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During target cell entry and infection, many enveloped and nonenveloped viruses utilize cell surface
receptors that translocate into lipid rafts (LRs). However, the mechanism behind this translocation is not
known. Kaposi’s sarcoma-associated herpesvirus (KSHV) interacts with the human microvascular dermal
endothelial (HMVEC-d) cell surface heparan sulfate (HS), integrins 31, VB3, and aV5, and the amino
acid transporter x-CT protein and enters via c-Cbl-bleb-mediated macropinocytosis (Veettil et al., J. Virol.
82:12126-12144, 2008; Veettil et al., PLoS Pathog. 6:¢1001238, 2010). Here we have demonstrated that very early
during infection (1 min postinfection), c-Cbl induced the selective translocation of KSHV into the LR along
with the o331, « VB3, and x-CT receptors but not V5. Activated c-Cbl localized with LRs at the junctional
base of macropinocytic blebs. LR-translocated a3f31 and aV[33 were monoubiquitinated, leading to productive
macropinocytic entry, whereas non-LR-associated V35 was polyubiquitinated, leading to clathrin entry that
was targeted to lysosomes. c-Cbl knockdown blocked the macropinocytosis and receptor translocation and
diverted KSHYV to a clathrin-lysosomal noninfectious pathway. Similar results were also seen by LR disruption
with MBCD. These studies provide the first evidence that c-Cbl regulates selective KSHV-a3$1, -aV3, and
-x-CT receptor translocations into the LRs and differential ubiquitination of receptors which are critical
determinants of the macropinocytic entry route and productive infection of KSHV. Our studies suggest that
interventions targeting c-Cbl and LRs are potential avenues to block KSHV infection of endothelial cells.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is etiolog-
ically associated with Kaposi’s sarcoma (KS), primary effusion
lymphoma (PEL), and multicentric Castleman’s disease
(MCD) (6, 8, 10). Human B-cell lines from PEL, such as
BCBL-1 and BC-3, carry multiple copies of the KSHV ge-
nome. The KSHV latency-associated LANA-1 (ORF73),
vCyclin, VFLIP, Kaposin, and ORF10.5 (LANA-2) genes, as
well as 12 microRNAs, are expressed in these cells. KSHV
induced from these cells serves as the source of virus for
various studies (10). In contrast to that of alpha- and betaher-
pesviruses, gamma-2 herpesvirus KSHV in vitro infection of
target cells does not lead to the typical cascade of its immedi-
ate-early, early, and late gene expression and progeny virus
formation. Instead, KSHV establishes latency, and the viral
genome is lost during successive passages of the infected cells
(7, 10, 21). Another novel feature of this in vitro latency in
human microvascular dermal endothelial (HMVEC-d) and hu-
man foreskin fibroblast (HFF) cells is that as early as 2 h
postinfection (p.i.), KSHV expresses concurrently its latent
genes as well as a limited set of Iytic cycle genes with antiapop-
totic and immunomodulation functions, including the lytic
cycle switch ORF50 (RTA) gene (21). While the expression of
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latent genes continues, nearly all Iytic genes decline by 24 h p.i.
(21).

Analysis of in vitro KSHV interaction with adherent target
cells and quantitation of infection have been hampered by the
absence of a lytic replication cycle and hence a plaque assay.
Since in vitro KSHV infection results in the expression of
latency-associated genes, we have devised various methods to
assess the different phases of KSHV infection (7). For concep-
tual purposes, we earlier subdivided the early events of KSHV
infection into six overlapping dynamic phases (7). Phase 1
involves the binding of viral envelope glycoproteins to cell
surface receptors, overlapping with the induction of host cell
signal pathways (phase 2). This is followed by virus entry
(phase 3), movement of the viral capsid/tegument in the cyto-
plasm (phase 4), nuclear entry of the viral genome (phase 5),
and the overlapping expression of viral genes (phase 6a) and
host cell genes (phase 6b). To differentiate among and identify
the phase(s) in which KSHV-induced host signal molecules
play roles, we use an assortment of methods (7). Purified
KSHYV is quantitated by real-time DNA PCR for the single-
copy gene ORF73 (7, 21, 38, 41, 45). Since the LANA-1 pro-
tein and messages are not incorporated in the virion particle,
detection of LANA-1 in infected cells is due to de novo KSHV
infection. Infection of cells with 10 KSHV DNA copies per cell
results in the expression of ORF73 in >50% of infected cells as
monitored by immunofluorescence assay (38).

A vivid mechanism as to how KSHV-recognized receptor
interactions and induction of host signal molecules progress
toward entry into target cells is essential for developing meth-
ods to control infection. The initial attachment to adherent
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FIG. 1. Isolation and characterization of lipid rafts. (A) Flow chart of lipid raft (LR) extraction post-KSHV infection in serum-starved
HMVEC-d cells. (B and C) Results with HMVEC-d cells infected with KSHV for 10 min. (B and C) Dot blot (B) or Western blot (C) for caveolin
1 (LR marker) in uninfected (UN) and KSHV-infected cells. (D) Caveolin 1 (LR marker) containing fractions 2 to 4 was pooled to form LR
fractions, while CD-71 (NLR marker) containing fractions 6 to 8 was pooled to form non-LR fractions. Ten micrograms of protein from LR and
non-LR fractions was subjected to Western blotting for caveolin 1 and CD-71. (E) HMVEC-d cells were mock or Dil-KSHYV infected for 10 min.
After washing, cells were fixed and observed by immunofluorescence microscopy. (F) HMVEC-d cells were mock or KSHV (10 DNA copies/cell)
infected for 2 h, following which virus was washed away. Cells were cultured in complete medium for another 46 h. After washing, cells were fixed
and processed for immunofluorescence assay using anti-LANA antibody. Ten different fields with at least 15 cells were counted to calculate the
LANA and Dil-KSHV-positive cells. Representative deconvoluted images are shown. Arrows in the enlarged panel indicate infected cells. Scale
bar, 10 pm.



12412 CHAKRABORTY ET AL. J. VIROL.

A LR Non-LR
UNT 5100 UN T’ 5 10
. - L!_‘_._‘J p ¢-Cbl
1455521 1 35 512 Fold induction

I __JI |.. o-—l Total c-Cbl
.‘.j | | Caveolin-1
—l E.-d CD-71

1 234 5 6 7 8

B Flot-1 p ¢-Cbl Phalloidin Merged DIC Enlarged

KSHV &

C
<
Tz <
g ¥ Z
s = M
2 2 =
g P
» 9 9 Merged+DAPI : g Merged+DAPI
¢ Chl -y ’ .
86 % Inhibition g AL = . >
: il L
Control shRNA . ¢c-Cbl shRNA

Merged+DAPI

¢-Cbl shRNA

FIG. 2. Association of KSHV induced c¢-Cbl with lipid rafts, macropinocytic blebs and integrins («3B1 and aVB3). (A) Serum-starved (8 h)
HMVEC-d cells were either mock or KSHYV infected (10 DNA copies/cell) for the indicated time points. LR and NLR were isolated as described
in the legend to Fig. 1A and Materials and Methods. Ten micrograms of protein was subjected to Western blotting for the indicated proteins.
Student’s ¢ test was performed on the fold p-c-Cbl activation values between uninfected and KSHV-infected cell LR and non-LR fractions to obtain
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FIG. 3. c-Cbl-mediated selective translocation of integrins (a3B1 and aVB3) and x-CT into lipid rafts early during KSHV infection. Serum-starved
(8 h) HMVEC-d cells were either mock infected or KSHV infected (10 DNA copies/cell) for the indicated time points. LR and NLR fractions were
isolated, and 10 pg protein was analyzed by Western blotting. (A) Integrins 81 and 3. (B) Integrins 83 and aV. (C) x-CT. (D) Integrins g5 and B6.
(E) EGF receptor. (F) Caveolin 1 and CD-71 (markers of LR and non-LR, respectively). (G) Untransduced, control shRNA and c¢-Cbl shRNA
lentivirus-transduced HMVEC-d cells were infected with KSHV for 10 min. LR and non-LR fractions were isolated and subjected to Western blot
analysis for integrins 1 and 33, x-CT, and KSHV gpK8.1A. (H) Serum-starved HMVEC-d cells were infected with KSHV (lanes 1 and 2) or with KSHV
preincubated with 50 wg heparin for 1 h at 37°C (lanes 3 and 4). LR and NLR were subjected to Western blotting for g1 integrin, B3 integrin, x-CT,
flotillin 1 (LR marker), and CD-71 receptor (non-LR marker).

target cells is facilitated by KSHV envelope gB, gpK8.1A, gH, against a3B1, aVB3, and o VRS integrins, and x-CT do not
and ORF4 interaction with heparan sulfate (HS) molecules (1, block KSHV binding to the adherent target cells; however,
4,16, 27, 49, 50). Pretreatment of KSHV with soluble heparin they inhibited KSHV entry and infection significantly, which

prevents binding of virus to the adherent target cells (7). suggested that inhibition occurs due to interference at a
KSHYV subsequently interacts with the HMVEC-d cell integ- post-HS binding step.

rins a3B1, VB3, and «VBS and the amino acid transporter Endocytosis is the predominant mode of KSHV entry into
x-CT protein (7). Heparin treatment also prevents KSHV in- its adherent and nonadherent target cells (7). KSHV induces
teractions with a3B1, a VB3, a VRS, and x-CT molecules, sug- actin reorganization and enters HMVEC-d cells via macropi-
gesting that the initial contact with HS is essential for the nocytosis (37). Early during infection (1 to 30 min p.i.), KSHV
subsequent interactions with other receptors (2, 19, 47). RGD forms a multimolecular complex with HS, integrins (a3B1,

peptides, soluble a3B1, VB3, and VRS integrins, antibodies aVR3, and aVRS5), and x-CT, with concurrent induction of

the P values. (B). Serum-starved HMVEC-d cells were either mock infected or KSHV infected (10 DNA copies/cell) for the indicated time points.
Cells were stained with goat anti-flotillin-1 monoclonal antibody for 1 h at RT followed by Alexa 594 secondary antibody for 1 h at RT. Lipid raft
labeled cells were further stained with mouse anti-phospho-c-Cbl pY 700 monoclonal antibody for 1 h at RT followed by Alexa 488 antimouse
secondary antibody. Cells were costained with Alexa 405-conjugated phalloidin and observed under a deconvoluted immunofluorescence micro-
scope equipped with differential interference contrast (DIC). Images were processed by Metamorph software. Arrowheads in the enlarged panel
indicate colocalization. (C) Sixty to seventy percent confluent HMVEC-d cells in 6-well plates were either untransduced or transduced with control
or c-Cbl shRNA lentiviruses and selected using puromycin. Untransduced, control siRNA- and ¢c-Cbl shRNA cells were infected with KSHV (10
DNA copies/cell) for 5 min and analyzed by Western blotting for c-Cbl (specific shRNA target), actin, integrin g1, and Hsp70 (off-target
molecules). The actin blot also represents an equal loading control. (D) Control and c-Cbl shRNA-transduced cells were infected with KSHV (10
DNA copies/cell) for 10 min and processed for immunofluorescence using an LR marker (Flot-1) and integrin a3l or «VB3 antibodies.
Representative confocal images are shown. Bottom panels are enlarged pictures merged with DAPI images. Arrows indicate colocalization. Scale
bar, 10 pm.
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signal cascades, such as FAK, Src, PI3-K and Rho-GTPases,
that are essential for virion entry and trafficking in HMVEC-d
cells (22, 29, 36, 48). Heparin treatment not only prevented
binding of virus to the adherent target cells but also blocked
the observed signal induction during 1 to 30 min p.i. Heparin-
treated KSHV not only served as a specificity control for
KSHV-induced signal induction and morphological changes
but also clearly established the fact that the observed signal
induction is due to KSHV virion particles and not due to any
contaminating host factors, membranes, or LPS.

KSHYV also induced membrane blebs and tyrosine phosphor-
ylation of the adaptor protein c-Cbl as early as 1 min p.i., and
its recruitment to the sites of bleb formation was required for
blebbing and macropinocytosis in HMVEC-d cells (45). Pre-
treatment of KSHV with soluble heparin not only prevented
macropinocytosis and entry of virus but also reduced the phos-
phorylation of c¢-Cbl phosphorylation. c-Cbl small-hairpin
RNA (shRNA) decreased KSHV ORF73 and ORF50 gene
expression by >90%, which was due to a block in KSHV
macropinocytosis and entry but not binding to the target cells
(45).

Lipid rafts (LRs), the detergent-resistant microdomains in
the exoplasmic leaflet of plasma membranes, are made up of
cholesterol and sphingolipids (sphingomyelin and glycosphin-
golipids) and play roles in clustering receptors and signal mol-
ecules (42). The interaction between different receptors on the
plasma membrane is considered an important mechanism for
coordination of signaling pathways, often manifested by dy-
namic membrane alterations (12). LRs are utilized for entry by
many enveloped and nonenveloped viruses. Echo- and cox-
sackieviruses utilize LRs for endocytosis and entry, respec-
tively (31, 32). HIV-1 and human cytomegalovirus (HCMV)
interact with LR-associated molecules and non-LR (NLR)-
associated molecules and pull the NLR-associated secondary
receptor into LRs (5, 35, 51). During infection of CD4 ™" T cells,
HIV-1 gp120 interacts with LR-associated CD4 molecules and
subsequently with NLR-associated chemokine receptor
CXCRA4, which results in the translocation of CXCR4 into LR,
and these raft-colocalized receptors are directly involved in
virus entry (5, 35). Similarly, HCMV interacts with human
embryonic lung fibroblast (HEL) LR-associated epidermal
growth factor receptor (EGFR)- and NLR-associated aV33
integrin, which subsequently associates with LR (51). How-
ever, the mechanism and molecular partners regulating the
translocation of NLR-associated molecules into LR remain
unknown.

Our previous studies revealed that LRs are essential for
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KSHYV infection of HMVEC-d cells. Pretreatment of HM-
VEC-d cells with LR-disrupting drugs (MBCD or nystatin),
though it did not affect virus binding and entry, inhibited
KSHV-induced phosphatidylinositol 3-kinase (PI3-K) and
RhoA-GTPase molecules, association of viral capsid with mi-
crotubules, and nuclear entry of viral DNA and viral gene
expression (36). However, the functional link between a KSHV
entry receptor(s), c-Cbl, and LRs, as well as whether this link
facilitates virus entry, was unknown and was examined here.

KSHYV infection induced a c-Cbl-dependent selective trans-
location of a3B1, aVB3, and x-CT molecules into the LR,
while aVB5 remained in the NLR region of the membranes.
KSHV-activated c-Cbl’s ability to monoubiquitinate receptors
was potentially driving the translocation of KSHV and the
associated receptors into LRs, resulting in a productive infec-
tion, while NLR-partitioned « VRS was polyubiquitinated and
targeted to lysosomes. c-Cbl knockdown resulted in the abro-
gation of the selective virus-receptor translocation or macropi-
nocytosis and diverted KSHV toward clathrin-mediated lyso-
somal targeting, thus inhibiting infection. Our studies shed
light on a unique role of ¢-Cbl as a modulator of endocytic
pathways regulating the fate of KSHV.

MATERIALS AND METHODS

Cells and virus. HMVEC-d cells (CC-2543; Clonetics, Walkersville, MD) were
grown in endothelial cell basal medium 2 (EBM2; Clonetics). Induction of the
KSHYV lytic cycle in BCBL-1 cells, supernatant collection, and virus purification
procedures were described previously (2). KSHV DNA was extracted from the
virus, and the copies were quantitated by real-time DNA PCR using primers
amplifying the KSHV ORF73 gene as described previously (21). The same batch
of purified KSHV was used for all experiments.

Dil-labeled KSHV. The lipophilic carbocyanine Dil-1,1'-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate (DilIC,43) was used to label KSHV
particles as per methods described previously (23). Briefly, 200 pl of 1-mg/ml
purified KSHV in TNE-30% sucrose buffer (TNE buffer is 0.01 M Tris-HCI, pH
7.4,0.15 M NaCl, and 0.05% EDTA) was incubated with 25 mM Dil in dimethyl
sulfoxide (DMSO) for 2 h at room temperature (RT) with gentle mixing. The
unbound dye was removed by a step sucrose gradient (10%, 30%, and 55%
[wt/vol] sucrose in TNE buffer). Dil-labeled KSHV was layered on top of the
10% sucrose cushion and centrifuged at 55,000 X g for 90 min at 4°C. The labeled
virus collected from the top of the 55% sucrose gradient was filtered (22 pum pore
size) and used.

Generation of HMVEC-d cells expressing c-Cbl shRNA. A pool of lentivirus
shRNA specific for human c-Cbl and nonspecific control shRNA were purchased
from Santa Cruz Biotechnology Inc., Santa Cruz, CA. HMVEC-d cells were
transduced with control lentivirus ShRNA or ¢-Cbl lentivirus shRNA according
to the manufacturer’s instructions and selected by puromycin hydrochloride (10
pg/ml).

Antibodies and reagents. Rabbit anti-integrin 1, 3, and anti-c-Cbl antibod-
ies were from Cell Signaling Technology, Danvers, MA. Mouse anti-integrin
a3Bl, B5, a3, aV, B6, c-Cbl, and FK-1 antipolyubiquitin antibodies were from

FIG. 4. Colocalization of integrins (a3B1 and «VR3) and x-CT with lipid raft markers during KSHV infection of HMVEC-d cells. Serum-
starved (8 h) HMVEC-d cells were either left uninfected or infected for 10 min with KSHV (10 DNA copies/cell) or KSHV preincubated with 50
wg heparin for 1 h at 37°C, washed, and processed for immunofluorescence assay. Cells were stained for GM1 by incubating them with Alexa
594-conjugated CTxB for 45 min at 4°C, washed three times with chilled HBSS, and incubated with anti-CTB for 45 min at 4°C. These lipid raft
labeled cells were costained with mouse anti-integrin a3f1 antibody for 1 h at RT followed by Alexa 488 anti-mouse antibody for 1 h at RT (A);
mouse anti-a VB3 integrin monoclonal antibody for 1 h at RT followed by Alexa 488 anti-mouse antibody for 1 h at RT (B); or anti-flotillin-1 (LR)
and x-CT peptide (66-77) antibodies followed by Alexa 594 anti-goat and Alexa 488 anti-rabbit antibodies, respectively (C). They were visualized
by a confocal immunofluorescence microscope and costained with DAPI. Arrows indicate the area of the cell enlarged in the rightmost panel. Block
arrows in the enlarged panels indicate colocalization. Scale bar, 10 wm. P values were calculated between the percentage of uninfected versus
KSHV-infected cells demonstrating colocalization of GM1 (LR) and a3B1, o VB3, and x-CT using a Student ¢ test. A minimum of 10 cells/field

were chosen for colocalization analysis.
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Chemicon International, Temecula, CA. Mouse monoclonal anti-EGFR and
anti-ubiquitin P4D1 antibodies were from Santa Cruz Biotechnology. Mouse
anti-c-Cbl and anti-phospho-c-Cbl pY700 (phosphotyrosine) were from BD Bio-
sciences, San Diego, CA. Rabbit anti-caveolin-1 antibody, anti-cholera toxin B
(CTxB) antibody, CTxB-Alexa 594 conjugate, 4',6-diamidino-2-phenylindole
(DAPI), Alexa 488-conjugated LysoTracker, rhodamine-conjugated dextran or
transferrin, Alexa 594 or 488 anti-rabbit, Dil (1,1'-dioctadecyl 3,3,3",3'-tetra-
methylindocarbocyanine perchlorate), antimouse, and antigoat secondary anti-
bodies were from Molecular Probes, Invitrogen. Goat monoclonal anti-flotillin-1
(anti-Flot-1) antibody was from Abcam, Boston, MA. Protein G Sepharose
CL-4B was from Amersham Pharmacia Biotech, Piscataway, NJ. Anti-goat, anti-
rabbit, and anti-mouse antibodies linked to horseradish peroxidase were from
KPL Inc., Gaithersburg, MD. Heparin and MG132 were from Sigma, St. Louis,
MO. The CD-71 hybridoma cell line was from American Type Culture Collec-
tion (ATCC), Manassas, VA. CD-71 monoclonal antibody (MAb) secreted in
culture medium was purified by protein A-Sepharose affinity chromatography.
Rabbit anti-x-CT peptide P66-77 (extracellular domain) antibody, mouse mono-
clonal anti-KSHV gpK8.1A (4A4) antibody, and rabbit anti-gB (UK-218) and
anti-LANA antibodies were raised in our laboratory (38, 47, 50, 53).

Lipid raft extraction and characterization. Lipid raft extraction was per-
formed as per the manufacturer’s protocol for the caveola/raft isolation kit
(Sigma) based on nondetergent density gradient extraction of lipid rafts (43).
Briefly, uninfected and KSHV-infected HMVEC-d cells were lysed in 0.5 M
sodium bicarbonate buffer (500 mM sodium carbonate [pH 11.0], 2 mM EDTA,
1 mM NaF, 1 mM orthovanadate, and Sigma protease cocktail inhibitor) for 15
min at 4°C. Cell lysates transferred onto precooled microcentrifuge tubes were
homogenized using a Dounce homogenizer (10 strokes) and sonicated for 10 s.
A discontinuous density gradient made of 5 layers of OptiPrep with different
concentrations (Fig. 1A) was prepared. Two ml of gradient layer (35% OptiPrep)
was placed at the bottom of the precooled ultracentrifuge tube. Each OptiPrep
layer was placed over the other using a Pasteur pipette. The tubes were ultra-
centrifuged at 45,000 rpm for 4 h using a Beckman SWI-55 rotor. One-milliliter
fractions were collected from the top of the centrifuge tube and pooled. Lipid
raft-containing fractions were characterized by the presence of caveolin 1, and
non-lipid rafts were confirmed by the presence of CD-71 (26).

Immunoprecipitation. LR and NLR fractions were isolated as described pre-
viously. Two hundred micrograms of cell lysates were incubated for 2 h with
immunoprecipitating antibody at 4°C, and the resulting immune complexes were
captured by protein G-Sepharose, washed 3 times using sodium bicarbonate
buffer, and analyzed by Western blotting using specific detection antibodies.

Dot blot analysis. Two microliters of collected fractions were absorbed onto a
nitrocellulose membrane soaked in 1X phosphate-buffered saline (PBS), blocked
in 5% skimmed-milk solution for 1 h at RT, and incubated with anti-caveolin-1
antibody for 1 h at RT, followed by 3 subsequent washes with 1X PBS. The blot
was incubated with species-specific horseradish peroxidase (HRP)-conjugated
secondary antibody. Immunoreactive dots were visualized by enhanced chemi-
luminescence (Pierce, Rockford, IL) according to the manufacturer’s instruc-
tions.

Western blotting. Cells were lysed in a sodium bicarbonate buffer (pH 11) and
protease inhibitor mixture and incubated on a rocker at 4°C for 15 min. Lysates
were normalized to equal amounts of protein, separated by 10% SDS-PAGE,
transferred to nitrocellulose, and probed with the indicated primary antibodies.
Detection was by incubation with species-specific HRP-conjugated secondary
antibodies. Immunoreactive bands were visualized by enhanced chemilumines-
cence. The bands were scanned and quantitated using the FluorChemFC2 and
Alpha-Imager (Alpha Innotech Corporation, San Leonardo, CA) imaging sys-
tems.
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Immunofluorescence microscopy. HMVEC-d cells seeded on 8-well chamber
slides (Nalge Nunc International, Naperville, IL) were used. Infected and unin-
fected cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with
0.2% Triton X-100, and blocked with Image-iTFX signal enhancer (Invitrogen).
The cells were reacted with primary antibodies followed by fluorescent dye-
conjugated secondary antibodies. For colocalization with dextran and transferrin,
cells were incubated with the fluid-phase marker dextran Texas Red (40 kDa, 0.5
mg/ml; Invitrogen) or Alexa 594 transferrin (35 pg ml~'; Invitrogen) at 37°C in
the presence of KSHYV, followed by immunostaining with the appropriate anti-
bodies. Cells were imaged with a Nikon fluorescence microscope equipped with
a Metamorph digital imaging system.

For confocal analysis, the Olympus 300 microscope was used for imaging, and
analysis was performed using the Fluoview software program (Olympus, Mel-
ville, NY). All experiments were performed at least three times.

Plasmids and transfection. HMVEC-d cells were grown in endothelial cell
medium. Glycosylphosphatidylinositol (GPI)-green fluorescent protein (GFP)-
tagged plasmids were generously provided by Kai Simons, Max-Planck-Institute
of Molecular Cell Biology and Genetics, Dresden, Germany. Transfection was
performed using 5 pg of plasmid DNA, Lipofectamine 2000 (Invitrogen), and
Opti-MEM medium (Invitrogen) according to the manufacturer’s instructions.
GFP expression was monitored 18 to 24 h posttransfection. After transfection,
cells were cultured for 48 h. Cells were serum starved and processed for immu-
nofluorescence.

GM1 surface expression measurement. HMVEC-d cells were either mock or
KSHYV infected (10 DNA copies/cell), washed in Hanks balanced salt solution
(HBSS), trypsinized, blocked, and stained with CTxB conjugate for 45 min at
4°C, followed by anti-CTxB secondary antibody. Cells were then fixed in Cytofix
solution and processed for flow cytometry.

RESULTS

Isolation and characterization of lipid rafts of uninfected
and KSHV-infected endothelial (HMVEC-d) cells. LRs from
HMVEC-d cells infected with KSHV for different time points
were separated from non-lipid rafts (NLRs) (Fig. 1A) by a
previously described method (26, 43). This method isolates
only the plasma membrane LRs and not the internal endo-
somal membranes, which require a step gradient centrifuga-
tion procedure (13). When the purity of isolated fractions was
assessed, as reported before (33), the LR resident caveolin-1
(22-kDa) protein was detected in fractions 1 to 4, indicating
that these were low-density LR fractions. In contrast, fractions
6 to 8 were negative for caveolin 1, indicating that they were
high-density NLR fractions (Fig. 1B). Western blot analysis for
caveolin 1 further confirmed fractions 1 to 5 as LR and frac-
tions 6 to 9 as NLR (Fig. 1C). The enrichment of caveolin 1 in
the LR fractions was observed in both uninfected and KSHV-
infected cells (Fig. 1B and C). This clearly demonstrated that
KSHYV infection does not alter the low-density distribution of
bona fide raft-associated proteins and the biochemical charac-
teristics of LR remained unchanged with KSHV infection.
Hence, we considered pooled fractions 2 to 4 as LR fractions

FIG. 5. GM1 expression and KSHV receptor association with LR markers. (A) HMVEC-d cells were either mock or KSHV infected (10 DNA
copies/cell), washed in HBSS, trypsinized, blocked, and stained with CTxB conjugate for 45 min at 4°C followed by anti-CTxB secondary antibody.
Cells were then fixed in Cytofix solution and processed for flow cytometry. (B to D) HMVEC-d cells were transfected with 5 wg GPI-GFP using
Lipofectamine 2000. Forty-eight hours posttransfection, cells were either mock infected or KSHV infected (10 DNA copies/cell) for the indicated
time points, fixed in 2% paraformaldehyde for 15 min at RT, and tested with anti-integrin a3p1, integrin « VB3, and x-CT antibodies and respective
secondary antibodies. Arrows in the merged panel indicate the area of the cell enlarged. Arrowheads in enlarged panels indicate colocalization.
Scale bar, 10 wm. (E and F) Serum-starved (8 h) HMVEC-d cells were either left uninfected or infected for 10 min with KSHV (10 DNA copies
per cell), washed three times with HBSS, fixed with 4% paraformaldehyde for 15 min at RT, and permeabilized with 0.2% Triton X-100 for 5 min
at RT. Cells were blocked with signal enhancer for 20 min and stained for GM1 by incubating with Alexa 594-conjugated CTxB for 45 min at 4°C,
washed three times with chilled HBSS, and incubated with anti-CTB for 45 min at 4°C. These lipid raft labeled cells were costained with mouse
anti-integrin aVB5 monoclonal antibody for 1 h at RT followed by Alexa 488 anti-mouse antibody for 1 h at RT. Scale bar, 10 pm.
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and pooled fractions 6 to 8 as NLR fractions. Caveolin 1 was
associated only with LR fractions and not with NLR fractions
(Fig. 1D). NLR fractions were enriched with transferrin recep-
tor (CD-71; 80-kDa), a classical NLR marker (17), which also
confirmed our designation of pooled fractions 6 to 8 as NLR
(Fig. 1D).

c-Cbl is recruited to lipid rafts at the junctional base of
macropinocytic blebs early during KSHV infection of
HMVEC-d cells. To prove that infection of cells with 10 KSHV
DNA copies/cell can result in uniform infection and to deter-
mine the percentage of infected cells, we used lipophilic Dil
dye-labeled KSHV. At 10 min p.i., we observed >60 to 70%
Dil-KSHYV in the infected cells, indicated by peripheral dot-
like virion particle staining (Fig. 1E). At 48 h p.i., characteristic
punctate nuclear LANA-1 dots were observed in about 61% of
cells (Fig. 1F).

Western blot analysis revealed the association of phospho-
¢-Cbl (p-c-Cbl) with LR and NLR fractions early during KSHV
infection (Fig. 2A). Although p-c-Cbl was LR associated in
uninfected cells, as early as 1 min p.i. the infected-cell LR-
associated p-c-Cbl increased to a significant level (P < 0.009)
at about 4.5-fold induction, maximized to about 5.5-fold by 5
min p.. and reduced by 2.1-fold at 10 min p.. (Fig. 2A, LR
fractions). A similar pattern of significant c-Cbl activation (P <
0.008) was also observed in NLR fractions, with about 3.5-,
5.1-, and 2-fold induction at 1, 5, and 10 min p.i., respectively
(Fig. 2A). Total c-Cbl distribution was equal in both LR and
NLR fractions. Caveolin-1 and CD-71 levels characterized the
purity of LR and NLR fractions, respectively (Fig. 2A).

Our previous studies have elucidated the recruitment of
c-Cbl-actin dynamics during macropinocytosis of KSHV (45).
We next investigated whether LR-associated c-Cbl was located
in proximity to membrane blebs induced by KSHV. Compared
to uninfected cells, KSHV-infected cells revealed plasma-
membrane protrusions in the form of blebs (Fig. 2B, panels e
and k). Interestingly, p c-Cbl, LR, and actin colocalized at the
junctional base of blebs in KSHV-infected cells at 5 min p.i.
(Fig. 2B, panel 1, white region). This suggested that LR-asso-
ciated c-Cbl was involved in macropinocytosis during KSHV
infection in the infected cells.

c-Cbl mediates selective translocation of KSHV receptors
into lipid rafts early during KSHV infection of HMVEC-d
cells. Since we observed raft-associated c-Cbl in proximity to
macropinocytic blebs during early infection, we asked whether
¢-Cbl played any role in the recruitment of a KSHV-bound
receptor(s) into LR. To test this, we used c-Cbl lentivirus
encoding shRNAs to knock down c¢-Cbl activity in HMVEC-d
cells. The c-Cbl-specific shRNA inhibited 86% of c-Cbl expres-
sion as detected by Western blotting with an antibody against
¢-Cbl (Fig. 2C). Compared to findings for untransduced and
control shRNA-transduced cells, we did not observe any
change in the protein levels of integrin 81 (related to KSHV
entry) or Hsp70 (a well-known cellular chaperone protein) in
c-Cbl shRNA-transduced cells. This suggested that our pool of
c-Cbl shRNAs had minimal off-target effects (Fig. 2C). During
infection, compared to untransduced and control shRNA-
transduced cells, we also observed the lack of Flot-1 (LR)
clustering and colocalization due to diminished protein
staining in c-Cbl shRNA-transduced cells (data not shown).
Moreover, control shRNA-transduced cells showed extensive
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colocalization between the LR marker flotillin 1 and KSHV-
recognized integrin a3B1 and « VB3 receptors (Fig. 2D, a and
c¢), which was substantially reduced in KSHV-infected c-Cbl
shRNA cells (Fig. 2D, b and d). This suggested that c-Cbl
might be involved in KSHV receptor recruitment into rafts.

We have previously observed a time-dependent temporal
KSHYV interaction with HMVEC-d cell integrins («3p1, a V33,
and aVB5) and x-CT with different patterns of association and
dissociation (47); however, direct LR association of KSHV-
recognized receptors was unknown. Since c-Cbl affected the
LR localization of integrin receptors, we investigated the bio-
chemical association of integrins and x-CT molecules with LRs
early during infection. In uninfected endothelial cells, integrin
B1 and a3 subunits were detected mainly in the NLR fractions
(Fig. 3A, lane 6). In contrast, during infection, integrin 81 and
o3 subunits were also detected in the LR fractions as early as
1 min p.i., which was sustained during the observed 30-min
period p.i. (Fig. 3A, LR fractions). Similarly, prior to infection,
integrin B3 and oV subunits were detected primarily in the
NLR fractions of uninfected cells (Fig. 3B). However, infection
induced a time-dependent translocation of B3 and «V into LR
as early as 1 and 5 min p.i., respectively, which was gradually
reduced by 10 and 30 min p.i., respectively (Fig. 3B, LR frac-
tions). A trace amount of x-CT was associated with uninfected
cell LRs (Fig. 3C). In contrast, an increased quantity of x-CT
partitioned to infected cell LRs within 1 min p.i. and was
detected throughout the observed 30-min p.i. period (Fig. 3C,
LR fractions).

Although integrin aVB5 has been shown to be part of a
multimolecular complex of integrins and x-CT at 1 min p.i.
(47), we did not observe the translocation of the B5 subunit
into LRs during infection (Fig. 3D). Integrin f6 does not play
a role in KSHV entry (47). Hence, the absence of 6 in LR
fractions and its strict association with NLR fractions also
further confirmed the specificity of a381, o VB3, and x-CT
detection in LR fractions (Fig. 3D). In the ligand uninduced
state, epidermal growth factor receptor (EGFR) is a prototype
receptor associated only with LRs (28, 34). EGFR partitioned
to LRs in both the uninfected and infected HMVEC-d cells
(Fig. 3E). This not only served as an appropriate receptor
control for our studies but also demonstrated the specificity of
infection-induced translocation of molecules that play roles in
KSHYV infection. The purity of LR and NLR fractions was
verified by Western blot analysis for caveolin 1 and CD71,
respectively (Fig. 3F).

To confirm the role of c-Cbl in receptor recruitment in rafts,
we used c-Cbl shRNA-transduced cells. In untransduced and
control shRNA-transduced HMVEC-d cells, integrin g1, B3,
and x-CT translocated to LRs at 10 min p.i. (Fig. 3G, lanes 1
and 3), and a definite amount was also present in NLR frac-
tions (Fig. 3G, lanes 2 and 4). However, in c-Cbl shRNA-
transduced cells, we did not observe any B1, B3, or x-CT in LRs
at 10 min p.i.; instead, they were strictly associated with NLRs
(Fig. 3G, lanes 5 and 6). Since KSHV receptors were unable to
translocate to LRs in ¢c-Cbl shRNA-transduced cells, no KSHV
(as detected by envelope glycoprotein gpK8.1A) was detected
in the LRs of these cells compared to results for untransduced
or control cells (Fig. 3G, lower panel, lanes 1 and 6). These
results demonstrated that knocking down c-Cbl blocked the
translocation of integrins 31 and B3, as well as x-CT, into LRs.
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FIG. 6. Integrins and LRs colocalized in KSHV-infected cells. (A
and B). Serum-starved (8 h) HMVEC-d cells were either left unin-
fected or infected for 10 min with Dil-KSHV, washed, and processed
for immunofluorescence assay. Lipid raft and integrins («3p1 and
aVB3) were labeled using goat anti-Flot-1 and mouse anti-integrins
antibodies, respectively. They were subsequently incubated with
antigoat Alexa-conjugated 488 and antimouse Alexa conjugated 405,
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Infection of HMVEC-d cells with KSHV treated with hep-
arin, which is known to block virus binding (3), completely
prevented the translocation of integrin 1 and B3, as well as
x-CT, into LRs, and representative results at 10 min p.i. are
shown in Fig. 3H. These results further verified the specificity
of KSHV-induced receptor translocation into LRs and dem-
onstrated that the observed receptor translocation into LRs in
the infected cells is mediated by KSHYV virion particles and not
by any contaminating host factors.

Integrins o331, VB3, and x-CT colocalize with lipid raft
markers early during KSHV infection of HMVEC-d cells. The
ganglioside GM1, enriched in rafts, is widely used as a marker
for LRs, and the cholera toxin B (CTxB) subunit specifically
binds GM1 (30). Labeled CTxB is used to visualize GM1, and
LRs appear as discrete patches on the cell periphery in fluo-
rescence microscopy (30, 39). To further confirm the LR as-
sociation of integrins and x-CT, HMVEC-d cells were either
mock or KSHV infected prior to labeling with Alexa 594-
conjugated CTxB. In uninfected cells, LRs appeared less clus-
tered, and we did not observe appreciable colocalization be-
tween LR and integrin a3B1 (Fig. 4A, first panel). In contrast,
a3B1 integrin colocalized with LRs at 10 min p.i. and was most
notable at the edges of infected cells (Fig. 4A, second panel).
When cells were infected with heparin-treated KSHV, LR
clustering was reduced and colocalization between LRs and
integrin a3B1 was abolished (Fig. 4A, last panel). Similar co-
localizations were observed between LRs and a V33, as well as
LRs and x-CT, at 10 min p.i., which were also abolished by
heparin treatment of KSHV (Fig. 4B and C). The number of
cells demonstrating colocalization between GM1 (LR) and
a3B1, aVB3, and x-CT after KSHV infection was statistically
significant compared to that for uninfected cells (as indicated
by the P values in the enlarged panels of Fig. 4A to C).

KSHYV infection did not affect CTxB-recognized GM1 ex-
pression (Fig. 5A), suggesting that the intense GM1 staining
observed in Fig. 4A to C is possibly due to LR coalescence
during infection. Glycosylphosphatidylinositol (GPI)-anchored
protein is known to be associated with LRs (18). In HMVEC-d
cells transfected with GPI-GFP, integrins o381, a VB3, and
x-CT colocalized with GPI-GFP (LR marker) predominantly
upon KSHYV infection (Fig. 5B to D). In contrast, integrin
aVB5 did not colocalize with GM1 (Fig. 5E and F), further
supporting its absence from LR fractions during KSHV infec-
tion (Fig. 3D).

To specifically distinguish that integrins associate with LRs
(marked by Flot-1) in KSHV-infected cells, we used Dil-KSHV
to track the infected cells. Compared to results for uninfected
cells or cells not having viral particles, we observed the colo-
calization of KSHV and integrins 31 and « VB3 in LRs of
infected cells (Fig. 6A and B). These results clearly demon-
strated that the receptor translocation events occur in KSHV-
infected cells but not in cells with no KSHV.

respectively. Representative two-dimensional (2D) deconvoluted im-
ages are shown. Arrows in Dil-KSHV panels indicate infected cells.
White arrows in merged panels indicate KSHV-infected cells, and
colocalization and block arrows represent cells with no virus and co-
localization. Scale bar, 10 pm.
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FIG. 7. Association of KSHV glycoproteins with lipid rafts early during infection of HMVEC-d cells. (A) Serum-starved (8 h) HMVEC-d cells
were either left uninfected (UN) or infected with KSHV (10 DNA copies/cell) for the indicated time points and washed, and LR and non-LR
fractions were prepared. Ten micrograms of protein from LR and NLR pooled fractions was subjected to Western blotting for KSHV gpK8.1A
and gB. The blots were reprobed for CD-71 that is constitutively associated with non-LRs. (B) HMVEC-d cells were either left uninfected or
infected for 10 min with KSHV (10 DNA copies per cell) or KSHV preincubated with heparin for 1 h at 37°C. Cells were washed three times with
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KSHYV envelope glycoproteins associate with lipid rafts early
during KSHYV infection of HMVEC-d cells. KSHV is known to
bind to its target cell HS via its envelope glycoproteins
gpK8.1A, gB, gH, and ORF4. Furthermore, gB is known to
interact with integrins a3p1, VB3, and aVBS5 (2, 11, 47). To
further confirm KSHV receptor-LR interactions, HMVEC-d
cells were either uninfected or KSHV infected, and LR and
NLR fractions were subjected to Western blotting for gpK8.1A
and gB. We chose 5 and 10 min p.i. since we observed maximal
LR association of a3B1, VB3, and x-CT during these time
points. KSHV gpK8.1A was associated with LR and NLR
fractions in infected endothelial cells at 5 and 10 min p.i. (Fig.
7A, LR and NLR fractions, lanes 2, 3, 5, and 6). We observed
an enrichment of gpK8.1A in LR fractions at 10 min p.i. and a
corresponding reduction in NLR fractions by 10 min p.i. (Fig.
7A, LR and NLR fractions). Similarly, KSHV gB showed LR
association as early as 5 min p.i. and 10 min p.i. (Fig. 7A, LR
fractions). KSHV gB was also associated with NLR fractions at
5 min, which was reduced by 10 min p.i. (Fig. 7A).

To further validate that localization of KSHV envelope
gpK8.1A in LR occurs only during infection, we used heparin-
treated virus. In contrast to results with untreated KSHV,
localization of gpK8.1A with LR was abolished with hepari-
nated KSHV (Fig. 7B). Interestingly, cells with no KSHV had
less LR clustering, similar to results for uninfected cells (Fig.
7B). Moreover, heparinated KSHV-treated cells showed less
LR clustering, similar to results for uninfected cells (Fig. 7B).
This is consistent with our previous observations that c-Cbl
shRNA and heparin treatment of KSHV prevented the trans-
locations of KSHV and integrins into LRs (Fig. 3G and H).
These results further suggested that receptor-dependent
KSHYV translocation into LRs is a highly virus infection-in-
duced specific phenomenon.

Translocated integrins o331 and V33 interact with KSHV
glycoproteins in the lipid rafts. We reasoned that LRs may
facilitate the viral glycoprotein-host cell receptor interaction
due to its receptor clustering function. To determine the func-
tional basis of LR-KSHV glycoprotein associations, NLR and
LR fractions from uninfected and infected cells were immu-
noprecipitated with anti-gpK8.1A and gB antibodies and West-
ern blotted for integrins. Integrin B3 coimmunoprecipitated
(co-IPed) with gpK8.1A at 5 and 10 min p.i. only in the LR
fractions (Fig. 7C, LR), and no interaction was detected in the
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NLR fractions (Fig. 7C, Non-LR). Similarly, the KSHV gB
interaction with integrin a3p1 was detected only in the LR
fractions (Fig. 7D, LR). Total 1 and 3 indicated equal load-
ing of proteins. Very interestingly, integrin B5 was co-IPed with
KSHYV gB at 5 and 10 min p.i. only in the NLR fractions (Fig.
7E). Detection of a3B1 and VB3 exclusively in the LR frac-
tions and the absence of «VB5 in the LRs demonstrated that
KSHV-a3B1 and -aVB3 complexes translocated rapidly into
LRs, while KSHV-aVB5 complexes stayed in the NLR frac-
tions.

To further confirm that KSHV utilizes LRs for interaction
with a3B1 and VB3 integrins, we performed triple immuno-
fluorescence staining by reacting infected HMVEC-d cells with
anti-gpK8.1A, gB, flotillin 1, and integrin antibodies. In unin-
fected cells, we did not observe an appreciable level of colo-
calization between integrin « VB3, a3p1 (blue), and LR marker
flotillin 1 (red) (Fig. 7F and G, upper panel). Consistent with
our observations in Fig. 7A to D, as early as 5 min p.i., KSHV
(gpK8.1A) colocalized with aVB3 in LRs (Fig. 7F, middle
panel; white spots indicated by arrows) and KSHV (gB) colo-
calized with «3B1 in LRs (Fig. 7G, middle panel; white spots
indicated by arrows). These interactions were also observed at
10 min p.i. (Fig. 7F and 7G, last panel). These results further
suggested that the functional basis of enrichment of KSHV
gpK8.1A and gB in LRs was indeed due to the c-Cbl-mediated
translocation of KSHV-aVB3 and KSHV-a331 into LRs of
infected cells.

KSHY receptor integrin 31 undergoes ubiquitination facil-
itated by c-Cbl early during KSHV infection of HMVEC-d
cells. We next sought out the molecular mechanism by which
c-Cbl was aiding KSHYV receptor translocation to LRs. Since
c-Cbl is a very well characterized E3 ubiquitin ligase, we in-
vestigated whether it could ubiquitinate KSHV receptors dur-
ing infection. It is well documented that many receptors,
including tyrosine kinases, undergo ligand-dependent ubiquiti-
nation mediated by c-Cbl (44). Ubiquitination of receptors has
been recognized as an internalization signal, and more impor-
tantly, the fate of receptors upon internalization varies with the
pattern of ubiquitination (20, 25). We theorized that the
KSHV-recruited group of related cell surface receptors may
undergo c-Cbl-mediated ubiquitination early during infection.

To test our hypothesis, we first checked whether ubiquitina-
tion of the KSHV receptor a3p1 occurred during infection.

HBSS, fixed with 4% paraformaldehyde for 15 min at RT, and permeabilized with 0.2% Triton X-100 for 5 min at RT. Cells were blocked with
signal enhancer for 20 min and stained for GM1 by incubating with Alexa 594-conjugated CTxB for 45 min at 4°C, washed three times with chilled
HBSS, and incubated with anti-CTB for 45 min at 4°C. These lipid raft labeled cells were costained with mouse anti-gpK8.1A monoclonal antibody
for 1 h at RT followed by Alexa 488 anti-mouse antibody for 1 h at RT. The boxed area is represented in the enlarged panel, and the block arrow
denotes a cell lacking KSHV. The arrow in the enlarged panel indicates colocalization. Scale bar, 10 pm. (C, D, and E) Two hundred micrograms
of protein from LR and NLR fractions were immunoprecipitated with either anti-gpK8.1A antibody, anti-integrin «3p1 antibody, or anti-KSHV
¢B antibody for 2 h at 4°C and subjected to Western blotting for integrin B3 (C), KSHV gB (D), or integrin B5 (E). Ten micrograms of protein
from whole-cell lysates was used for Western blotting for integrin B3 (C), integrin 1 (D), or B5 (E) as a loading control. (F and G) Serum-starved
(8 h) HMVEC-d cells were either mock infected or KSHV infected (10 DNA copies/cell) for the indicated time points. Cells were labeled for LR
using Flot-1 primary antibody followed by Alexa 594 (red) secondary antibody. (F) Lipid raft labeled cells were costained with rabbit anti-integrin
VB3 monoclonal antibody followed by Alexa 405 (blue) antirabbit secondary antibody; subsequently, cells were stained with mouse anti-gpK8.1A
monoclonal antibody for 1 h at RT followed by Alexa 488 (green) antimouse antibody. (G) Lipid raft labeled cells were costained with rabbit
polyclonal anti-gB antibody for 1 h at RT followed by Alexa 488 anti-rabbit antibody for 1 h at RT; subsequently, cells were stained with mouse
anti-integrin a3B1 antibody for 1 h at RT followed by Alexa 405 secondary antibody for 1 h at RT. Representative 2D deconvoluted images
processed by Metamorph software are shown. Boxed areas are enlarged in the rightmost panels. Arrows in enlarged panels indicate colocalization.
Scale bar, 10 pm.
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FIG. 8. Differential c-Cbl-mediated ubiquitination of integrins early during KSHV infection of HMVEC-d cells. (A) Untransduced, control
shRNA- and c-Cbl shRNA lentivirus-transduced HMVEC-d cells were either pretreated with 10 wM MG132 for 6 h at 37°C or left untreated. After
washing, cells were mock or KSHYV infected (10 DNA copies/cell) for the indicated time points. Cells were lysed using sodium bicarbonate buffer
(pH 11), and 200 pg protein of untransduced whole-cell lysates (WCL) was immunoprecipitated with mouse anti-g1 monoclonal antibody for 2 h
at 4°C and subjected to Western blotting for total ubiquitin by P4D1 (mouse antimono- and antipolyubiquitin monoclonal antibody). The same
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We immunoprecipitated uninfected or KSHV-infected
HMVEC-d whole-cell lysates (WCL) with B1 antibody and
Western blotted using P4D1 monoclonal antibody against
ubiquitin, which is known to efficiently recognize both mono- and
polyubiquitin (15). We also used FK-1 monoclonal anti-
bodies, which specifically detect polyubiquitin but not monou-
biquitin (15). Compared to uninfected cells, increased mono-
and polyubiquitination of B1 (smeary band pattern) was
detected by P4D1 antibody as early as 1 min p.i. and through-
out the observed 30 min p.i. (Fig. 8A, upper left panel, lanes 1
to 4). To determine whether during infection c-Cbl is involved
in interaction with 381 and its ubiquitination, 1 immuno-
precipitate was Western blotted for c¢-Cbl. The interaction of
c-Cbl with B1 was detected from 1 min p.i. until 30 min p.i.
(Fig. 8A, middle left panel, lanes 1 to 4). When the blot was
stripped and reprobed for integrin B1, compared to results for
uninfected cells, we observed smeary band patterns in the
infected cells (Fig. 8A, bottom left panel, lanes 1 to 4). Similar
results were also seen with B3 integrin (Fig. 8B).

Mono- and polyubiquitination of B1 was also observed in
control shRNA-transduced KSHV-infected cells (Fig. 8A, up-
per middle panel, lane 6). In contrast, no 1 ubiquitination was
observed in c-Cbl shRNA-transduced cells (Fig. 8A, lane 5).
We also detected a similar smeary mono- and poly-B1 ubig-
uitination pattern in control shRNA cells but not in c-Cbl
shRNA-transduced cells (Fig. 8A, bottom middle panel, lanes
5 and 6). Moreover, inhibition of proteasomal degradation by
MG132 also increased mono- and polyubiquitination, as well
as accumulation of ubiquitinated B1 (Fig. 8A, lanes 7 to 10).
These exciting results suggested that c-Cbl promotes the ubiq-
uitination of 31 early during infection.

To prove that integrin 1 ubiquitination is a result of KSHV
infection, we used heparin-treated KSHV for infection. As
expected, integrin B1 ubiquitination was significantly reduced
by heparin treatment of KSHV, suggesting that KSHV binding
in infected cells triggers the ubiquitination of KSHV receptors
(Fig. 8C).

We observed the presence of both mono- and polyubiquitin
molecules (as detected by P4D1 and FK-1) in the total LR and
NLR fractions from uninfected and infected cells, with intense
smeary patterns resembling polyubiquitin in NLR fractions
(Fig. 8D and E). Intense smeary FK-1 reactivity in NLR frac-
tions after infection further supported the presence of more
polyubiquitination targets in NLR than in LRs (Fig. 8D and
E). Next, we used immunoprecipitation to determine whether
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B1 ubiquitination occurred in the LR and/or NLR part of the
membranes. In infected cells, we observed ubiquitination of 1
in both LR and NLR fractions (Fig. 8F, upper panel, lanes 1 to
8). We observed moderate ubiquitination of B1 in uninfected
LR fractions, but KSHV infection promoted more ubiquitina-
tion at 10 min and 30 min p.i. (Fig. 8F, upper left panel, lanes
1 to 4). The varied levels of expression and ubiquitination of 1
are possibly proportionate to the degree of receptor translo-
cation into the LR. When the LR and NLR fractions were
immunoprecipitated with anti-B1 antibodies and Western blot-
ted for c-Cbl, we did not detect c-Cbl in the uninfected cells. In
contrast, a prominent level of c-Cbl was detected as early as 1
min p.i., until 30 min p.i., in both LR and NLR fractions of
infected cells (Fig. 8F, middle panel). These observations in-
dicated that c-Cbl interacted with integrin 31 in both LR and
NLR fractions and possibly mediated ubiquitination during
primary KSHV infection. The integrin 1 blot showed a
smeary pattern resembling ubiquitination in KSHV-infected
cells in LR and NLR fractions compared to results for unin-
fected cells (Fig. 8F, lower panel).

Differential ubiquitination of KSHYV receptor is observed in
lipid rafts and nonrafts early during KSHV infection of
HMVEC-d cells. Since these results demonstrated that integrin
B1 ubiquitination mediated by c-Cbl occurred in both LR and
NLR fractions, we next examined whether there were any
differences in the integrin ubiquitination pattern between LR
and NLR regions of the plasma membranes. Evidences show-
ing that receptor monoubiquitination is involved in endocytosis
and internalization while polyubiquitination leads to receptor
degradation are well documented (15, 46). Hence, we charac-
terized the differential ubiquitination pattern of 31 in the LR
and NLR fractions. Upon immunoprecipitating integrin 1
from both KSHV-infected LR and NLR fractions, we observed
that FK-1 did not show any reactivity with integrin 1 in LR
fractions (Fig. 8G, upper left panel), and in striking contrast,
FK-1 reacted with B1 in NLR fractions (Fig. 8G, upper right
panel). This suggested that the observed smeary ubiquitination
pattern of integrin B1 in LR could be due to monoubiquitina-
tion at several sites (15) but it was polyubiquitinated in NLR
fractions (Fig. 8G). We verified that this receptor ubiquitina-
tion was specific for KSHV-induced translocated integrin B1,
since caveolin 1, an abundant protein marker of lipid rafts,
did not undergo similar ubiquitination post-KSHV infection
(Fig. 8H).

lysates were immunoprecipitated with mouse anti-B1 monoclonal antibody for 2 h at 4°C and subjected to Western blotting for total c-Cbl. The
blot was stripped and reprobed for integrin B1. (B) Uninfected or KSHV-infected WCL were immunoprecipitated with anti-B3 antibody for 2 h
at 4°C. After washing 3 times with 1X PBS, samples were prepared for Western blotting with P4D1 antibody. The blot was stripped and reprobed
for B3. (C) Serum-starved HMVEC-d cells were either mock or KSHV infected. For heparin treatment of KSHV, KSHV was preincubated with
50 mg/ml of heparin for 1 h at 37°C and used for infecting cells for 10 min. Cell lysates were immunoprecipitated with anti-B1 antibody and Western
blotted for total ubiquitin using P4AD1 antibody. (D and E) LR and NLR fractions isolated from either mock- or KSHV-infected serum-starved
HMVEC-d cells were subjected to Western blotting with P4D1 antibody detecting total (mono- and poly-) ubiquitination (D) or with FK-1
antibody detecting polyubiquitination (E). (F and G) Serum starved (8 h) HMVEC-d cells were either mock or KSHV infected (10 DNA
copies/cell) for the indicated time points. Two hundred micrograms of LR and NLR proteins were immunoprecipitated with anti-B1 antibodies
for 2 h at 4°C followed by Western blotting using P4D1 (F) or FK-1 (G) antibodies. The blots were stripped and reprobed for integrin f1. The
same lysates were immunoprecipitated with anti-B1 antibody for 2 h at 4°C and subjected to Western blotting for total c-Cbl (F). (H) Two hundred
micrograms of protein LR fractions of KSHV-infected HMVEC-d cells were immunoprecipitated with anticaveolin antibody, followed by Western
blotting for P4D1. The blot was stripped and reprobed for caveolin 1.
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FIG. 9. Integrin « V5 but not a3B1 associates with the clathrin marker transferrin during KSHV infection of HMVEC-d cells. (A) HMVEC-d
cells were incubated with medium containing Texas Red-labeled transferrin and LysoTracker green along with KSHV at 37°C for 30 min. Cells
were processed for immunofluorescence analysis using anti-integrin a3B1 antibody followed by Alexa 405 anti-mouse secondary antibody. Scale
bar, 10 pm. (B) Serum-starved (8 h) HMVEC-d cells were either mock or KSHV infected (10 DNA copies/cell) for the indicated time points. Two
hundred micrograms of LR and NLR proteins were immunoprecipitated with anti-B5 antibodies for 2 h at 4°C, followed by Western blotting using
FK-1 antibody. The blot was stripped and reprobed for integrin-5. (C) HMVEC-d cells were incubated with serum-free medium containing Texas
Red-labeled transferrin or dextran and LysoTracker green along with KSHV at 37°C for 30 min. Cells were processed for immunofluorescence
analysis using anti-integrin o V5 antibody followed by Alexa 405 anti-mouse secondary antibody. Bottom panels represent merged and enlarged
views. Arrows indicate colocalization and the area enlarged. Scale bar, 10 pm.
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LR-translocated integrin o331 is not targeted to lysosomes,
while non-LR-partitioned integrin aV35 is targeted toward
clathrin-dependent targeting to lysosomes. HMVEC-d cells
were incubated with transferrin, a physiological ligand known
to enter cells via clathrin-dependent endocytosis, and Lyso-
Tracker. In uninfected and infected cells, no appreciable co-
localization between integrin «3@1, transferrin, and Lyso-
Tracker was observed (Fig. 9A). This suggested that KSHV
bound to a3B1 was not trafficked toward lysosomes via clath-
rin-mediated endocytosis, thereby facilitating a productive in-
fection.

Since KSHYV also interacted with « V5, which stayed in the
NLR fractions of infected cells, we next examined the fate of
virus bound to aVB5. Non-LR partitioned integrin B5 was
increasingly polyubiquitinated (as detected by FK-1 antibody)
during KSHYV infection compared to uninfected cells (Fig. 9B,
lanes 5 to 7). No significant colocalization of a' V@35 with trans-
ferrin and LysoTracker was observed in uninfected cells (Fig.
9C, panel a). In contrast, we observed the colocalization of
aVBS5 with transferrin and LysoTracker in KSHV-infected
cells (Fig. 9C, panel b). This supports our earlier observation
that polyubiquitinated non-LR-partitioned aVB5 is targeted
toward lysosomes.

c-Cbl knockdown and LR disruption alter the endocytic
route and target KSHV toward lysosomes. As in our previous
study (45), c-Cbl shRNA reduced the entry of KSHV and viral
gene expression in HMVEC-d cells (data not shown). Though
about 20% of initial input virus entered the target cells, a
>90% reduction in viral gene expression was observed (45).
Here we sought to determine the mechanism by which c¢-Cbl
affected the fate of KSHV endocytosis and trafficking and the
fate of KSHV that entered during c-Cbl knockdown. We
tracked the entry of KSHV along with transferrin, or dextran in
control and c¢-Cbl shRNA-transduced cells. In control cells,
KSHYV did not colocalize appreciably with transferrin and was
not observed in lysosomes (Fig. 10A, panels b and d and
insets). However, c-Cbl shRNA-transduced cells showed sig-
nificant colocalization between KSHV and transferrin (Fig.
10A, panels f and h and insets). Additionally, in c-Cbl shRNA
cells, KSHV endocytosed by the clathrin pathway accumulated
in lysosomal degradation compartments with 84% colocaliza-
tion frequency (Fig. 10A, panel h, inset, white spots, and B).
These results suggested that even though some level of KSHV
entered the target cells, it did not result in a productive infec-
tion since when ¢-Cbl was knocked down, KSHV was internal-
ized by the clathrin dependent pathway and was targeted to
lysosomes.

We next rationalized that if c-Cbl-mediated translocation of
receptor-associated KSHV into LRs was crucial for macropi-
nocytosis-based productive infection, then disruption of LRs
by cholesterol sequestrating MBCD should inhibit infection.
Therefore, we determined the fate of KSHV in LR-disrupted
cells by tracking virus with LysoTracker. During KSHV infec-
tion of untreated HMVEC-d cells, we did not observe appre-
ciable colocalization between virus and LysoTracker (Fig.
10C), indicating that KSHV was minimally associated with
lysosomal compartments. However, upon MBCD treatment we
observed that most of the virus particles that entered the cells
were associated with lysosomal compartments (Fig. 10D). Tri-
ple immunofluorescence studies involving KSHYV, transferrin

c-Cbl AND LIPID RAFTS REGULATE PRODUCTIVE KSHV INFECTION

12425

or dextran, and LysoTracker confirmed that KSHV did not
colocalize appreciably with transferrin and lysosomes (Fig.
10E, panels a to e, and B). In contrast, extensive colocalization
between virus and dextran was observed in untreated cells (Fig.
10E, panels k to m). However, upon LR disruption, we ob-
served significant colocalization between KSHV and transfer-
rin (Fig. 10E, panel h, inset), and in contrast, KSHV did not
colocalize with the macropinocytosis marker dextran (Fig. 10E,
panel r). Additionally, KSHV endocytosed by the clathrin
pathway accumulated in lysosomal compartments with 78%
colocalization frequency (Fig. 10E, panel j, inset white spots,
and B). Furthermore, MBCD treatment also prevented the
c-Cbl-mediated translocations of KSHV-associated integrin
B1, B3, and x-CT molecules (Fig. 10F), suggesting the impor-
tance of raft integrity in addition to c-Cbl during KSHV re-
ceptor interactions.

We next analyzed the expression of punctate nuclear
LANA-1 after 48 h p.i. during c-Cbl knockdown and LR dis-
ruption. In conjunction with our earlier studies (36, 45), we
observed 91% and 80% reduction in LANA-1 expression by
c-Cbl shRNA and MBCD treatment, respectively (Fig. 11A).
Taken together, our studies demonstrated that c¢-Cbl and LR
are essential components in KSHV infection via macropinocy-
tosis, which results in a productive infection leading to estab-
lishment of latency in infected cells.

DISCUSSION

LR roles vary according to virus and cell type since they are
dictated by several factors, such as the association of contact
and entry receptor(s) with LRs, the mode of viral entry, the
role of the LR in fusion of the enveloped virus membrane with
cellular membranes, LR-associated signal molecules and their
activation, the consequences of such activation, and down-
stream molecules. Though cell surface receptor translocation
into LRs has been shown for many enveloped and nonenvel-
oped viruses (5, 31, 32, 51), the mechanism behind this trans-
location is not known. Our present studies with the KSHV
model suggest that c-Cbl plays an active role in the transloca-
tion of a subset of KSHV-recognized receptors into LR (Fig.
11B). Our comprehensive biochemical and morphological
studies elucidated the role of c-Cbl in recruitment of KSHV-
recognized cell surface receptors into lipid rafts. We provide
the evidence that c-Cbl-mediated selective virus-receptor
translocations and differential ubiquitination in rafts are criti-
cal determinants of the macropinocytic entry route and pro-
ductive infection of KSHV.

Our biochemical results show that most of the currently
identified cell surface molecules recognized by KSHV, such as
HS, a3B1, VB3, a VRS, and x-CT, are not strictly LR-resident
molecules. Infection-activated c-Cbl induces the rapid selective
translocation of a3B1, « VB3, and x-CT molecules into the LR.
The ability of c-Cbl shRNA treatment to block the LR trans-
location of virus, 1, B3, and x-CT molecules clearly suggests
that c-Cbl mediates the LR translocation of these selected
molecules, potentially for monoubiquitination in the LR. The
occurrence of distinct LR clustering with GM1 and Flot-1
immunostaining during KSHV infection is a clear indication of
raft-dependent signaling and receptor activation that has been
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described previously (52). A recent study also demonstrated a
similar clustering of GM1-rich LRs by influenza virus (9).

Cbl proteins are known to play important roles in signal
transduction as negative regulators of receptor-based signaling
by promoting ubiquitination (40). The Cbl proteins are respon-
sible for ubiquitinating activated tyrosine kinases and targeting
them for degradation. In addition to our recent report of c-Cbl
regulation in macropinocytosis-dependent entry of KSHV
(45), we now show that c-Cbl functions as an E3 ubiquitin
ligase during early infection and ubiquitinates KSHV integrin
receptor a3B1. c-Cbl utilizes LRs for differential ubiquitina-
tion during infection. Although c-Cbl ubiquitinylated B1 in
both LR and non-LR fractions, there were considerable dif-
ferences in the ubiquitination patterns. Integrin 1 is mono-
ubiquitinated in the LR, potentially for endocytosis and inter-
nalization, whereas the same integrin in the non-LR is
polyubiquitinated, suggesting the possibility of targeting to-
ward degradation. Polyubiquitination of certain receptors has
been shown to be followed by receptor internalization and
degradation in lysosomes (46). Similarly, multiple monoubig-
uitinated and polyubiquitinated proteins can be endocytosed
efficiently and targeted toward lysosomal/proteasomal degra-
dation (14).

The fact that «'VB5 was not recruited to LRs by c-Cbl is very
interesting. Our studies have shown that polyubiquitinated
aVB5- but not a3p1-associated KSHYV is targeted toward lyso-
somes during HMVEC-d cell infection. The partition of aV5-
bound KSHYV virions into the lysosomal compartments in LR
intact cells, as well as the accumulation of KSHV in lysosomes
that entered during c-Cbl knockdown and LR disruption
(MBCD) and the drastic reduction in LANA-1 expression, are
suggestive of segregation of productive and nonproductive
pathways during infection. Though destruction of KSHV par-
ticles in the lysosomes is presumed here, further studies are
required to demonstrate the destruction of KSHYV in lysosomal
compartments. These studies include the isolation of lyso-
somes at different times p.i. from c-Cbl knockdown cells, as
well as intact and disrupted LR cells, and assaying for the
presence of infectious KSHV. Such studies are beyond the
scope of the present study and need to be pursued further.

Similarly, the segregation of signaling induced between LR-
translocated integrin-KSHV and non-LR-partitioned aV@5-
KSHYV is a promising future study. Whether KSHV interacting
with integrin aVBS5 initiates the induction of the FAK/Src
pathway and the nature of signal pathways that are exclusively
induced by the KSHV-LR-a3B1, -aVB3, and -x-CT- complexes
need further evaluation. Additionally, the possibilities of a
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novel endosomal molecular partner(s) in mediating ubiquiti-
nation, followed by internalization upon viral infection, cannot
be ruled out.

Early during infection of HMVEC-d cells, KSHV was also
associated with non-LR fractions since they were also enriched
with entry receptors. This indicates that LRs and associated
molecules, such as c-Cbl, may selectively delineate KSHV-
bound receptors, possibly for different endocytic fates of the
virus. Similar non-LR-associated HIV-1 receptors are also re-
ported during infection (35). Our studies raise an important
question: why does a subpopulation of KSHV receptors trans-
locate to the LR? The most probable answer is that the recep-
tor translocation event may generate advantages for KSHV in
establishing infection. Owing to the receptor clustering ability
of LRs, KSHV glycoproteins are probably in near-physical
contact with aggregated translocated receptors. Second, c-Cbl-
mediated monoubiquitination may be facilitating the efficient
internalization and endocytosis of KSHV in LRs, while poly-
ubiquitination of receptor-associated virus in non-LRs may be
targeted toward lysosomes. c-Cbl-mediated receptor translo-
cation probably facilitates LRs to act as a signaling matrix. This
is supported by our data, where loss of c-Cbl function abol-
ished the association of KSHV and its receptors with LRs. Our
previous studies indicated that LR disruption increased Src
activation and viral entry (36). This is supported by our current
study, where increased viral entry is attributed to lysosomal
targeting. Moreover, c-Cbl knockdown and LR disruption led
to switching of the endocytic route followed by lysosomal tar-
geting, strongly suggesting that both c-Cbl and cholesterol-rich
lipid rafts were crucial for KSHV productive endocytosis.

The requirement for translocation of KSHV-bound recep-
tors into the LR for productive macropinocytic entry of KSHV
and localization of LR-associated c-Cbl at the junction of bleb
formation emphasizes a complex role for c-Cbl and LRs. c-Cbl
and its associated proteins are known to be part of a complex
signaling interactome controlling a variety of functions, includ-
ing internalization and endosomal sorting (24, 40). c-Cbl may
potentially associate with other endosomal sorter proteins en-
forcing the internalization of LR-bound host cell receptors
associated with KSHV postmonoubiquitination while allowing
the lysosomal targeting of non-LR-bound KSHV mediated by
polyubiquitination. Whether c-Cbl and its interacting molecu-
lar partners remain associated with internalized KSHV-bound
receptors regulating the endosomal sorting process requires
further analysis.

Overall, our study reveals that c-Cbl-mediated transloca-
tions of KSHV and selected receptors (a3p1, VB3, and x-CT

in three independent fields having at least 10 cells per field. (C and D) HMVEC-d cells grown in chamber slides were either pretreated with 5 mM
MBCD for 1 h at 37°C or left untreated. Cells were incubated with medium containing LysoTracker with or without KSHV for 30 min at 37°C and
processed for immunofluorescence assay using mouse anti-KSHV gpK8.1A monoclonal antibody for 1 h at RT followed by incubation with Alexa
594 anti-mouse antibody for 1 h at RT. 2D deconvoluted images were acquired using a fluorescence microscope. The boxed areas indicate the area
of the cell enlarged, and arrows in the enlarged panel indicate colocalization; the scale bar represents 10 pm. (E) HMVEC-d cells treated same
as in panels C and D and incubated with medium containing Texas Red-labeled transferrin or dextran and LysoTracker green along with KSHV
at 37°C for 30 min. Cells were processed for immunofluorescence analysis using anti-gpK8.1A antibody followed by Alexa 405 anti-mouse
secondary antibody. The scale bar represents 10 wm. Arrowheads in panels c, h, |, and q represent the area of cell enlarged and shown in the inset.
Arrows in the merged panels of E represent the area of the cell enlarged, shown in the inset. The dotted line in the merged panel represents the
cell boundary. Scale bar, 10 wm. (F) Serum-starved HMVEC-d cells were pretreated with MBCD for 1 h at 37°C. After washing out the drug, LR
and non-LR fractions were isolated as described previously and subjected to Western blotting for the indicated proteins.
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molecules) into LRs via monoubiquitination followed by mac-
ropinocytosis results in a productive infection (Fig. 11B). This
suggests that targeting c-Cbl and LRs can potentially control
KSHYV infection of dermal endothelial cells.
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