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Kaposi’s sarcoma (KS) is a vascular tumor of proliferative endothelial cells caused by KS-associated herpesvirus
(KSHYV) infection. Aberrant vascular permeability is a hallmark of KS manifested as multifocal edematous skin and
visceral lesions with dysregulated angiogenesis and vast inflammatory infiltrations. In this study, we showed that
KSHY infection increased the permeability of confluent endothelial monolayers to serum albumin, blood-derived
cells, KSHV-infected cells, and KSHYV virions. KSHV-induced permeability was associated with the disruption of
adherens junctions and the degradation of vascular endothelial cadherin (VE-cadherin) protein. Both the inacti-
vation of KSHYV virions by UV irradiation and the blockage of de novo protein synthesis with cycloheximide failed
to reverse the KSHV-induced disruption of adherens junctions. However, soluble heparin that blocked KSHYV entry
into cells completely inhibited KSHV-induced permeability. Furthermore, the KSHV-induced degradation of VE-
cadherin was dose dependent on the internalized virus particles. Together, these results indicate that KSHV
infection induces vascular permeability by inducing VE-cadherin degradation during virus entry into cells. KSHV-
induced aberrant vascular permeability could facilitate virus spread, promote inflammation and angiogenesis, and
contribute to the pathogenesis of KSHV-induced malignancies.

Endothelial cells form single-cell layers underlying the vas-
cular or lymphatic circulation networks (71). Functional endo-
thelial layers serve as physical barriers on the luminal surface
of blood or lymph fluid to modulate the exchange of leukocytes
and materials between the circulation systems and tissues. Se-
lective permeability of the vasculatures to different macromol-
ecules or cells ensures the dynamic needs of functional tissues
under diverse physiological or pathological conditions (71).

Several plasma membrane junction structures, including gap
junctions, adherens junctions, tight junctions, and desmosomal
junctions, regulate the integrity and permeability of endothe-
lial barriers (23). Adherens junctions consisting of vascular
endothelial cadherins (VE-cadherins), and the associated in-
tracellular partners a-catenin, B-catenin, plakoglobin (y-cate-
nin), and p120°", play a key role in this process. Both extra-
cellular and intracellular factors, such as physical stress,
infection by microorganisms, dysregulated cytokines, and ab-
normal intracellular signaling, alter the endothelial permeabil-
ity by regulating adherens junctions (49). For example, abnor-
mal permeability of the vasculatures is commonly seen in
cancer and mediates the intravasation, extravasation, and dis-
semination of cancer cells as well as cancer-induced angiogen-
esis (15). A number of pathogenic viruses have also evolved to
attain specific mechanisms, including the ability to disrupt ad-
herens junctions, to compromise the integrity of the endothe-
lium (62). The disruption of endothelial barriers allows the
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viruses to gain access to the entry receptors in the basolateral
membranes and facilitates their trafficking to other tissues
through the lymphatic and vascular networks. While some vi-
ruses, such as Ebola virus and human immunodeficiency virus
type 1 (HIV-1), induce the disruption of endothelial barriers
with specific cytotoxic viral products (42, 83), others such as
respiratory syncytial virus and hantaviruses target the endothe-
lium by inducing specific cellular cytokines (33, 47). The hu-
man cytomegalovirus disrupts adherens junctions by inducing
the internalization and degradation of VE-cadherin to pro-
mote the extravasation of naive monocytes and the transfer of
productive virus (7).

Infection by Kaposi’s sarcoma-associated herpesvirus (KSHV)
is associated with the development of Kaposi’s sarcoma (KS), the
most common malignancy in AIDS patients (22). KS is an angio-
genic vascular tumor, primarily consisting of proliferative spindle
endothelial cells with infiltration of red blood cells and inflam-
matory cells, such as mononuclear cells, plasma cells, and mac-
rophages (38). KS is a highly disseminated tumor manifested as
multifocal lesions and is often involved with visceral organs at the
advanced stages of the disease. Furthermore, KS edema is com-
monly seen in patients with advanced disease, and a profound
edematous KS lesion is associated with a poor prognosis (11, 25,
36). Together, these histological and clinical manifestations indi-
cate that aberrant vascular permeability is one of the pathological
hallmarks of KS (38).

A number of studies have shown that KSHV can efficiently
infect human primary endothelial cells in vitro and induce an
angiogenic and invasive phenotype (17, 26-28, 57, 84). How-
ever, how KSHYV infection regulates endothelial permeability
has not been examined. In this study, we have found that
KSHYV infection of confluent monolayers of primary human
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umbilical vein endothelial cells (HUVEC) increases the endo-
thelial permeability to serum albumin, blood-derived cells,
KSHV-infected cells, and KSHYV virions. This leaky phenotype
is associated with the virion-mediated disruption of adherens
junctions and the degradation of VE-cadherin.

MATERIALS AND METHODS

Cell culture and virus infection. HUVEC and the growth medium EGM2 were
purchased from Lonza (Allendale, NJ). BCP-1 cells isolated from peripheral
blood mononuclear cells of an HIV-negative primary effusion lymphoma (PEL)
patient were used to prepare virus stocks (30). A KSHV-negative B-cell line,
Bjab, was used as a control cell line for preparing control virus stocks. Virus
induction and concentration were carried out as previously described (84).
Briefly, log-phase BCP-1 cells cultured in RPMI 1640 supplemented with 10%
fetal bovine serum and 50 wg/ml of gentamicin were induced with 20 ng/ml of
12-O-tetradecanoyl-phorbol-13-acetate and 0.3 mM of sodium butyrate for 2
days. The culture was then replaced with fresh medium without the inducing
agents and cultured for another 3 days. The supernatant was then 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 pellets were dissolved in endothelial cell
culture medium overnight and used in the experiments. The titers of virus
preparations were determined by infecting 293 cells and calculating the number
of KSHV-infected cells (infectious units) generated by each ml of virus prepa-
ration at 48 h postinfection (hpi) (28). Positive cells were identified by staining
for viral latent nuclear antigen (LANA). We used a multiplicity of infection of 5
for the experiments unless otherwise specified. Under our experimental condi-
tions, we usually observed an 80 to 90% infection rate at 48 hpi in the confluent
endothelial monolayers. In some experiments, cells were infected with UV light-
irradiated KSHV (UV-KSHYV), while other infection experiments were carried
out in the presence of cycloheximide (CHX) at 75 pg/ml or soluble heparin at 10
pg/ml (Sigma, St. Louis, MO). UV irradiation was carried out under a 30 W UV
lamp with a distance of 15 cm for 5 min. Under this condition, a typical infection
rate of 80 to 90% of a virus preparation was reduced to <5%, while the
internalization of viral particles per cell (vpc) was reduced by 40% (see Fig. 4E
to G).

Transwell endothelial permeability assay. HUVEC were cultured on transwell
inserts containing polycarbonate membranes with 8-pm pores (Nunc, Rochester,
NY). Confluent endothelial monolayers were used for KSHV infection 2 to 3
days after they reached confluence. KSHV infection was carried out for 4 h as
previously described (84). The inoculum was then washed away by rinsing the
inserts several times with the culture medium. The KSHV-infected endothelial
monolayers were evaluated for permeability to serum albumin, blood-derived
cells, KSHV-infected cells, and virions. The cells were also evaluated for protein
expression by immunofluorescence staining or Western-blotting analysis. To
assess the permeability of endothelial monolayers to serum albumin, 100 wl of
methylene blue-conjugated bovine serum albumin at 20% was added to the insert
and incubated for 1 h. The amount of serum albumin that penetrated the
endothelial monolayers and reached the lower chamber was determined by
measuring the optical density at 405 nm with a Synergy HT microplate reader
(BioTek Instruments, Inc., Winooski, VT). To assess the permeability of the
endothelial monolayers to a blood-derived monocyte cell line U937, the cells
were first prestained with VybrantDiO cell-labeling solution according to the
instructions of the manufacturer (Invitrogen, Carlsbad, CA). A total of 10°
labeled cells in 250 wl of culture medium were placed on endothelial monolayers
and cultured for 6 h. The numbers of fluorescent cells that migrated through the
endothelial monolayers and reached the lower chambers were then counted with
a Zeiss Axiovert 200 M fluorescent microscope (Carl Zeiss Microimaging, Inc.,
Thornwood, NY). BCBL-1 cells containing a recombinant KSHV BAC36 were
also used in the permeability assay as described for U937 (86). Because of the
presence of a green fluorescent protein (GFP) cassette in the viral genome, these
cells express GFP and can be counted directly with the fluorescent microscope.
To assess the permeability of endothelial monolayers to KSHV virions, virus
preparations at 10° infectious units in 250 pl of culture medium were added to
the monolayers and incubated for 1 h. Infectious virions that penetrated through
the endothelial monolayers and reached the lower chambers were titrated as
described above.

Immunofluorescence antibody assay. The cells were fixed with 4% paraform-
aldehyde in phosphate-buffered saline (PBS) at 4°C for 20 min and then perme-
abilized with 0.5% Triton X-100 in PBS at 4°C for 10 min. The cells were blocked
with 3% bovine serum albumin in PBS at 37°C for 1 h followed by incubation
with a primary antibody at 37°C for 1 h. To detect VE-cadherin protein, the cells
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were incubated with a rabbit anti-VE-cadherin antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) and revealed with a goat anti-rabbit immunoglobulin G
(IgG) Alexa Fluor 568 conjugate or a goat anti-rabbit IgG Alexa Fluor 488
conjugate (Invitrogen). To detect LANA, the cells were incubated with a rat
anti-LANA monoclonal antibody (ABI, Columbia, MD) and revealed with a goat
anti-rat IgG Alexa Fluor 568 conjugate (Invitrogen). KSHV particles were de-
tected by staining KSHV small capsid protein encoded by open reading frame 65
(ORF65) with a mouse monoclonal antibody (28) and revealed with a goat
anti-mouse IgG Alexa Fluor 568 conjugate (Invitrogen). To detect nuclei, the
cells were stained with 4',6'-diamidino-2-phenylindole (DAPI) (Sigma). The
stained cells were examined with a Zeiss Axiovert 200 M fluorescent microscope.

Western-blotting analysis. Protein extracts were resolved in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes as previously described (29). To detect VE-cadherin protein, the
membranes were first incubated with a mouse monoclonal antibody to VE-
cadherin (Santa Cruz) and then with a goat anti-mouse IgG horseradish perox-
idase conjugate (EMD Biosciences, Inc., San Diego, CA). A mouse antibody to
B-tubulin (Sigma) was used to monitor sample loading. Specific signals were
revealed with chemiluminescence substrates, and recorded on films or with a
Kodak Image Station 2000 MM multimodal imager (Eastman Kodak Company,
Rochester, NY).

RT-gPCR. Reverse transcription real-time quantitative PCR (RT-qPCR) was
carried out as previously described (85). Total RNA was extracted with an RNA
isolation kit (Promega, Madison, WI). cDNA was obtained using Superscript II
RNase H™ reverse transcriptase with a poly(dT),g primer (Invitrogen). A control
without reverse transcriptase was conducted in parallel. qPCR was carried out in
a DNA engine Opticon 2 continuous fluorescence detector (Bio-Rad Laborato-
ries, Hercules, CA) as previously described (85). The primers for VE-cadherin
were 5'-TCACCTGGTCGCCAATCC-3’ (forward) and 5'-AGGCCACATCTT
GGGTTCCT-3" (reverse), which amplified a product of 63 bp. The LANA
primers were 5'-GCAGACACTGAAACGCTGAA-3' (forward) and 5'-AGGT
GAGCCACCAGGACTTA-3' (reverse), which amplified a product of 101 bp.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normaliza-
tion. The GAPDH primers were 5'-ACAGTCAGCCGCATCTTCTT-3' (for-
ward) and 5'-ACGACCAAATCCGTTGACTC-3' (reverse).

RESULTS

KSHY infection increases the permeability of confluent en-
dothelial monolayers to serum albumin, blood-derived cells,
KSHV-infected PEL cells, and KSHYV virions. We employed a
transwell permeability assay to examine the KSHV regulation
of endothelial permeability. Confluent HUVEC monolayers
cultured on transwell inserts were infected with KSHV at a
multiplicity of infection of 5. Under this condition, we usually
observed an 80 to 90% infection rate at 48 hpi. At different
time points postinfection, we examined the permeability of the
endothelial monolayers to serum albumin, the most abundant
protein in the blood. As shown in Fig. 1A, KSHV infection
increased the permeability of the endothelial monolayers to
serum albumin as early as 6 hpi, and the permeability reached
fourfold at 24 hpi. In these experiments, we used the complete
endothelial cell culture medium as mock controls since the
virus preparations were concentrated and resuspended in this
medium. Furthermore, we did not observe any changes in the
endothelial permeability when mock virus preparations from a
KSHV-negative cell line Bjab were used in the experiments
(data not shown), indicating that the observed effect was spe-
cific but not due to any cellular debris resulting from the cell
culture.

In addition to soluble materials, there are abundant leuko-
cytes in the bloodstream and lymph fluids that actively traffic
between the circulation system and tissues. Conditions such as
infections that trigger inflammatory responses promote the
infiltration of leukocytes to tissues. Since inflammatory infil-
trations are commonly seen in KS patients (38), we examined
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FIG. 1. KSHV infection increases the permeability of confluent endothelial monolayers to serum albumin, blood-derived U937 cells, KSHV-infected
BCBL-1 cells, and KSHYV virions. (A) Kinetics of endothelial permeability to serum albumin following KSHV infection. Confluent endothelial
monolayers were mock infected or infected with KSHV and assayed for endothelial permeability to methylene blue-conjugated serum albumin at different
hpi. The amount of serum albumin that migrated to the lower chamber was determined by measuring the optical density at 405 nm. (B) Endothelial
permeability of KSHV-infected confluent endothelial monolayers to VybrantDiO cell-labeled U937 cells at 24 hpi. The number of U937 cells that
migrated to the lower chamber was counted with a fluorescence microscope. (C) Kinetics of endothelial permeability to BCBL-1 cells following KSHV
infection. BCBL-1 cells containing BAC36 and expressing GFP were used for the assay. The number of BCBL-1 cells that migrated to the lower chamber
was counted with a fluorescence microscope. (D) Endothelial permeability of KSHV-infected confluent endothelial monolayers to KSHV virions at 24
hpi. Virus preparations containing 10° infectious units in 250 ul culture medium were added to the monolayers and incubated for 1 h. The amount of
infectious virions that penetrated the endothelial monolayers and reached the lower chamber was titrated for infectious units.

the permeability of endothelial monolayers to U937 cells, a
blood-derived monocyte cell line. As shown in Fig. 1B, KSHV
infection increased endothelial permeability to U937 by 2.3-
fold at 12 hpi.

Next, we determined whether KSHV infection altered the
permeability of endothelial monolayers to KSHV-infected cells
and KSHYV virions as these outcomes might be relevant to the
dissemination of KSHV to adjacent and distal tissues in the
infected subjects. As shown in Fig. 1C, KSHV infection altered
the permeability of endothelial monolayers to BCBL-1 cells, a
KSHV-infected cell line derived from PEL, with a pattern
similar to that for serum albumin. The endothelial permeabil-
ity to KSHYV virions was also increased by 2.8-fold following
KSHYV infection at 12 hpi (Fig. 1D).

Together, these results indicated that KSHV infection in-
creased the permeability of endothelial monolayers to blood
soluble materials, blood-derived cells, KSHV-infected cells,
and KSHYV virions.

KSHY infection disrupts the adherens junctions of conflu-
ent endothelial monolayers. Since adherens junctions between
endothelial cells regulate endothelial permeability, we exam-
ined the effect of KSHV infection on these membrane struc-
tures by staining VE-cadherin, the main component of these
structures. As shown in Fig. 2A, confluent endothelial mono-

layers had strong and well-aligned VE-cadherin structures
tightly distributed between the borders of the adjacent cells as
well as some weak intracellular VE-cadherin staining. Follow-
ing KSHYV infection, the adherens junctions were disrupted. At
6 hpi, the intensity of VE-cadherin along the cell borders
decreased significantly (Fig. 2A). After 12 hpi, the peripheral
structures of VE-cadherin were disorganized and often be-
came undetectable. To demonstrate that the endothelial cells
were indeed infected by KSHV, we stained them for the ex-
pression of viral LANA. At 24 hpi, we observed the typical
speckled nuclear LANA staining patterns in cells that mani-
fested disrupted adherens junctions (Fig. 2B). Overall, as ex-
pected, we found that the kinetics of disruption of adherens
junctions correlated with the increased permeability of the
endothelial monolayers. Thus, KSHV infection induced the
disruption of adherens junctions to promote endothelial per-
meability. Interestingly, while the disruption of adherens junc-
tions was observed at the early stage of KSHV infection, it was
sustained for at least up to 36 hpi, indicating that the disrupted
membrane structures were not recovered. These results were
consistent with the endothelial permeability results (Fig. 1) and
suggested that KSHV infection continued to modulate vascu-
lar permeability at the later stages of infection.
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FIG. 2. KSHYV infection disrupts the adherens junctions. (A) VE-
cadherin staining of KSHV-infected confluent endothelial monolayers
at different hpi. (B) Mock- and KSHV-infected confluent endothelial
monolayers stained for VE-cadherin protein (green), KSHV LANA
(red), and nuclei (blue) at 24 hpi.
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KSHY infection of confluent endothelial monolayers down-
regulates the protein level of VE-cadherin. Since immunoflu-
orescence staining had shown a reduced intensity of adherens
junctions following KSHYV infection (Fig. 2), we examined the
alteration of the VE-cadherin protein level by Western-blot-
ting analysis. In agreement with the immunofluorescence stain-
ing results, we found that KSHV infection reduced the VE-
cadherin protein level by as much as 60% at 4 hpi (Fig. 3A and
B). These results indicated that KSHV infection downregu-
lated the protein level of VE-cadherin at the early stage of
infection. Similar to the immunofluorescence staining results,
we observed that the reduction of the VE-cadherin protein
level was sustained for up to 48 hpi, the latest time point that
we had examined (Fig. 3A and B). While RT-qPCR detected
an expected increase in the expression of LANA transcripts
following KSHYV infection (Fig. 3D), we did not observe any
significant alterations of the VE-cadherin transcripts (Fig. 3C),
indicating that KSHV infection did not affect the expression of
VE-cadherin at the transcription level. The fact that we did not
observe a recovery of the VE-cadherin protein level at 48 hpi
but detected a constant level of VE-cadherin transcripts sug-
gested that, in addition to the downregulation of the protein
level at the early stage of infection, another mechanism might
be involved in regulating this protein at the posttranscriptional
level at the later stages of KSHV infection. In the following
experiments, we focused our efforts on the early stage of
KSHYV infection.

The KSHV-induced disruption of adherens junctions and
the downregulation of VE-cadherin at the early stage of infec-
tion are mediated by virus entry and do not require the ex-
pression of viral genes. The fact that we observed the disrup-
tion of adherens junctions and a reduced level of VE-cadherin
protein at the early stage of KSHV infection suggested the
involvement of virus entry in this process. Several studies have
shown that KSHYV infection of HUVEC induces the secretion
of proinflammatory and proangiogenic cytokines at the early
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FIG. 3. Expression kinetics of VE-cadherin protein and transcripts following KSHV infection. (A) Western-blotting analysis of VE-cadherin
protein in mock- or KSHV-infected endothelial cells at different hpi. B-Tubulin was used to calibrate protein loading. (B) Quantification of
VE-cadherin protein levels at the different hpi shown in panel A. The VE-cadherin protein amount of mock-infected endothelial cells at 0.25 hpi
was set at 100%. (C to D) Expression of VE-cadherin (C) and LANA (ORF73) (D) transcripts in mock- or KSHV-infected endothelial cells at
different hpi quantified by reverse transcription real-time quantitative PCR (RT-qPCR). RT-qPCR for GAPDH was used as a loading control. The
level of VE-cadherin transcripts of mock-infected endothelial cells at 1 hpi was set at 1. The level of LANA transcripts of KSHV-infected
endothelial cells at 1 hpi was set at 1. LANA transcripts were not detected in mock-infected cells at any time point.
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FIG. 4. Disruption of adherens junctions in UV-irradiated KSHV (UV-KSHV)-infected confluent endothelial monolayers but not in those
treated with conditioned medium from KSHV-infected endothelial cells. (A and B) Adherens junctions revealed by VE-cadherin staining in mock-
or KSHV-infected confluent endothelial monolayers at 6 hpi. (C) VE-cadherin staining in confluent endothelial monolayers treated with
KSHV-conditioned medium for 6 h. Conditioned medium was obtained from confluent endothelial monolayers that displayed a clear disruption
of adherens junctions after infection with KSHV for 6 hpi. The medium was subjected to high-speed centrifugation to eliminate any virions and
cellular debris. A new confluent endothelial monolayer was then incubated with the medium for 6 h and stained for VE-cadherin. (D) VE-cadherin
staining of a UV-KSHV-infected confluent endothelial monolayer at 6 hpi. (E) Representative pictures showing viral particles revealed by ORF65
staining in endothelial cells infected with KSHV or UV-KSHYV at 4 hpi. (F) Infectivity of KSHV and UV-KSHYV was examined by infecting cells
for 2 days, staining for the expression of KSHV LANA, and calculating the percentages of positive cells. (G) Internalized viral particles in cells
infected by KSHV or UV-KSHYV for 4 h. Viral particles were detected by staining for the ORF65 protein.

stage of KSHYV infection (27, 57, 81, 84). While some proin-
flammatory and proangiogenic cytokines have been shown to
regulate endothelial permeability in some pathological condi-
tions (21, 33, 34, 47, 65), confluent endothelial cells are usually
refractory to these cytokines partly because of the growth con-
tact-inhibition effect exerted by the adherens junctions (13, 37,
46, 64). Indeed, we observed the contact inhibition and main-
tenance of intact adherens junctions in normal confluent en-
dothelial monolayers cultured in medium containing growth
and proangiogenic factors, such as vascular endothelial growth
factor (VEGF), human fibroblast growth factor B, R3-IGF-1,
human epidermal growth factor, and fetal bovine serum (Fig. 2
and 4A). To exclude any involvement of KSHV-induced cyto-
kines and soluble factors in the disruption of adherens junc-
tions at the early stage of viral infection, we infected confluent
endothelial monolayers with KSHYV for 6 h, at which time point

we observed a clear disruption of adherens junctions (Fig. 4B).
We then collected the culture supernatants and subjected them
to high-speed centrifugation to eliminate virions and cellular
debris. The remaining supernatants were added to the unin-
fected confluent endothelial monolayers. We followed the dis-
ruption of the adherens junctions of the endothelial monolay-
ers. As shown in Fig. 4C, we did not observe any obvious signs
of disruption of adherens junctions 6 h after the addition of the
conditioned medium. These results indicated that the KSHV-
induced disruption of adherens junctions at the early stage of
infection was unlikely to be mediated by cytokines or other
soluble factors induced by KSHV infection.

Next, we examined the direct effect of virus entry on adhe-
rens junctions. Our previous study has shown that there is
minimal expression of viral genes at 6 hpi during KSHV pri-
mary infection (85). Since we observed the disruption of ad-



VoL. 82, 2008 KSHV INDUCTION OF ENDOTHELIAL PERMEABILITY 11907
100 4
A z B
¥ ¥z £ 801
g 5 ¢ g
g 60 q
B VE-cadheri £
=
o
- i 04
) KSHV - + - - + -
b-tubulin UV-KSHV - - + - - +
CHX - - - + + +
Cc D . p<o0oot E 7
CHX +CHX £8 P=038 £38 6
3 E PR z E
3%3‘P<O.OOO4 L5
S 5 S 5 4
? 22 @ =
© o © O 3
[ o c
2c =
£, £cg 2
T E ] T E
°3 g3
(“04 © o
Mock + + - KSHV - + - - +
KSHV - - + + UVKSHV - - + -
CHX - + - + Heparin - + o+

FIG. 5. The disruption of adherens junctions and the degradation of VE-cadherin protein during the KSHV primary infection of confluent
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analysis of VE-cadherin protein in mock-, KSHV-, and UV-KSHV-infected confluent endothelial monolayers with (+) or without (—) the presence
of CHX. The infection was carried out for 4 h. B-Tubulin was used to calibrate protein loading. (B) Quantification of the VE-cadherin protein
levels shown in panel A. The VE-cadherin protein level of mock-infected endothelial cells without the presence of CHX was set at 100%.
(C) KSHYV infection disrupted adherens junctions in the presence of CHX. Confluent endothelial monolayers were either mock-infected or
infected with KSHV with or without the presence of CHX for 4 h and stained for VE-cadherin. (D) KSHV infection increased endothelial
permeability to serum albumin in the presence of CHX. Confluent endothelial monolayers were either mock-infected or infected with KSHV with
or without the presence of CHX. The permeability of the cells to serum albumin was examined as described in Fig. 1A. (E) UV-KSHV infection
induced endothelial permeability to serum albumin, which was inhibited by soluble heparin. Confluent endothelial monolayers were either
mock-infected or infected with KSHV or UV-KSHV with or without the presence of soluble heparin. The permeability of the cells to serum

albumin was examined as described in the legend to Fig. 1A.

herens junctions before 6 hpi, we postulated that the KSHV-
induced disruption of adherens junctions did not require the
expression of viral genes. To test this hypothesis, we inacti-
vated the virus with UV. As shown in Fig. 4D, UV-KSHV
remained almost as effective as the untreated KSHV in dis-
rupting the adherens junctions. Under this condition, the virus
infectivity was reduced by >95%, but the number of internal-
ized vpc was only reduced 40% from an average of 20 to 12 per
cell (Fig. 4E to G).

We then examined whether UV-KSHYV also downregulated
the protein level of VE-cadherin. As shown in Fig. 5A and B,
the protein level of VE-cadherin was reduced by 50% in UV-
KSHV-infected cells, while that of the KSHV-infected cells
was reduced by 75% in Western-blotting analysis. These results
confirmed that the KSHV-induced downregulation of VE-cad-
herin did not require the expression of viral genes. To further
determine whether the expression of cellular genes was re-
quired for KSHV-induced VE-cadherin degradation, we in-
fected the confluent endothelial monolayers with either un-
treated KSHV or UV-KSHYV in the presence of CHX. Since
CHX blocked de novo protein synthesis, the protein level of
VE-cadherin in CHX-treated, mock-infected cells was reduced
by 55%, while those of KSHV- or UV-KSHV-infected cells
were further reduced, by a total of 88% and 77%, respectively
(Fig. 5A and B). Thus, compared to mock-infected cells, in the

presence of CHX, KSHV and UV-KSHYV further reduced the
protein level of VE-cadherin by 73% and 49%, respectively.
Because of the lack of de novo protein synthesis in the pres-
ence of CHX, these results also indicated that the KSHV-
induced downregulation of VE-cadherin protein at the early
stage of infection was due to the KSHV-induced degradation
of the protein.

The results of the immunofluorescence staining were con-
sistent with those of the Western-blotting analysis. While
CHX-treated mock-infected cells had a reduced intensity of
VE-cadherin staining, their adherens junctions remained
largely intact (Fig. 5C). As expected, treatment with CHX
further accelerated the disruption of the adherens junctions of
the endothelial monolayers infected with KSHV (Fig. 5C).
Consistent with these results, treatment with CHX did not
significantly affect the endothelial permeability of both the
mock- and KSHV-infected monolayers. However, the KSHV-
infected monolayers had higher endothelial permeability than
the mock-infected monolayers with or without the presence of
CHX (Fig. 5D).

The above results indicated that KSHV-induced VE-cad-
herin degradation was mediated by KSHV entry. The first step
in KSHYV entry into cells is the attachment of virions to the cell
surface, a step mediated by heparin sulfate. Previous studies
have shown that the presence of soluble heparin in the culture
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FIG. 6. Kinetics of VE-cadherin protein degradation during the
KSHYV primary infection of confluent endothelial monolayers. (A) West-
ern-blotting analysis for VE-cadherin protein was carried out with
confluent endothelial monolayers mock-infected or infected with
KSHYV in the presence of CHX at different hpi. (B) Quantification of
the VE-cadherin protein levels at the different hpi shown in panel A.
The VE-cadherin protein level of mock-infected cells at 0 hpi was set
at 100%.

medium can block KSHV entry into cells, and hence KSHV
infection of cells (8, 75). To further confirm that KSHV entry
into cells mediated the KSHV-induced degradation of VE-
cadherin, we infected the endothelial monolayers with KSHV
and UV-KSHYV in the presence of soluble heparin. As ex-
pected, the addition of heparin totally blocked KSHV infec-
tion, as monitored by LANA staining of the infected cells at 48
hpi, and the entry of viral particles into the cells, as monitored
by staining for the ORF65 viral small capsid protein (data not
shown). In parallel experiments, we found that heparin totally
inhibited KSHV and UV-KSHYV induction of endothelial per-
meability (Fig. SE).

Taken together, these results so far indicated that the
KSHV-induced disruption of adherens junctions and endothe-
lial permeability were mediated by virus entry and did not
require the expression of viral and cellular genes.

Kinetics of KSHV-induced VE-cadherin degradation. To
further define KSHV-induced VE-cadherin degradation, we
examined the kinetics of VE-cadherin degradation by blocking
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de novo protein synthesis with CHX. As shown in Fig. 6, the
levels of VE-cadherin in mock-infected cells decreased follow-
ing treatment with CHX; however, those of the KSHV-in-
fected cells decreased at a much faster rate. While it took 5 h
for the mock-infected cells to reduce the level of VE-cadherin
by 50%, it only took 1.5 h for the KSHV-infected cells to reach
the same level. At 5 hpi, less than 10% of the VE-cadherin
protein pool remained in the KSHV-infected cells (Fig. 6).
Thus, in the absence of de novo protein synthesis, KSHV
infection increased the degradation rate of VE-cadherin by
more than threefold.

KSHYV induction of VE-cadherin degradation correlates
with the number of internalized viral particles. While UV-
KSHV disrupted the adherens junctions as effectively as
KSHYV (Fig. 4D), compared to KSHYV, they induced the deg-
radation of VE-cadherin at a reduced rate (Fig. 5A and B).
UV-KSHV induced about 33% less protein degradation of
VE-cadherin than KSHV with or without the presence of CHX
(50% versus 75% without CHX and 49% versus 73% with
CHX in Fig. 5A and B, respectively). This reduced rate of
VE-cadherin degradation appeared to correlate with the re-
duction of internalized viral particles (Fig. 4 and 5). To further
provide evidence to support this relationship, we infected the
endothelial monolayers with increased numbers of vpc in the
presence of CHX. In these experiments, a 20-vpc inoculum
gave an 80 to 90% infection rate, as examined by LANA
staining at 48 hpi. As shown in Fig. 7A and B, we observed a
clear vpc dose-dependent trend of VE-cadherin degradation.
When the inoculum was reduced from 20 to 2 vpc, the number
of actual internalized vpc was reduced from 18 to 1.8 as ex-
pected; however, the infectivity was only reduced 51% (Fig.
7C). These results demonstrated the dependence of VE-cad-
herin degradation on the number of internalized viral particles
rather than virus infectivity.

DISCUSSION

Both histological features and clinical manifestations indi-
cate that KS is a disease with dysregulated endothelial perme-
ability (38). In this study, we showed that KSHV infection
enhanced the permeability of endothelial monolayers to
plasma proteins, blood-derived cells, KSHV-infected cells and
KSHYV virions in an in vitro transwell-based permeability assay.

O Infectivity
M Virions

Infectivity (%)

2
Post-infection (h)

Incoming virions per cell

6 20 10 2
Inoculated virus (vpc)

FIG. 7. The KSHV-induced degradation of VE-cadherin protein is dose dependent on the internalization of viral particles but not infectivity.
(A) Western-blotting analysis for VE-cadherin protein was carried out with confluent endothelial monolayers mock-infected or infected with
KSHYV with different vpc in the presence of CHX at different hpi. (B) Quantification of the VE-cadherin protein levels shown in panel A. The
VE-cadherin protein levels at 0 hpi were set at 100%. (C) Infectivity and internalized viral particles in cells infected with the same doses of vpc
as described in panel A. The actual internalized viral particles were revealed by staining for the ORF65 protein at 4 hpi. KSHV infectivity was
examined by staining for the expression of KSHV LANA and calculating the percentages of positive cells.
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In addition, we found that KSHYV infection disrupted the ad-
herens junctions at the early stage of infection, and this process
was associated with the degradation of VE-cadherin. These
results have illustrated how KSHV infection might directly
contribute to the central pathology of KS and thus provide
further support for a direct role for KSHYV in the pathogenesis
of this malignancy.

Extensive studies have shown that adherens junctions con-
trol the vascular permeability and growth of endothelial cells
by regulating the vascular barriers and intracellular signaling
(71, 72). Thus, adherens junctions play a crucial role in regu-
lating inflammation and angiogenesis (15, 74). Typically, in
response to extracellular insults or intracellular stress, an in-
crease in vascular permeability could facilitate the infiltration
of inflammatory cells to the affected tissues so that the dam-
aged or infected tissues could be rapidly repaired. Dysregula-
tion of this process could lead to extensive and prolonged
inflammation (62, 74). In normal endothelia, adherens junc-
tions also exert a contact-inhibition effect and block the re-
sponses of normal arrested endothelial cells to growth and
proangiogenic factors (13, 37, 46, 52, 64). However, in cancer-
induced angiogenesis, the formation and sprouting of new
blood vessels require the growth of endothelial cells (15, 20,
74). The disruption of adherens junctions mitigates contact
inhibition and facilitates the growth of endothelial cells by
transmitting mitogenic and survival signals, such as Src, phos-
phatidylinositol 3-kinase (PI 3-kinase), proteinase kinase C,
protein kinase B, and mitogen-activated protein kinases
(MAPKS), activated by extracellular growth and proangiogenic
factors and by releasing B-catenin to the nucleus to promote
the transcription of oncogenes, such as c-myc and cyclin D1
(15,71, 74). We and others have shown that KSHV infection of
endothelial cells activates many of these pathways and pro-
motes the growth, angiogenesis, and invasion of the infected
cells while simultaneously inducing proinflammatory and
proangiogenic cytokines (14, 27, 54, 57, 66, 67, 76, 81, 82, 84),
which are consistent with the observed phenotypes of disrup-
tion of adherens junctions and increased endothelial perme-
ability described in this study. Interestingly, these features are
also characteristics of cellular transformation and the epithe-
lial-to-mesenchymal transition of cancer cells (6, 39). Thus, it is
tempting to speculate that KSHV infection might induce an
endothelial-mesenchymal transition. Indeed, previous studies
have not only found massive inflammation and dysregulated
angiogenesis in KS lesions but also described a mesenchymal
phenotype in KS tumor cells, all of which are consistent with
the results of in vitro studies (38).

Several studies have observed an increase in endothelial
permeability and the disruption of cellular barriers following
viral infections (1, 7, 9, 16, 21, 34, 47, 65, 68). In some cases, the
disruption of cell junctions facilitates the access of viruses to
their receptors in the basolateral membranes. For example,
group B coxsackieviruses disrupt tight junctions to facilitate
virus entry into cells through the junctions (18, 19). Interest-
ingly, alphaherpesviruses enter cells by interacting with recep-
tors that normally reside in cell junctions (35). Several cellular
receptors have been shown to mediate KSHV entry into target
cells, including heparin sulfate, integrins a3p1 and a5p3, DC-
SIGN, and transporter protein xCT (3, 4, 31, 41, 59, 60). Some
of these membrane-associated molecules, such as integrins,
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have polarized basolateral distributions (40, 55). Thus, it would
be interesting to determine whether the KSHV entry of endo-
thelial cells could be enhanced in polarized cells and whether
there were preferential KSHV entry sites. The disruption of
adherens junctions could certainly facilitate KSHV entry
through the cellular receptors located in the basolateral mem-
branes.

The disruption of adherens junctions and increased endo-
thelial permeability could also facilitate the intravasation, ex-
travasation, and dissemination of KSHV through the vascular
networks in the form of either virions or infected cells. Indeed,
we observed enhanced permeability to KSHV-infected cells
and KSHYV virions following the KSHYV infection of the endo-
thelial monolayers. Clinically, an increase of KSHV blood viral
loads has been associated with the progression of KS (12, 24,
29, 50, 58, 78). Thus, it could be speculated that multifocal and
visceral involvements in KS could be facilitated by the leaki-
ness of the endothelium induced by KSHV infection.

The mechanism mediating the integrity of adherens junc-
tions is complex. VE-cadherin is the main component of
adherens junctions, which are complex plasma membrane
structures (71). The extracellular domain of VE-cadherin in-
teracts homophilically with other cadherins on the adjacent
cells, while its cytoplasmic tail interacts with a-catenin, B-cate-
nin, plakoglobin (y-catenin) and p120°*" that couple the cad-
herin to the actin cytoskeleton. Signaling pathways that regu-
late components of the complex have been shown to alter
adherens functions and vascular permeability (5, 43). A num-
ber of proinflammatory and proangiogenic factors such as tu-
mor necrosis factor alpha, interleukin-6 and -8, and VEGF
have been shown to mediate endothelial permeability during
viral infections (21, 34, 47, 65). Some members of matrix met-
alloproteinases (MMPs) also mediate vascular permeability
induced by viral proteins or during viral infections (48, 69).
While KSHV infection of endothelial cells induces some of
these proinflammatory and proangiogenic factors, as well as
MMPs (14, 27, 54, 57, 66, 67, 76, 81, 82, 84), conditioned
medium from acute KSHV-infected endothelial monolayers
that manifested the clear disruption of adherens junctions
failed to induce the disruption of adherens junctions when
added to uninfected confluent endothelial monolayers (Fig.
4C). Furthermore, the inhibition of MMPs by a potent MMP
inhibitor, GM6001, failed to rescue the KSHV-induced disrup-
tion of adherens junctions and permeability to serum albumin
(data not shown), which are in contrast to those observed in
dengue virus-induced permeability (48). Together, these re-
sults indicated that soluble factors were unlikely to be involved
in KSHV-induced endothelial permeability at the early stage
of infection. Nevertheless, it remained possible that some un-
identified KSHV-induced soluble factors might mediate the
observed increase in endothelial permeability, but they were
associated with the cell surface or were labile. In this case,
supernatants from the KSHV-infected cultures would not contain
these factors and thus fail to induce endothelial permeability.

In contrast to soluble factors, our results showed that
KSHV-induced vascular permeability was mediated by virus
entry. This conclusion was supported by the fact that UV-
KSHYV effectively induced the disruption of adherens junc-
tions, albeit their infectivity was abolished by the UV treatment
(Fig. 4D to G). Consistent with these results, soluble heparin
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that blocked KSHYV entry into the cells also prevented KSHV-
induced vascular permeability (Fig. 5E). Furthermore, we
found that the KSHV-induced disruption of adherens junc-
tions did not require the expression of viral and cellular genes
(Fig. 5A to C), and KSHV-induced VE-cadherin degradation
was dose dependent on the internalization of viral particles
(Fig. 7). In contrast, KSHV-induced VE-cadherin degradation
was not robustly correlated with infectivity, as a cell could be
infected without sufficient internalized viral particles to medi-
ate the process (Fig. 7).

KSHYV entry into cells is a multistep process, involving the
attachment, binding, and fusion events, each mediated by dis-
tinct viral proteins and cellular receptors and triggering cas-
cades of cellular signaling pathways (38). Some of these events,
such as integrin-mediated signaling induced by KSHV binding
to its integrin receptors, which have been implicated in regu-
lating adherens junctions and vascular permeability (5, 10, 77),
could mediate the KSHV-induced disruption of adherens junc-
tions. For example, KSHV infection activates focal adhesion
kinase, PI 3-kinase, protein kinase C-{, Src, Rho-GTPases, and
the MEK/extracellular signal-regulated kinase, Jun N-terminal
protein kinase, and p38 multiple MAPK pathways (4, 44, 51,
54,63, 70, 81), and the activation of PI 3-kinase, focal adhesion
kinase, MEK/extracellular signal-regulated kinase, Jun N-ter-
minal protein kinase, and p38 MAPK is essential for KSHV
entry into cells (44, 51, 54, 63). Clathrin endocytosis has been
characterized as the pathway for KSHV entry into human
fibroblasts (2). Since the internalization and degradation of
VE-cadherin are mediated by endocytosis (79, 80), it is possi-
ble that some of these KSHV-activated pathways could regu-
late the KSHV-induced disruption of adherens junctions.
Among the pathways activated during KSHV entry into cells,
Rho-GTPases and Src are of particular interest since they have
been shown to play pivotal roles in regulating adherens junc-
tions. Rho-GTPases regulate the disassembly of endothelial
adherens junctions in response to a variety of mediators. A
recent study has shown that Rac activation is required for
VEGF-induced VE-cadherin endocytosis through the p21-ac-
tivated kinase and B-arrestin 2 phosphorylation of VE-cad-
herin (32). Src plays an important role in inducing the tyrosine
phosphorylation of B-catenin, p120°*", and VE-cadherin (53,
61, 73). The phosphorylation of VE-cadherin is linked to the
dissociation of VE-cadherin/B-catenin/p120°" complex (45,
56). Further studies are needed to determine whether the
phosphorylation of VE-cadherin by Src or other tyrosine ki-
nases during KSHYV infection also serves as the initial signal to
initiate VE-cadherin endocytosis and degradation.

While the KSHV-induced degradation of VE-cadherin and
the disruption of adherens junctions occurred at the early stage
of infection and did not require proinflammatory and proan-
giogenic cytokines, they were also observed at the later stages
of infection (Fig. 2 and 3). Since the expression of VE-cadherin
transcripts was not affected by KSHV infection (Fig. 3), it is
likely that a distinct mechanism might be involved in the
KSHY regulation of the VE-cadherin protein level at the later
stages of KSHYV infection. One possibility is that the disruption
of adherens junctions could render the contact-inhibited en-
dothelial cells susceptible to proinflammatory and proangio-
genic cytokines induced by acute and prolonged KSHYV infec-
tion. In this case, the disruption of adherens junctions at the
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early stage of KSHV infection could synergize with KSHV-
induced proinflammatory and proangiogenic cytokines in sus-
taining the long-term disruption of adherens junctions and
dysregulated endothelial permeability. Further studies are war-
ranted to determine the existence of such a synergistic effect
and the proinflammatory and proangiogenic cytokines in-
volved.
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