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Mechanism of Angiopoietin-1 Upregulation in Kaposi’s Sarcoma-
Associated Herpesvirus-Infected PEL Cell Lines
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ABSTRACT

Angiopoietin-1 (ANGPT-1) is a secreted glycoprotein that was first characterized as a ligand of the Tie2 receptor. In a previous
study using microarray analysis, we found that the expression of ANGPT-1 was upregulated in Kaposi’s sarcoma-associated her-
pesvirus (KSHV)-infected primary effusion lymphoma (PEL) cell lines compared with that in uninfected Burkitt and other leu-
kemia cell lines. Other authors have also reported focal expression of ANGPT-1 mRNA in biopsy specimens of Kaposi’s sarcoma
(KS) tissue from patients with AIDS. Here, to confirm these findings, we examined the expression and secretion levels of
ANGPT-1 in KSHV-infected PEL cell lines and address the mechanisms of ANGPT-1 transcriptional regulation. We also showed
that ANGPT-1 was expressed and localized in the cytoplasm and secreted into the supernatant of KSHV-infected PEL cells. Dele-
tion studies of the regulatory region revealed that the region encompassing nucleotides —143 to —125 of the ANGPT-1-regulat-
ing sequence was responsible for this upregulation. Moreover, an electrophoretic mobility shift assay and chromatin immuno-
precipitation, followed by quantitative PCR, suggested that some KSHV-infected PEL cell line-specific DNA-binding factors,
such as OCT-1, should be involved in the upregulation of ANGPT-1 in a sequence-dependent manner.

IMPORTANCE

We confirmed that ANGPT-1 was expressed in and secreted from KSHV-infected PEL cells and that the transcriptional activity
of ANGPT-1 was upregulated. A 19-bp fragment was identified as the region responsible for ANGPT-1 upregulation through
binding with OCT-1 as a core factor in PEL cells. This study suggests that ANGPT-1 is overproduced in KSHV-infected PEL cells,
which could affect the pathophysiology of AIDS patients with PEL.

aposi’s sarcoma (KS)-associated herpesvirus (KSHV), also

known as human herpesvirus 8, belongs to the gamma-2 herpes-
virus family, which was first identified in KS lesions (1). Epstein-Barr
virus (EBV), which also belongs to the gamma-2 herpesvirus family,
is frequently associated with malignancies such as Burkitt lymphoma
(BL) and nasopharyngeal carcinoma (NPC) (2). KSHV is also asso-
ciated with several malignancies, i.e., two lymphoproliferative disor-
ders, primary effusion lymphoma (PEL) (3) and multicentric Castle-
man’s disease, as well as KS (4, 5).

It has been reported that KSHYV infects various cell types, such
as B cells, blood vessel endothelial cells (BECs), lymphatic endo-
thelial cells (LECs), Vero cells, and HEK293 cells (6-9). After in-
fection, KSHV utilizes latency as a default pathway of replication
(1, 7). Though viral gene expression profiles might differ between
BECs and LECs (10), KSHYV is predominantly in latency with its
genome binding to the host cell chromosome (10, 11) and governs
host gene expression profiles (12) as other viruses do (13, 14).
Most KSHV-infected cells are latently infected, and only a limited
number of viral genes are expressed in latency: latency-associated
nuclear antigen (LANA), viral cyclin (vCYC), viral FLICE inhibi-
tory protein (VFLIP), kaposin (10, 11, 15-18), and viral interferon
regulatory factor 3 (vIRF3) (12).

Several viral products of KSHV have been reported to have
pivotal effects that contribute to the proliferation of endothelial
cells, the viral life cycle, and the secretion of cytokines associated
with angiogenic and inflammatory properties; these products in-
clude LANA, vIL6, vGPCR, K15, and vIRF3 (12, 19-24). These
latency-related viral products may also be involved in enhance-
ment of the expression of various cytokines and growth factors,
such as angiopoietin-1 (ANGPT-1), ANGPT-2, vascular endothe-
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lial growth factor (VEGF), interleukin-6 (IL-6), IL-8, and tumor
necrosis factor alpha (6, 25-29). The angiogenic and inflamma-
tory cytokines regulated by viral proteins or KSHV infection could
lead to the induction of lymphangiogenesis, angiogenesis, and an-
tiapoptosis and likely play an important role in KSHV pathogen-
esis (12, 26, 30-33).

In a previous study, we compared the gene expression pro-
files of KSHV-infected BC1, BCBL1, and BC3 cells with those of
uninfected Daudi, AKATA, Raji, Ramos, and Namalwa cells and
MT4, SupT1, Jurkat, and Molt3 leukemia cells. We found that
ANGPT-1, a proangiogenic and proinflammatory cytokine, was
expressed at significantly higher levels only in KSHV-infected PEL
cells (6). ANGPT-1, isolated as a ligand for Tie2, is a glycoprotein
secreted from subendothelial stromal cells and hepatic stellate
cells (34, 35) and is involved in vascular remodeling, lymphangio-
genesis, angiogenesis, and extravasation through ANGPT-1-Tie2
signaling (35, 36). These functions are convincing associations
with various oncologic diseases.

Here, we found that ANGPT-1 was expressed in the cytoplasm
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of KSHV-infected PEL cell lines and actually secreted into the
culture medium. Further, we identified a regulatory region affect-
ing ANGPT-1 transcription activity and found that OCT-1 could
bind to this region in vitro, as well as in vivo. These findings suggest
that the cellular environment established by KSHV infection
and/or the PEL cell environment should be involved in the facili-
tation of ANGPT-1 expression and should affect the pathophysi-
ology of AIDS patients with PEL.

MATERIALS AND METHODS

Cells. BCBLI, TY1, BC3, BC1, Raji, Namalwa, and BJAB cells were main-
tained in RPMI 1640 medium (Nacalai Tesque, Kyoto, Japan) supple-
mented with 20% heat-inactivated fetal bovine serum (FBS), 10 IU/ml
penicillin G, and 10 pg/ml streptomycin in a 5% CO, atmosphere.
HEK293 (or just 293) and GP2 cells (TaKaRa-Clontech, Tokyo, Japan),
which express a murine leukemia virus gag-pol protein, were maintained
in Dulbecco’s modified Eagle’s medium (DMEM)-high glucose (Nacalai
Tesque) supplemented with 10% heat-inactivated FBS, 10 IU/ml penicil-
lin G, and 10 pg/ml streptomycin (Nacalai Tesque). LacZ-VH/BJAB and
ANGPT-1-VH/BJAB cells were maintained in RPMI 1640 medium (Na-
calai Tesque) supplemented with 20% heat-inactivated FBS, 10 TU/ml
penicillin G, 10 pg/ml streptomycin, and 500 p.g/ml hygromycin B under
a 5% CO, atmosphere. LacZ-VH/293 and ANGPT-1-VH/293 cells were
maintained in DMEM (Nacalai Tesque) supplemented with 10% heat-
inactivated FBS, 10 IU/ml penicillin G, 10 wg/ml streptomycin, and 500
pg/ml hygromycin B in a 5% CO, atmosphere.

Plasmids and retrovirus production. The gene information of the
ANGPT-1 transcription regulatory region was obtained, and the region
was amplified (e!Ensemble Human GeneSeqView ENSG00000154188).
We initially cloned the region encompassing nucleotides (nt) —2000 to
+490 (where +1 is the transcription start site) by PCR with synthetic
primers (Greiner, Tokyo, Japan) ANGPT1-ups Fwl (5'-GGAAGCTTCA
AATCAAGCATTATTGGAAAG-3") and ANGPT1-ups RV1 (5'-AAAAG
CTTCACACTCCTTCCGTGCCTCTCG-3"). We cloned the region en-
compassing nt —898 to +490 with primers ANGPT1-ups Fw4 (5'-GGA
AGCTTTATACGCTGCCTGTGGGAAATC-3") and ANGPT1-ups RV1
by using 100 ng of genomic DNA from BCBLI as the template. The reg-
ulatory sequence and the deletion-containing versions of the regulatory
sequence (described below) were cloned into the pGL-3b vector (Pro-
mega, Madison, WI). We then verified that the regions extending to nt
—2000 and —898 upstream did not show clear differences in transcription
activity in BCBLI cells. Therefore, in this experiment, the region extend-
ing to nt —898 upstream was used as the starting reporter construct to
determine the element responsible for ANGPT-1 upregulation in KSHV-
infected PEL cell lines.

Each deletion mutant construct was obtained by PCR amplifica-
tion with the —898-nt reporter plasmid used as the template. For the
—579-, —178-, —109-, —84-, and nt —58 reporter constructs,
ANGPT1-ups Fw5.5 (5'-GGAAGCTTCAGAACATGAAGGGTTGCA
TTC-3"), ANGPT1-ups Fw8 ((5'-GGAAGCTTTGCTATATTTTAGT
AGGTCAGC-3"), ANGPT1-ups Fw8.55 (5'-AAAAGCTTTGCCATGA
ATCTGCTAAAGGC-3"), ANGPT1-ups Fw9 (GGAAGCTTAGGCAA
TTGTCTGTGGAAAG-3"), and ANGPT1-ups Fw9.5 (5'-GGAAGCTT
AGGGCCATACATGATCGAGGTC-3") were used, respectively, and
ANGPTI1-ups RV1 was used as the downstream primer. The D1 frag-
ment (nt —143 to —110) was generated by annealing two synthetic
oligonucleotides, ANGPT1-ups FW8.5 Smal (5'-AACCCGGGAGTG
TATTAAGGTGGACTGCTC-3") and ANGPT1-ups RV8.5 Smal (5'-A
ACCCGGGATCAATAAATAGAGCAGTCCAC-3"), followed by a re-
pair reaction with a Klenow fragment (TaKaRa-Clontech), digestion
with Smal, and insertion of a Smal site just upstream of the nt —58
reporter construct. The D2 fragment (nt —130 to —102) was generated
in the same way but with synthetic primers ANGPT1-ups FW8.5
Smal-2 (5'-AACCCGGGTGGACTGCTCTATTTATTGATT-3") and
ANGPTI1-ups RV8.5 Smal-2 (5'-AACCCGGGTTCATGGCAAATCA
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ATAAATAG-3"). The DIA (nt —143 to —125) and D1B (nt —128 to
—110) fragments were generated by annealing phosphorylated syn-
thetic DNA, ANGPT1-ups D1A S (5'-GGGAAGTGTATTAAGGTGG
ACTCCC-3") and ANGPT1-ups D1A AS (5'-GGGAGTCCACCTTAA
TACACTTCCC-3") for DIA, ANGPT1-ups D1B S (5'-GGGGACTGC
TCTATTTATTGATCCC-3") and ANGPT1-ups D1B AS (5'-GGGAT
CAATAAATAGAGCAGTCCCC-3") for DIB, respectively, and
insertion of a Smal site from the —58 reporter construct.

D1A mutant plasmids (Mutl to -6) were constructed by inserting each
of the annealed phosphorylated synthetic oligonucleotides (Mutl, 5'-GG
GAAGTGTATTAAGGTGGAAACCC-3" and 5'-GGGTTTCCACCTTA
ATACACTTCCC-3'; Mut2, 5'-GGGCCCCGTATTAAGGTGGACTCC
C-3" and 5'-GGGAGTCCACCTTAATACGGGGCCC-3"; Mut3, 5'-GGG
AAGTCCCCTAAGGTGGACTCCC-3" and 5'-GGGAGTCCACCTTAG
GGGACTTCCC-3'; Mut4, 5-GGGAAGTGTATCCCCGTGGACTCC
C-3" and 5'-GGGAGTCCACGGGGATACACTTCCC-3"; Mut5, 5'-GGG
AAGTGTATTAAGCCCCACTCCC-3'" and 5'-GGGAGTGGGGCTTAA
TACACTTCCC-3'; Mut6, 5'-GGGAAGTGTATTAAGGTGGCCCCC
C-3"and 5'-GGGGGGCCACCTTAATACACTTCCC-3") into a Smal site
of the nt —58 reporter plasmid as described above.

The ANGPT-1 open reading frame (ORF) clone was purchased from
the Kazusa ORFeome Project (Product ID FHC0948; Promega). The ORF
Sgfl-Pmel fragment was cloned into the EcoRV site of the pMT V5His B
expression vector (Invitrogen, Carlsbad, CA) with some modifications to
generate pMT ANGPT-1-V5His. The ANGPT-1-V5His fragment was re-
cloned into retroviral expression vector pQC XIH (Clontech, Palo Alto,
CA), and pQC XIH ANGPT-1-V5His was generated. For retrovirus pro-
duction, GP2 cells were cotransfected with pQC XIH ANGPT-1V5His
and pVSV-G (TaKaRa-Clontech) with LT1 reagent (Mirus, Madison, WI)
for 12 h. At 72 h posttransfection, the supernatant was collected to infect
BJAB and 293 cells. Hygromycin B (500 pg/ml; Wako Pure Chemicals,
Tokyo, Japan) was used to select virus-transduced cells.

The OCT-1 expression vector (pCGN OCT-1) and its parental vector
(pCGN) were the kind gifts of W. Herr as described in reference 43.

Transfection and luciferase assay. For the luciferase assay, 1.5 X 10°
PEL cells per 0.5 ml of medium were plated, incubated overnight, and
then transfected with 1 pg of each of the reporter plasmids and 0.1 pg of
the cytomegalovirus (-galactosidase LacZ expression plasmid by using
TransFectin Lipofectin Reagent (Bio-Rad, Hercules, CA). The cells were
harvested at 48 h posttransfection. After being washed twice with phos-
phate-buffered saline (PBS), the cells were lysed in 50 .l of Glo lysis buffer
(Promega). Luciferase activity was measured with a Bright-Glo luciferase
assay system (Promega) according to the manufacturer’s instructions and
normalized by B-galactosidase activity (12.5 wg/ml chlorophenol red--
p-galactopyranoside, Z buffer [0.1 M NaPO, atpH 7.5, 10 mM KCl, 1 mM
MgSO,, 50 mM 2-mercaptoethanol]). To test OCT-1 transactivation ac-
tivity, either pCGN OCT-1 or the parental vector with either the D1A
reporter or the nt —58 reporter plasmid was transfected into 5 X 10°
BCBLI cells. The effector plasmid (pCGN OCT-1) amounts used were 0,
0.3,0.9,and 1.5 pg.

Immunofluorescence assay (IFA). Cells were fixed for 1 h with 4%
paraformaldehyde (Nacalai Tesque)-PBS and permeabilized in 0.1% Tri-
ton X-100 (Nacalai Tesque)—PBS for 30 min. Proteins were detected with
the following primary antibodies: a mouse monoclonal antibody against
V5 (1:1,000 dilution; Nacalai Tesque) for LacZ-VH/BJAB and ANGPT-1-
VH/BJAB and a mouse monoclonal antibody against ANGPT-1 (1:500
dilution; R&D Systems, Minneapolis, MN) for LacZ-VH-/BJAB, ANGPT-
1-VH/BJAB, BJAB, BC1, BC3, TY1, and BCBL1. Images were taken with
an Olympus FV1000D confocal microscope (Olympus).

ELISA, IP, and Western blotting. The culture supernatant of the PEL
cells (10°/ml) was tested with a human ANGPT-1 enzyme-linked immu-
nosorbent assay (ELISA) kit (MyBioSource, San Diego, CA) according to
the manufacturer’s instructions. ANGPT-2 was measured likewise with a
Quantikine ELISA Human ANGPT-2 Immunoassay (R&D Systems) ac-
cording to the manufacturer’s directions. For immunoprecipitation (IP),
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30 pl of protein G Sepharose 4 Fast Flow (GE Healthcare, Buckingham-
shire, United Kingdom) was washed with IP reaction solution (25 mM
HEPES-KOH [pH 7.9], 200 mM NacCl, 5 mM MgCl,, 0.2% NP-40, 10%
glycerol, 1 mM dithiothreitol [DTT]), and mixed with culture superna-
tants from LacZ-VH/BJAB, ANGPT-1-VH/BJAB, BC1 and TY1 cells. Af-
ter 1 h of incubation with protein G Sepharose to remove nonspecific
binding proteins, the Sepharose was excluded and then 10 pl of protein G
Sepharose and 2 pg of an ANGPT-1 antibody (R&D Systems) were added
to the supernatant for incubation overnight with rotation. The Sepharose
was harvested, washed three times with 1 ml of IP reaction solution, sus-
pended in 50 pl of SDS-PAGE sampling buffer, and boiled. For Western
blotting, each sample (20 1) was separated by SDS-PAGE (8% polyacryl-
amide) and transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Immun-Blot PVDF membrane for protein blotting; Bio-Rad). The
membrane was blocked with 5% dry milk in Tris-buffered saline—Triton
X-100 (TBS-T). A specific antibody against ANGPT-1 (1:1,000 dilution;
R&D Systems) was added, followed by secondary antibodies conju-
gated with horseradish peroxidase for detection. The membrane was
washed with TBS-T three times, and the chemiluminescence image
was obtained with an imaging system (ChemiDoc MP; Bio-Rad).

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were
obtained from BJAB and BCBLI1 cells. Cy5-labeled double-stranded D1A
(nt —143 to —125;19 nt) oligonucleotide (5'-Cy5-AAGTGTATTAAGGT
GGACT-3' and 5'-Cy5-AGTCCACCTTAATACACTT-3") was prepared
(Greiner) and nonlabeled D1A (5'-AAGTGTATTAAGGTGGACT-3'
and 5'-AGTCCACCTTAATACACTT-3") and mutant constructs (Mutl,
5'-AAGTGTATTAAGGTGGAAA-3' and 5'-TTTCCACCTTAATACAC
TT-3'); Mut2, 5'-CCCCGTATTAAGGTGGACT-3" and 5'-AGTCCACC
TTAATACGGGG-3'; Mut3, 5'-AAGTCCCCTAAGGTGGACT-3" and
5'-AGTCCACCTTAGGGGACTT-3"; Mut4, 5'-AAGTGTATCCCCGTG
GACT-3" and 5'-AGTCCACGGGGATACACTT-3'; Mut5, 5'-AAGTGT
ATTAAGCCCCACT-3" and 5'-AGTGGGGCTTAATACACTT-3'; Mut6,
5'-AAGTGTATTAAGGTGGCCC-3" and 5'-GGGCCACCTTAATACAC
TT-3") were prepared. For the gel shift assay, 10 pg of nuclear extract was
mixed with 1.25 pmol of the Cy5 fluorescent tag probe and incubated for 30
min at 25°C in a binding buffer (100 mM HEPES [pH 7.9], 5 mM MgCl,, 2.5
mM DTT, 250 pg/ml bovine serum albumin, 20% Ficoll). Unlabeled D1A
probe (20X) or mutant probes (20X) were used for competition experi-
ments. In the case of supershift analysis, 1 g of each specific antibody against
IRF4 (Sigma, St. Louis, MO) or REX-5 (Sigma) or OCT-1 (MBL Life Science,
Japan) was added to the respective reaction mixture. Normal mouse IgG was
used for a control reaction mixture. The reacted mixtures were separated on a
0.25X TBE-4% acrylamide gel. The fluorescent image was obtained with a
ChemiDoc MP imaging system (Bio-Rad).

Chromatin IP (ChIP). BJAB or BCBLI cells (1 X 107) were cross-
linked with 1% formaldehyde at room temperature for 10 min, and then
glycine was added to a final concentration of 0.125 M. After incubation for
5 min, the cells were washed in PBS and harvested by centrifugation. The
cells were lysed in 1 ml of ice-cold low-salt lysis buffer (10 mM Tris-HCI
[pH 7.8], 10 mM NaCl, 0.1 mM EDTA) with protease inhibitors. The
nuclei were centrifuged, harvested, and resuspended in 300 .l of high-salt
buffer (50 mM Tris-HCI [pH 7.8], 500 mM NaCl, 0.1 mM EDTA, 5 mM
MgCl,, 20% glycerol) with protease inhibitors. After incubation on ice for
15 min, 700 pl of low-salt buffer with protease inhibitors was added to the
samples. Chromatin was sheared into about 500-bp fragments 200 times
on ice with a Tomy Ultrasonic Disruptor (UD-201) set to an output of 2
and a 60% duty cycle. The chromatin from 107 cells was incubated with 2
g of normal mouse IgG and 20 pl of protein G Sepharose (GE Health-
care) and incubated for 0.5 h at room temperature to remove nonspecific
binding proteins. The samples with nonspecific binding proteins removed
were then incubated with 5 pg of a primary antibody (either normal
mouse IgG or a mouse anti-OCT-1 monoclonal antibody [MBL]) and 20
.l of protein G Sepharose at room temperature for 1 h on a rotator. The
Sepharose was washed six times with wash buffer (150 mM NaCl, 50 mM
Tris-HCI [pH 7.5], 5 mM EDTA, 0.5% [vol/vol] NP-40, 1.0% [vol/vol]
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Triton X-100). The chromatin-immune complexes were incubated in 200
wl of reversal buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA, 300 mM
NaCl) at 37°C with 20 pg of RNase A (Roche) for 30 min, 10 pl of pro-
teinase K (Roche) was added, and the mixture was incubated at 65°C
overnight. DNA was extracted once with a MonoFas DNA purification kit
(GL Sciences) according to the manufacturer’s directions. The DNA was
then amplified with primers ANGPT1-ups Fw8 (5'-GGAAGCTTTGCTA
TATTTTAGTAGGTCAGC-3") and ANGPT1-ups Fwl0 RV1 (5'-CAAT
TTGTAAGACGATCCCGCC-3"), which included the D1A region. The
amplification was quantified by quantitative PCR (qPCR) with a Light-
Cycler (Roche Diagnostics).

RESULTS

ANGPT-1 expression in KSHV-infected PEL cells and secretion
into culture medium. A previous clinical research study re-
vealed the expression of ANGPT-1 mRNA in AIDS-associated KS
biopsy specimens (29), and we have shown that the expression of
ANGPT-1 in PEL cells appeared to be much higher than that in
the T-cell lymphoma and BL cells (6). To investigate whether
ANGPT-1 was really produced in the PEL cell lines, we mea-
sured the level of ANGPT-1 secretion into the culture superna-
tant of PEL cells by ELISA and observed its cellular expression
and localization by IFA. We generated stably ANGPT-1-express-
ing ANGPT-1-VH/BJAB and ANGPT-1-VH/293 cells, which
were used as positive controls; concomitantly, we used Lac-Z-VH-
expressing LacZ-VH/BJAB and LacZ-VH/293 cells as negative
controls. Since ANGPT-1-VH and LacZ-VH were tagged with a
V5-histidine hexamer (VH) at the C terminus, we assessed
whether a mouse anti-V5 antibody, as well as a mouse anti-
ANGPT-1 antibody, was valuable for IFA. Compared to the case
with no signal upon the staining of LacZ-VH/BJAB cells with anti-
ANGPT-1 antibody, diffuse patterns were detected by anti-V5 an-
tibody staining (Fig. 1A). In ANGPT-1-VH/BJAB cells, both an-
ti-V5 and anti-ANGPT-1 antibodies could detect dotted spots.
ANGPT-1 was stained diffusely in the cytoplasm of KSHV-in-
fected PEL cells (Fig. 1B). The bigger dot patterns seen in ANGPT-
1-VH/BJAB cells may have been due to the massive expression of
ANGPT-1-VH in those cells.

To examine whether ANGPT-1 was really secreted into the
culture medium of PEL cells, we measured ANGPT-1 levels in the
culture supernatant by ELISA. We could detect secreted
ANGPT-1 in ANGPT-1-VH/293 and ANGPT-1-VH/BJAB cells,
which served as positive controls (Fig. 1C). Likewise, we measured
secreted ANGPT-1 levels in the culture supernatant of PEL and BL
cells, and these levels were clearly higher in the culture medium of
KSHYV-infected cell lines such as BC1, BC3, BCBL1, and TY1 than
in KSHV-uninfected cell lines such as BJAB, Raji, and Namalwa.
On the other hand, ANGPT-2 was detected at the same level in
these cell lines; the levels were relatively low and did not reach 1
ng/ml (Fig. 1E). Collectively, these data confirmed that KSHV-
infected PEL cells expressed a high level of ANGPT-1, but KSHV-
uninfected cells—including EBV-infected BL cells (Fig. 1C)—did
not express a high level of ANGPT-1, as shown by gene expression
profile analysis and the data obtained by reverse transcription-
PCR (6). In addition, we detected ANGPT-1 in the culture super-
natant of KSHV-infected cells by IP followed by immunoblot
analysis, in which ANGPT-1 in the medium was immunoprecipi-
tated with a mouse anti-ANGPT-1 antibody and then identified
by Western blotting with the same antibody (Fig. 1D). Together,
these results strongly suggested that ANGPT-1 expression should
be upregulated in KSHV-infected PEL cells.
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FIG 1 ANGPT-1 expression in KSHV-infected PEL cells and ANGPT-1 and ANGPT-2 secretion into medium. (A and B) ANGPT-1-VH/BJAB and LacZ-VH/
BJAB cells were stained with an anti-V5 antibody (A, left, green staining) and an anti-ANGPT-1 antibody (A, right, green staining), followed by anti-mouse IgG
conjugated with Alexa 488. KSHV-infected BC1, BC3, BCBL1, and TY1 cells were stained with an anti-ANGPT-1 antibody, followed by anti-mouse 1gG
conjugated with Alexa 488. (C) ELISA of ANGPT-1 secreted into medium. KSHV-infected BC1, BC3, BCBL1, and TY1 cells and KSHV-negative BJAB, Raji, and
Namalwa cells were cultured until they reached a density of 10°/ml, and then the supernatant was harvested and ANGPT-1 was measured by ELISA (28).
ANGPT-1-VH/BJAB and ANGPT-1-VH/293 cells were used as positive controls, and LacZ-VH/BJAB and LacZ-VH/293 cells were used as negative controls. (D)
Detection of secreted ANGPT-1 by Western blotting. ANGPT-1 was immunoprecipitated from the supernatant with an anti-ANGPT-1 antibody and protein G
Sepharose and subjected to Western blotting. IN, input; IP, immunoprecipitated. 1, LacZ-VH/BJAB; 2, ANGPT-1-VH/BJAB; 3, BC1; 4, TY1. (E) Detection of
secreted ANGPT-2 with an ELISA kit. KSHV-infected PEL cells and EBV-infected or uninfected BL cells were tested as described for ANGPT-1 in panel C.
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FIG 2 Transcriptional activity of the ANGPT-1I regulatory region in KSHV-infected PEL cells. PEL cells, KSHV-negative BJAB cells, and BAC36/BJAB cells were
transfected with a luciferase reporter plasmid that contained bp —898 to +490 of ANGPT-1, and a luciferase reporter plasmid that contained bp +1 to +490 was
used as a control. Forty-eight hours after transfection, the lysate was prepared and luciferase activity was measured as described in Materials and Methods. Data
are shown as fold activity differences from the activity of the basal reporter; the activity of a +1 construct was set at 1-fold.

Theluciferase activity of the regulatory region of ANGPT-1 is
enhanced in KSHV-infected PEL cells. It has been reported that
KSHYV regulates host gene expression by expressing several viral
genes, including vIRF3, vIRF7, and the gene for a viral protein
kinase (ORF36) (12, 33). To understand how ANGPT-1 was up-
regulated in KSHV-infected PEL cells and how KSHV contributed
to ANGPT-1 gene expression, we constructed ANGPT-1 promot-
er-luciferase reporter constructs (—898 to +490 of Luc, where +1
is the transcription start site and +490 is the A in ATG, the
ANGPT-1 translation initiation codon) and measured their tran-
scriptional activity. These constructs were tested in KSHV-in-
fected or uninfected cells and BJAB-BAC36 cells, which contained
the full KSHV genome in a bacterial artificial chromosome (BAC)
(26, 37). The activation of the reporter gene containing the regu-
latory region of ANGPT-1 was greater than that in the control, i.e.,
5.1-fold greater in BC3 cells, 15.1-fold greater in BCBL1 cells, and
23.5-fold greater in TY1 cells, and its activation was 4.1-fold
greater in BJAB-BAC36 cells but not in BJAB cells (Fig. 2). These
data suggested that ANGPT-1 should be specifically upregulated
in KSHV-infected PEL cells.

A 19-nt element is responsible for ANGPT-I upregulation. In
the experiments described here, it was shown that ANGPT-1 ex-
pression was enhanced in KSHV-infected PEL cells, where KSHV
could govern the gene expression profile. Therefore, in order to
determine the regulatory region responsible for ANGPT-1 tran-
scription in KSHV-infected PEL cells, we made several deletion
mutant luciferase reporters (—898, —579, —178,and +1 Lucas a
control) and tested them in KSHV-infected BCBL1 and TY1 cells.
Two of the deletion reporters (—579 and —178) showed tran-
scriptional activity comparable to that of the full-deletion reporter
(—898) in both BCBL1 and TY1 cells (Fig. 3A).

We next prepared four further deletion mutant luciferase re-
porters: —143, —110, —84, and —58. Among them, we found a
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profound decrease in activity between nt —143 and —110 (Fig. 3B),
and thus, we focused on this segment and examined whether it
contained a responsive element that was sufficiently activated in
KSHV-infected PEL cells.

We divided the 34-nt segment into two regions named D1 (the
first half; —143 to —110) and D2 (the second half; —130 to —102)
and put them in front of the —58 reporter, which showed very low
activity close to the basal level of only the proximal promoter (Fig.
4A). Compared to the control luciferase reporter (—58), the tran-
scriptional activity of D1 was clearly higher than that of D2 (Fig. 4A).

We further designed two reporter plasmids named D1A (the
first half of D1; —143 to —125) and D1B (the second half of D1;
—128 to —110) by dividing the D1 segment and put them in front
of the —58 reporter (Fig. 4B). Luciferase assay showed that D1A
had high transcriptional activity similar to that of the positive
control (—143) (Fig. 4B). Collectively, these analyses suggested
that the 19-nt element (—143 to —125) could be responsible for
ANGPT-1 expression regulation in KSHV-infected PEL cell lines.

Nuclear proteins in PEL cells bind to the responsive element
(D1A; —143 to —125) for ANGPT-1 transcriptional regulation.
The results described above suggested that the D1A element (—143 to
—125) is necessary and sufficient for ANGPT-1I expression in KSHV-
infected PEL cell lines. To investigate whether any nuclear factor of
KSHV-infected PEL cells is involved in the upregulation of
ANGPT-1, we performed an EMSA to identify the factors binding to
the 19-bp element. We prepared a Cy5-labeled 19-bp probe and at-
tempted to react it with nuclear proteins of KSHV-infected or unin-
fected cells. As shown in Fig. 5A, the specific binding factor contained
in the nuclear extracts from KSHV-infected (BCBL1) cells could bind
to the 19-nt element specifically (lane 3). In fact, there appeared to be
two specific shifted bands (1 and 2 in Fig. 5A). These two bands were
competed with a nonlabeled 19-bp probe (D1A) to some extent,
compared to the bands seen in an SP1-binding consensus competitor
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FIG 3 Deletion analyses of the transcriptional activity of the ANGPT-1I regulatory region in KSHV-infected PEL cells. (A) BCBLI and TY1 cells were transfected
with luciferase reporter plasmids containing parts of the upstream regulatory region of ANGPT-1 as indicated (bp —898, —579, or —178 to +490) and a control
plasmid (bp +1 to +490). Luciferase activity was measured 48 h later as described in the text. (B) BCBLI and TY1 cells were transfected with luciferase reporter
plasmids containing parts of the upstream ANGPT-1 regulatory region as shown (bp —178, —143, —109, —84, or —58 to +490) and a control reporter plasmid
(bp +1 to +490), and luciferase activity was measured 48 h later. The data shown are fold activity differences from the activity of the basal reporter; the activity

of a +1 construct was set at 1-fold.

(lanes 4 and 11). The following experiment was done with various
kinds of mutated competitors (lanes 5 to 10). In the initial experi-
ments, we were careful of the overlapping region between D1A and
D1B and prepared a nonlabeled Mut1 probe and thereafter a series of
mutant probes, Mut2 to Mut6. Using these probes, we performed a
competition EMSA (Fig. 5A, lanes 5 to 10, and B). As shown in Fig.
5A, D1A, Mutl, Mut2, Mut5, and Mut6 competed but Mut3 and
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Mut4 did not. These data suggested that a core nuclear-factor-bind-
ing site in D1A should be the sequence mutated in Mut3 and Mut4,
and thus, the sequence should be 5'-GTATTAAG-3'. On the other
hand, band 2 competed uniformly with these mutated competitors,
except the SP1-binding consensus. Therefore, we focused our atten-
tion on band 1, which exhibited more specific competition.

In addition, we prepared reporter constructs with these mutant
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constructs and checked their luciferase activities (Fig. 5B). The
results showed that Mut3 and Mut4 lost their luciferase activity,
which further confirmed that the mutated region in Mut3 and
Mut4 should be important for the nuclear factor binding that
promoted ANGPT-1 expression in KSHV-infected PEL cell lines.
Since Mut5 also lost its luciferase activity, some sequences mu-
tated in Mut5 could be involved in this activity without affecting
the potential nuclear factor binding.

OCT-1 binds to the responsive element of ANGPT-1. We also
tried to identify which factor bound with the D1A element by cutting
out shifted band 1 in an EMSA followed by mass spectrometry (MS).
Since octamer-binding proteins (OCT-1), interferon regulatory fac-
tor 4 (IRF4), and REX-5 were among the nominated candidates, a
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supershift EMSA was performed with these antibodies. Compared
with the anti-IRF4 and the anti-RFX-5 antibodies, respectively, the
anti-OCT-1 antibody showed a supershift (Fig. 6A), even in a dose-
dependent manner (Fig. 6B). Thus, it appears that OCT-1 could be
involved in the upregulation of ANGPT-1. We then checked whether
the expression of OCT-1 could upregulate the luciferase activity of
the —58 reporter through the DIA element. Cotransfection of
OCT-1 with the DIA reporter resulted in higher luciferase activity
than did cotransfection with the —58 reporter, in a dose-dependent
manner (Fig. 6C).

To confirm that OCT-1 is involved in the upregulation of
ANGPT-1 in vivo, we performed ChIP followed by qPCR with
mouse normal IgG or an anti-OCT-1 antibody. As shown in Fig. 6D,

jviasm.org 4793


http://jvi.asm.org

Zheng et al.

A B
NE: - + + + + + NE: - + + + + +
w &
w £ o
S o ©
o o o
- - -
< ¢ 90 S 5 9
: % H - H . — — —
Antibody: ‘g’n E z Antibody: i g s &k

1 2 3 4 5 6 1 2 3 4 5 6
C D
5
0.008
0.002
4
> 2 0.006
=3 | S
8 5
Q £
>
s 9 S
o} .2 0.004
[0} o 0.001
14 =
o
o
‘ 5
0.002
0
- ) 4
1 0 0
IgG ocT-1 186 ocT-1
ChIP enrichment: g 5E-3 + 6.5E-4 7.9E-3 + 7.5E-5 1.4E-4 £ 8.7E-5 2.1E-3 & 4E-4
Fold enrichment: 1 1.20+0.01 1 13.2+1.34

BJAB BCBL1

FIG 6 Supershift EMSA with antibodies. (A) Nuclear extracts (NE) of KSHV-infected PEL (BCBLI) cells were mixed with D1A labeled with Cy5. A 1,000-ng sample of
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ChIP enrichment of the region including D1A was about 10-fold Taken together, these results show that ANGPT-1 could be
higher with the OCT-1 antibody than with normal IgG in the case  upregulated in KSHV-infected cells through OCT-1 binding to
of BCBLI cells (Fig. 6D, right). This result suggested that OCT-1is  the D1A element.

involved in the upregulation of ANGPT-1 in vivo by binding with

this region, though a relatively high background level was ob- DISCUSSION

served, but no ChIP enrichment was revealed with the OCT-1  KS is recognized as a highly angiogenic and inflammatory tumor
antibody in the case of BJAB cells (Fig. 6D, left). (25). It is well understood that KSHV infection could affect the
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expression and secretion of several cytokines and growth factors,
including VEGF and its receptor, matrix metalloproteinases, and
angiopoietins, associated with KS (6, 25-28). The angiopoietin
gene family encodes four members (ANGPT-1 to -4), and they
bind to a tyrosine kinase receptor, Tiel or Tie2 (34, 35, 38), ex-
pressed in endothelial cells. ANGPT-1 is secreted predominantly
from mesenchymal cells and acts as an agonist of Tie2 signaling,
whereas Angpt-2 acts as an antagonist (34, 35). Activation of Tie2
affects several signaling pathways, including phosphoinositol
3-kinase, endothelial nitric oxide synthase, and growth factor re-
ceptor-bound protein 2. These could regulate the proliferation,
migration, and survival interaction of endothelial cells (39). Both
ANGPT-1 and ANGPT-2 could lead to the development of lym-
phangiogenesis around islets of Langerhans and pancreatic 3-cell
tumors in transgenic mice, although tumor angiogenesis was de-
tected only in ANGPT-2 transgenic mice and not in ANGPT-1
transgenic ones (40). It is suggested that ANGPT-1 and ANGPT-2
collaborate in regulating pathological lymphangiogenesis and an-
giogenesis via different pathways (39, 40).

In human umbilical vein endothelial cells, KSHV infection
could upregulate the expression of ANGPT-2, with activation of
the promoter via AP-1 and ETS-1 transcriptional factors, which
involves the ERK, JNK, and p38 mitogen-activated protein kinase
(MAPK) pathways (26). KSHV induced rapid release of ANGPT-2
from the Weibel-Palade bodies of endothelial cells (27). In addi-
tion, in KSHV-infected lymphatic endothelial cells, ANGPT-2 was
also upregulated by two KSHV lytic genes, vIL-6 and vGPCR,
through the MAPK pathway (28). ANGPT-1 could not be de-
tected in KSHV-infected endothelial cells, though it was reported
to be expressed at a low level in KS tumor tissue (29). In KSHV-
infected PEL cell lines, ANGPT-1 expression was clearly higher
than in the other lymphatic cell lines at the RNA level (6), and
thus, KSHV and/or the KSHV-infected PEL cell environment
could evoke some advantageous effects for the ANGPT-1 expres-
sion. On the other hand, an ANGPT-1 receptor, Tie2, was not
expressed in KSHV-infected PEL cell lines, and thus, overpro-
duced ANGPT-1 would have an autocrine effect not on these cells
but probably on endothelial cells, a putative origin of KS.

Here we provide quantitative evidence that in KSHV-infected
PEL cells, ANGPT-1 is localized in the cytoplasm and secreted into
the culture medium (Fig. 1), as we showed in our previous DNA
array analysis (6). ANGPT-1 overexpression was unique in KSHV
infected PEL cell lines, since KSHV-uninfected BL cell lines orig-
inated from a B cell lineage, as PEL cells did not show high expres-
sion of ANGPT-1. As for ANGPT-2, which was highly expressed
in KSHV-infected endothelial cells (26), there was no difference in
its production among these cell lines. In order to understand how
ANGPT-1 was upregulated, reporter constructs were prepared
with the regulatory sequence. The regulatory region of ANGPT-1
up to nt —898 showed high activity in all KSHV-infected PEL cell
lines but not in BJAB cells. There was no significant enhancement
of transcriptional activity in BJAB cells, but the presence of the full
KSHV genome in a BAC (BJAB-BAC36) indeed enhanced tran-
scriptional activity. Consistently, a —898 Luc reporter showed
high activity in BJAB cells containing the full-length KSHV ge-
nome in the BAC (37, 41).

Analysis of a series of deletion mutant constructs containing
the ANGPT-1 regulatory region showed that the D1A region
(—143 to —125; AAGTGTATTAAGGTGGACT) should be nec-
essary and sufficient for upregulation of ANGPT-1 transcriptional
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activity in KSHV-infected PEL cell lines (Fig. 4). In addition, we
demonstrated that some nuclear proteins of KSHV-infected cells,
but not uninfected cells, could bind the DIA element (Fig. 5A).
Mutation analysis of the DI1A sequence further revealed that the
core element should be 5'-GTATTAAG-3" and some 5'-GTGG-3’
sequences that were mutated in Mut5 might be involved, since the
Mut5 reporter plasmid did not show upregulated activity (Fig.
5B), although the fragment competed with a factor binding to the
D1A probe in an EMSA (Fig. 5A).

Among the factors nominated (IRF4, RFX-5, and OCT-1) on
the basis of the MS results, IRF4 and RFX-5 are well expressed in
the KSHV-infected PEL cell lines (6, 42). While studies of IRF4
and RFX-5 overexpression and supershift analyses with specific
antibodies against IRF4 and RFX-5, respectively, did not show
that these factors are involved in ANGPT-1 upregulation in
KSHV-infected PEL cell lines, an anti-OCT-1 antibody caused a
supershift (Fig. 6A and B). The 5'-GTATTAAGG-3' sequence is
partially contained in 5'-GYATGNTAATGARATTCY-3', which
is bound with OCT-1 interacting with the HSV VP16 transactiva-
tor (the underlined nucleotides match). Furthermore, ChIP with
an OCT-1 antibody followed by qPCR enriched the D1A region
compared with the same experiment with normal mouse IgG.
Collectively, these data suggested that OCT-1 should be involved
in ANGPT-1 upregulation in KSHV-infected PEL cell lines in vitro
and in vivo.

As noted, KSHV infection and/or the PEL cell environment
could affect ANGPT-1 upregulation. We tested whether several
well-known latent genes of KSHV, such as LANA, vCYC, vFLIP,
and vIRF3, were involved in the upregulation. However, none of
the genes tested showed any activation on the D1A reporter con-
struct (data not shown). Thus, we do not know how KSHV is
involved in this upregulation, though kaposin has not been tested
because of cloning failure. Such an environment governing PEL
might be achieved epigenetically in the long course of PEL estab-
lishment. Namely, in PEL cells, the ANGPT-I regulatory region
could be more accessible to OCT-1 than in KSHV-uninfected BL
or other cells.

Since the ANGPT-1 receptor Tie2 is not expressed on PEL cell
lines (data not shown), ANGPT-1 overproduction from PEL cells
should not promote PEL cell growth itself but affect pathophysi-
ology such as exudation/effusion of body fluid and angiogenesis in
AIDS patients. In order to know what ANGPT-1 does in AIDS
patients, it will be interesting to measure ANGPT-1 in PEL har-
boring AIDS patients with or without KS and to evaluate their
prognosis.

Taking these results together, we showed that ANGPT-1 is ac-
tivated through an element termed D1A, in which the core is 5'-
GTATTAAG-3’, and this core is bound with OCT-1 in KSHV-
infected PEL celllines. Though further investigation must be done
to understand the mechanism, ANGPT-1 overproduction may
profoundly affect the pathophysiology of AIDS patients with PEL.
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