragment product was agarose gel
purified and then cloned with a Unidirectional TA cloning kit (Invitrogen,
Groningen, The Netherlands) into the eukaryotic expression vector pCR3.1-Uni
(Invitrogen) to express the eight-exon P form of K15 (5, 12, 39).

pGEX6P-1-K15-CT was used to produce recombinant GST-K15-CT protein
(see below) and was constructed as follows. The region of cDNA encoding amino
acids (aa) 345 to 489 was PCR amplified from the full-length K15 wild type
previously cloned (see above) using the 5" primer 5'-CGCGGATCCTATTTAT
ATAAGGAAAAAAAAGTGGTGGCTG-3' to incorporate a BamHI site (un-
derlined) and the 3’ primer 5'-TAGAAGGCACAGTCGAG-3', specific for
pCR3.1, 3" downstream from where K15 was cloned into the vector. The PCR
product was purified and restriction enzyme digested with BamHI and X#hol and
ligated in frame into similarly cut pGEX6P-1 vector (Amersham Pharmacia
Biotech, Amersham, United Kingdom).

PpAS2.1-K15-CT was created by PCR amplification of the C-terminal 144-aa
cytoplasmic portion of K15 (K15-CT) from pCR3.1-K15 using the 5’ primer
5'-GCATGCCATGGCGTATTTATATAAGGAAAAAAAAGTGGTGGCT
G-3' and the pCR3.1 reverse primer (Stratagene, Amsterdam, The Netherlands).
This PCR product was then digested with Ncol and EcoRI, ligated into similarly
cut pAS2.1 vector to create a GAL4 DNA binding domain (GAL4BD)-K15-CT
fusion protein, and used for yeast two-hybrid screening.

The deletion and point mutations created in pAS2.1-K15-CT, pCR3.1-K15,
and pGEX6-1-K15-CT were created using the QuickChange mutagenesis kit
(Stratagene) as per the manufacturer’s instructions and with the following mu-
tation primer pairs (5’ and 3’ primers, respectively): for A387-390, CCACC
TTGGCAATAATGTAATTAGCCCTCCTTTTTTTAGACAGCCTGTTAGG
TTACC and GGTAACCTAACAGGCTGTCTAAAAAAAGGAGGGCTAAT
TACATTATTGCCAAGGTGG; for A431-435, GTGAATAGGGACCCACC
CAATGTATTCGGGGTGTCCGGTGCGGAAGAATCACGTGAACC and
GGTTCACGTGATTCTTCCGCACCGGACACCCCGAATACATTGGGTG
GGTCCCTATTCAG; for A451-455, CGGAAGAATCACGTGAACCATCAC
CACAGCCAGACATTTTAAGGGTTGATGGTGGGAGTGCCTTCCG and
CGGAAGGCACTCCCACCATCAACCCTTAAAATGTCTGGCTGTGGTG
ATGGTTCACGTGATTCTTCCG; for A475-478, GCCTTCCGTATAGAC
ACCGCCCAAGCCGCCACCGACCTGTATGAGGAGGTTTTATTTCCCA
GG and CCTGGGAAATAAAACCTCCTCATACAGGTCGGTGGCGG
CTTGGGCGGTGTCTATACGGAAGGC; for A481-485, CACCGCCCAAG
CCGCCACCCAACCGACAGACGACCTGTTTCCCAGGAACTAGAA
GCCGAATTCTGCAGATATCC and GGATATCTGCAGAATTCGGCTTC
TAGTTCCTGGGAAACAGGTCGTCTGTCGGTTGGGTGGCGGCTTGGG
CGGTG; for aa481Y—F, CCCAACCGACAGACGACCTGTTTGAGG
AGGTTTTATTTCCCAGG and CCTGGGAAATAAAACCTCCTCAAA
CAGGTCGTCTGTCGGTTGGG.
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The murine HAX-1-GST (GST-HAX-1) fusion protein expression plasmid
(pPEBG/HAX-11l) was kindly provided by Ralph Witzgall (Heidelberg, Germa-
ny).

Lentivirus expressing K15 construction, production, and infection. In order to
obtain pseudotyped lentivirus (recombinant human immunodeficiency virus type
1 with vesicular stomatitis virus G envelope protein) which expresses K15 we
employed the gene delivery and production system developed by Naldini et al.
(31). For K15 expression from the recombinant virus we first ligated the full-
length K15 ¢cDNA BamHI/Xhol fragment into similarly cut pHR-CMV vector
(empty) to create pHR-CMV-K15 (Lenti-K15). Deletion of the first AUG was
created by digestion of pHR-CMV-K15 with BamHI and Apal and then blunt-
end ligation to create pHR-CMV-K15AAUG (Lenti-K15AAUG).

For virus production, 293 T cells were seeded at 4 X 10° cells in a 75-cm? flask
or 8 X 10° cells in a 150-cm? flask the previous day. At 15 min prior to cell
transfection the media were changed (6 ml in a 75-cm? flask or 12 ml in a 150-cm?
flask). For transfections, plasmids were mixed as follows. For mix 1 (based on a
150-cm? flask) p8.9 (20 pg), pHR-K-15/empty (30 pg), and pVSV-G (10 pg)
were made up to 1,400 pl with 150 mM NaCl. Polyethyleneimine (10 mM; 200
wl) and 1,200 pl of 150 mM NaCl (mix 2) were combined to make 1,400 wl. Mix
1 and mix 2 were combined with gentle shaking and incubated at 22°C for 15 min.
The mixture was added into the 293T medium dropwise and incubated for 5 h at
37°C (5% CO,). The medium was changed (20 ml in a 150-cm? flask), and virus
was harvested 48 h later, followed by filtration through a 0.45-wm-pore-size filter.
Filtered virus was centrifuged at 25,000 rpm in a Beckman SW28 rotor for 2 h at
4°C, medium was discarded, and virus was allowed to resuspend in endothelial
growth medium (EGM-2)-10% fetal calf serum (FCS)-penicillin-streptomycin
for 30 min on ice. Viruses were then stored at —80°C for long-term storage or
4°C for short-term storage.

Cell culture, transfection, and reporter assays. Human embryonic kidney
(HEK) 293 and HelLa cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Gibco-BRL) supplemented with 10% FCS, 2 mM glutamine, 50 IU of
penicillin/ml, and 50 p.g of streptomycin/ml. BC3, JSC-1, DG75, Raji, and Ramos
cells were cultured in RPMI 1640 medium (Gibco-BRL) supplemented with 10%
FCS, 50 IU of penicillin/ml, and 50 pg of streptomycin/ml in the presence of 5%
CO,. The BCP-1 cell line was grown in the same manner but with 20% FCS. The
endothelial cell line IE7 and primary human primary microvascular endothelial
cells (HMVEC) were cultured in EGM-2 supplemented with 10% FCS, 50 IU of
penicillin/ml, and 50 pg of streptomycin/ml (Clontics). For transient transfec-
tions, 8 X 10° HEK 293 or HeLa cells were plated in a 25-cm? flask and the
following day were transfected by using a standard calcium phosphate technique.

Yeast two-hybrid screen. The C-terminal portion of K15 (P) was amplified by
PCR and cloned into the pAS2.1 bait vector as described above. The resulting
plasmid (pAS2.1-K15-CT) was pretransformed into the Saccharomyces cerevisiae
PJ69-4a (MATa trp1-90 leu2-3,112 ura3-52 his3-200 gal4A galSOA LYS2::GALI-
HIS3 GAL2-ADE2 met2::GAL7-lacZ) (17) reporter strain using a modified lith-
ium acetate protocol (see protocol 01525; Elsevier’s Trends Journals Technical
Tips Online, available at http://tto.trends.com). Subsequently, this strain was
cotransformed with the BC3 c¢cDNA library (produced using the Stratagene
HybriZAP cDNA library kit) in the GAL4 DNA activation domain (GAL4AD)
fusion “prey” vector. Selection for HIS3, and ADE2 reporter gene activation was
performed on agar plates without histidine, adenine, leucine, or tryptophan (SD
agar lacking Leu, Trp, His, and Ade) according to the Matchmaker protocol (BD
Clontech, Basingstoke, United Kingdom). Colonies growing after ~5 days at
30°C were screened for lacZ reporter gene activity by filter assays. Plasmids from
positive clones were purified and transferred to E. coli KC8 by electroporation,
and plated out onto M9 plates (without Leu, with 100 pg of ampicillin/ml) to
isolate cDNA prey clones only (Matchmaker protocol [Clontech]). For checking
specificity of interaction and submapping the interaction between K15-CT and
HAX-1, constructs encoding positive or negative controls or distinct deletion
mutants of K15-CT were cotransformed with GAL4AD-HAX-1 into PJ69-4a
yeast cells plated onto SD plates (lacking Leu and Trp) and then restreaked onto
SD plates (lacking Leu, Trp, His, and Ade) to select for interaction via HIS3 and
ADE2 reporter gene activation. Only those yeasts that contain two fusion pro-
teins that specifically interact were able to grow on selection medium lacking His
and Ade. The p53 and simian virus 40 large T-antigen (SV40 LT) GAL4 fusion
plasmids were included as positive controls.

B-Galactosidase assay. The liquid B-galactosidase assays were performed by
standard methods. Briefly, 5 ml of a mid-exponential-phase liquid culture of
yeast was centrifuged and resuspended in 500 pl of B-galactosidase buffer.
Chloroform (40 pl) was added, and the cells were vortexed for 1 min. Then, 250
wl of B-galactosidase assay buffer complemented with ortho-nitro-phenol-galac-
topyranoside (4 mg/ml) was added. The incubation took place at 37°C, and
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activity was measured by optical density at 420 nm divided by time of incubation
and number of cells.

Generation of recombinant GST-K15-CT fusion protein. aa 345 to 489 of K15,
which contain the amino acids encoding the predicted cytoplasmic carboxyl
terminus, were expressed as a recombinant GST fusion protein from the
pGEXG6P-1-K15-CT plasmid. Mid-log-phase Escherichia coli (BL21 DE3 pLysS)
cells (800 ml) expressing the recombinant GST-K15-CT were harvested, and cell
extracts were produced by resuspension of cells in 20 ml of phosphate-buffered
saline (PBS) containing protease inhibitors (leupeptin, 1 pM; pepstatin, 1 puM;
phenylmethylsulfonyl fluoride, 1 mM; aprotinin, 0.3 wM). The cell suspension
was freeze-thawed twice and incubated with lysozyme (200 pg/ml) at 4°C for 30
min with rotation. The extract was then sonicated twice for 2 min and made to
1% Nonidet P-40 (NP-40) and incubated at room temperature (22°C) for 30 min.
After centrifugation at 12,000 X g for 30 min, 600 pl of a 50% glutathione bead
slurry was added to the 20 ml of supernatant and incubated for 1 h at 4°C. The
beads were washed twice in PBS followed by washing once in PreScission Pro-
tease cleavage buffer (50 mM Tris-HCI, pH 7.0; 150 mM EDTA; 1 mM dithio-
threitol) and resuspended in 300 wl of cleavage buffer. PreScission Protease
(Amersham Pharmacia Biotech) was added to beads at a final concentration of
80 U/ml and incubated at 4°C for 4 h with rotation. This step cleaved the K15-CT
from the GST bound to beads and released the K15-CT into the supernatant.
This produced highly purified K15-CT protein in the supernatant, with which we
produced anti-K15 MAbs.

Anti-K15 MAb production and purification. BALB/c mice were immunized
with 25 pg of K15-CT in RAS adjuvant (Sigma) subcutaneously at two sites. One
month later they received boosters with 25 wg of K15-CT in RAS adjuvant
intraperitoneally. Ten days later test bleeds were taken and analyzed by enzyme-
linked immunosorbent assay (ELISA) and Western blotting with the recombi-
nant GST-K15 fusion protein. Four days prior to fusion the chosen mouse was
injected intravenously with 100 pg of K15-CT recombinant protein in saline.
Three days prior to fusion 50 pg of K15-CT in saline was injected intraperito-
neally. MAb-secreting hybridomas were produced by fusing mouse spleen cells
with the mouse myeloma cell line X63-Ag8.653. Hybridomas were initially iden-
tified by ELISA followed by Western blotting with recombinant K15-CT protein.
Cell lines of interest were cloned by limiting dilution, retested for a positive and
specific signal, and then scaled up for affinity purification. The anti-K15 MAbs
3B5/D7 and IF3/A10 were purified from culture medium supernatant (500 ml)
using the HiTrap Protein G HP (1-ml column; Amersham Pharmacia Biotech).
Briefly, once the supernatant had been applied to the column it was washed with
20 mM sodium phosphate binding buffer, pH 7.0, and then eluted with 0.1 M
glycine-HCI, pH 2.7. The flow rate was 1 ml per min. Peak fractions were pooled,
dialyzed, concentrated, and then made to 20% glycerol-0.02% sodium azide
ready for use.

Immunoblots. Unless otherwise stated, cells were harvested and lysed with
RIPA lysis buffer (150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate [SDS], 50 mM Tris [pH 8.0]) containing
protease inhibitors (leupeptin, aprotinin, phenylmethylsulfonyl fluoride, and
bestatin). Lysates were incubated on ice for 15 min and then centrifuged at
13,000 rpm and 4°C for 5 min to remove debris. Polypeptides corresponding to
10° cells were resolved by SDS-15% polyacrylamide gel electrophoresis (SDS—
15% PAGE) (unless otherwise stated) and transferred to Hybond-P membrane
(Amersham Pharmacia Biotech) by standard semidry electrotransfer methods.
The membrane was then blocked with blocking reagent (PBS, 0.1% Tween 20,
5% nonfat dry milk) for 30 min and then probed with the indicated primary
antibody (in blocking reagent) overnight at 4°C. Blots were washed three times
(20 min each) in 1X PBS with 0.1% Tween (PBS-T) and then incubated for 1 h
at 22°C with the indicated secondary horseradish peroxidase-conjugated anti-
body, followed by further washing and then enhanced chemiluminescence (ECL)
(Amersham Pharmacia Biotech).

Immunohistochemistry. PEL and control cells from Burkitt’s lymphoma cell
lines were fixed in 3% paraformaldehyde for 10 min and immersed in 0.2%
Triton X-100 for 5 min. Cells were separately stained for K15 with a mouse MAb
(clone TF3/A10; 1/50 dilution) and for HAX-1 (1/30 dilution) followed by bio-
tinylated rabbit anti-mouse antibody and peroxidase-conjugated avidin. The
staining was finally visualized with diaminobenzidine tetrahydrochloride and
briefly counterstained with hematoxylin. Consecutive frozen sections of a KSHV-
positive plasmablastic lymphoma, from a patient with MCD, were similarly
stained with the K15 antibody (1/30 dilution) and LNA-1 (LN53; 1/1500 dilu-
tion).

Coimmunoprecipitation. BC3 cell extracts (500 wl) prepared as described
above in RIPA lysis buffer were incubated with 5 pg of anti-K15 MAb (3B5/D7)
or the isotype control (immunoglobulin G1 [IgG1]) for 1 h at 4°C with rotation.
Protein G beads (50:50 slurry) were added and further incubated at 4°C with
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rotation for 3 h. Beads were washed extensively in RIPA buffer and protein
denatured by the addition of 25 pl of 2X SDS-PAGE sample buffer. Proteins
were separated by SDS-15% PAGE and Western blotted with the indicated
primary antibody.

GST pull down binding assays. E. coli cell extracts (100 wl) containing the
indicated GST fusion protein were incubated with 50 pl of glutathione beads
(50:50 slurry) plus 400 pl of RIPA cell lysis buffer and then incubated at 4°C for
1 h with rotation. Beads were then washed extensively in RIPA buffer. When
more than one protein was being assayed for binding (as in the case with the K15
mutants), 5 ul of each bead slurry was resuspended in 1X SDS-PAGE loading
buffer separated by SDS-PAGE and then stained with Coomassie blue to ensure
equal loading of each protein to beads. Beads with protein bound were incubated
with 100 to 200 wl of the indicated cell extract and made up to 500 wl with RIPA.
The binding reaction mixtures were incubated at 4°C for 2 h with rotation,
washed as before, resuspended in 25 ml of 2X SDS-sample buffer heated to 95°C
for 3 min, and separated by SDS-PAGE and Western blotted as indicated.

Immunofluorescence. HeLa cells were used for indirect immunofluorescence
assays. Briefly, HeLa cells transfected with the indicated expression plasmids
were washed three times with ice-cold PBS and fixed with —20°C cold methanol-
acetone (1:1) for 20 min. Cells were washed three times with ice-cold PBS and
incubated at 22°C with blocking buffer (PBS with 3% bovine serum albumin, 1
mM CaCl, and MgCl,). Cells were then washed with wash buffer (1:10 dilution
in 1X PBS with 1 mM CaCl, and MgCl,) and incubated with primary antibody
in wash buffer for 60 to 120 min at 22°C. Cells were washed again with wash
buffer and incubated with the indicated secondary antibody at 22°C, washed as
before, and then mounted on slides with 20 pl of glycerol. Images of localized or
colocalized proteins were obtained using confocal laser scanning microscopy. ER
staining for indirect immunofluorescence assays was performed by incubating
fixed cells with the ER-specific dye DiOCq (3) (Molecular Probes Europe, Lei-
den, The Netherlands) for 10 min at 22°C.

Subcellular fractionation. HeLa cells (107) were resuspended in 1 ml of RSB
buffer (10 mM Tris-HCI, pH 7.4; 100 mM NaCl; 2.5 mM MgCl,) supplemented
with digitonin (40 pg/ml) and incubated for 10 min at 4°C. Cells were then
disrupted by passing through a 25-gauge needle and centrifuged at 900 X g (3,000
rpm) for 10 min at 4°C. While the supernatant (S1) was kept on ice, the pellet
containing the nuclei was resuspended in RSB buffer, sonicated, layered onto
30% (wt/vol) sucrose, and centrifuged at 1,200 X g (13,000 rpm) for 15 min at
4°C. The resulting pellet contained insoluble chromatin, nucleoli, and other
insoluble material, whereas the material overlaying the sucrose cushion corre-
sponded to the nucleoplasmic fraction. To prepare other subcellular fractions,
the S1 fraction was centrifuged at 14,000 X g for 15 min at 4°C to give a pellet,
which contained mitochondria, peroxisomes, and lysosomes (M). The superna-
tant underwent further centrifugation at 100,000 X g for 60 min at 4°C to give the
ER-microsomal (pellet) (ER) and cytoplasmic (supernatant) (C) fractions. All
fractions were finally adjusted to the same volume with RSB 100 buffer, ali-
quoted, and stored at —80°C until further use.

Apoptosis assay. HeLa cells (4 X 10°) were transfected with the indicated
expression plasmids and incubated at 37°C for 48 h. To measure mitochondrial
transmembrane potential, HeLa cells were incubated with 500 uM CMXRo-
samine (CMXRos; Molecular Probes, Eugene, Oreg.) added to the culture
media at 37°C for 30 min and detached using trypsin. Treated cells were washed
once in PBS and then analyzed for fluorescence using FACScalibur flow cytom-
etry together with the CellQuest software (Becton Dickinson, Franklin Lakes,
N.J.). The numbers reported represent the average and standard deviation of at
least three independent experiments.

Prediction of signal peptide and signal peptide cleavage sites. In order to
identify potential signal sequence/peptide we used the iPSORT program (http://
psort.nibb.ac.jp/), which is a subcellular localization site predictor for N-terminal
sorting signals. Given a protein sequence, it predicts whether the sequence
contains a signal peptide (SP) or mitochondrial targeting peptide (mTP). For the
prediction of signal peptidase cleavage sites within K15 we employed the SignalP
V1.1 prediction program developed by Nielsen et al. (http://www.cbs.dtu.dk/
services/SignalP/) (32, 33). For each sequence, SignalP will report the maximal C,
S, and Y scores, and the mean S score between the N-terminal and the predicted
cleavage site. These values are used to distinguish between signal peptides and
nonsignal peptides. If the sequence is predicted to have a signal peptide, the
cleavage site is predicted to be immediately before the position with the maximal
Y score. The C score is the raw cleavage site score, the S score is the signal
peptide score, and the Y score is the combined cleavage site score. The predic-
tion of cleavage site location is optimized by observing where the C score is high
and the S score changes from a high to a low value. The Y score formalizes this
by combining the height of the C score with the slope of the S score. All three
scores are averages of five networks trained on different partitions of the data.
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RESULTS

Cloning and expression of K15 from the BC3 PEL cell line.
The cDNA encoding K15 was cloned from total RNA, isolated
from a Ficoll-treated unstimulated PEL cell line BC3 using two
gene-specific primers for the predominant (P) form of K15.
Sequence analysis of 45 independent cDNA clones confirmed
the isolation of full-length cDNA encoding the full eight-exon
OREF for the P form of K15. Since gene-specific 5 and 3’
primers were used for the initial reverse transcriptase PCR,
only full-length clones were obtained and no splice variants, as
previously reported, were isolated (5, 12).

In vitro transcription and translation (TNT) of the K15
cDNA was performed in the presence of [**S]methionine (Fig.
1B). The vector pCR3.1, in which K15 was cloned, contains a
T7 promoter for in vitro TNT in the Promega TNT Quick
system. Figure 1B shows TNT with pCR3.1 vector only and
pCR3.1K15 as indicated. Expression of the full-length (eight-
exon) form of K15 migrates to around 50 kDa, which is close
to its predicted size.

Full-length K15-encoded cDNA was then used to construct
a GST-K15 carboxy terminal (last 144 aa) vector (GST-K15-
CT), which was used to produce MADs as described in Mate-
rials and Methods.

Expression of K15 in vivo. The eukaryotic expression vector
pCR3.1 containing cDNA encoding the eight-exon P form of
K15 was used to transfect HeLa and IE7 cells (Fig. 1C). Trans-
fection of K15 cDNA into HeLa cells revealed the expression
of two specific species of K15, which migrated at 35 and 23 kDa
(Fig. 1C). The ratio of expression of these two species varied,
but in general the 23-kDa form was present in greater amounts
(Fig. 1C and D). Due to background cross-reactivity the pre-
dicted 50-kDa form of K15 could not be specifically detected in
HeLa cells (Fig. 1C). Transfection of the same cDNA into the
endothelial cell line IE7 again resulted in expression of the 35-
and 23-kDa forms but without the 50-kDa cross-reactivity (Fig.
1C). However, we were still unable to detect the full-length
K15. Because this endothelial cell line gave low background
cross-reactivity in anti-K15 blots, we used endothelial cells in
subsequent expression studies. To increase K15 expression and
thus detect low-level-expressed K15 (such as the full-length
version) we constructed a pseudotyped lentivirus which ex-
pressed K15 (see Materials and Methods) and which could be
used to obtain >95% infection and expression in primary en-
dothelial cells. HMVEC were chosen to be infected with this
virus due to the absence of nonspecific cross-reactivity. At 48 h
after infection cell extracts were produced and Western blot-
ting was performed (Fig. 1D). Exposure of the blot with ECL
to film for 1 min showed the expression of the characteristic 35-
and 23-kDa forms with no cellular background or cross-reac-
tivity (Fig. 1D). Development of the blot for 20 min revealed
the expression of other forms of K15, including the predicted
full-length size of 50 kDa (Fig. 1D). In order to show equal
loading of samples the blot was subsequently stained with
Coomassie blue (Fig. 1D).

We next examined the possible reasons for the expression of
these different forms of K15. Two possible explanations can
account for this. Firstly, the full-length 50-kDa form is made
and then specifically cleaved to produce the other forms. Sec-
ondly, it is possible that there is internal initiation at one or
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more of the nine in-frame AUGs in the mRNA, which pro-
duces proteins of the indicated sizes (Fig. 1D). To test which of
these models was correct we deleted the first 20 bp of the K15
cDNA, which encodes the initiating AUG but retains all other
in-frame AUGs. Figure 1E shows no K15 expression upon
deletion of the first AUG, indicating that the full-length 50-
kDa form is required to be synthesized in order to produce the
other species of K15 (Fig. 1E).

We next examined the amino acid sequence of K15 in order
to determine whether any specific proteolytic cleavage motifs
could be detected. Using the iPSORT program we identified a
signal sequence in the first 30 aa of K15 (data not shown). This
sequence may target K15 for specific cleavage in the ER. By
contrast LMP1 and LMP2A of EBV do not possess a signal
sequence under the same analysis (data not shown). Using the
online SignalP program we were able to detect a tandem array
of eight internally located signal sequences within the full-
length K15 protein (Fig. 1F). Furthermore, the predicted mo-
lecular masses of these cleaved forms match those detected by
Western blotting (compare molecular masses in Fig. 1D and
F). Of the eight predicted signal sequences, those present at aa
148 to 167 and aa 265 to 290 show the closest match to the
consensus signal sequence motif (data not shown) and would
be predicted to produce proteins of 35 and 23 kDa, respec-
tively (Fig. 1D and F). These data indicate that the full-length
50-kDa K15 is synthesized upon ectopic expression of full-
length cDNA and is then specifically processed into small
forms, of which the 35- and 23-kDa forms are predominant.

We next examined endogenous expression of K15 in KSHV
positive PEL cells (Fig. 1G). In the PEL cell line BC3 there
was a specific 23-kDa protein that was not present in the
KSHV-negative cell line Raji (Fig. 1G). This 23-kDa protein
was also observed in another PEL cell line, JSC-1, but not in
the Ramos (KSHV-negative) control (data not shown).

In order to determine if the expression of K15 was latent, we
treated the KSHV-positive PEL cell line BC3 and a KSHV-
negative cell line (DG75) with the lysis-inducing agent 12-O-
tetradecanoylphorbol-13-acetate (TPA) and harvested cells for
Western blot analysis of K15 at the indicated time intervals
(Fig. 1H). In the absence of TPA treatment, the 23-kDa spe-
cies was detected (Fig. 1H). Upon addition of TPA, no overall
change in the level of expression occurred over a period of 10 h
(Fig. 1H), but a decrease in expression occurred at 24 and 48 h.
The DG75 samples gave no positive signal with the anti-K15
MAD (Fig. 1H). Equal loading of BC3 protein for each sample
is shown (Fig. 1H).

K15 in situ staining in KSHV-positive tumors. The eukary-
otic expression vector pCR3.1 containing cDNA encoding the
eight-exon P form of K15 was used to transiently transfect
HEK 293 cells (Fig. 2A to C). Following transfection, expres-
sion of the wild-type K15 was examined via immunocytochem-
istry using the K15 specific MAb IF3/A10. Cells transfected
with vector only (as a negative control) gave only background
staining with this MAb (Fig. 2A). Cells transfected with K15
produced a strong staining pattern (Fig. 2B), which under
higher magnification indicated localization within the cyto-
plasm and around the nuclear membrane (Fig. 2C).

We next examined the in situ staining pattern of K15 in the
KSHV-positive PEL cell lines BC3 and JSC-1 (Fig. 2F and G,
respectively). The KSHV-negative cells (Raji) did not stain
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FIG. 1. K15 expression analysis. (A) Sequence comparison of K15
C-terminal domain for the P and M forms. The predicted C-terminal
cytoplasm domains of both the P and M forms of K15 are shown. Grey
shading indicates identical amino acids. Dashed lines indicate amino
acids deleted for mutational analysis (see below). Predicted SH2-B and
SH3-B domains are indicated. The boxed region indicates putative mito-
chondrial targeting sequence. (B) In vitro TNT in the presence of [*°S]
methionine and pCR3.1 (vector only) or pCR3.1K15 as indicated. The
full-length eight-exon form of K15 produces a protein of approximately 50
kDa. (C) HeLa and the endothelial cell line IE7 as indicated were tran-
siently transfected with either vector-only control (pCR3.1) or full-length
wild-type K15 (pCR3.1K15). The predominant protein sizes for K15 in all
three cell types were 23 and 35 kDa. (D) Primary HMVEC were infected
with lentivirus expressing K15 (Lenti-K15) and virus not expressing K15
(Lenti-empty [negative control]). Equal viral loads were determined by
p24 ELISA (data not shown). Cell extracts were made 48 h postinfec-
tion and Western blotted with anti-K15 MAb (3B5/D7), developed
using ECL, and exposed to autoradiographic film for the indicated
times. The blot was subsequently stained with Coomassie blue to
demonstrate equal protein input. (E) Infection of HMVEC with Lenti-
empty, Lenti-K15, and Lenti-K1SAAUG. At 48 h postinfection cell
extracts were Western blotted with anti-K15 MAb. (F) Internal signal
sequence cleavage site prediction for K15. For the prediction of cleav-
age sites within K15 we employed the SignalP V1.1 prediction program
(see Materials and Methods). The arrows indicate amino acid posi-
tions of predicted cleavage sites and the molecular mass of the cleaved
C-terminal protein product. Red arrows indicate those sites that most
closely match the cleavage consensus sequence. (G) Endogenous ex-
pression of K15. Raji and BC3 (PEL) cell extracts equivalent to 10°
cells were also subjected to SDS-15% PAGE and blotted for K15 with
the 3B5/D7 MADb as described above. Positions of molecular mass
markers are indicated at left. The predominant protein detected was
23 kDa. (H) K15 protein kinetics of expression following lytic cycle
induction. BC3 and DG75 cells (6.0 X 10°) were treated with TPA (20
ng/ml). At the time points indicated 10° cells were harvested and lysed
and subjected to SDS-PAGE and anti-K15 blotting as described above.
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(Fig. 2E). In both the BC3 and JSC-1 cells there was specific
staining for K15 in more than 95% of cells. The pattern of
staining was similar to that seen by ectopic expression in 293
cells (Fig. 2C). We next stained adjacent sections of a plasma-
blastic lymphoma (8) from a patient with KSHV-positive
MCD. All the plasmablasts were positive for LNA-1 (Fig. 2D
and insert show typical nuclear stippling), and these positive
cells were also positive for K15 in an adjacent section (Fig. 2H
and insert show cytoplasmic staining).

Subcellular localization of K15. Because the initial immu-
nocytochemical staining in 293 cells indicated possible ER
subcellular localization we used the specific ER stain 3,5-di-
hexyloxacarbocyanide iodide [DiOCq (3)] (3, 24, 42) in colo-
calization experiments (Fig. 3A). Figure 3B shows the same
markers on a cell that has just undergone mitosis. The staining
of the nucleus with propidium iodide was included as indicated
(Fig. 3B). The overlay of K15 and ER staining shows that K15
is specifically localized to this organelle.

K15 interacts with HAX-1 in a yeast two-hybrid system. To
identify possible K15 protein binding partners we used the
yeast two-hybrid protein interactive screening method (10).
Briefly, the yeast strain PJ69-4A was transformed with the
pAS2.1-K15-CT vector, selected for expression by growth on
medium without Trp, and Western blotted for expression of
the GAL4BD-K15-CT fusion protein (data not shown). This
strain was subsequently transformed with the BCP-1 or HeLa
cDNA library in the GAL4AD fusion prey vector. Selection for
HIS3 and ADE?2 reporter gene activation was performed on
agar plates without histidine, adenine, leucine, or tryptophan
according to the Matchmaker protocol (BD Clontech). Colo-
nies growing after ~5 days at 30°C were screened for lacZ
reporter gene activity by filter assays. Plasmids from positive
clones were isolated and sequenced. The BCP-1 library screen
(3.0 X 10° CFU screened) identified three HAX-1 cDNAs, and
the HeLa library screen (1.25 X 10° CFU screened) identified
one HAX-1 cDNA. All cDNAs were sequenced in both direc-
tions and completely matched the published sequence of hu-
man HAX-1 (44). Each of the HAX-1 cDNAs encodes a dif-
ferent N-terminal starting region with common overlapping
C-terminal amino acid sequences as indicated (Fig. 4A). The
diagrammatic alignment in Fig. 4A shows each of these four
c¢DNAs (shown translated into amino acid sequence) in rela-
tion to the wild-type HAX-1 protein sequence. These overlap-
ping proteins enabled us to determine that aa 1 to 109 are
dispensable for K15 interaction and that the K15 binding do-
main is located within the C-terminal 170 aa of HAX-1 (Fig.
4A).

To check the specificity of this interaction in the yeast two-
hybrid system, we transformed yeast with HAX-1 (cDNA C38)
(Fig. 4A) and positive and negative control plasmids and then
tested for growth on selective media (Fig. 4C). In this assay for
histidine and adenine prototrophy no growth was observed for
either K15-CT or HAX-1 when combined with vector-only
controls or unrelated proteins (SV40 LT or p53) (Fig. 4C).
Specific growth was seen only when HAX-1 and K15-CT were
combined. The positive control p53 and SV40 LT interaction
was also seen (Fig. 4C).

Further confirmation of the specificity of the HAX-1-
K15-CT interaction was shown by the ability to pull down
endogenous HAX-1 from BC3 cell extracts using the recom-
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FIG. 2. Immunohistochemical staining for K15. HEK 293 cells were transfected with either pCR3.1 vector-only control (A) or the full-length
eight-exon P form of K15 (B). (C) High-power (X100) magnification of panel B. Cells were then fixed and stained with the anti-K15 MAb 3B5/D7
(1:200). (E to G) K15 staining of KSHV-positive PEL cell lines BC3 (F) and JSC-1 (G) and negative control cell line Raji (E). (D) LNA-1 staining
of plasmablasts in KSHV-associated MCD with characteristic nuclear stippling. (H) K15 staining of an adjacent section shows that all the

plasmablasts also express K15 with characteristic cytoplasmic staining.

binant GST-K15-CT (Fig. 4D). HAX-1 was specifically pulled
down only in the presence of K15-CT and not by GST alone.
These data also show that BC3 cells express HAX-1 protein at
levels equivalent to that of the Jurkat cell extract positive
control (Fig. 4D).

The conserved YASIL motif within the C terminus of K15 is
required for HAX-1 interaction. In order to specify the region
within K15-CT required to interact with HAX-1 a series of

deletion mutants was constructed at sites of high conservation
between the P and M forms of K15 as indicated in Fig. 1 and
was analyzed in both the yeast K15-CT expression vector and
the GST-K15-CT vector (Fig. 4E and F). In the yeast two-
hybrid assay, deletion of the YASIL motif (K15-CTA431-435)
caused a loss of ability of yeast to grow in selective media
lacking histidine and adenine compared to K15 wild-type/
HAX-1 control (Fig. 4E). Furthermore, there was a 95% re-
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FIG. 3. Localization of K15 to the ER. (A) HeLa cells grown on coverslips were transfected with expression vectors for K15. Cells were stained
48 h posttransfection as described in Materials and Methods. K15 was detected with the anti-K15 MAb (3B5/D7) followed by a goat anti-mouse
IgG AMCA conjugate (DAKO). ER was detected with the specific dye DiOC¢(3). (B) Staining of K15 and ER in transfected HeLa cells (as above)
shows a cell that has undergone mitosis. This panel includes propidium iodide staining for the nucleus.

duction of relative B-galactosidase reporter with this K15 de-
letion mutant (Fig. 4E). Thus, the YASIL motif is critical for
the ability of K15 to interact with HAX-1. The deletion mutant
K15-CTA451-455 (amino acids QSGM) showed a reduction in
its ability to grow on selective media and had an approximately
80% reduction of relative B-galactosidase values (Fig. 4E). All
GAL4BD-K15 fusion proteins were expressed to equal levels
in yeast, as determined by Western blotting with an anti-
GAL4BD MAD (data not shown). As a negative control we
tested the GAL4BD LMP1 C-terminal fusion with HAX-1 and
could detect no interaction in the yeast two-hybrid system. To
confirm these findings, a GST pull down assay using each of the
indicated GST-K15-CT mutations was performed (Fig. 4F).
Endogenous HAX-1 from BC3 cell extracts was pulled down
with wild-type GST-K15-CT and all the indicated mutants
except A431-435 and the double deletion mutant A431/A451
(A431-435 and A451-455) (Fig. 4F). The A451-455 deletion
on its own was still able to bind HAX-1 and to a greater extent
than the wild-type K15. The reasons for this are unclear, but it
is possible that conformational differences between the GST—
K15-CT fusion in the in vitro assay and the GAL4BD-K15-CT

fusion in the in vivo assays may account for this. Furthermore,
it is possible that the yeast system is more sensitive to muta-
tional changes than the GST fusion pull down assay. Although
equal amounts of each GST-K15-CT mutant protein were
present, this assay was utilized to determine qualitative differ-
ences in binding, not quantitative difference as in the yeast
two-hybrid B-galactosidase data. Therefore, in this GST pull
down binding assay the YASIL motif is the only critical region
in the C terminus required for HAX-1 binding to K15 (Fig.
4F).

K15 colocalizes and associates with HAX-1 in vivo. K15 and
GST-HAX-1 were immunostained in cotransfected cells and
examined by confocal laser scanning microscopy. In Fig. 4G we
show that K15 and GST-HAX-1 colocalize. To confirm this
result, cell fractionation on similarly transfected HeLa cells
showed that K15 and HAX-1 are present in the ER fraction
(Fig. 4H). In addition, we also detected K15 and HAX-1 in the
mitochondrial fraction (Fig. 4H). Both the 35- and 23-kDa
forms of K15 were detected in the mitochondrial fraction, but
only the 35-kDa form was detectable in the ER fraction (Fig.
4H). Bax was used as a control for cross contamination during
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FIG. 4. HAX-1 and K15 interaction. (A) Diagrammatic summary of HAX-1 cDNA clones obtained from yeast two-hybrid screens. Wild-type
HAX-1 amino acid sequence and the regions of overlap with each of the HAX-1 clones (C2, 38, 57, and 83) obtained from the yeast two-hybrid
screen are shown. Bcl-2 homology domains 1 and 2 (BH1 and -2) are indicated. W.T., wild type; TMD, transmembrane domain. (B) Alignment
of the BH1 domain of Bcl-2 family members with human and murine HAX-1 (hHAX-1 and mHAX-1, respectively). Dark-grey-shaded areas
indicate amino acid identity in all entries. Light-grey-shaded areas indicate amino acid identity in seven or more entries. (C) The specificity of the
HAX-1-K15-CT interaction in the yeast two-hybrid assay was tested by combination of these two proteins with positive and negative controls and
then assayed by prototrophy for histidine (His) and adenine (Ade). The indicated GAL4BD fusion (BD), GAL4AD (AD), or vector-only (VO)
plasmids were cotransformed into yeast strain PJ69-4a. Growth on medium lacking His and Ade (—His/—Ade) is indicative of specific interactions.
P53 and SV40-LT were included as a positive control. (D) HAX-1 binds GST-K15-CT in vitro. BC3 cell extracts, which contain endogenous
HAX-1, were incubated with GST or GST-K15-CT attached to glutathione-Sepharose beads as described in Materials and Methods. Specifically
bound HAX-1 protein was eluted off beads with SDS-PAGE sample buffer and subjected to SDS-PAGE and then blotted with anti-HAX-1 MAb.
(E) The yeast two-hybrid system was used to determine the region in K15-CT necessary for the interaction with HAX-1. The interaction was
assayed for prototrophy for His and Ade and by a liquid B-galactosidase assay (3-galactosidase activity obtained with the wild-type GAL4-K15-CT
fusion protein was set at 100%). GAL4BD-HAX-1 (C38) was transformed with the indicated GAL4AD-K15-CT mutants and replica plated onto
selection media with His and Ade (+His/+Ade) or lacking His and Ade (—His/—Ade). As an extra control the C-terminal cytoplasmic domain
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of a related membrane protein (EBV LMP-1) was included. Growth on medium lacking His and Ade is indicative of specific interactions. (F) The
GST pull down assay was used to confirm the yeast two-hybrid data. BC3 cell extracts, which contain endogenous HAX-1, were incubated with
GST, GST-K15-CT, or the indicated GST-K15-CT mutants attached to glutathione-Sepharose beads as described in Materials and Methods.
Specifically bound HAX-1 protein was eluted off beads with SDS-PAGE sample buffer and subjected to SDS-PAGE and then blotted with anti-
HAX-1 MAb. (G) Colocalization of K15 and HAX-1. HeLa cells grown on coverslips were cotransfected with expression vectors for K15 and GST-
mHAX-1. Cells were stained 48 h posttransfection as described in Materials and Methods. K15 was detected with the anti-K15 MAb (3B5/D7)
followed by a goat anti-mouse IgG fluorescein isothiocyanate conjugate (DAKO). HAX-1 was detected with the rabbit anti-GST polyclonal
followed by a donkey anti-rabbit IgG R-phycoerythrin conjugate. The cell nucleus was stained with Hoechst dye. Colocalization of the two proteins
is seen upon overlay of the images. (H) Subcellular fractionation of HeLa cells transfected with K15 or expressing endogenous HAX-1 was
analyzed. Both K15 and HAX-1 are detected in the ER and mitochondrial fractions. Bax is a cytoplasmic positive control and an ER negative

control. Lane M, mitochondrial fraction; lane C, cytoplasmic fraction.
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FIG. 5. K15 and HAX-1 coprecipitate in vivo. HeLa cells were transiently transfected with the indicated combination of K15, GST-HAX-1, or
control expression vectors as indicated (A). Cell extracts were prepared as described in Materials and Methods, and then tested for expression of
HAX-1 (A) and K15 (B) by Western blotting. (C) The same extracts were incubated with glutathione-Sepharose beads as described in Materials
and Methods. Specifically bound GST-HAX-1 protein was eluted off beads with SDS-PAGE sample buffer and subjected to SDS-PAGE and then
blotted with anti-K15 MADb (3B5/D7). (D) Endogenous K15 and HAX-1 interact in vivo. Five micrograms of anti-K15 MADb and isotype control
were incubated with 500 pl of BC3 cell extracts (prepared as described in Materials and Methods) at 4°C for 1 h with rotation. Fifty microliters
of protein G (50:50 slurry) was then added and incubated for 2 h as before. Beads were washed extensively in RIPA buffer and then analyzed by
Western blotting with anti-HAX-1 MAD. Input controls for K15 and HAX-1 expression in BC3 extracts have been shown (Fig. 1G and 4D,
respectively). (E and F) HAX-1 forms homodimers in vivo. HeLa cells were transiently transfected with the indicated GST only or increasing
concentrations of GST-HAX-1 expression plasmid. Cell extracts were prepared as described in Materials and Methods and then checked for
expression with the anti-HAX-1 MAb (H65220; Transduction Labs, Lexington, Ky.), which recognizes both human and mouse HAX-1 (E).
Extracts were then incubated with glutathione-Sepharose beads as described in Materials and Methods. Specifically bound GST-HAX-1 protein
was eluted off beads with SDS-PAGE sample buffer and subjected to SDS-PAGE and then blotted with anti-HAX-1 MAb (F). Endogenous HAX-1
(35 kDa) coprecipitates in the presence of GST-HAX-1 and not GST alone. An asterisk indicates the GST-HAX-1 degradation product.

fractionation, since it is a cytoplasmic protein that does not
localize to the ER and is only present in the mitochondria of a
few cells undergoing apoptosis (Fig. 4H).

Due to the partial localization of K15 to the mitochondria
we analyzed the amino acid sequence using the iPSORT online
software and found a putative mitochondrial targeting peptide
sequence from aa 345 to 374 (Fig. 1A). Further evidence that
K15 and HAX-1 interact in vivo was provided by in vivo pull
down experiments in transiently transfected HeLa cells ex-

pressing full-length wild-type K15 (P) and the GST murine
full-length HAX-1 fusion protein. In vivo pull down of GST-
HAX-1 resulted in the coprecipitation of K15 (Fig. 5A to C).
In addition, we performed an in vivo coimmunoprecipita-
tion of endogenous K15 and HAX-1 from BC3 cell extracts
(Fig. 5D). Cell extracts were immunoprecipitated with anti-
K15 MAb (3B5/D7) and blotted for HAX-1. The input con-
trols for K15 and HAX-1 are shown in Fig. 1G and 4D, re-
spectively.
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By virtue of the fact that the endogenous HAX-1 and GST-
HAX-1 were of different molecular weights, we were able to
test for the ability of HAX-1 to homodimerize in vivo. Figure
5E and F shows that in vivo pull down with glutathione beads
using HeLa cells transiently expressing GST-HAX-1 also pre-
cipitated endogenous HAX-1 (35 kDa). Endogenous HAX-1 is
not pulled down from cell extracts transfected with GST alone
(Fig. 5E and F).

HAX-1 is a potent inhibitor of Bax-induced apoptosis. Su-
zuki et al. have previously reported that HAX-1 possesses
homology to Bcl-2 and its family members within the BH1
domain (Fig. 4B) (44). We therefore investigated whether
HAX-1 was able to block apoptosis induced by using Bax (a
Bcl-2 family member with a strong proapoptotic function) in
transient-transfection assays (Fig. 6). As a positive control
Bcl-X; was cotransfected with Bax (Fig. 6C). In the presence
of Bcl-X,, Bax-induced apoptosis was reduced to background
levels (compare Fig. 6A and C). In the presence of HAX-1,
Bax-induced apoptosis is also reduced to background levels
(Fig. 6D). Transfection of vector only, HAX-1, or K15 alone
did not induce apoptosis (Fig. 6E). To determine whether K15
had any effect on the ability of HAX-1 to inhibit apoptosis we
cotransfected Bax, HAX-1, and K15 and compared this to
Bax/HAX-1-transfected cells (Fig. 6E). K15 with HAX-1 had
no positive or negative effect on HAX-1 blocking of Bax-
induced apoptosis (Fig. 6E).

DISCUSSION

We have shown that the K15 protein of KSHV is latently
expressed in all PEL cells tested and in KSHV-positive MCD
by using a specific anti-K15 MAb. We demonstrated K15 ex-
pression in latently infected PEL cells by Western analysis (Fig.
1G and H) and in PEL cells and MCD by immunohistochem-
istry (Fig. 2). Other KSHV proteins that have been shown to be
latently expressed in KSHV-related tumor cells include the
latent nuclear antigen (LNA-1) encoded by ORF 73 (9, 34),
viral cyclin (38), and viral FLIP (26). ORF K10.5, encoding an
interferon-regulatory protein homologue (IRF-3) (40), and
ORF K2, encoding the viral interleukin 6 (vIL6) homologue
(28), are both expressed in some latently infected PEL and
MCD cells, but not in KS spindle cells (35).

Latently expressed viral proteins are thought to play a direct
role in the establishment and maintenance of proliferation of
virus-induced cancer cells. In EBV-induced malignancies, a
distinct latency program characterizes the different EBV-asso-
ciated tumors. For example, LMP1 and LMP2A are expressed
in nasopharyngeal carcinoma but not in Burkitt’s lymphoma
(23). We were not able to demonstrate K15 protein expression
in KS spindle cells. One explanation for this could be that the
lower viral episome copy number in KS compared to those in
PEL and MCD (25) results in undetectable expression levels of
K15.

Western blot analysis of K15 expression in PEL cells in the
absence and presence of TPA showed that K15 is expressed
pretreatment and does not increase over time. In fact, we see
a decrease of K15 at later time points, which is a TPA-induced
expression pattern associated with latent (type I) herpesvirus
proteins (Fig. 1H) (43). This is in contrast to previous reports
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FIG. 6. HAX-1 inhibits Bax-induced apoptosis. HeLa cells were
transfected with the expression plasmids indicated in the top right
portion of each panel. At 48 h posttransfection all cells, both adherent
and in suspension, were pooled, washed, and stained with the mito-
chondrial membrane specific dye MitoTracker Red CMXRosamine
(Molecular Probes, Leiden, The Netherlands) and analyzed by fluo-
rescence-activated cell sorting. The percentage of apoptotic cells is
indicated. (A to D) Fluorescence-activated cell sorter analysis of rep-
resentative samples for each assay. (E) Summary of percent induced
apoptosis for each of the indicated transfections. These data represent
the average and standard deviations (error bars) of three independent
experiments.

of an increase in mRNA levels for K15 following TPA treat-
ment by Northern blot and cDNA array analysis (5, 12, 18, 37).
An explanation for the increase in mRNA levels, but no in-
crease in protein level, could be that the K15 mRNA is under
tight translational control.

Western blot analysis of K15 expressing cells revealed the
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presence of at least eight different species of K15, including the
predicted full-length product of approximately 50 kDa (Fig.
1D) (5). The 35- and 23-kDa forms were predominant in ec-
topically expressed cells (Fig. 1C and D), and the 23-kDa form
was predominant in endogenous BC3 (PEL) cells (Fig. 1G).

To address whether the smaller forms are produced by pro-
teolytic processing of the full-length K15 or by internal initia-
tion of the mRNA, we deleted the first initiator AUG. Upon
this deletion no K15 expression was detected (Fig. 1E), indi-
cating that the smaller species detected are produced from
proteolytic processing of the full-length 50-kDa form and not
by translation initiation from internal in-frame AUGs on the
mRNA. It has been shown that a related protein, LMP1 of
EBYV, is proteolytically cleaved to produce a C-terminal pro-
tein of 25 kDa (29, 30). Our own computational analysis of
LMP1 indicates that it possesses an internal signal sequence
site at the junction between the membrane-spanning domain
and cytoplasmic C terminus (aa 180) which upon cleavage
would produce a C-terminal protein of 25 kDa (data not
shown). We therefore analyzed K15 for predicted internal sig-
nal sequence peptidase cleavage sites (Fig. 1F). The predicted
sizes found by this analysis match those detected by Western
blotting (compare Fig. 1D and F). Of the internal signal se-
quences, two (aa 148 to 167 and aa 265 to 290) matched well
to the consensus motif for cleavage (6, 46). Cleavage of K15 at
these two sites would produce proteins of approximately 35
and 23 kDa, respectively (Fig. 1F). This could explain why
these two species are predominantly expressed.

Previous reports have suggested that K15 localizes to the
Golgi, perinuclear, and plasma membranes (5, 12). We showed
here that K15 localizes to the ER and mitochondria (Fig. 3 and
4H). We found no colocalization of K15 with markers for the
plasma membrane or Golgi (data not shown). A mitochondrial
pattern of staining was not observed for K15, which may indi-
cate that only those mitochondria in close proximity to the ER
contain K15 and thus overlap with the ER-localized signal.
LMP1 and LMP2A of EBV localize to the plasma membrane
(20, 27), and their localization is therefore different from that
of K15, suggesting that the principle functions of K15 are
distinct from these structurally related ~y-herpesvirus latent
membrane proteins.

The cellular circuits targeted by individual oncogenic viral
proteins are often essential pathways involved in cell growth,
signal transduction, and apoptosis. As a first step to understand
potential functions of K15, we performed two separate yeast
two-hybrid screens with the C terminus of K15 (aa 344 to 489).
Both screens identified the HAX-1 protein as a highly specific
binding partner to K15, and GST pull down assays confirmed
this to be a specific interaction (Fig. 4C and D). Furthermore,
we found that the YASIL conserved motif within K15, the
HAX-1 interacting motif (HIM), and the C-terminal portion of
HAX-1 are important for this association (Fig. 4E and F).
Confirmation of the K15-HAX-1 interaction was shown by
colocalization of the two proteins (Fig. 4G), by in vivo pull
down assays (Fig. 5A to C), and by coimmunoprecipitation of
endogenous K15 and HAX-1 (Fig. 5D).

HAX-1 was first identified as a protein that associates with
hemopoietic specific protein 1 (HS1) (44). HS1 is thought to
play a role in signal transduction in B cells: upon BCR cross-
linking, HS1 is one of the earliest proteins to be tyrosine
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phosphorylated in a sequential process by the nonreceptor
tyrosine kinases Syk and Lyn (41). Following this HS1 trans-
locates to the nucleus where it induces apoptosis (48). The
interaction of HAX-1 with HS1 suggests it plays a role in
BCR-induced apoptosis. However, HAX-1 is ubiquitously ex-
pressed, indicating it may have other functional roles. Protein
domain and motif analysis of HAX-1 show it to contain a PEST
site at aa 104 to 117 and a putative hydrophobic transmem-
brane domain at aa 261 to 273 (Fig. 4A). In addition to these
domains, HAX-1 shows limited sequence similarity to the ap-
optosis-related proteins Bcl-2 and Nip3 (44) (Fig. 4B). It has
not been shown whether HAX-1 can block apoptosis. Here we
provide evidence that HAX-1 is a potent inhibitor of apoptosis
(Fig. 6). Furthermore, its ability to inhibit apoptosis was as
efficient as, if not better than, that of Bel-X; (Fig. 6) (1). Thus,
HAX-1 is a ubiquitously expressed gene with antiapoptotic
function. The ability of K15 to modulate this function of
HAX-1 was also tested. In the assay used, K15 did not have any
positive or negative effect with respect to the ability of HAX-1
to inhibit apoptosis (Fig. 6E). Possible explanations for this are
that K15 via HAX-1 may regulate apoptosis in a Bax-indepen-
dent process or that K15 sequesters HAX-1 to fulfill other
functions.

In addition to HS1, HAX-1 also binds to cortactin (or
EMSI1). Cortactin is an HS1 family member that is also a
tyrosine-phosphorylated F-actin binding protein, but unlike
HS1, it is not restricted to cells of the hematopoietic lineage
(11). Cortactin also interacts with the Arp2/3 complex and in so
doing promotes actin polymerization and stabilization, which is
important for the ability of the actin network to drive protru-
sion at the leading edge of motile cells (45, 47). Overexpression
of cortactin leads to increased endothelial cell motility (15, 36).
Further studies would show whether K15 regulates cellular
motility or invasion by way of interaction with the HAX-1-
cortactin—F-actin complex.

It is of note that HAX-1 also interacts with EBNA-LP and
with the polycystic kidney disease gene product (PKD2) which
is mutated in most patients with autosomal dominant polycys-
tic kidney disease. EBNA-LP, a predominantly nuclear anti-
gen, appears to bind and localize with HAX-1 in the cytoplasm,
but the biological significance of this interaction remains to be
elucidated (19). Because HAX-1 interacts with cortactin, the
binding of PKD2 with HAX-1 is thought to implicate dysfunc-
tional PKD2 in abnormal cytoskeletal elements leading to mul-
tiple cyst formation (11). In addition to this HAX-1 has re-
cently been shown to bind the interleukin 1o N terminus where
it is thought to play a role in motility and/or adhesion of cells
(49).

In summary, by examining K15 protein expression in vivo
and in situ we have shown K15 to be a latently expressed
KSHYV gene that is posttranslationally cleaved to produce pre-
dominant 35- and 23-kDa forms and that in vivo K15 is able to
bind the ubiquitously expressed antiapoptotic protein HAX-1.
We were unable to detect any ability of K15 to modulate the
antiapoptotic function of HAX-1. However, since HAX-1 may
have several functions other than antiapoptosis, K15 may reg-
ulate these in a fashion which is advantageous for maintaining
viral latency or promoting growth and motility of the infected
cell. Overall, the specific binding of KSHV K15 with HAX-1
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infers a role for K15 in B-cell signaling and apoptosis and
potentially in cell invasion and motility.
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