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Infection by Kaposi’s sarcoma-associated herpesvirus (KSHYV) is required for the development of Kaposi’s
sarcoma (KS), a highly inflammatory angiogenic tumor of endothelial cells commonly found in untreated AIDS
patients. Angiopoietin 2 (Ang-2) modulates the vasculature during inflammation and angiogenesis, but the
mechanism by which KSHV regulates Ang-2 expression has not been investigated. Here, we show that KSHV
infection of primary human umbilical vein endothelial cells induced the expression and release of Ang-2, which
in turn was required for KSHV-induced paracrine-dependent angiogenesis in vivo. Ang-2 was strongly ex-
pressed in small vessels and spindle tumor cells in KS tumors. Mechanistically, KSHV activated the Ang-2
promoter via AP-1 and Etsl transcriptional factors, which were mediated by ERK, JNK, and p38 mitogen-
activated protein kinase (MAPK) pathways. Our findings demonstrate the importance of Ang-2 in KS angio-
genesis and define a novel role for AP-1 and MAPK pathways in regulating angiogenesis. This study also
illustrates a distinct mechanism by which a tumor virus modulates vasculature to promote tumorigenesis and
exemplifies the convergence of oncogenesis and angiogenesis pathways in tumor development.

Two families of endothelium-specific angiogenic factors,
vascular endothelial growth factors (VEGFs) and angiopoi-
etins, regulate vascular development and angiogenesis in a
complementary and coordinated fashion (35, 70). While
VEGFs enhance angiogenesis by promoting the proliferation
of endothelial cells (ECs), angiopoietins are necessary for
blood vessel remodeling, sprouting, and maturation (35). An-
giopoietin 1 (Ang-1) is an agonist of the Tie-2 receptor and
stabilizes blood vessels by promoting adhesive interactions be-
tween ECs and mural cells (33, 67). Conversely, Ang-2 is an
antagonist of the Tie-2 receptor and induces the detachment of
mural cells and destabilizes the existing blood vessels, a process
that is essential for new blood vessel formation (26, 44). Ang-2
has limited expression in normal tissues but is strongly ex-
pressed in remodeling vasculature during embryogenesis, in-
flammation, and carcinogenesis (26, 42, 44). Thus, Ang-2 is
implicated as an essential factor in tumor-driven angiogenesis
(20, 68).

The expression of Ang-2 is upregulated by cytokines, growth
factors, and environmental conditions, which include VEGF,
angiotensin II, leptin, estrogen, HER2, tumor necrosis factor
alpha (TNF-a), and hypoxia (11, 14, 25, 37, 45, 54, 56, 77).
Examination of the promoter of Ang-2 revealed Etsl as an
important transcriptional factor that regulates the expression
of Ang-2 (32, 34). A glucose-responsive GC box in the Ang-2
promoter mediates increased Ang-2 expression during glycol-
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ysis by decreasing mSin3A-Sp3 complex binding to the pro-
moter as a result of the coordinated methylglyoxal and O-
linked N-acetylglucosamine modifications of mSin3A and Sp3,
respectively (76). Despite these studies, the mechanism con-
trolling the expression of Ang-2, particularly in tumor-driven
angiogenesis, remains unclear.

Kaposi’s sarcoma (KS) is the dominant malignancy in pa-
tients with AIDS. Because human immunodeficiency virus type
1 infection is common in sub-Saharan Africa, KS is now one of
the most frequent neoplasms in the region, and in some coun-
tries, it accounts for up to 30% of all cancers (55). Infection by
Kaposi’s sarcoma-associated herpesvirus (KSHV) is necessary
for the development of all clinical forms of KS, including
classical KS; transplantation or iatrogenic KS; African or en-
demic KS; and AIDS-related or epidemic KS (17). KS is a
highly angiogenic vascular spindle tumor of proliferating ECs
infiltrated with inflammatory cells. While early-stage KS re-
sembles hyperplasia, the late stage is either clonal or oligo-
clonal containing genetic instability, and thus is considered a
true cancer (65). Despite intensive studies, the mechanism by
which KSHV induces malignant transformation and the devel-
opment of KS is incompletely understood. While KSHV infec-
tion of human primary ECs induces chromosome instability
(58), the extensive angiogenesis and inflammation in KS le-
sions can also contribute to cellular transformation and devel-
opment of malignant tumors (18). A number of KSHV pro-
teins, including viral interleukin 6 (VIL-6) (open reading frame
[ORF]-K2), vGPCR (ORF74), vCCL-1 (ORF-K6), and
vCCL-II (ORF-K4), promote angiogenesis by regulating vari-
ous cellular signaling pathways (5, 7, 43, 50, 59, 63, 64). KSHV
infection also directly induces several angiogenic and inflam-
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matory cytokines, including VEGF, bFGF, IL-6, IL-8, GRO-q,
TNF-B, and ephrin B2, most of which are expressed in KS
lesions (46, 47, 52, 72, 75). The mRNAs of both Ang-1 and
Ang-2 have been detected at higher levels in KS tumors than in
the adjacent normal tissues (9), but the protein expression
levels of these angiogenic factors in KS tumors remain un-
known. Furthermore, the mechanism by which KSHV induces
Ang-1 and Ang-2 has not been determined. In this study, we
showed that Ang-2 protein was highly expressed in KS tumors
and that KSHV infection of primary human umbilical vein ECs
(HUVEC) induced Ang-2, which was required for KSHV-
induced angiogenesis. In addition, we found that KSHV in-
duced Ang-2 expression by activating AP-1 and Etsl via the
ERK, JNK, and p38 mitogen-activated protein kinase (MAPK)
pathways. These results demonstrate an important role for
Ang-2 in KS tumorigenesis and define novel pathways control-
ling the expression of Ang-2.

MATERIALS AND METHODS

Virus preparation. Concentrated virus was prepared from BCBL-1 cells or 293
and BCBL-1 cells infected with a recombinant KSHV, BAC36 (57). Briefly,
supernatant from O-tetradecanoylphorbol 13-acetate (Sigma, St. Louis, MO)-
induced cells was first centrifuged twice at 5,000 X g for 10 min to eliminate cell
debris and then at 100,000 X g for 1 h with 20% sucrose as a cushion. The final
pellet was dissolved in basic culture medium without growth factors and other
supplements overnight. Fresh virus preparations were used in the experiments.

Cell culture and KSHYV infection. HUVEC and human dermal microvascular
ECs (DMVEC) obtained from Clonetics (Walkersville, MD) were grown in
EBM-2 medium (Clonetics). KSHV infection was previously described (27, 81).
For all the experiments, HUVEC cultures were infected with BAC36 KSHV at
a 40 to 50% efficiency based on the percentage of cells expressing green fluo-
rescent protein (GFP) at 2 days postinfection (dpi). DMVEC were infected with
KSHYV prepared from BCBL-1 cells. To inhibit a MAPK pathway, a specific
inhibitor was added to the culture 30 min prior to infection: U0126 (10 pM) for
the MEK pathway, SB203580 (50 uM) for the p38 pathway, and JNK inhibitor
1T (50 uM) for the JNK pathway, all of which were purchased from Calbiochem
(Oakland, CA).

Western blot analysis. To detect Ang-2 secretion, protein preparations from
supernatants of mock- and KSHV-infected HUVEC cultures were separated in
sodium dodecyl sulfate-polyacrylamide electrophoresis gels under reducing con-
ditions and transferred to nitrocellulose membranes as previously described (28).
The membrane was incubated first with a purified goat anti-Ang-2 immunoglob-
ulin G (IgG) (Santa Cruz, Santa Cruz, CA) and then with a donkey anti-goat
IgG-horseradish peroxidase conjugate (Sigma). Specific signals were revealed
with chemiluminescence substrates and recorded on films or a Cyclone Phos-
phorimager (Perkin-Elmer, Shelton, CT). For the detection of Ets1 and B-actin,
protein preparations were directly prepared from mock- and KSHV-infected
HUVEC. Purified IgG of a rabbit polyclonal antibody to Etsl (Santa Cruz) was
used to detect the Etsl protein. A goat anti-rabbit IgG-horseradish peroxidase
conjugate (Sigma) was used to reveal the signal. B-Actin was detected with a
mouse IgG monoclonal antibody (Santa Cruz) and revealed with a goat anti-
mouse IgG-horseradish peroxidase conjugate (Sigma).

RNA extraction and RT-PCR. Total RNA from HUVEC was purified using an
RNA isolation kit (Promega, Madison, WI), which included an RNase-free
DNase 1 treatment step to remove any possible genomic-DNA contamination.
Total RNA was then converted into cDNA using Superscript H™ reverse trans-
criptase (Invitrogen, Carlsbad, CA) with a poly(dT),s primer. Reverse transcrip-
tion (RT)-PCR was conducted to quantify individual mRNA transcripts. The
Ang-2 primers were 5’ TGGAAGCTGGAGGAGGCGGGTGG3' and 5'ATGT
GGTGGAAGAGGACACAGTG3'. The amplified 638-bp fragment is within
the C terminus of the Ang-2 gene coding region. B-Actin was used for normal-
ization. The B-actin primers were 5'CTGGAACGGTGAAGGTGACA3' and
5'AAGGGACTTCCTGTAACAATGCA3', which amplified a fragment of 140
bp. The PCR products were analyzed on a 1.2% agarose gel by electrophoresis.
PCR was also carried out on the RNA samples without RT to exclude any
possible genomic-DNA contamination.

To monitor the KSHYV replication program in the infected cultures, we carried
out RT-PCR for a set of KSHV genes that included two lytic genes, RTA
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(ORF50) and ORF-K8.1, and two latent genes, major latent nuclear antigen
(LANA or LNA, ORF73) and vFLIP (ORF-K13). The RTA primers were
5'CACAAAAATGGCGCAAGATGA3' (forward) and 5TGGTAGAGTTGG
GCCTTCAGTT3' (reverse), which amplified a product of 98 bp. The ORF-K8.1
primers were 5’AAAGCGTCCAGGCCACCACAGA3’ (forward) and 5'GGC
AGAAAATGGCACACGGTTAC3' (reverse), which amplified a product of 160
bp. The LANA primers were 5'GCAGACACTGAAACGCTGAA3' (forward)
and 5’AGGTGAGCCACCAGGACTTA3' (reverse), which amplified a product
of 101 bp. The VFLIP primers were 5'GGATGCCCTAATGTCAATGC3' (for-
ward) and 5’GGCGATAGTGTTGGGAGTGT3’ (reverse), which amplified a
product of 113 bp.

Immunocytochemistry. After microwave pretreatment (pH 7.2) for epitope
retrieval, 3- or 4-um serial sections from paraffin-embedded, formalin-fixed KS
lesions were stained with an affinity-purified goat polyclonal antibody to Ang-2
(R&D Systems, Abingdon, United Kingdom) at 1:100 dilution or to an isotype
control antibody (R&D Systems). The primary antibodies were then revealed
with an anti-goat-horseradish peroxidase conjugate (R&D Systems), and the
signal intensity was increased by the tyramine amplification technique, as de-
scribed previously (51, 71). To detect LANA, a rat monoclonal antibody to
LANA (Novocastra Laboratories, Newcastle Upon Tyne, United Kingdom) was
used at 1:750 dilution, and the signals were revealed with an anti-rat secondary
antibody-horseradish peroxidase conjugate (R&D Systems). KS specimens were
obtained from the San Antonio Cancer Institute Pathology Core Laboratory, in
accordance with U.S. regulations, and from the archives of the Institute for
Pathology, Medizinische Hochschule Hannover, and the Krankenhaus Nords-
tadt, where specimens were acquired in accordance with guidelines of the local
ethics committees.

In vivo Matrigel angiogenesis assay. C57/B6 mice (4 weeks old) were subcu-
taneously injected with supernatants from mock- or KSHV-infected HUVEC
cultures (Supeer OF Supgsiyy, respectively) mixed with Matrigel (Becton Dick-
inson, Franklin Lakes, NJ). Supernatants were obtained by infecting HUVEC
with KSHYV virions in basic EBM-2 without supplements (Supggyy) or by adding
basic EBM-2 without supplements to the cells (Supy,,ci) for 12 h. Cellular debris
was then removed by centrifugation at 12,000 rpm for 30 min. Six groups of
animals were used, including those injected with Supgspvs SUPmocs SUPksHv
plus 1 pg of purified goat anti-Ang-2 IgG (Santa Cruz) or purified control IgG
from normal goat serum (Santa Cruz), or Sup,,, plus 100 ng recombinant
Ang-2 (Calbiochem) with or without the anti-Ang-2 antibody. For each group,
four mice, each with two sites, were injected. Each site was injected with 200 .l
of a corresponding culture supernatant and 350 pl Matrigel. To observe angio-
genesis, the Matrigel plugs were surgically removed 10 days after injection and
immediately photographed to evaluate the growth of blood vessels. Histological
sections were stained with Masson’s trichrome (Sigma, St. Louis, MO) for ECs/
vessels (red) and Matrigel (blue) and an antibody to VE-Cadherin (Santa Cruz).
The hemoglobin content was assayed using the Drabkin reagent (Sigma) after
the Matrigel specimens were homogenized in 50 mM EDTA. The Institutional
Animal Care and Use Committee of the University of Texas Health Science
Center at San Antonio approved all animal housing and surgical procedures in
accordance with the University of Texas Health Science Center at San Antonio
guidelines.

Reporter constructs and reporter assay. A 3.2-kb genomic fragment contain-
ing the full-length human Ang-2 promoter was PCR cloned into the pGL3-basic
vector (Promega) to obtain the reporter plasmid pEBS1. There are 10 putative
Ets1-binding sites (EBSs), annotated as E1 to E10, and 8 putative AP-1-binding
sites (ABSs), annotated as A1 to A8, in the Ang-2 promoter (see Fig. 4A). Based
on the positions of the EBSs and ABSs, consecutive deletion constructs pEBS1
to -10 containing different truncations of the Ang-2 promoter regions, designated
D1 to D10, were generated by PCR amplification (see Fig. 4A). Mutant pro-
moter reporters were generated using the pEBS7 reporter as a template by
site-directed mutagenesis to ablate the ABSs or EBSs using the QuikChange
site-directed mutagenesis kit according to the instructions of the manufacturer
(Stratagene, San Diego, CA). The correct mutations of the sites were verified by
DNA sequencing (Table 1). Other plasmids used were expression plasmids of
AP-1 members, pRSV-c-Fos and pRSV-c-Jun, provided by B. E. Sawaya (Tem-
ple University). The dominant-negative mutant (DN) of the c-Fos expression
plasmid (termed A-Fos) was from Charles Vinson (National Institutes of
Health). The c-Jun DN expression plasmid pCMV-TAM67 was from Bradford
W. Ozanne (Beatson Institute). The p38 DN (pcDNA3-p38/AF) was from Jiahua
Han (The Scripps Institute). The JNK DN (HA-JNK1 [APF]) was from Lin
Mantell (New York University School of Medicine). The ERK DN (pCEP4L-
HA-ERKIK71R) was from Melanie Cobb (University of Texas Southwestern
Medical Center). The Ets1 DN, which lacked a transcription activation domain
corresponding to amino acids 306 to 441, was obtained by PCR cloning into the
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TABLE 1. Mutagenesis analysis of putative ABSs and EBSs in the
Ang-2 promoter

Putative Sequence”
site Wild type Mutant
E7 5'-ATTTTTCCTGT-3’ 5'-ATTTAGCATGT-3'
ES8 5'-ACAGGAAGATA-3' 5'-ACAAGTCGATA-3’
A7 5'-AGTGACCCCC-3' 5'-AGAGTCCGCC-3’
A8 5'-GCTGACACAG-3' 5'-GCAGTCAGAG-3’

“ Mutated sites are underlined.

pCMV-myc vector (BD Biosciences, Palo Alto, CA) using primers 5'CTAT
GTGCGGGACCGTGCTGACC3' and 5’'TCACTCGTCGGCATCTGGCTT
GAC3'.

Transfection of HUVEC was carried out using Cytopure Transfection Re-
agent according to the instructions of the manufacturer (MP Biomedicals, Irvine,
CA). In all the experiments, we estimated the transfection efficiency to be around
30 to 40% using the GFP expression vector pPEGFP (Clontech Laboratories, Inc.,
Mountain View, CA) as a control. The B-galactosidase vector pSV-B-Gal was
included to control the transfection efficiency. Luciferase activities were mea-
sured with a specific assay kit (Promega). To identify the cis elements that were
responsive to KSHV infection, cells transfected with deletion or mutation con-
structs of the Ang-2 promoter for 12 h were infected with KSHV and assayed for
luciferase at either 12 or 52 hours postinfection (hpi). To determine the effect of
an expression plasmid on the Ang-2 promoter, reporter pEBS1 was cotransfected
with the expression plasmid.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared
from mock- or KSHV-infected HUVEC as previously described (73). Annealed
double-stranded consensus AP-1 (5’CGGTGACTCACAGCT3') and Etsl (5'C
CCCTACAGGAAGATAACGG3') oligonucleotides were labeled with [y-*2P]
ATP. For the gel shift assay, 4 pg of nuclear extract was incubated for 20 min at
room temperature with 5 X 10° cpm DNA probe in a total volume of 20 ul
binding buffer containing 10 mM Tris-HCI at pH 7.6, 50 mM NaCl, 1 mM EDTA,
1 mM dithiothreitol, 5% glycerol, 1% bovine serum albumin, 2 pg of poly(dI-dC).
For the competition assay, cold AP-1 wild-type probe and its corresponding
mutant probe (5’CGGAAATTGACAGCT3') or cold Etsl probe and its corre-
sponding mutant probe (5'CCCCTACATTCCGATAACGG3') at 100-fold were
added to the respective reaction mixtures. All the mutated sites are underlined.
For the supershift assay, 1 pg purified rabbit polyclonal anti-c-Fos and anti-c-Jun
IgG, or IgG of a negative control antibody (Santa Cruz), was added to the
reaction mixture. Samples were loaded onto a 6% nondenaturing polyacrylamide
gel for electrophoresis. Images were captured with the Cyclone Phosphorimager.

Chromatin immunoprecipitation (ChIP) assay. Briefly, 4 X10° HUVEC were
washed with phosphate-buffered saline (PBS) and incubated at 37°C for 10 min
with culture medium containing 1% formaldehyde. The cells were then washed
twice with ice-cold PBS and harvested with a scraper in PBS. After centrifuga-
tion, the cell pellets were resuspended in the above-mentioned lysis buffer used
for Western blotting lysate preparation, left on ice for 10 min, and sonicated for
10 s six to eight times. This process generated a smear with average DNA sizes
of 0.6 to 0.8 kb. After centrifugation at 10,000 X g for 10 min at 4°C, the
supernatants were diluted 10-fold in PBS and immunoprecipitated with the
antibody to Ets1 or c-Jun at 4°C overnight. Purified IgG from a rabbit polyclonal
antibody to Tie2 (Santa Cruz) was used as a negative control antibody. The
chromatin-antibody complexes were then pulled down with protein G-agarose
beads (Sigma), which were then sequentially washed four times with PBS-Tween
and once with TE (10 mM Tris at pH 7.5, 1 mM EDTA). The immunoprecipi-
tates were resuspended in TES (10 mM Tris at pH 7.5, 1 mM EDTA, 100 mM
NaCl, 0.05% sodium dodecyl sulfate, and 100 p.g/ml proteinase K) and incubated
at 50°C for 6 h, followed by phenol-chloroform extraction and ethanol precipi-
tation. The DNA was dissolved in 20 pl of sterile water. PCR was carried out to
amplify the immunoprecipitated Ang-2 promoter fragment using primers 5'CT
AGCTAGCTATTTTGCCAGCTTAGCAC3' (forward) and 5’AACTTAACTT
GAGGCAAACACAC3', which amplified a product of 641 bp. Initial DNA
inputs were also amplified to estimate the recovery yields. As an additional
control, a PCR was carried out to amplify the Ang-2 exon 9 outside the Ang-2
promoter region using primers 5'TGTGGTCCTTCCAACTTGAACGGAA
TG3' and S’ ATGTGGTGGAAGAGGACACAGTG3', which amplified a prod-
uct of 246 bp.

J. VIROL.

RESULTS

KSHYV infection induces the expression and release of
Ang-2. KSHYV infection of primary HUVEC transforms them
into spindle shapes, a phenotype reminiscent of the endothelial
tumor cells in KS lesions (27). Since Ang-2 is the main factor
involved in destabilizing the existing vasculature that is re-
quired for initiating angiogenesis, we hypothesized that induc-
tion of Ang-2 by KSHV might be one of the early events
leading to KS angiogenesis. Indeed, KSHV infection of HUVEC
induced secretion of Ang-2 as early as 12 hpi (Fig. 1A). KSHV
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FIG. 1. KSHYV infection of HUVEC induces Ang-2 expression and
release. (A) KSHYV infection induced Ang-2 release in HUVEC. Cul-
ture supernatants (50 pl) from mock- or KSHV-infected HUVEC at
12 or 52 hpi were examined for Ang-2 protein by Western blotting. A
recombinant Ang-2 was used as a control. B-Actin expression was
measured and used to normalize cell numbers. (B) KSHV infection
induced Ang-2 release in DMVEC. Supernatants from mock- or
KSHV-infected DMVEC at 7 dpi were examined for Ang-2 protein by
Western blotting. (C) RT-PCR detection of Ang-2 and B-actin tran-
scripts, as well as KSHV transcripts, for RTA, K8.1, LANA, and vFLIP
genes in mock- or KSHV-infected HUVEC at different hpi. PCR was
also carried out for Ang-2 and B-actin without RT in the RNA samples
to exclude any possible genomic-DNA contamination.
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FIG. 2. Representative illustration of immunohistochemical detection of Ang-2 protein in sequential sections of a KS tumor. (A and B) Ang-2
staining showing strong expression of Ang-2 in small intratumor vessels (black arrows) and cytoplasmic staining in polygonal tumor cells (white
arrows). Both panels A and B were from the same field, with B at a higher magnification. (C) Strong nuclear staining of LANA was seen in the
majority of the tumor cells. (D) A section incubated with an isotype control antibody instead of either anti-Ang-2 or anti-LANA antibody was
negative. The star identifies the position of the tumor in each section (panels A, C, and D).

infection also upregulated Ang-2 mRNA expression, which
peaked at 52 hpi (Fig. 1C). In contrast, we did not detect Ang-2
secretion or mRNA expression in the mock-infected cultures
(Fig. 1A and C). Since we calibrated the signals with the B-ac-
tin gene, the detected upregulation of Ang-2 mRNA by KSHV
infection could not be due to cell doubling (Fig. 1C). In sam-
ples that were not subjected to RT, we did not detect any
signals in both mock- and KSHV-infected cells (Fig. 1C), in-
dicating that the amplified signals were from Ang-2 mRNA
rather than any contaminated genomic DNA. To determine
whether KSHV induction of Ang-2 expression could be sus-
tained after longer infection, we examined the mRNA expres-
sion of Ang-2 at 144 hpi (6 dpi). As shown in Fig. 1C, the
expression of Ang-2 mRNA was low but remained upregulated
in KSHV-infected HUVEC even at 6 dpi.

We have previously shown that KSHV infection of HUVEC
is productive at the early stage of infection (27, 78). To corre-
late the status of KSHV replication with Ang-2 upregulation,
we examined the expression of a set of KSHV genes, including
two lytic genes, the RTA and K8.1 genes, and two latent genes,
the LANA and vFLIP genes. As we had previously reported,
KSHYV lytic genes were expressed at all the time points exam-
ined (Fig. 1C). These results further confirm that KSHV in-
fection of HUVEC is productive. Since both viral latent and
lytic genes are expressed in this system (78), KSHV upregula-
tion of Ang-2 could be mediated by both latent and lytic genes.

In contrast to the HUVEC system, previous studies have
shown that the default replication program in KSHV infection
of DMVEC is latency (40). KSHV immediately establishes
latent infection following infection of DMVEC. To determine
whether KSHV also upregulates Ang-2 expression in latently

infected ECs, we examined the protein expression of Ang-2 in
DMVEC at 7 dpi, at which time KSHV had established latent
infection in the culture (40). As shown in Fig. 1B, the expres-
sion of Ang-2 protein was significantly upregulated in KSHV-
infected DMVEC compared to mock-infected cells. Analysis
of mRNA expression in three separate microarray experiments
using Affymetrix U133A 2.0 arrays showed that the expression
of Ang-2 mRNA was upregulated 2.5 (*=0.5)-fold in KSHV-
infected DMVEC compared to mock-infected cells. These re-
sults indicate that KSHV upregulates the expression of Ang-2
in both default latent and productive infection systems.

Protein expression of Ang-2 in KS lesions. To extend our
observations to clinical samples, we performed immunohisto-
chemical staining for Ang-2 protein expression in KS lesions.
Consistent with the in vitro results, we found Ang-2 protein
expression in 23 of 27 KS lesions, 20 of which had strong
staining in intratumor vessels while 16 had focal staining in
tumor cells (Fig. 2A and B). Of the 23 Ang-2-positive lesions,
the majority of the tumor cells were also positive for KSHV
LANA (Fig. 2C), confirming KSHV infection. Of the four
Ang-2-negative lesions, two were also LANA negative. These
results are consistent with the detection of high Ang-2 mRNA
levels in KS lesions (9) and suggest an essential role for Ang-2
in KS angiogenesis.

Ang-2 is necessary for KSHV-induced paracrine-dependent
angiogenesis. To determine the role of Ang-2 in KS angiogen-
esis, we examined the angiogenic effects of KSHV-induced
Ang-2 in a tumor-independent model involving subcutaneous
implantation of reconstituted basement membrane (Matrigel)
into mice and subsequent surgical removal of the pellets
for angiogenesis assessment. Matrigel specimens containing
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FIG. 3. Ang-2isrequired for KSHV-induced paracrine-dependent angiogenesis. (A) Supernatants from KSHV- and mock-infected HUVEC cultures
were assayed for their abilities to induce angiogenesis in an in vivo angiogenesis assay. Matrigel pellets containing supernatants from HUVEC cultures
infected by KSHV for 12 h (Supggyy) had a large number of new blood vessels (i), while fewer blood vessels were present in those containing
supernatants from mock-infected HUVEC cultures (Sup,;,«) (ii). Addition of 1 pwg/ml of IgG of an anti-Ang-2 antibody, but not a control antibody, to
the Matrigel pellets inhibited the formation of blood vessels (iii and iv, respectively). Addition of 100 ng/ml of recombinant Ang-2 to the Matrigel pellets
was sufficient to induce the formation of a large number of new blood vessels (v), which was inhibited by the anti-Ang-2 antibody (vi). (B) Histological
staining of Matrigel pellet sections from panel A with Masson’s trichrome showing promotion of both macro- and microvessels by KSHV-induced Ang-2
(the arrowheads show the borders of macrovessels, while the arrows show microvessels). (C) VE-cadherin staining of Matrigel pellet sections from panel
A showing that the vessels were formed from ECs (the arrowheads show the borders of macrovessels, while the arrows show microvessels). (D) He-
moglobin contents of the Matrigel specimens from panel A. In all experiments, four mice, each injected at two sites, were used for each group.
Representative illustrations are shown in panels A to C. In the hemoglobin content assay, the results are averages with standard deviations (D).
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FIG. 4. Identification of ABS and EBS as the KSHV-responsive cis elements in the Ang-2 promoter. (A) Schematic illustration of the Ang-2
promoter deletion constructs (pEBSI1 to -10), with D1 to D10 corresponding to the respective deletion regions. ABS1 to ABS8 and EBS1 to EBS10
are abbreviated as Al to A8 and E1 to E10, respectively. (B) KSHV activation of the full-length Ang-2 promoter-reporter pEBS1 at 12 and 52
hpi. Activation was calculated by standardizing the reporter activity of the mock-infected cells as 1. (C) KSHV activation of the Ang-2
promoter-reporter deletion constructs at 52 hpi. Activation was calculated by standardizing the control vector pGL3-basic reporter activity in
mock-infected cells as 1. The numbers above the bars denote the increase (n-fold) in KSHV-infected cells compared to mock-infected cells.

(D) KSHV activation of the reporter pEBS7 and its mutant constructs
pMutA8) or dual sites (pMutE7A7 and pMutA7ES) at 12 and 52 hpi.

with mutation of either a single site (pMutE7, pMutES8, pMutA7, and
Activation was calculated by standardizing the reporter activity of the

mock-infected cells as 1. In all the experiments, cells transfected with either deletion or mutation constructs of the Ang-2 promoter for 12 h were
infected with KSHV and assayed for luciferase at either 12 or 52 hpi. The results represent averages with standard deviations.

Supgsyv Were reddish with visible blood vessels (Fig. 3A, i).
Histological examination revealed a large number of both micro-
and macrovessels (Fig. 3B, i) that stained positive for VE-
cadherin, a marker for ECs (Fig. 3C, i). In contrast, Matrigel
specimens containing Sup,,... were white, with many fewer
blood vessels (Fig. 3A, ii). Histological examination also re-
vealed very few vessels (Fig. 3B, ii, and C, ii). To verify the
functionality of the vessels, we determined the relative hemo-
globin contents in the Matrigel pellets (Fig. 3D). Matrigel
specimens containing Supggyyv had 30% higher levels of he-
moglobin than those containing Sup,,.... These results indi-
cated that KSHYV infection of HUVEC could induce angiogen-
esis by a paracrine mechanism. To examine whether Ang-2 is
essential for KSHV-induced paracrine-dependent angiogene-
sis, we used a specific antibody to inhibit the function of Ang-2
in this model. Addition of the anti-Ang-2 antibody to the
Matrigel pellets abolished the angiogenic effect of Supggipvy,
while a control antibody had no effect (Fig. 3A-C, iii and iv,
respectively). Further evidence that Ang-2 was capable of in-
ducing angiogenesis in this assay was provided by analysis of
the Matrigel specimens containing Sup,,,., supplemented with
human recombinant Ang-2. They also had a strong reddish
color and were rich in blood vessels (Fig. 3A to C, v). The
anti-Ang-2 antibody abolished these angiogenic effects (Fig.
3A to C, vi). Examination of the relative hemoglobin contents
showed that, similar to the Matrigel specimens containing

Supksirv, the specimens containing Supggy plus control an-
tibody and Sup,,,,. plus recombinant Ang-2 had high levels of
hemoglobin, while those containing Supygyy plus anti-Ang-2
antibody and Sup,,,, plus recombinant Ang-2 and anti-Ang-2
antibody had low levels, resembling that of Sup,, ... (Fig. 3D).
Taken together, these results indicated that KSHV-induced
Ang-2 was necessary for the induction of angiogenesis and that
angiogenesis could be recapitulated by treatment of Matrigel
with mock-infected HUVEC culture supernatants supple-
mented with Ang-2 alone.

KSHY induces Ang-2 by activating AP-1 and Ets1. Since we
observed KSHV upregulation of Ang-2 mRNA, we deter-
mined possible KSHV transcriptional activation of the Ang-2
promoter. KSHV infection indeed activated the full-length
Ang-2 promoter reporter pEBS1 by 2.88- and 10.51-fold at 12
and 52 hpi, respectively (Fig. 4B), which was consistent with
the induction of Ang-2 mRNA by KSHV (Fig. 1B). Because
KSHYV activated the Ang-2 promoter to a much higher level at
52 hpi than at 12 hpi, subsequent promoter deletion analyses
were conducted at the later time point. Previous studies iden-
tified 10 putative EBSs (E1 to E10) in the Ang-2 promoter
(Fig. 4A) (32, 34). Our detailed examination of the Ang-2
promoter identified eight putative ABSs (Al to A8) (Fig. 4A).
Deletion analyses indicated that the promoter regions D8, D7,
D5, D2, and D1 contributed positively to the Ang-2 promoter
activity during KSHV infection (Fig. 4C). Compared to the
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FIG. 5. KSHYV induction of Ang-2 is mediated by AP-1 and Ets1. (A) Activity of the full-length Ang-2 promoter reporter pEBS1 cotransfected
with the DNs at 12 hpi. (a) DN of c-Fos, c-Jun, or Ets-1. (b) Dose response to DN of c-Fos. (c) Dose response to DN of c-Jun. In all the
experiments, cells transfected with DN for 12 h were infected with KSHV and assayed for luciferase at 12 hpi. (B) Activity of the full-length Ang-2
promoter reporter pEBS1 cotransfected with the DNs at 52 hpi. (a) DN of c-Fos, c-Jun, or Ets-1. (b) Dose response to DN of Etsl. (c) Dose
response to DN of c-Fos. (d) Dose response to DN of c-Jun. In all the experiments, cells transfected with the DNs for 12 h were infected with
KSHYV and assayed for luciferase at 52 hpi. (C) RT-PCR detection of Ets] and B-actin transcripts in KSHV-infected HUVEC at different hpi.
(D) Mock- or KSHV-infected HUVEC were examined for the expression of Ets1 and B-actin at 52 hpi by Western blotting. (E) KSHV-induced
AP-1 binding to ABS at 12 and 52 hpi detected by EMSA. Nuclear extract was prepared from mock (M)- or KSHV (K)-infected HUVEC at 12
or 52 hpi. Cold wild-type (W) or mutant (M) probe at 100X was used as a competitor. An antibody to either c-Fos or c-Jun or a control antibody
was used for the supershift assay. (F) KSHV-induced Ets1 binding to EBS at 52 hpi, but not at 12 hpi, as detected by EMSA. Nuclear extract was
prepared from mock (M)- or KSHV (K)-infected HUVEC at 12 or 52 hpi. Cold wild-type (W) or mutant (M) probe at 100X was used as a
competitor. (G) ChIP assay using an antibody to c-Jun, Ets1, or Tie2 (control) to pull down a 641-bp DNA fragment containing the ABSs and EBSs
in the Ang-2 promoter from mock- or KSHV-infected HUVEC at 12 or 52 hpi. No DNA in exon 9 of Ang-2, lying outside of the Ang-2 promoter,
was pulled down. Input DNA was also amplified to estimate the recovery yields of ChIP. (H) Reporter activity of the full-length Ang-2 promoter
reporter pEBSI cotransfected with the expression plasmids of c-Fos, c-Jun, c-Fos plus c-Jun, or vector pPCMV-myc. Luciferase activity was assayed
at 48 h posttransfection. In all the reporter assays, results represent averages with standard deviations.

luciferase vector control, reporters pEBSS, -7, -5, -2, and -1 had
14.12-, 46.13-, 55.32-, 44.96-, and 78.92-fold higher luciferase
activities, respectively. Deletion of the D8, D7, D5, D2, and D1
regions reduced the luciferase activity by 2.62-, 3.27-, 1.63-,
1.38-, and 1.76-fold, respectively. Based on these results, we
concluded that D8 containing the ES8 site and D7 containing
the E7 and A7 sites were the most important promoter regions
contributing to the Ang-2 promoter activity during KSHV in-
fection. KSHYV infection increased the pEBS8 and pEBS7 re-
porters 3.61- and 4.33-fold at 52 hpi, respectively.

We further performed mutagenesis analyses using the
pEBS7 reporter as a template to determine the contributions
of the individual EBS and ABS sites in these regions to the
Ang-2 promoter activity in response to KSHYV infection at both
12 and 52 hpi (Fig. 4D). Multiple mutations were introduced

into each E7, E8, A7, or A8 site to abolish the corresponding
EBS or ABS (Table 1). KSHYV infection activated the wild-type
pEBS7 reporter 1.85-fold at 12 hpi, which was abolished by
mutating the A7 site alone or together with other sites (Fig.
4D). Mutation of the E7, E8, or A8 site had no effect on KSHV
activation of the pEBS7 reporter at that time point. KSHV
infection activated the pEBS7 reporter 4.57-fold at 52 hpi,
which was abolished by mutating either the E7 or A7 site alone
or together with the other sites (Fig. 4D). Mutation of the E8
site reduced KSHYV activation of the pEBS7 reporter 2.34-fold,
while mutation of the A8 site alone had no effect at this time
point. These results indicated that KSHV activation of the
Ang-2 promoter at 12 hpi involved the A7 site and at 52 hpi
involved the A7, E7, and ES sites.

The above-mentioned results indicated that both AP-1 and
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deviations.

Ets1 were involved in KSHV induction of Ang-2. Indeed, the
DNs of c-Fos and c-Jun abolished KSHV activation of the
Ang-2 promoter at 12 hpi (Fig. 5A), while DNs of c-Fos, c-Jun,
and Ets1 abolished KSHV activation of the Ang-2 promoter at
52 hpi (Fig. 5B). The inhibition effects of the DNs on KSHV
induction of the Ang-2 promoter were dose dependent (Fig.
5A, b and c, and B, b to d). Based on these results, we con-
cluded that AP-1 was responsible for KSHV early induction of
Ang-2 while both AP-1 and Etsl were responsible for KSHV
late induction of Ang-2.

If AP-1 and Etsl were involved in KSHV transcriptional
induction of Ang-2, their activation by KSHV should precede
the induction of Ang-2. Indeed, KSHV induced AP-1 binding
to its consensus element as early as 2 hpi and peaked at 6 hpi
(75). Similarly, we observed peak KSHV induction of Etsl
mRNA at 52 hpi (Fig. 5C), and Etsl protein was also signifi-
cantly induced by KSHV at 52 hpi (Fig. 5D). A gel shift assay
detected strong AP-1 binding to the ABSs at both 12 and 52
hpi (Fig. 5E), which was inhibited by a wild-type cold probe but
not the corresponding mutant cold probe and supershifted by
an antibody to c-Fos or c-Jun but not IgG of a negative control
antibody. Similarly, strong Etsl binding to the EBSs was ob-
served at 52 hpi, which was inhibited by wild-type cold probe
but not the corresponding mutant cold probe, while no Etsl
band was visible at 12 hpi (Fig. 5F).

We next performed a ChIP assay to determine whether
KSHV-activated AP-1 and Ets1 bound to the Ang-2 promoter
in vivo (Fig. 5G). A 641-bp DNA fragment containing the ABS
and EBSs in the D7 and DS regions was pulled down from
KSHV-infected HUVEC by an anti-c-Jun antibody, but not an
anti-Ets1 antibody or a negative control anti-Tie2 antibody, at

12 hpi. The same DNA fragment was pulled down from
KSHV-infected HUVEC by both the anti-Ets1 and anti-c-Jun
antibodies, but not by the anti-Tie2 antibody, at 52 hpi. This
fragment was not pulled down by any of the antibodies from
mock-infected HUVEC (Fig. 5G). Furthermore, DNA of
Ang-2 exon 9, outside the Ang-2 promoter region, was not
pulled down by any of the antibodies in any of the cells. Taken
together, these results confirmed that KSHV transcriptional
induction of Ang-2 was dependent on the activation of AP-1
during the early stage of infection and both AP-1 and Etsl
during the late stage.

While Etsl is known to mediate Ang-2 expression (32, 34),
the direct involvement of AP-1 in the upregulation of Ang-2
expression had not been demonstrated before. We therefore
tested the effect of AP-1 activation on the Ang-2 promoter in
vitro. Overexpression of either c-Jun alone or together with
c-Fos activated the Ang-2 promoter by 3- and 3.9-fold, respec-
tively (Fig. SH), thus further confirming the important role of
AP-1 in the transcriptional regulation of Ang-2.

KSHY induction of Ang-2 is mediated by MAPK pathways.
We have previously shown that multiple MAPK pathways medi-
ate KSHV activation of AP-1 (75). Similarly, inhibitors of the
ERK, JNK, and p38 pathways reduced KSHV induction and
activation of Etsl (Fig. 6A and B). These results suggested that
KSHYV induction of Ang-2 could be mediated by MAPK path-
ways. Indeed, inhibitors of the ERK, JNK, and p38 pathways
reduced KSHYV induction of both Ang-2 mRNA and protein (Fig.
6C and D). Furthermore, DNs of ERK, JNK, and p38 reduced
KSHYV activation of the Ang-2 promoter at both 12 and 52 hpi
(Fig. 6E and F). Together, these results clearly illustrated that the
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ERK, JNK, and p38 MAPK pathways regulate Ang-2 expression
during KSHYV infection by activating AP-1 and Etsl.

DISCUSSION

Angiogenesis is initiated by the destruction of existing blood
vessels and is followed by the sprouting and growth of new
blood vessels (22). This multistep process is typically regulated
in a coordinated fashion by a number of angiogenic factors.
Several cytokines, including VEGFs, IL-6, IL-8, and GRO-q,
have been implicated in KS angiogenesis (19). In this study,
culture medium from de novo KSHV-infected HUVEC alone
induced paracrine-dependent angiogenesis (Fig. 3). Of partic-
ular interest, we found that KSHV infection of HUVEC in-
duced the expression and release of Ang-2 (Fig. 1) and that
Ang-2 was necessary for the KSHV-induced paracrine-depen-
dent angiogenesis (Fig. 3). Furthermore, we detected strong
Ang-2 protein expression in KSHV tumors (Fig. 2). These
results demonstrate an important role for Ang-2 in promoting
KSHV-induced KS angiogenesis. Intriguingly, Ang-2 in the
context of mock-infected HUVEC culture supernatants was
sufficient to induce angiogenesis (Fig. 3), suggesting that it can
exert its proangiogenic effect with or without the coordinated
effects of other proangiogenic factors. Coincidentally, a recent
study demonstrated that Ang-2 alone induced vascular remod-
eling and angiogenesis in the absence of VEGF in an Ang-2
transgenic-mouse model (10). Moreover Ang-2 can sensitize
ECs to TNF-a and is necessary for the induction of inflamma-
tion (23). It remains to be determined whether Ang-2 also
promotes angiogenesis by inducing other proangiogenic factors
in addition to its own effects on vascular remodeling.

Consistent with our findings, Wang and colleagues in their
microarray analysis of KS biopsy specimens identified upregu-
lated Ang-2 gene expression (72). A possible corollary of this
observation was that Ang-2 protein levels were significantly
higher in the plasma of AIDS patients with KS than in other
individuals. Moreover, Ang-2 mRNA expression was also up-
regulated in response to KSHYV infection in either blood or
lymphatic ECs (72). Poole and colleagues identified similar
upregulated Ang-2 mRNA expression in DMVEC infected
with KSHV (60).

Although a number of cytokines and growth factors are
known to regulate the expression of Ang-2 (11, 14, 25, 37, 45,
54, 56, 77), the mechanisms and cellular pathways controlling
its expression are still not fully understood. We found that
KSHYV activated AP-1 and Etsl to synergistically induce Ang-2
expression, with AP-1 functioning early (12 hpi) and both AP-1
and Etsl acting later (52 hpi) after infection (Fig. 4 and 5).
Activated AP-1 and Etsl can also upregulate VEGFs and their
receptors, matrix metalloproteinases, and inflammatory cyto-
kines (15, 61, 74, 80), which could further accelerate tumor
angiogenesis and promote metastasis. In agreement with these
observations, inhibition of c-Jun with a catalytic DNA mole-
cule resulted in the suppression of vascular permeability, an-
giogenesis, and inflammation (21).

The ERK MAPK pathway and its upstream effectors, such
as phosphatidylinositol 3-kinase and Akt, regulate angiogene-
sis (12, 30, 48, 66, 69). Importantly, Ang-2 is a direct target of
the phosphatidylinositol 3-kinase and Akt pathways (69). We
have previously shown that KSHV infection activates the ERK,
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FIG. 7. Working model proposing the molecular mechanism by
which KSHV induces Ang-2.

JNK, and p38 MAPK pathways, and all three mediate KSHV
activation of AP-1 (57, 75). In this study, we have shown that
all three MAPK pathways mediate KSHV activation of Etsl
(Fig. 6A and B). Consistent with these results, KSHV induc-
tion of Ang-2 is mediated by the ERK, JNK, and p38 MAPK
pathways (Fig. 6C and D). Therefore, multiple MAPK path-
ways might promote angiogenesis by inducing the expression of
Ang-2 and other angiogenic factors, at least in part via AP-1
and Etsl (Fig. 7).

It is now accepted that the development of malignant tumors
depends not only on the ability of the tumor cells to undergo
unlimited proliferation but also on angiogenesis (24). Consis-
tent with this concept, the products of a number of oncogenes
not only promote cell growth and survival, but also induce
angiogenesis (16, 36, 38, 39, 41). Similarly, inhibition of the p53
tumor suppressor pathway results in the loss of cell cycle
checkpoints and facilitates uncontrolled cell growth, as well as
enhancing angiogenesis by interfering with the hypoxia path-
way and deregulating the expression of either angiogenic fac-
tors or antiangiogenic factors (53). Our finding that the expres-
sion of Ang-2 is mediated by AP-1 and Etsl indicates that
these two transcription factors might play important roles in
early blood vessel remodeling and promotion of angiogenesis
during the development of other types of tumor that also
contain activated AP-1 and Etsl, such as nasopharyngeal
carcinoma (79). Therefore, AP-1, Etsl, and their upstream
MAPK pathways could be attractive therapeutic targets for
controlling oncogenic angiogenesis. In this context, KSHV in-
fection of HUVEC provides a model for screening angiogen-
esis inhibitors. Since Ets1 and the AP-1 components c-Fos and
c-Jun are the products of oncogenes (4), our findings illustrate
the convergence of oncogenesis and angiogenesis pathways in
tumor development. Further delineation of the roles of AP-1
and MAPK pathways in blood vessel remodeling and angio-
genesis in other conditions, such as inflammation and infec-
tion, may reveal commonalties in the pathogenesis of different
diseases.

The mechanism by which KSHV induces tumorigenesis is
complex. Early-stage KS lesions have features resembling hy-
perplasia (19). KSHYV infection of human primary ECs also
does not always lead to cellular transformation (13, 27), even
though it can cause chromosome instability (58). It has been
proposed that the vast angiogenesis and inflammation pre-
sented in the early KS lesions could promote the transition
from hyperplasia-like lesions into malignant tumors observed
in late-stage KS (19). Our finding that KSHV induces the
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expression of Ang-2 early during infection suggests that
KSHV-induced blood vessel remodeling might precede the
clinical manifestation of KS tumor formation. Such early Ang-
2-mediated angiogenesis could be important for tumor initia-
tion and growth, not least by augmenting inflammation.

The KSHV genome includes genes that can promote both
cell growth and survival and angiogenesis. For example, the
products of the KSHV genes for vIRF (ORF-K9), vGPCR,
ORF-K1, kaposin (ORF-K12), and LANA possess cellular-
transformation potential, either alone or in combination with
other cellular oncogenes. The VIRF, vIL-6, vBcl-2 (ORF16),
and vIAP (ORF-K7) gene products regulate immune re-
sponses and promote cell growth and survival (17, 62). At the
same time, a number of KSHV proteins, including vIL-6,
vGPCR, vCCL-1, and vCCL-II, directly promote angiogenesis
(5, 7, 43, 50, 63, 64). Furthermore, some KSHV proteins me-
diate the activation of the AP-1 and MAPK pathways. Two
KSHV gene products, LANA and vFLIP (ORF-K13), di-
rectly activate AP-1 (2, 3). vFLIP and five other KSHV gene
products, vGPCR, vPK (ORF36), LAMP (ORF-K15), kaposin
B, and ORF49, and the binding of KSHV glycoproteins to
cellular receptors activate MAPK pathways (1, 3, 6, 8, 29, 31,
49, 75), all of which could contribute to KSHV-induced angio-
genesis. Thus, further delineation of the angiogenic and onco-
genic properties of these gene products should help decipher
the mechanism(s) of KSHV-induced tumorigenesis.
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