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Kaposi’s sarcoma (KS) is the most common tumor of AIDS patients worldwide. KS-associated herpesvirus
(KSHYV) is the infectious cause of this highly vascularized skin tumor. The main cell type found within a KS
lesion, the spindle cell, is latently infected with KSHV and has markers of both blood and lymphatic endothelial
cells. During development, lymphatic endothelial cells differentiate from preexisting blood endothelial cells.
Interestingly, KSHV infection of blood endothelial cells induces lymphatic endothelial cell differentiation.
Here, we show that KSHV gene expression is necessary to maintain the expression of the lymphatic markers
vascular endothelial growth factor receptor 3 (VEGFR-3) and podoplanin. KSHYV infection activates many cell
signaling pathways in endothelial cells and persistently activates STAT3 through the gp130 receptor, the
common receptor of the interleukin 6 family of cytokines. We find that KSHYV infection also activates the
phosphatidylinositol 3-OH-kinase (PI3K)/Akt cell signaling pathway in latently infected endothelial cells and
that gp130 receptor signaling is necessary for Akt activation. Using both pharmacological inhibitors and small
interfering RNA knockdown, we show that the gp130 receptor-mediated activation of both the JAK2/STAT3 and
PI3K/Akt cell signaling pathways is necessary for KSHV-induced lymphatic reprogramming of endothelial
cells. The induction of the lymphatic endothelial cell-specific transcription factor Prox1 is also involved in
KSHV-induced lymphatic reprogramming. The activation of gp130 receptor signaling is a novel mechanism for
the differentiation of blood endothelial cells into lymphatic endothelial cells and may be relevant to the
developmental or pathological differentiation of lymphatic endothelial cells as well as to KSHV pathogenesis.

Kaposi’s sarcoma (KS) is a highly vascularized tumor that is
the most frequent neoplasm in AIDS patients and the most
common cancer in the central parts of Africa (4). The main cell
type in a KS tumor is the spindle cell, a cell of endothelial
origin (4). KS tumor spindle cells display markers of the lym-
phatic endothelium, including vascular endothelial growth fac-
tor receptor 3 (VEGFR-3), podoplanin, and Prox1 (26, 50, 60).
The gene expression profile of KS tumors also matches that of
isolated lymphatic endothelial cells (LECs) (22, 58).

Blood endothelial cells (BECs) and LECs make up the two
major vascular systems and differentially express over 300
genes (20). The lymphatic vasculature, comprised primarily of
LECG:s, is responsible for the uptake of activated immune cells
and fluids leaked into peripheral tissues and the return of this
lymph to the circulation of blood via transport through the
lymph nodes and the thoracic duct. The separate blood vascu-
lar system of veins and arteries, comprised of BECs, delivers
oxygen and nutrients throughout the body (reviewed in refer-
ence 1). During embryonic development, the lymphatic vascu-
lature is derived from the blood vascular system, whereby un-
known signals induce the expression of the homeobox
transcription factor Prox1 in a subset of cells in the cardinal
vein (21, 23, 37). Prox1 functions as both a transcriptional
repressor and an activator to upregulate the expression of
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LEC-specific markers, such as VEGFR-3 and podoplanin, and
to downregulate the expression of BEC-specific markers (21,
37). VEGFR-3 is necessary for the initial budding and forma-
tion of the lymphatic vasculature and subsequent lymphatic
vessel growth in response to the binding of its ligand VEGF-C
(56). Podoplanin, a surface glycoprotein, may contribute to
LEC adhesion and migration in later stages of development
(47).

The etiologic agent of KS is KS-associated herpesvirus
(KSHYV, also known as human herpesvirus 8) (3, 8). KSHV is
a gammaherpesvirus, subclassified as a rhadinovirus (33, 42).
KSHYV is found in KS spindle cells, where it is predominantly
in a latent state, though a small percentage of spindle cells
contain lytic KSHV (3, 53). Of the 90 genes borne by KSHV,
only a few are expressed during latency in KS tumors and
KSHV-infected endothelial cells: latency-associated nuclear
antigen (LANA), viral cyclin, viral FLICE inhibitory protein
(VFLIP) (13, 53), kaposins (44), and 12 microRNAs (6, 38, 46).
Both latent and lytic genes initiate cell signaling pathways that
can alter the growth and survival of endothelial cells. In addi-
tion, the lytic genes potentially contribute to KS pathogenesis
in either an autocrine or a paracrine fashion from the small
percentage of spindle cells with lytic KSHV (25). Potential lytic
genes that could provide a paracrine signal include a constitu-
tively active viral G protein-coupled receptor (VGPCR); K1,
which signals through a constitutive immunoreceptor tyrosine-
based activation motif; viral interleukin 6 (vIL-6), a viral ho-
molog of human IL-6; and K15, a membrane protein with SH2
and SH3 protein binding domains (5, 12, 29, 30).
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Latent KSHV infection has been shown to activate many cell
signaling pathways in endothelial cells, including the NF-kB (9,
43), B-catenin (14), PI3K/Akt, and the mitogen-activated pro-
tein kinase (MAPK) pathways (43). In addition, we have shown
that JAK2/STATS3 signaling is persistently activated by KSHV
infection of endothelial cells through the activation of the
gp130 receptor (40). The gp130 receptor is the common re-
ceptor of the IL-6 family of cytokines, which include human
IL-6 (19), vIL-6 (30), oncostatin M (16), leukemia inhibitory
factor (16), IL-27 (39), IL-11 (62), cardiotrophin-1 (36), and
ciliary neurotrophic factor (54). The individual cytokines bind
gp130 and/or a cytokine-specific receptor to transduce intra-
cellular signaling, including the JAK2/STAT3 pathway. Addi-
tional cell signaling pathways are activated downstream of the
gp130 receptor, including Src-family kinase, PI3K/Akt, and
MAPK pathways (15, 48).

Because KS spindle cells express markers of lymphatic en-
dothelium, it has been postulated that KSHV infects LECs in
vivo to establish KS tumors (26, 50, 60). However, KSHV can
drive the differentiation of BECs into LECs in vitro (7, 22, 58).
KSHYV infection induces many lymphocyte-specific genes, in-
cluding Prox1, VEGFR-3, LYVE-1, and podoplanin, in both
primary BECs and telomerase-immortalized microvascular en-
dothelial (TIME) cells, which resemble BECs in gene expres-
sion profiles (7, 22, 58). All endothelial cells latently infected
with KSHV express lymphatic markers, suggesting that latent
viral gene expression contributes to lymphatic differentiation
(7). This raises the possibility that KSHV infects blood or
circulating endothelial cells and drives them to differentiate
into lymphatic endothelium as they become spindle cells. This
may be of major importance to KS tumor formation.

In this report, we examine the mechanism of KSHV-induced
lymphatic reprogramming by dissecting cell signaling pathways
altered by KSHYV infection of endothelial cells. We show that
the PI3K/Akt pathway is activated in latent KSHV-infected
endothelial cells through gp130 receptor activation of JAK2
and that it is necessary for the induction of Proxl and for
lymphatic reprogramming of KSHV-infected endothelial cells.
This mechanism of KSHV-induced lymphatic reprogramming
could provide insight into the signaling pathways involved in
the induction of lymphatic differentiation during development.

MATERIALS AND METHODS

Reagents and antibodies. Phospho-Akt (pAkt; Ser473), pan Akt, phospho-
STAT3 (pSTAT3; Y705), and pan STAT3 antibodies (Cell Signaling Technol-
ogy) were used as specified by the manufacturer. Antibodies to B-actin (Sigma),
open reading frame 59 (ORF59) (Advanced Biotechnologies, Inc.), LANA (a
kind gift of D. Ganem), gp130, VEGFR-3 (Santa Cruz Biotechnologies),
VEGFR-1, and podoplanin (Abcam) were used in an immunoblot or immuno-
fluorescence analysis as outlined below. The kinase inhibitors AG490, LY294002,
SU6656, BAY 11-7082, SP600125 (Jun N-terminal protein kinase inhibitor ITI),
GF109203X (bisindolylmaleimide-1), and KRN633 (VEGFR tyrosine kinase in-
hibitor III; Calbiochem); wortmannin (Biosource, Inc.); and PD98059 (Cell
Signaling Technology) were reconstituted in dimethyl sulfoxide (DMSO) and
used at the concentrations specified in Fig. 2 and 4.

Cells. TIME cells were maintained as monolayer cultures in EGM-2 me-
dium (Lonza) (28, 57). Primary dermal human microvascular endothelial cells
(d-HMVECs) and primary human dermal BECs were purchased from Lonza
and were maintained in EGM-2 medium. BCBL-1 cells (41) and BJAB cells
were maintained in RPMI 1640 medium (Cellgro, Mediatech, Inc.) supple-
mented with 10% fetal bovine serum, penicillin, streptomycin, L-glutamine,
and B-mercaptoethanol. BJAB cells harboring vIL-6-positive and -negative
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recombinant KSHV (10, 11) were maintained in the same media with the
addition of 10 wg/ml puromycin.

Viruses and infection. KSHV inoculum, from BCBL-1 cells, was used to infect
TIME cells and primary BECS as previously described (28, 40). KSHV infections
of TIME cells and primary BECs were performed in serum-free EBM-2 medium
for 3 h, after which the medium was replaced with complete EGM-2 medium
containing serum and supplements. Infection rates were assessed by immuno-
fluorescence using antibodies against LANA and the lytic protein ORF59. vIL-
6-positive and -negative recombinant KSHV was induced in cells with 3,000
particles per cell of Ad50 (adenovirus expressing the lytic switch protein ORF50
[kind gift of D. Ganem]) and 3 M sodium butyrate and isolated as previously
described (10, 11).

Transfection of siRNA. siRNA specific to gp130, Aktl, STAT3, Prox1, and
negative-control oligonucleotides were designed and synthesized by Ambion (Aus-
tin, TX). The following oligonucleotide sequences were used: gp130 (Ambion iden-
tification [ID] no. 106709; sense, 5'-GGC AUA CCU UAA ACA AGC UdTdT-3"),
Akt1 (ID no. 633; sense, 5'-GGG CAC UUU CGG CAA GGU GdTdT-3"), STAT3
(ID no. 116558; sense 5'-GCA CAA UCU ACG AAG AAU CdTdT-3"), Prox1 (ID
no. 106879; sense, 5'-GGG AAU UUG UUA ACG AUG CdTdT-3'), VEGFR-1A
(ID no. 190; 5'-GGU UCA AAA UUA AAA GAU CdTdT-3"), VEGFR-1B (ID
no. 191; 5-GGA AAA GGA AAA AAA GCA AdTdT-3'), VEGFR-1C (ID no.
192; 5'-GGA UCU AGU UCA GGU UCA AdTdT-3"), VEGFR-3 (ID no. 194;
5'-GGA UGA AGA CAU UUG AGG AdTdT-3"), and negative-control siRNA
(sense, 5'-AGU ACU GCU UAC GAU ACG GdTdT-3"). TIME cells or primary
d-HMVECs and BECs were transfected with 1.5 ng or 3 pg siRNA using Amaxa’s
Nucleofector kit (Cologne, Germany) according to the manufacturer’s protocol. The
transfection efficiency for siRNA was approximately 90% when it was assessed with
6-carboxyfluorescein-labeled negative-control siRNA. At 24 h posttransfection, cells
were mock or KSHV infected and subsequently harvested for analysis after an
additional 2 days.

Immunofluorescence. Prior to the harvesting of cells for immunoblot analysis,
an aliquot of mock- or KSHV-infected TIME cells was seeded on a four-well
chamber slide and fixed with 4% (vol/vol) paraformaldehyde in phosphate-
buffered saline or 100% methanol. Immunofluorescence was performed as de-
scribed previously for ORF59 and LANA (28) or as specified by the manufac-
turer (pAkt). Briefly, cells were incubated with primary antisera at a dilution of
1:100 (anti-pAkt) or 1:1,000 (rabbit or rat anti-LANA, mouse anti-ORF59). Cells
were then incubated with fluor-conjugated secondary antibodies (goat anti-rabbit
Alexa Fluor 488, goat anti-mouse Alexa Fluor 594, or goat anti-rat Alexa Fluor
488 [Molecular Probes/Invitrogen]). Cells were mounted in Vectashield contain-
ing DAPI (4',6-diamidino-2-phenylindole; Vector Laboratories, Inc.) before be-
ing viewed under a Nikon Eclipse E400 fluorescence microscope (Nikon, Inc.).
Images were captured with the Micropublisher RTV camera using QCapture
Suite (QImaging).

Immunoblot analysis. Cells were harvested and resuspended in RIPA lysis
buffer (50 mM Tris-HCI, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5%
deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM sodium orthovanadate, 1 mM
sodium fluoride, 40 mM B-glycerophosphate, and Complete Mini protease in-
hibitor tablet [Roche]), and cell debris was removed after a 20-min incubation by
centrifugation. Protein concentrations were determined by the bicinchoninic acid
assay (Pierce), and 10 g protein was fractionated on a sodium dodecyl sulfate-
polyacrylamide gel, transferred to a polyvinyl difluoride membrane, blotted with
the appropriate antibody (dilutions were 1:1,000 for anti-pAkt, anti-Akt, anti-
pSTATS3, anti-STAT3, anti-gp130, and anti-VEGFR-3; 1:2,500 for anti-podopla-
nin; and 1:10,000 for anti-B-actin), and subsequently probed with horseradish
peroxidase-conjugated goat anti-mouse or -rabbit immunoglobulin G (Jackson
ImmunoResearch Laboratories). Immunoreactive proteins were visualized by
chemiluminescence using Amersham ECL Plus.

RNA isolation and quantitative RT-PCR. Total RNA was isolated from
TIME cells using the TRIzol method (Invitrogen) and then was treated with
Turbo DNA-free (Ambion). Two hundred fifty or 500 ng of total RNA was
used in a SuperScript III, Platinum SYBR green, one-step, quantitative
reverse transcription PCR (RT-PCR) (Invitrogen) according to manufactur-
er’s protocols with the primers for either GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) (forward, 5'-AAG GTG AAG GTC GGA GTC AAC
G-3'; reverse, 5'-TGG AAG ATG GTG ATG GGA TTT C-3') or Proxl
(forward, 5'-AGT GCA ATG CAG GAA GGA TT-3'; reverse, 5'-CCA CTT
GAT GAG CTG AGA GG-3'). Relative abundances of Prox] mRNA were
normalized by the delta threshold cycle method to the abundance of GAPDH,
with mock-infected TIME cells set to 1. Error bars reflect standard errors of
the means (four experiments).
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FIG. 1. The maintenance of KSHV-mediated lymphatic repro-
gramming requires KSHV gene expression. TIME cells were mock or
KSHYV infected and passaged at 2, 6, 10, 14, and 20 days postinfection
(dpi). At 21 dpi, cells were again either KSHV or mock infected. Cell
lysates were harvested on the indicated dpi and then subjected to
immunoblot analysis with the indicated antibodies. Immunofluores-
cence for the latent KSHV LANA gene (% infected) was performed to
monitor KSHV episome loss. VEGFR-3 and podoplanin expression
correlates with KSHV episome loss. ND, not determined.

RESULTS

KSHYV gene expression is necessary to maintain induced
lymphatic reprogramming of endothelial cells. We previously
determined that the lymphatic genes for Proxl, podoplanin,
LYVE-1, and VEGFR-3 were induced in latently infected
TIME cells (7). In vitro passaging of KS tumor cells or cell
lines infected with KSHYV results in the progressive loss of the
KSHY viral episome (18). To test if lymphatic reprogramming
was maintained during the loss of the viral episome, TIME
cells were infected and harvested during an extended passage.
As seen in Fig. 1, podoplanin expression was induced 24 h
postinfection (hpi) (27 and 41 kDa, corresponding to the pre-
cursor and mature glycosylated forms), while VEGFR-3 was
induced by 48 hpi (125, 175, and 195 kDa, corresponding to the
precursor and glycosylated forms). The protein expression of
both VEGFR-3 and podoplanin decreased upon the loss of the
KSHYV episome, as determined by a decrease in the number of
cells exhibiting positive KSHV LANA immunofluorescence.
This result indicates that KSHV gene expression is necessary
to maintain the expression of lymphatic markers. Reinfection
of the cells at day 21, when KSHV gene expression is at 10%,
led to a reinduction of VEGFR-3 and podoplanin expression
to levels comparable to those at the initial infection (Fig. 1,
lane 8).

JAK2 and PI3K are necessary for VEGFR-3 and/or podo-
planin induction in KSHV-infected TIME cells. Previously, we
demonstrated that KSHYV infection of TIME cells induces the
persistent phosphorylation of STAT3 through the nonreceptor
tyrosine kinase JAK2 (40). Here we found that the JAK2
inhibitor AG490 also blocked the KSHV-mediated induction
of VEGFR-3 but not of podoplanin, as determined by immu-
noblot analysis (Fig. 2A, lane 6). We verified that AG490
inhibited JAK2 activity by blocking STAT3 phosphorylation at
Tyr705 (pSTAT3) (lane 6). KSHV induction of both
VEGFR-3 and podoplanin was blocked in a dose-dependent
fashion with the PI3K inhibitor LY294002 (Fig. 2A, lanes 3 and
4). This result was confirmed with another PI3K inhibitor,
wortmannin (data not shown). We observed no effect on the
KSHV-mediated induction of VEGFR-3 or podoplanin when
we treated with either a MEK1 inhibitor, PD98059 (lanes 7 and
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FIG. 2. KSHV-mediated lymphatic reprogramming requires the
activation of PI3K/Akt and JAK2/STAT3 signaling pathways.
(A) TIME cells were mock (lane M) or KSHV (lane K) infected, and
either DMSO was used as a vehicle control or pharmacological inhib-
itors were added at the indicated concentrations at 24 hpi and again at
40 hpi. At 48 hpi, cell extracts were analyzed by immunoblot analysis
with the indicated antibodies. The inhibitors used were the PI3K in-
hibitor LY294002 (LY), the JAK2 inhibitor AG490 (AG), and the
MEKI inhibitor PD98057 (PD). PI3K inhibition blocks KSHV induc-
tion of VEGFR-3 and podoplanin in TIME cells, while JAK2 inhibi-
tion blocks VEGFR-3 induction. (B) Mock- or KSHV-infected TIME
cells were fixed at 48 hpi and stained either for LANA and pAkt
(Ser473) (top two panels) or for ORF59 and pAkt (Ser473) (bottom
panel). pAkt is present in both ORF59-positive (arrow) and -negative
cells, indicating that pAkt is present in both lytically and latently
KSHV-infected cells.
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8), or pharmacological inhibitors of Jun N-terminal protein
kinase (SP600125), Src family kinases (SU6656), protein ki-
nase C (GF109203X), or NF-kB (BAY 11-7082 [data not
shown]).

Akt is phosphorylated in cells latently infected with KSHV.
Akt is phosphorylated at Serd73 (pAkt) in KSHV-infected
TIME cells at 48 hpi (Fig. 2A, lanes 1 and 2), and this phos-
phorylation is blocked by LY294002 (lanes 2 to 4). Similar
results were also reported for KSHV-infected primary d-
HMVEGCs at 24 hpi (43). Two lytic KSHV proteins, vGPCR
and K1, have been shown to activate Akt in endothelial cells
(51, 59). To determine if Akt is also activated in latently in-
fected endothelial cells, TIME cells were infected with KSHV
for 48 h, with the last 24 hpi in serum-free medium, and stained
with antibodies against pAkt (Ser473) and either the KSHV
latent protein LANA or lytic protein ORF59 (Fig. 2B). Het-
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FIG. 3. KSHV-induced lymphatic reprogramming requires gp130 receptor-mediated activation of both the PI3K/Akt and JAK2/STAT3
intracellular signaling pathways. (A) TIME cells were transfected with 1.5 ug negative-control (lane C) or gp130 (lane G) siRNA. After 24 h, cells
were mock (M lanes) or KSHV (K lanes) infected and harvested at 48 hpi. Cell lysates were subjected to immunoblot analysis with the indicated
antibodies. gp130 siRNA blocked the phosphorylation of STAT3 and Akt and blocked the induction of VEGFR-3 and podoplanin in KSHV-
infected TIME cells (lane 4). (B) Primary BECs were assayed as described for panel A, with similar results. (C) TIME cells were transfected with
3 ng of negative-control, gp130, Aktl (lane A), or STAT3 (lane S) siRNA. After 24 h, cells were either mock (M lane) or KSHV (K lanes) infected
for 48 h. Cell lysates were subjected to immunoblot analysis with the indicated antibodies. Akt1l siRNA blocked VEGFR-3 induction and knocked
down pAkt and total Akt in KSHV-infected cells (lane 4). STAT3 siRNA blocked the induction of VEGFR-3, podoplanin, and gp130 in
KSHV-infected cells. STAT3 siRNA knocked down pSTAT3 and total STAT3, as well as pAkt (lane 5).

erogeneous staining of pAkt was observed in cultures, with
greater than 90% of the cells staining for LANA and around
1% staining for ORF59. While positive pAkt staining was ob-
served in ORF59-positive cells (Fig. 2B, bottom panels), pAkt
staining is also clearly found in surrounding cells latently in-
fected with KSHV. This is the first demonstration of Akt ac-
tivation in de novo endothelial cells latently infected with
KSHV. Importantly, high levels of active pAkt are detected in
most spindle cells in KS tumors in vivo, where 95% of the cells
are latently infected and 5% lytically infected (51). Interest-
ingly, JAK2 inhibition with AG490 blocked the phosphoryla-
tion of Akt (Fig. 2A, lane 6), indicating that JAK2 activity is
required for the activation of the PI3K/Akt pathway in KSHV-
infected TIME cells.

The gp130 receptor is required for the KSHV-mediated ac-
tivation of STAT3 and Akt and the induction of lymphatic
markers in endothelial cells. The gp130 receptor is required
for STAT3 activation in KSHV-infected endothelial cells (40).
To determine if activation of the gp130 receptor is required for
PI3K/Akt activation, TIME cells were transfected with siRNA
to gp130 or a negative-control siRNA, followed by mock or
KSHYV infection. gp130 siRNA led to a >90% knockdown of
gp130 protein expression in both mock- and KSHV-infected
TIME cells (Fig. 3A, lanes 2 and 4). KSHV-induced phosphor-
ylation of both Akt and STAT3 was blocked by the gp130
siRNA, while total Akt and STAT3 protein levels were unaf-
fected (lane 4). Infection rates, as monitored by LANA immu-
nofluorescence, were the same (90%) for both the gp130- and
negative-control-siRNA-transfected cells. KSHV induction of
both VEGFR-3 and podoplanin was also blocked by gp130
siRNA (Fig. 3A, lane 4), suggesting that cell signaling down-

stream of the gp130 receptor is responsible for KSHV’s induc-
tion of lymphatic markers. Similar results were found with
primary BECs. While the primary BECS expressed low levels
of VEGFR-3 (Fig. 3B, lane 1), VEGFR-3 protein expression
was strongly induced upon KSHYV infection but remained at
basal levels upon KSHV infection of cells transfected with the
gp130 siRNA (Fig. 3B, lanes 3 and 4). In addition, the phos-
phorylation of both Akt and STAT3 was induced in KSHV-
infected BECs and was blocked by gp130 siRNA (lane 4). No
induction of podoplanin was observed upon KSHYV infection of
these primary BECs (data not shown). These primary BECs
were sorted from primary d-HMVECs by negative selection
for podoplanin expression, which may preclude podoplanin
induction (see Discussion).

KSHV-induced STAT3 activation is required for the activa-
tion of Akt and subsequent LEC reprogramming. While the
pharmacological inhibitors that we used are very specific,
the potential for off-target effects formally exists. To confirm
the precise role of Akt and lymphatic STAT3 in KSHV repro-
gramming, we transfected TIME cells with siRNA against
STAT3 or Aktl, the dominant Akt isoform in endothelial cells,
and then infected them with KSHV (52). Akt1 siRNA knocked
down both pAkt and total Akt expression and also blocked the
induction of VEGFR-3 but not of podoplanin (Fig. 3C, lane 4).
Total STAT3 and pSTAT3 levels were unaffected by Aktl
siRNA. STAT3 siRNA knocked down the levels of both
pSTAT3 and total STAT3 protein, as well as the KSHV-me-
diated induction of VEGFR-3 and podoplanin (lane 5).
STAT3 siRNA also blocked Akt phosphorylation without af-
fecting total Akt expression. Previously, we showed an induc-
tion of the gp130 receptor by KSHYV infection of TIME cells (7,
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40). KSHV induction of gp130 expression is blocked by the
STATS3 siRNA in TIME cells (Fig. 3C, lane 5), indicating that
the knockdown of STAT3 blocks gpl130 upregulation by
KSHV. The gp130 promoter contains DNA-binding sites re-
sponsive to STAT3 and STAT1 homo- and heterodimers, and
activation of the gp130 receptor and thus of STAT3 can lead to
the induction of gp130 protein expression in a positive-feed-
back loop (34).

KSHY induction of Prox1 is involved in the induction of lym-
phatic markers. We and others previously reported that KSHV
infection of TIME cells or primary BECs induced the LEC-
specific transcription factor Proxl (7, 22). To determine
whether Prox1 is induced by the PI3K/Akt and JAK2/STAT3
signaling pathways, we quantitatively measured KSHV induc-
tion of Prox] mRNA by real-time RT-PCR in TIME cells with
and without pharmacological inhibitors. There is a 3.5-fold
induction of Prox] mRNA at 24 hpi (Fig. 4A), which was
knocked down to 1.5-fold and 0.8-fold by treatment of the
cultures with the PI3K inhibitor LY294002 and the JAK2 in-
hibitor AG490, respectively. We were unable to detect Prox1
protein induction by KSHV in TIME cells by Western blotting
or immunofluorescence, presumably because protein levels
were below the limit of detection by the Prox1 antibody that we
used.

Prox1 siRNA was used to confirm the role of Proxl in the
induction of lymphatic markers by KSHV infection of TIME
cells. In KSHV-infected TIME cells, Prox1 siRNA blocked the
induction of VEGFR-3 to around 50% of the level induced
with negative-control siRNA, while podoplanin levels were
unchanged (Fig. 4C, lanes 1 to 3). There was no change in the
level of phosphorylation of Akt or STAT3, indicating that
these cell signaling pathways are upstream of the Prox1 induc-
tion site. The Prox1 siRNA knocked down Prox] mRNA by
85.8% = 6.0% in transfected TIME cells, as determined by
quantitative real-time RT-PCR. Since we were unable to de-
tect Prox1 by Western blotting of TIME cells, we verified Prox1
protein knockdown by Prox1 siRNA transfection into primary
d-HMVECs, which are a mixture of BECs and LECS and have
Prox1 detectable by Western blotting. We observed an approx-
imately 80% decrease in Proxl protein expression at 72 h
posttransfection compared to the level of expression with neg-
ative-control siRNA in the primary d-HMVECs (Fig. 4B).
Another Prox1 siRNA knocked down Prox] mRNA expression
by 81% * 4.2% and also inhibited the KSHV induction of
VEGFR-3, but not podoplanin, in TIME cells (data not
shown). Our results are consistent with previously published
data showing that Prox1 siRNA blocked KSHV’s induction of
LEC-specific genes in primary BECs (22), indicating that the
induction of Prox1 is involved in lymphatic reprogramming by
KSHV.

vIL-6 is not essential for KSHV-induced lymphatic repro-
gramming of TIME cells. Multiple cytokines of the IL-6 family
bind to the gp130 receptor as a common subunit of their cytokine
receptors, including the KSHV-encoded IL-6 homolog, vIL-6 (30,
31, 40). We previously showed that the gp130 receptor cytokines
vIL-6, human IL-6, and oncostatin M are not responsible for
KSHV’s activation of STAT3 (40). To determine if vIL-6 is in-
volved in LEC marker induction in the context of KSHV infec-
tion, we used a recombinant virus where the ORFK2 gene
encoding VIL-6 is deleted (11). TIME cells infected with vIL-6-
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FIG. 4. Prox1 is induced by KSHV through the PI3K/Akt and
JAK2/STAT3 signaling pathways and is involved in VEGFR-3 induc-
tion. (A) TIME cells were either mock or KSHV infected and then
treated with either DMSO, 40 .M LY294002 (LY), or 100 .M AG490
(AG) for 24 h. Relative abundances of Prox] mRNA were analyzed by
one-step real-time RT-PCR. Student’s ¢ test was used to assess the
differences between Prox] mRNA levels in the KSHV-plus-DMSO
and the KSHV-plus-inhibitor samples. *, P < 0.01; **, P < 0.001.
Error bars give the standard errors of the means of four replicates for
each treatment. (B) To demonstrate the knockdown of Prox1 protein
expression by siRNA, primary d-HMVECs were transfected with 3 g
negative-control (lane C) or Prox1 (lane P) siRNA and subsequently
harvested at 72 h posttransfection. Cell lysates were assayed by immu-
noblot analysis with antibodies to Prox1 and B-actin. (C) TIME cells
were transfected with 3 pg of negative-control (lanes C), Prox1 (lane
P), or gp130 (lane G) siRNA, and after 24 h, cells were either mock (M
lane) or KSHV (K lanes) infected. Cell lysates were assayed 48 hpi by
immunoblot analysis with the indicated antibodies. Proxl siRNA
blocked VEGFR-3 induction but had no effect on the phosphorylation
of Akt or STAT3 (lane 3).

positive or -negative recombinant KSHYV isolates (11, 40) induced
equivalent levels of VEGFR-3 and podoplanin expression (Fig.
5A, lanes 2 and 3), indicating that vIL-6 is not essential for lym-
phatic reprogramming in the context of KSHV infection. The
KSHYV recombinants also encode green fluorescent protein under
a constitutive cytomegalovirus promoter (11, 40); therefore, green
fluorescent protein fluorescence was used to ensure equivalent
TIME cell infection rates by the recombinant vIL-6-positive and
-negative KSHYV isolates.

VEGFR-1, -2, or -3 activation is not required for KSHV-
induced lymphatic reprogramming. VEGFR-1, -2, and -3 are
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FIG. 5. vIL-6 expression and VEGFR-1, -2, and -3 activation are not
required for KSHV-induced lymphatic reprogramming. (A) TIME cells were
infected with recombinant vIL-6-positive (VIL-6+) and vIL-6-negative (VIL-
6—) KSHYV for 48 h, and cell lysates were assayed by immunoblot analysis
with the indicated antibodies. VEGFR-3 and podoplanin expression were
induced by both recombinant viruses (lanes 2 and 3) but not in infected
control BJAB cells (lane 1). (B) At 24 and 40 hpi, KSHV-infected TIME cells
were treated with the indicated doses of the VEGFR Tyr kinase inhibitor
KRN633, and cell lysates were harvested at 48 hpi for immunoblot analysis
with the indicated antibodies. VEGFR-1, -2, and -3 activation is not required
for the phosphorylation of Akt and STAT3 or KSHV-mediated lymphatic
reprogramming. Lane M, mock-infected cells. (C) TIME cells were trans-
fected with 3 pg of negative-control siRNA (lanes C) or the indicated
VEGFR-1 or VEGFR-3 siRNA. After 24 h, cells were mock (M lanes) or
KSHYV (K lanes) infected and harvested at 48 hpi. Cell lysates were subjected
to immunoblot analysis with the indicated antibodies. VEGFR-3 siRNA did
not block KSHV’s induction of VEGFR-1 and podoplanin or the phosphor-
ylation of STAT3 and Akt (left panels, lane 3). VEGFR-1 siRNAs did not
block KSHV’s induction of VEGFR-3 and podoplanin or the phosphoryla-
tion of STAT3 and Akt (right panels, lanes 3 to 5). *, cross-reactive band of
the anti-podoplanin antibody.

class III receptor tyrosine kinases and can activate the PI3K/
Akt pathway in response to binding their ligands (35). Upon
KSHYV infection of different endothelial cell populations, the
expression of all VEGFRs are induced, as is the expression of
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their ligands VEGF-A and VEGF-C (7, 49, 55). Furthermore,
VEGF-C treatment of TIME cells alone can induce the ex-
pression of Prox1 (49). To show that activation of the VEGF
receptors is not necessary for the activation of Akt or the
induction of lymphatic differentiation in KSHV-infected endo-
thelial cells, we blocked VEGFR-1, -2, and -3 tyrosine kinase
activities with the chemical inhibitor KRN633 (32). Increasing
doses of KRN633 (up to 5 pM) did not block the KSHV-
mediated induction of VEGFR-3 and podoplanin, nor did
KRNG633 block the KSHV-mediated activation of pAkt and
pSTAT3 in TIME cells (Fig. 5B). This drug concentration is
500-fold over the concentration needed to completely inhibit
receptor signaling (10 nM) and 100-fold higher than the con-
centration needed to inhibit VEGF-A-mediated endothelial-
cell proliferation (100 nM [32]). We confirmed that KRN633
inhibited VEGF-A’s activation of Akt at less than 10 nM in
TIME cells (data not shown). To further confirm that VEGF
receptor signaling is not involved, we knocked down VEGFR-1
and VEGFR-3 expression with specific siRNAs and found no
block in the KSHV-mediated activation of pAkt or pSTAT3
(Fig. 5C). In addition, VEGFR-3 or VEGFR-1 siRNA knock-
down did not block KSHV’s induction of podoplanin (Fig. 5C),
and VEGFR-1 siRNA knockdown did not block VEGFR-3
induction (Fig. 5C, right panels, lanes 3 to 5). Furthermore,
VEGFR-3 siRNA knockdown did not block KSHV’s induction
of VEGFR-1. These results indicate that pAkt and pSTAT3
activation do not require the upregulation of VEGFR-3 ex-
pression but rather that VEGFR-3 expression is induced in
response to Akt and STAT3 activation.

DISCUSSION

In this report, we delineate the signaling pathways necessary
for KSHV-induced lymphatic reprogramming. We show that
the gp130 receptor is required for KSHV-induced lymphatic
reprogramming of endothelial cells and relies on the activation
of the JAK2/STAT3 and PI3K/Akt pathways (Fig. 6). Active
pAkt is present in endothelial cells both latently and lytically
infected with KSHYV, as detected by immunofluorescence. We
propose that Akt activation results in the induction of the
lymphatic transcription factor Prox1, which is necessary for the
induction of VEGFR-3. STATS3 activation results in a positive-
feedback loop of the overall gp130 signaling pathway, increas-
ing the expression of the gp130 receptor likely through the
STAT3-responsive elements in the gp130 promoter (34).

KSHYV induction of podoplanin, another marker of LEC
differentiation, also requires gp130 receptor activation. We
cannot rule out the involvement of Akt and Prox1 in podopla-
nin induction due to the incomplete knockdown of Aktl and
Prox1 by their respective siRNAs (Fig. 3C and 4C). Podoplanin
may be a more sensitive indicator of lymphatic differentiation
since KSHV induces podoplanin expression at 24 hpi while
VEGFR-3 is induced later, at 48 hpi (Fig. 1). Therefore,
smaller perturbations in signaling may have greater effects on
VEGFR-3 expression than on podoplanin expression. Since
Prox1 is a transcription factor, incomplete siRNA knockdown
may still leave low levels sufficient for the transcription of
certain genes. In addition, Prox1 overexpression in TIME cells
and primary BECs results in the induction of both podoplanin
and VEGFR-3 expression, indicating that Prox1 is sufficient to
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FIG. 6. Proposed model of KSHV-induced lymphatic reprogram-
ming of endothelial cells. KSHV infection of endothelial cells induces
the secretion of a soluble factor that activates the gp130 receptor.
Activation of the gp130 receptor activates JAK2, which directly phos-
phorylates and activates STAT3. Downstream of gp130, JAK2 also
promotes the activation of PI3K to phosphorylate Akt. Proxl is in-
duced downstream of the PI3K/Akt pathway and regulates VEGFR-3
induction and podoplanin expression. STAT3 regulates gp130 induc-
tion, and its persistent activation controls a positive autoregulatory
loop of the entire signaling pathway. Arrows with solid lines, direct
regulation; arrows with dashed lines, indirect regulation of the target.

induce lymphatic markers (21, 37; V. A. Morris and M. La-
gunoff, unpublished results). Prox1 overexpression in nonen-
dothelial cells does not upregulate LEC-specific genes, indi-
cating the involvement of endothelial-cell-specific cofactors for
lymphatic differentiation (37). Therefore, an alternative expla-
nation of our results is that Prox1 and additional endothelial-
cell-specific factors are induced by gp130 receptor signaling to
regulate lymphatic reprogramming. Prox] mRNA induction
peaks at 24 hpi, and then levels fall back to mock levels by 48
hpi, suggesting the involvement of additional factors in the
long-term lymphatic differentiation induced by KSHV (49;
data not shown).

A singular definition of lymphatic reprogramming remains
somewhat unclear because cultured LECs and BECs have het-
erogeneous expression of their cell-specific markers, likely de-
pending on which cell surface marker is used to isolate the
separate cell populations (reviewed in reference 45). Depend-
ing on the isolation method of primary BECs, KSHV induced
different sets of lymphatic genes; in cells sorted for CD34
expression (a BEC gene), KSHV induced Prox1 and LYVE-1
(22), and in cells sorted against podoplanin expression (a LEC
gene), KSHV induced VEGFR-3 and podoplanin (58). In the
current study, the purchased primary BECs were isolated by
negative podoplanin expression and expressed low levels of
VEGFR-3, yet KSHV infection induced VEGFR-3 but not
podoplanin (Fig. 3B). In contrast, KSHV infection of TIME
cells induces all four lymphatic markers: VEGFR-3, LYVE-1,
Prox1, and podoplanin (7). Nevertheless, our results indicate
that the gp130 signaling pathway controls the KSHV induction
of the major LEC-specific markers in both TIME cells and
primary BECs.

What is the role of this pathogen-induced pathway in the
developmental differentiation of lymphatic endothelium? Ma-
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jor vascular anomalies have not been described for mice with
conditional deletions of either the gp130 receptor or STAT3 in
endothelial cells, ruling out a role for these pathways in devel-
opmental LEC differentiation (27, 61). However, it remains
possible that gp130 receptor signaling and/or the JAK2/STAT3
pathway may play a role in the pathological induction of lym-
phatic reprogramming or new-vessel formation through lym-
phangiogenesis. In adults, lymphangiogenesis is stimulated by
inflammation and immune responses, tumorigenesis, and fac-
tors that damage the lymphatic vasculature (reviewed in ref-
erence 24). Further work is needed to address the gpl130
receptor signaling pathway in these processes.

The PI3K/Akt signaling pathway may be involved in devel-
opmental lymphatic differentiation. Several cytokines have
been shown to induce lymphatic markers in endothelial cells,
including IL-3 and IL-7 (2, 17). Both of these interleukins can
signal through the PI3K/Akt pathway, and PI3K/Akt signaling
is required for IL-7’s induction of Prox1 (2, 17). However, we
found that recombinant IL-3 and IL-7 did not induce
VEGFR-3 or podoplanin expression in TIME cells, making it
unlikely that these cytokines are involved in KSHV-induced
lymphatic reprogramming (V. A. Morris and M. Lagunoff,
unpublished results). The indirect activation of VEGFR-3 by
its ligand VEGF-C or VEGF-D is responsible for the induction
of lymphatic markers by IL-7 (2, 17). In addition, VEGF-C
alone is sufficient to induce Prox1 expression in TIME cells
(49). However, our results with the pharmacological inhibition
of all three VEGFRs (VEGFR-1, -2, and -3) and siRNA
knockdown of VEGFR-1 and VEGFR-3 indicate that VEGFR
signaling is not necessary for the induction of lymphatic mark-
ers in the context of KSHV infection (Fig. 5B).

A number of lytic KSHV proteins can activate the signaling
pathways that are necessary for KSHV-induced LEC differen-
tiation (25). Although vIL-6 can activate STAT3 through the
gp130 receptor (30), our results indicate that vIL-6 is not
essential for KSHV-mediated lymphatic reprogramming in the
context of viral infection (Fig. SA). Expression of the lytic
KSHYV proteins vVGPCR and K1 can activate PI3K/Akt signal-
ing (51, 59). In addition, vGPCR overexpression can activate
Akt in a paracrine fashion (51, 59). Recently, it was reported
that both vIL-6 and vGPCR induce the LEC-specific gene
angiopoietin-2 in KSHV-infected primary LECs through the
induction of paracrine factors, which then activate the MEK
MAPK pathway (55). However, the evidence for the involve-
ment of either gene in the context of infection was only cor-
relative. Nevertheless, vGPCR may induce a compensatory
secreted factor to activate the gpl130 pathway. Although a
paracrine factor is involved in the activation of the gp130
receptor by KSHV, we have observed constitutive pAkt and
pSTAT3 activation only in latently infected cells and not in
surrounding uninfected cells by immunofluorescence (40). In
addition, KSHV-mediated upregulation of lymphatic markers
is observed only in latently infected cells and not in the sur-
rounding uninfected cells (7, 22, 58). This suggests that sepa-
rate sets of KSHV genes could be involved in inducing versus
maintaining the cell signaling pathways: for example, a viral
gene to induce the paracrine factor and a different viral gene to
maintain the signal in latent cells.

Several hypotheses have been made about the functional
role of KSHV-induced lymphatic differentiation. Cells express-
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ing VEGFR-3 are slightly more infectible by KSHV, suggest-
ing that the upregulation of lymphatic markers could enhance
viral infection or reinfection, which may be required for the
maintenance of KSHV latency (58, 63). However, VEGFR-3 is
neither necessary nor sufficient for viral entry. KSHV glyco-
protein B (gB) was found to bind both VEGFR-3 and a331
integrin to induce VEGFR-3 intracellular signaling pathways
for cell proliferation and migration (63). This suggests that the
virus could have growth-stimulatory effects on VEGFR-3-ex-
pressing cells without viral entry. Finally, infected lymphatic
cells may be better suited for seeding of a tumor and subse-
quent tumor growth. Unlike BECs, LECs lack the expression
of basal lamina proteins (1), which could allow infected endo-
thelial cells to invade surrounding tissues and expand. By ex-
pressing VEGFR-1, -2 and -3, KS tumor cells can respond to
all VEGFR ligands (VEGF-A, -B, -C, and -D) to promote
growth, survival, and migration of the KSHV-infected cells,
potentially playing a significant role in KS tumor formation.
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