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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) interacts with cell surface receptors, such as heparan sulfate, integrins (�3�1,
�V�3, and �V�5), and EphrinA2 (EphA2), and activates focal adhesion kinase (FAK), Src, phosphoinositol 3-kinase (PI3-K),
c-Cbl, and RhoA GTPase signal molecules early during lipid raft (LR)-dependent productive macropinocytic entry into human
dermal microvascular endothelial cells. Our recent studies have identified CIB1 as a signal amplifier facilitating EphA2 phos-
phorylation and subsequent cytoskeletal cross talk during KSHV macropinocytosis. Although CIB1 lacks an enzymatic activity
and traditional adaptor domain or known interacting sequence, it associated with the KSHV entry signal complex and the CIB1-
KSHV association was sustained over 30 min postinfection. To identify factors scaffolding the EphA2-CIB1 signal axis, the role
of major cellular scaffold protein p130Cas (Crk-associated substrate of Src) was investigated. Inhibitor and small interfering
RNA (siRNA) studies demonstrated that KSHV induced p130Cas in an EphA2-, CIB1-, and Src-dependent manner. p130Cas and
Crk were associated with KSHV, LRs, EphA2, and CIB1 early during infection. Live-cell microscopy and biochemical studies
demonstrated that p130Cas knockdown did not affect KSHV entry but significantly reduced productive nuclear trafficking of
viral DNA and routed KSHV to lysosomal degradation. p130Cas aided in scaffolding adaptor Crk to downstream guanine nucle-
otide exchange factor phospho-C3G possibly to coordinate GTPase signaling during KSHV trafficking. Collectively, these studies
demonstrate that p130Cas acts as a bridging molecule between the KSHV-induced entry signal complex and the downstream
trafficking signalosome in endothelial cells and suggest that simultaneous targeting of KSHV entry receptors with p130Cas
would be an attractive potential avenue for therapeutic intervention in KSHV infection.

IMPORTANCE

Eukaryotic cell adaptor molecules, without any intrinsic enzymatic activity, are well known to allow a great diversity of specific
and coordinated protein-protein interactions imparting signal amplification to different networks for physiological and patho-
logical signaling. They are involved in integrating signals from growth factors, extracellular matrix molecules, bacterial patho-
gens, and apoptotic cells. The present study identifies human microvascular dermal endothelial (HMVEC-d) cellular scaffold
protein p130Cas (Crk-associated substrate) as a platform to promote Kaposi’s sarcoma-associated herpesvirus (KSHV) traffick-
ing. Early during KSHV de novo infection, p130Cas associates with lipid rafts and scaffolds EphrinA2 (EphA2)-associated critical
adaptor members to downstream effector molecules, promoting successful nuclear delivery of the KSHV genome. Hence, simul-
taneous targeting of the receptor EphA2 and scaffolding action of p130Cas can potentially uncouple the signal cross talk of the
KSHV entry-associated upstream signal complex from the immediate downstream trafficking-associated signalosome, conse-
quently routing KSHV toward lysosomal degradation and eventually blocking KSHV infection and associated malignancies.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is etiologi-
cally linked with Kaposi’s sarcoma (KS), primary effusion

lymphoma (PEL), and multicentric Castleman’s disease (MCD)
(1–3). In vitro, KSHV infects several cell types by utilizing different
combinations of host cell surface receptor molecules and conse-
quently activates the associated signal pathways to facilitate its
entry (4, 5). KSHV hijacks cellular endocytic machinery for its
internalization in human endothelial cells, fibroblasts, B cells, and
monocytes while inducing actin-dependent macropinocytosis to
enter into human microvascular dermal endothelial (HMVEC-d)
cells and umbilical vein endothelial (HUVEC) cells (6–12). KSHV
primary infection into adherent target cells is a complex dynamic
multistep process involving overlapping phases of virus attach-
ment with multiple cell surface receptor molecules, activation of
the host’s preexisting cytosolic signal molecules, subsequent inter-
nalization, release of viral capsid, and cytosolic penetration to-

ward the nucleus via motor protein cargo guided by the acetylated
thickened bundles of microtubules (4).

The present study is concentrated on HMVEC-d cells, the nat-
ural in vivo target cells of KSHV infection. In HMVEC-d cells,
KSHV initially attaches to cell surface heparan sulfate (HS) and
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subsequently to its entry-associated integrin receptors �3�1,
�V�3, and �V�5 in the nonlipid raft (NLR) region of the plasma
membrane. Multiple receptor engagement by KSHV results in
clustering of the host’s induced preexisting signaling molecules
such as focal adhesion kinase (FAK), Src, phosphoinositol 3-ki-
nase (PI3-K), c-Cbl, Rho-GTPases (RhoA, Rac, and Cdc-42),
diaphanous-2, Ezrin, and other downstream effectors, all of which
lead into actin rearrangement and consequently KSHV entry (13–
18). Activated E3 ubiquitin ligase c-Cbl monoubiquitinates �3�1
and �V�3 integrins, resulting in the rapid lateral translocation of
virus-bound integrins into the plasma membrane lipid raft (LR)
region (6). KSHV induces the LR translocation of integrins to
associate and to activate LR-associated entry receptor EphrinA2
(EphA2), resulting in enhancement of EphA2 kinase action that am-
plifies the downstream signals (7, 19, 20). KSHV also simultaneously
induced the LR translocation of calcium and integrin-binding pro-
tein 1 (CIB1) to aid in EphA2-initiated signal amplification (9).
CIB1 sustains EphA2 phosphorylation and simultaneously asso-
ciates with Src, c-Cbl, PI3-K, alpha-actinin 4, and myosin IIA to
enhance EphA2 cross talk with the cytoskeleton to recruit mac-
ropinosome complex formation, thereby regulating productive
KSHV trafficking toward the nucleus of infected HMVEC-d cells.
In contrast, NLR-localized KSHV-bound �V�5 integrins are
polyubiquitinated by c-Cbl and directed to the clathrin-mediated
noninfectious lysosomal pathway (21). While the process of
KSHV entry-associated receptor-signal complex segregation lo-
calized to the plasma membrane LR is well characterized, the
mechanistic details of postentry trafficking stages routing the
cargo to infectious versus noninfectious pathways remain un-
known.

Actin modulation, macropinosome assembly, closure, and
trafficking are highly variable steps depending on cellular systems
and the purpose of the physiological or pathological processes
involved (22–30). KSHV infection induces clustering of multiple
cell surface receptors and associated cytosolic signal molecules
that are mostly kinases possessing canonical SH2 and SH3 adaptor
domains or the noncanonical adaptor CIB1 capable of indirect
association with cellular adaptors early during its entry into HM-
VEC-d cells (9). Host cell signal molecules are assembled in a
sequential manner to the plasma membrane. Facts such as rapid
KSHV entry into the target cells with virus particles sorted into
Rab5-positive macropinocytic vesicles within 10 min postinfec-
tion (p.i.) and sustained activation of virus-associated signal mol-
ecules for 30 min p.i. suggest that KSHV possibly subverts host
functions by spatiotemporal integration of signal adaptors during
entry as well as during downstream postentry stages of infection.
Hence, we explored here the identities of the potential cellular
adaptor molecules capable of multiadaptor scaffold complex for-
mation downstream to the EphA2-CIB1-c-Cbl axis and transmit-
ting feed-forward signals during subsequent stages of KSHV entry
that include macropinosome trafficking and nuclear delivery of
the KSHV genome.

It was known that EphA2 associates with scaffold p130Cas (31)
and that c-Cbl interacts with p130Cas immediate downstream
adaptor Crk to regulate cytoskeletal rearrangement and/or endo-
cytosis of different receptor molecules under different physiolog-
ical or pathological scenarios such as intracellular evasion by
pathogenic bacteria (32–34). Although a study briefly implicated
p130Cas in adenovirus entry, the mechanism was not investigated
(35–37). Similarly, whether simultaneous cross talk between

p130Cas and Crk occurs and whether such interactions result in
the recruitment of signal molecules in response to KSHV entry by
macropinocytosis or in any viral entry were unknown.

p130Cas or breast cancer anti-estrogen resistance 1 (BCAR1), a
130-kDa docking protein (38, 39) lacking enzymatic or transcrip-
tional activity, possesses multiple protein-protein interaction do-
mains and associates with multiple adaptor-effector complexes
upon substrate domain (SD) phosphorylation. Phosphorylation
of the p130Cas Y-x-x-P motif is regulated by many growth factors
and hormones in a Src-dependent manner (40). The most critical
interaction is with members of the Crk adaptor protein, for which
the Cas family is named (Crk-associated substrate of Src) (41).
Like p130Cas, Crk also lacks enzymatic activity and Crk signaling
is dependent on extracellular stimulation leading into the binding
of Crk SH2 domains to target p-Tyr proteins (42, 43). Subse-
quently, the Crk SH3N domain constitutively interacts with
downstream effector guanine nucleotide exchange factors (GEFs)
such as Dock or C3G to activate Rho or Rap family GTPases (44).
Major functions of p130Cas in physiological signaling include cell
motility, survival, and proliferation. Similarly to p130Cas, down-
stream Crk is shown to coordinate a diverse array of cellular sig-
naling from cell adhesion, migration, proliferation, and transcrip-
tion factor-mediated gene expression, as well as phagocytosis and
endocytosis in apoptotic cells (41, 45, 46). p130Cas along with
Crk, or with other downstream effectors, has been reported to
function in several human malignancies (38, 39, 47). However,
p130Cas and Crk signaling during de novo infection of an onco-
genic DNA virus has not been studied before. Therefore, we hy-
pothesized that p130Cas and Crk cross talk could be crucial in
coupling the KSHV entry-associated signal complex to the
postentry trafficking-associated signalosome.

In this study conducted to test this hypothesis, we demonstrate
that early during KSHV infection of HMVEC-d cells, p130Cas
associates with cellular phosphoproteins, membrane LRs, entry
receptor EphA2, entry-associated adaptor c-Cbl, and downstream
adaptor Crk-effector GEF C3G and regulates KSHV productive
trafficking to the nucleus. p130Cas knockdown did not affect
KSHV binding or entry and, in contrast, significantly blocked the
nuclear delivery of viral genome by routing KSHV to lysosomal
degradation, possibly due to a reduction in Crk-C3G cross talk.
These results discovered a previously unknown unique role of
p130Cas as a regulator of macropinosome trafficking during
pathogen infection and virus-associated cargo trafficking.

MATERIALS AND METHODS
Cells and virus. Primary HMVEC-d cells (CC-2543; Clonetics, Walkers-
ville, MD) were grown in endothelial cell basal medium 2 (EBM2; Clonet-
ics). KSHV carrying BCBL-1 cells was grown in RPMI with 10% total
bovine serum and 1% penicillin-streptomycin antibiotic solution (48).
Induction of the KSHV lytic cycle in BCBL-1 cells by tetradecanoyl phor-
bol acetate (TPA) (20 ng/ml), supernatant collection, and virus purifica-
tion procedures were described previously (48). DNA from purified
KSHV was extracted and quantitated by real-time DNA-PCR using prim-
ers amplifying the KSHV ORF73 gene as described previously (49). The
same batch of purified KSHV was used for all sets of experiments.

DiI-labeled KSHV. The lipophilic carbocyanine dye DiI-1,1=-diocta-
decyl-3,3,3=,3=-tetramethylindocarbocyanine perchlorate (DiIC183) was
used to label KSHV particles according to previously established methods
(6, 9, 50). Briefly, 200 �l of 1 mg/ml purified KSHV in TNE-30% sucrose
buffer (TNE buffer: 0.01 M Tris-HCl, pH 7.4, 0.15 M NaCl, 0.05% EDTA)
was incubated with 25 mM DiI in dimethyl sulfoxide (DMSO) for 2 h at
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room temperature (RT) with gentle mixing. To remove the unbound dye,
a step 10%, 30%, and 55% (wt/vol) sucrose density gradient was used. The
DiI-labeled KSHV was layered on top of the 10% sucrose cushion and
centrifuged at 55,000 � g for 90 min at 4°C. The labeled virus was collected
from the top of the 55% sucrose layer and passed through a 0.22-�m filter
prior to use.

Antibodies and reagents. Mouse monoclonal anti-KSHV LANA-1
and rabbit anti-gB (UK-218) antibodies were raised in our laboratory (17,
51–53). Rabbit anti-phospho-EphA2, EphA2, phospho-Src, Src, and
phospho-p130Cas antibodies were from Cell Signaling Technology, Dan-
vers, MA. Rabbit anti-CIB1 antibody was from Protein Tech, Chicago, IL.
Rabbit anti-caveolin-1 and mouse anti-�-actin and tubulin antibodies
were from Sigma-Aldrich, St. Louis, MO. Mouse anti-p130Cas, Crk, and
c-Cbl antibodies were from BD Biosciences, San Diego, CA. Rabbit anti-
transferrin and goat anti-flotillin-1 antibodies were from Abcam, Boston,
MA. Rabbit phospho-C3G antibodies were from Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA. Anti-mouse and anti-rabbit IgG antibodies
linked to horseradish peroxidase (HRP) were from KPL Inc., Gaithers-
burg, MD. 4=,6-Diamidino-2-phenylindole (DAPI), Alexa 488-conju-
gated LysoTracker, Alexa 594 or 488 anti-rabbit or anti-mouse, and Alexa
633 anti-mouse secondary antibodies were from Molecular Probes, Invit-
rogen. Cell-Light green fluorescent proteins (GFPs) (green fluorescent
protein labeling reagents for early endosome, late endosome, and lyso-
some) were from Molecular Probes, Invitrogen. Protein G-Sepharose
CL-4B was from Amersham Pharmacia Biotech, Piscataway, NJ.

Immunofluorescence microscopy. HMVEC-d cells were grown in
eight-well chamber slides (Nalge Nunc International, Naperville, IL).
Mock- or KSHV-infected cells were fixed with 4% paraformaldehyde
(PFA) for 15 min at room temperature followed by permeabilization with
0.2% Triton X-100 for 5 min and blocked with Image-iTFX signal en-
hancer (Invitrogen) for 15 min. The cells were then stained with specific
primary antibodies and corresponding species-specific fluorescent dye-
conjugated secondary antibodies. Cells were imaged with a Nikon fluo-
rescence microscope equipped with a MetaMorph digital imaging system.

For confocal analysis, an Olympus FV10i microscope was used for
imaging, and signal intensity line scan analysis was performed on the
enlarged regions of colocalization using Fluoview1000 (Olympus) soft-
ware.

Western blotting. Cells were lysed in RIPA buffer (15 mM NaCl, 1
mM MgCl2, 1 mM MnCl2, 2 mM phenylmethylsulfonyl fluoride, and
protease inhibitor mixture [Sigma]), sonicated, and centrifuged at 10,000
rpm at 4°C for 10 min. Protein concentrations were estimated with the
bicinchoninic acid (BCA) protein assay reagent (Pierce, Rockford, IL).
Equal concentrations of proteins were separated on SDS-PAGE, trans-
ferred to nitrocellulose, and probed with the indicated specific primary
antibodies followed by incubation with species-specific horseradish per-
oxidase (HRP)-conjugated secondary antibody and chemiluminescence-
based detection of immunoreactive protein bands (Pierce) according to
the manufacturer’s protocol. The bands were scanned using the Fluo-
rChem FC2 and Alpha-Imager Systems (Alpha Innotech Corporation,
San Leandro, CA) and quantified with ImageJ software.

Immunoprecipitation (IP). Cells were lysed in lysis buffer (25 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 2 mM EDTA, 10% glycerol,
and protease inhibitor mixture) sonicated, and centrifuged at 10,000 rpm
at 4°C for 10 min. Two hundred micrograms of cell lysates was incubated
overnight with immunoprecipitating antibody at 4°C, and the resulting
immune complexes were captured by protein G-Sepharose and analyzed
by Western blotting assays, using specific detection antibodies.

PLA. The proximity ligation assay (PLA) was performed using the
DuoLink in situ starter kit and PLA reagents (Sigma-Aldrich) to detect
protein-protein interactions using fluorescence microscopy according to
the manufacturer’s protocol (54, 55). Briefly, HMVEC-d cells were cul-
tured in eight-well chamber slides either mock or KSHV infected (20 DNA
copies/cell), fixed in 4% PFA for 15 min at room temperature, and
blocked with DuoLink blocking buffer for 30 min at 37°C. Cells were then

incubated with primary antibodies diluted in DuoLink antibody diluents
for 1 h, washed, and then further incubated for another 1 h at 37°C with
species-specific PLA probes (Plus and Minus probes) under hybridization
conditions and in the presence of 2 additional oligonucleotides to facili-
tate hybridization of PLA probes only if they were in close proximity (�40
nm). A ligation solution and ligase were then added to join the two hy-
bridized oligonucleotides to form a closed circle. Lastly, a detection solu-
tion consisting of fluorescently labeled oligonucleotides was added, and
the labeled oligonucleotides were hybridized to the concatemeric prod-
ucts. The signal was detected as a distinct fluorescent dot in the Alexa
Fluor 488 or Alexa Fluor 594 channel and analyzed by fluorescence mi-
croscopy. At least 10 different cells from different fields were observed for
each condition and analyzed for PLA signal intensity as a proportion of
DAPI-stained cells. Post-background-corrected specific PLA dot signal
intensity averages and standard deviations were measured by DuoLink
software (Sigma), and obtained values were mentioned in the text.

Lipid raft extraction and characterization. Lipid rafts were extracted
by the nondetergent density gradient approach according to the manu-
facturer’s protocol for the Caveola/Raft isolation kit (Sigma) (6, 7, 9, 10,
56). Briefly, uninfected and KSHV-infected cells were lysed in mild 0.5 M
sodium bicarbonate buffer (pH 11.0) (containing 500 mM sodium bicar-
bonate, 2 mM EDTA, 1 mM NaF, 1 mM orthovanadate, and sodium
protease cocktail inhibitor) for 15 min at 4°C. Cell lysates were homoge-
nized in a precooled Dounce homogenizer by 10 strokes followed by a 10-s
sonication step. OptiPrep reagent at different concentrations was used to
prepare a discontinuous density gradient of five layers at 35%, 30%, 25%,
20%, and 0% in which 2 ml of 35% OptiPrep was placed as the bottom-
most gradient layer of the precooled ultracentrifuge tube. Each OptiPrep
gradient was layered over the other using a Pasteur pipette. The tubes were
subjected to ultracentrifugation at 45,000 rpm for 4 h in a Beckman SWI
55 rotor. One-milliliter fractions were collected from the top of the ultra-
centrifuge tube and pooled. The purity of the lipid raft-containing frac-
tions was characterized by the presence of caveolin-1, and nonlipid rafts
were confirmed by the presence of CD-71 by dot blot analysis.

Generation of HMVEC-d cells expressing CIB1 or p130Cas shRNA.
CIB1 short hairpin RNA (shRNA)-expressing HMVEC-d cells were gen-
erated as previously described (9). A pool of lentivirus shRNAs specific for
human p130Cas and nonspecific control shRNA was purchased from
Santa Cruz Biotechnology Inc., and sequence information on respective
small interfering RNA (siRNA) targets (5=¡3= orientation) is given be-
low. HMVEC-d cells were transduced with control lentivirus shRNA or
p130Cas lentivirus shRNA according to the manufacturer’s instructions
and selected by puromycin hydrochloride (10 �g/ml). Sequences are as
indicated. sc-43271-V, CIB1 shRNA (h) lentiviral particles, is a pool of 3
different shRNA plasmids: sc-43271-VA, hairpin sequence, GATCCGCC
TTAGCTTTGAGGACTTTTCAAGAGAAAGTCCTCAAAGCTAAGG
CTTTTT; corresponding siRNA sequences (sc-43271A), sense, GCCUU
AGCUUUGAGGACUUtt; antisense, AAGUCCUCAAAGCUAAGGCtt;
sc-43271-VB, hairpin sequence, GATCCCCAGACATCAAGTCCCATTT
TCAAGAGAAATGGGACTTGATGTCTGGTTTTT; corresponding siRNA
sequences (sc-43271B), sense, CCAGACAUCAAGUCCCAUUtt; antisense,
AAUGGGACUUGAUGUCUGGtt; sc-43271-VC, hairpin sequence, GATC
CGATGACGGAACCTTGAACATTCAAGAGATGTTCAAGGTTCCGTC
ATCTTTTT; corresponding siRNA sequences (sc-43271C), sense, GAU
GACGGAACCUUGAACAtt; antisense, UGUUCAAGGUUCCGUCAU
Ctt. Catalogue number sc-36141-V, p130Cas shRNA (h) lentiviral parti-
cles, is a pool of 3 different shRNA plasmids: sc-36141-VA, hairpin
sequence, GATCCGTGGGCATGTATGATAAGATTCAAGAGATCTTA
TCATACATGCCCACTTTTT; corresponding siRNA sequences (sc-
36141A), sense, GUGGGCAUGUAUGAUAAGAtt; antisense, UCUUAU
CAUACAUGCCCACtt; sc-36141-VB, hairpin sequence, GATCCCACAG
GACATCTATGATGTTTCAAGAGAACATCATAGATGTCCTGTGTT
TTT; corresponding siRNA sequences (sc-36141B), sense, CACAGGAC
AUCUAUGAUGUtt; antisense, ACAUCAUAGAUGUCCUGUGtt; sc-
36141-VC, hairpin sequence, GATCCGGATGGAGGACTATGACTATT
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CAAGAGATAGTCATAGTCCTCCATCCTTTTT; corresponding siRNA
sequences (sc-36141C), sense, GGAUGGAGGACUAUGACUAtt; anti-
sense, UAGUCAUAGUCCUCCAUCCtt.

RNA interference using siRNA transfection. Primary HMVEC-d
cells were transfected with target siRNAs using the Neon transfection
system (Invitrogen) according to the manufacturer’s instructions. Briefly,
subconfluent cells were harvested, washed once with 1� phosphate-buff-
ered saline (PBS), and resuspended at a density of 1 � 107 cells/ml in
resuspension buffer R (provided by the company). Ten microliters of this
cell suspension was mixed with 100 pmol of siRNA and then micropo-
rated at room temperature using a single pulse of 1,350 V for 30 ms. After
microporation, cells were distributed into complete medium and placed
at 37°C in a humidified 5% CO2 atmosphere. At 72 h posttransfection,
cells were analyzed for knockdown efficiency by Western blotting. All
siRNA oligonucleotides (siGenome SMARTpool) for specific target pro-
teins such as EphA2, CIB1, and p130Cas and nontargeting siRNA pool 1
were purchased from Thermo Scientific, and sequence information on
respective siRNA targets is given as indicated. L-003116-00-0005, on-tar-
get plus human EphA2 (1969) siRNA-SMART pool, is a pool of 4 different
siRNA target sequences: J-003116-09, EphA2-target sequence, UGAAUG
ACAUGCCGAUCUA; J-003116-10, EphA2-target sequence, GAAGUUC
ACUACCGAGAUC; J-003116-11, EphA2-target sequence, CAAGUUCG
CUGACAUCGUC; J-003116-12, EphA2-target sequence, UCACACACC
CGUAUGGCAA. L-012261-02-0005, on-target plus human CIB1
(10519) siRNA-SMART pool, is a pool of 4 different siRNA target se-
quences: J-012261-05, CIB1-target sequence, CGGCUUAGUGCGUCUG
AGA; J-012261-06, CIB1-target sequence, GAGCGAAUCUGCAGGG
UCU; J-012261-07, CIB1-target sequence, CCAAAGACAGCCUUAGCUU;
J-012261-08, CIB1-target sequence, UGAACUGCCUCACGGGAGA.
L-020465-02-0005, on-target plus human BCAR1 or p130Cas (9564) siRNA-
SMART pool, is a pool of 4 different siRNA target sequences: J-020465-07,
BCAR1-target sequence, GGUCGACAGUGGUGUGUAU; J-020465-
08, BCAR1-target sequence, GGCCACAGGACAUCUAUGA; J-020465-09,
BCAR1-target sequence, GCAAUGCUGCCCACACAUC; J-020465-10,
BCAR1-target sequence, CCAGAUGGGCAGUACGAGA.

Measurement of KSHV entry by real-time DNA-PCR. For measuring
entry, HMVEC-d cells were either mock or KSHV infected (20 DNA cop-
ies per cell) at 37°C for 2 h. Cells were washed with Hanks balanced salt
solution (HBSS), bound and noninternalized virus was removed by treat-
ment with trypsin-EDTA for 5 min at 37°C (49), and DNA was extracted
using a DNeasy kit. Extracted DNA was quantified by amplification of the
ORF73 gene by real-time DNA-PCR. The KSHV ORF73 gene cloned in
the pGEM-T vector (Promega) was used as the external standard. A stan-
dard curve was generated, and the relative copy numbers of viral DNA
were calculated from the threshold cycle (CT) value.

Measurement of KSHV nuclear delivery by real-time DNA-PCR. For
measuring nuclear entry of KSHV genome, pure nuclear isolation from
HMVEC-d cells was performed using a Nuclei EZ Prep nuclear isolation
kit (Sigma) according to the manufacturer’s instructions. Briefly,
HMVEC-d cells were infected with KSHV for 2 h, washed, treated with
trypsin-EDTA to remove noninternalized virus, and incubated for vari-
ous times of infection. Cells were then lysed on ice for 5 min with a mild
lysis buffer (Sigma), and nuclei were concentrated by centrifugation at
500 � g for 5 min. Cytoskeletal components loosely bound to the nuclei
were removed from the nuclear pellet by a repeat of the lysis and centrif-
ugation procedures as described previously (57). Internalized KSHV
DNA was quantitated by amplification of the ORF73 gene by real-time
DNA PCR (49). The KSHV ORF73 gene cloned in the pGEM-T vector
(Promega) was used for the external standard. The threshold cycle (CT)
values were used to generate the standard curve and to calculate the rela-
tive copy numbers of viral DNA in the samples. A paired t test was used
between control and shRNA-transduced cells to obtain the P values for the
percentage of KSHV nuclear genome delivery.

Measurement of KSHV gene expression. To quantify KSHV gene
expression, shControl- and shCas-transduced HMVEC-d cells grown in

eight-well chamber slides were either mock or KSHV infected (20 DNA
copies per cell) for 2 h in serum-free medium and at 48 h postinfection
cells were fixed, permeabilized, and stained for KSHV latent protein
LANA-1. At least five different fields, each containing multiple cells, were
observed and analyzed as a proportion of DAPI-stained cells. A paired t
test was used between control- and shRNA-transduced cells to obtain the
P values for the percent inhibition in LANA-1 positivity. KSHV gene
expression was also examined in siControl- and siCas-transfected
HMVEC-d cells using a similar experimental setup and quantification
method.

Live-cell imaging monitoring KSHV entry. For colocalization with
LysoTracker, shControl- and sh-p130Cas-transduced HMVEC-d cells
were infected with DiI-KSHV (50 DNA copies/cell) in the presence of
Alexa 488-conjugated LysoTracker (1:100; Invitrogen) at 37°C and
tracked live for �15 min using an Olympus FV10i-LIV confocal micro-
scope. Confocal images of DiI-KSHV and LysoTracker in selected fields
with multiple cells were captured at a regular 1-min intervals at 1,024-by-
1,024 resolution using a 60� (water) objective. Live-cell images were pre-
pared using the Fluoview1000 (Olympus) software, and intensity plot
profile analysis for colocalization (x-y-z axis) was performed on a single
cell using ImageJ software. Live-cell imaging video analyses for colocal-
ization specs (x-y-z-t) were performed using the Fluoview1000 (Olym-
pus) software. Representative background-corrected images are shown.

Expression of endosomal and lysosomal markers using baculovi-
rus-mediated gene delivery. HMVEC-d cells were transiently transduced
with Cell-Light reagent BacMam 2.0 for �16 to 19 h according to the
manufacturer’s protocol (Invitrogen). Briefly, HMVEC-d cells were
grown in eight-well chamber slides and approximately 1 � 104 cells were
infected with BacMam 2.0 at a multiplicity of infection (MOI) of 30, and
at 19 h postransduction expression of Rab5a-GFP, Rab7a-GFP, and
Lamp1-GFP (early endosomal, late endosomal, and lysosomal organelle
markers, respectively) was monitored and the markers were ready to be
used for further experiments.

RESULTS
Scaffold protein p130Cas associates with KSHV and entry re-
ceptor EphA2 early during KSHV infection of HMVEC-d cells.
Our recent studies have shown that CIB1 plays the novel role of a
KSHV macropinosome-associated molecule mimicking an adap-
tor function in HMVEC-d cell LRs to sustain KSHV entry receptor
EphA2-initiated signal amplification that is followed by macropi-
nocytic entry and establishment of de novo infection (9). Our
study also demonstrated that CIB1 is facilitating EphA2 and cyto-
skeletal cross talk, such as association with alpha-actinin-4 and
myosin IIA, possibly to trigger the mechanical driving force
needed for macropinosome formation and subsequent produc-
tive trafficking of KSHV. CIB1 association with virus in Rab5-
positive vesicles at 10 min p.i. and its cytosolic colocalization with
KSHV glycoprotein gB until 30 min p.i. strongly suggested that
CIB1 also plays an important role in postentry trafficking stages
(9). Since structurally CIB1 lacks classical SH2 or SH3 domains,
we hypothesized that CIB1 mediates this action via major cellular
scaffold protein p130Cas.

To identify the role of p130Cas in de novo KSHV infection in
HMVEC-d cells, we first tested whether p130Cas associates with
virus in endothelial cells. We performed a triple colocalization
study for p130Cas, envelope-labeled KSHV or DiI-KSHV, and
entry receptor EphA2 as early as 10 min p.i. Our previous studies
have shown that at this time point KSHV-induced signaling events
are at their maximum and internalized virus particles were asso-
ciated with Rab5-positive early macropinosomes. Therefore, virus
tracking was carried out at 10 min p.i. as it served as a perfect
transition phase to capture events of entry as well as immediate
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postentry trafficking stages. In uninfected cells, the colocalization
between EphA2 and p130Cas was not appreciable (Fig. 1A, i, top
rightmost enlarged panel). After 10 min p.i., p130Cas (blue), DiI-
KSHV (red), and EphA2 (green) colocalized (white spots in Fig.
1A, ii, enlarged panel in the middle), and line scan analysis of
signal intensity showed a coherent signal intensity pattern for all
three stainings (Fig. 1A, ii, rightmost panel, white arrows). These
observations were also validated by double colocalizations be-
tween (a) virus (red) and EphA2 (green) (yellow spots in Fig. 1A,
iii, enlarged panel in the middle), (b) p130Cas (blue) and virus
(red) (pink spots in Fig. 1A, iv, enlarged panel in the middle), and

(c) p130Cas (blue) and EphA2 (green) (cyan spots in Fig. 1A, v,
enlarged panel in the middle), respectively. Signal intensity line
scan analysis and synchronous peak intensity for the respective
staining also demonstrated the colocalizations between virus,
EphA2, and p130Cas (colored arrows in Fig. 1A, iii, iv, and v,
rightmost panel).

Proximity ligation assay (PLA) detects the association of
p130Cas with pEphA2 early during KSHV infection of
HMVEC-d cells. In the results shown in Fig. 1A, we observed that
p130Cas associated appreciably with EphA2 only at spots where
virus staining was observed. This suggested the possibility that

FIG 1 Confocal microscopy demonstrating the association of p130Cas with KSHV entry receptor early during de novo infection. (A) HMVEC-d cells were either
mock or DiI-KSHV (20 DNA copies/cell) infected for 10 min at 37°C. Postwashing, cells were processed for confocal immunofluorescence using rabbit
anti-EphA2 and mouse anti-p130Cas antibodies. Boxed areas in red are enlarged to the right. Representation of line scan signal intensity plots for triple staining
performed on the enlarged infected-cell area (rightmost panel). Arrows indicate colocalization. Bar, 20 �m. (B) Infected cells at 5, 10, and 30 min p.i. were
processed for proximity ligation assay (PLA) with rabbit anti-phospho-594-EphA2 and mouse anti-p130Cas antibodies which were subsequently costained with
phalloidin-conjugated Alexa Fluor 488 and DAPI. Boxed areas in white are enlarged as an inset to the right. For PLA signals, red dots indicate the association of
phospho-Y594-EphA2 and Cas molecules. Representative deconvoluted merged images are shown. Arrows indicate the colocalization. PLA signals were
quantified using DuoLink tools (Sigma) as described in the text. Bar, 30 �m.
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KSHV-induced Y594-phosphorylated EphA2 associates at close
proximity with p130Cas at 10 min p.i. To address this, we per-
formed a sensitive PLA between Y594 EphA2 and p130Cas in un-
infected as well as in 5-, 10-, and 30-min-post-KSHV-infected
HMVEC-d cells. According to the principles of proximity ligation,
if two molecules are in a direct proximity of �40 nm or less, the
assay will be positive, indicating the levels of association in fluo-
rescent dots captured by immunofluorescence microscopy (see
Materials and Methods for details). Both mock- and KSHV-in-
fected cells were costained for F-actin (phalloidin in green) to
understand the spatiotemporal distribution of such associations
inside the cell. In uninfected HMVEC-d cells, no appreciable PLA
signals (�0.4 red dots/cell) were observed, which is possibly due
to very low basal levels of pEphA2 (Fig. 1B). Although at 5 min
post-KSHV infection, EphA2 was previously shown to be highly
phosphorylated, no appreciable PLA signal (red dot) was detected
between p-Y594 EphA2 and p130Cas, which could either be due
to less association or be due to indirect association outside the
40-nm cutoff for PLA sensitivity. However, a very strong cytosolic
PLA signal (�8.2 dots/cell) was observed at 10 min p.i. that cor-

roborated our findings in Fig. 1A. These p-Y594 EphA2 and
p130Cas association signals were mostly abrogated and returned
to basal levels by 30 min p.i., which could be due to reduction in
pEphA2 activity and hence decreased association with p130Cas.
Nevertheless, these results demonstrated that 10 min p.i. is an
optimal time point for p130Cas and EphA2 cross talk during de
novo KSHV infection in HMVEC-d cells (Fig. 1B).

p130Cas associates with signal amplifier CIB1 early during
KSHV infection of HMVEC-d cells. Since CIB1 aids in EphA2
phosphorylation and associates with KSHV in early macropi-
nosomes at 10 min p.i. (9)., we examined whether CIB1 associates
with p130Cas and the time kinetics of association by PLA. In un-
infected HMVEC-d cells, no PLA signal for p130Cas and CIB1
interaction was observed (Fig. 2A) whereas, as early as 5 min p.i.,
very strong PLA signals (�40 red dots/cell) indicating CIB1 asso-
ciations with p130Cas were observed both at the periphery of the
cell and in the cytosol and increased over time through the ob-
served period of 30 min p.i. These results suggested that p130Cas
could be the potential scaffold molecule downstream to the recep-
tor EphA2 signal amplifier CIB1 axis early during KSHV infection.

FIG 2 Demonstration of p130Cas activation during de novo KSHV infection of endothelial cells. (A) HMVEC-d cells were mock or KSHV infected (20 DNA
copies/cell) for the indicated time points. Cells were fixed and processed for proximity ligation assay (PLA) using mouse anti-p130Cas and rabbit anti-CIB1
antibodies and costained with Alexa Fluor 488-conjugated phalloidin and DAPI. Boxed areas in white are enlarged as an inset to the right. For PLA signals, red
dots indicate the association of p130Cas and CIB1 molecules. Representative deconvoluted merged images are shown. Arrows indicate the colocalization. PLA
signals were quantified using DuoLink tools (Sigma) as described in the text. Bar, 30 �m. (B) HMVEC-d cells were serum starved for 8 h and infected with KSHV
for the indicated time points, and lysates were immunoprecipitated with antiphosphotyrosine antibody and subjected to Western blotting (WB) with anti-
p130Cas and anti-p-Tyr antibodies. Beta-actin from whole-cell lysate was used as a loading control. (C) Serum-starved (8 h) HMVEC-d cells were left untreated
or SU6656 or dasatinib treated for 1 h at 37°C, infected with KSHV (20 DNA copies/cell) for 10 min, and subjected to Western blotting with anti-phospho-
p130Cas, anti-phospho-EphA2, and anti-phospho-Src antibodies. Blots were stripped and reprobed for the respective total proteins and tubulin. (D) Control or
CIB1 shRNA-treated cells were serum starved (8 h), infected with KSHV (20 DNA copies/cell) for 10 min, and subjected to Western blotting with anti-phospho-
p130Cas antibodies. Blots were stripped and reprobed for total p130Cas, CIB1, and tubulin.
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KSHV activates p130Cas early during infection of HMVEC-d
cells. PLA results of measuring the proximity of p130Cas associa-
tion with p-Y594 EphA2 and CIB1 early during KSHV infection
prompted us to determine whether infection induced the associ-
ation of p130Cas with other cellular phosphoproteins and/or in-
duced the p130Cas tyrosine phosphorylation. Cells mock and
KSHV infected for 2, 5, 10, 15, and 30 min p.i. were immunopre-
cipitated with antiphosphotyrosine (4G10) and control IgG anti-
bodies and subjected to Western blotting for p130Cas (Fig. 2B, i).
In uninfected cells, moderate tyrosine phosphorylation or associ-
ation of p130Cas with p-Tyr proteins was observed (Fig. 2B, i, lane
2) and no p130Cas was detected with control IgG antibodies (Fig.
2B, i, lane 1). In contrast, p130Cas phosphorylation or association
with p-Tyr-proteins increased robustly by �2.7-fold as early as 2
min p.i., which was sustained �2.2-fold through the observed 30
min p.i. (Fig. 2B, i, lanes 3 to 7). Induction of HMVEC-d cells with
10% fetal bovine serum (FBS), used as a positive control, also
resulted in �2.3-fold increases in p130Cas association with 4G10
(Fig. 2B, i, lane 8). KSHV-induced tyrosine phosphorylation of
cellular proteins at 130 kDa (molecular mass of Cas) was tested by
p-Tyr Western blotting from whole-cell lysate (WCL) using 4G10
antibody (Fig. 2B, ii). Compared to uninfected cells, KSHV-
infected cells at 2, 5, 10, 15, and 30 min p.i. had respective
�1.8-, 1.4-, 1.8-, 2.3-, and 2.4-fold increases in cellular ty-
rosine phosphorylation (Fig. 2B, ii, lanes 2 to 7). FBS also dem-
onstrated a 2.4-fold increase in p-Tyr at 130 kDa (Fig. 2B, ii,
lane 8). Western blotting for �-actin from WCL served as load-
ing controls (Fig. 2B, iii).

It has been well established that p130Cas is highly tyrosine
phosphorylated by direct interaction with Src at 15 different Y-x-
x-P motifs in its substrate domain (SD), which is associated with
various functions depending on the specific phosphorylation pat-
tern and downstream effectors. For example, motility and adhe-
sion of cells are related to p130Cas phosphorylation at Y165, Y249,
and Y410 sites (58). Phosphorylation at Y410 of p130Cas serves as
a good proxy for total tyrosine phosphorylation in addition to an
indicator of Src involvement in this pathway (46). Our earlier
studies have demonstrated that CIB1 in synergy with EphA2 aug-
ments signals from Src in the LR that transmits signals to down-
stream molecules (9). From our observations that KSHV induced
the association of p130Cas with phospho-EphA2 and CIB1 and
that p130Cas was pulled down with phospho-Tyr antibody 4G10
(Fig. 1B and 2A and B), we reasoned that KSHV could be inducing
phosphorylation at Y410 of p130Cas in an EphA2- and Src-depen-
dent manner. To test this hypothesis, we performed inhibitor
studies using Src inhibitor SU6656 and EphA2 inhibitor dasatinib,
which have been shown to be specific KSHV entry inhibitors in
endothelial cells (7). HMVEC-d cells were either left untreated
and mock infected or treated with SU6656 (10 �M) or dasatinib (1
�M) for 1 h at 37°C and infected with KSHV for 10 min followed
by Western blot analysis with p-Y410-p130Cas antibody (Fig. 2C,
i). In mock-treated uninfected HMVEC-d cells, some basal level
of Y-410 phosphorylation was detected (Fig. 2C, i, lane 1), which
increased almost �1.8-fold at 10 min post-KSHV infection (Fig.
2C, i, lane 2). Respective treatment with SU6656 and dasatinib
almost completely abolished Y410 phosphorylation in Cas (Fig.
2C, i, lanes 3 and 4). The blot was stripped and reprobed for
p-Y594-EphA2 and p-Src to test the inhibitor efficiency used in
the experiments. Dasatinib inhibited EphA2 phosphorylation by
2.2-fold (Fig. 2C, ii, lane 4), and as a consequence, KSHV-induced

downstream Src activation was also abolished (Fig. 2C, iii, lane 4).
Since SU6656 completely abrogated Src phosphorylation (Fig. 2C,
iii, lane 3), KSHV-induced EphA2 and Src feedback cross talk was
also compromised, which resulted in �1.8-fold reduction in
EphA2 phosphorylation (Fig. 2C, ii, lane 3). Respective blots were
stripped and reprobed for total p130Cas, EphA2, and Src (Fig. 2C,
iv, v, and vi). Tubulin was used as a loading control (Fig. 2C, vii).
KSHV infection did not change p130Cas expression at the protein
level. These results demonstrated that p130Cas is a downstream
molecule of EphA2 and Src during KSHV-induced early signal
pathways in HMVEC-d cells.

Activation of p130Cas is dependent on signal amplifier CIB1
during KSHV infection. Early during KSHV infection, CIB1 syn-
ergized with EphA2 to augment signals from Src in the infected
cell’s LR regions to transmit signals to the downstream molecules
(9). To determine whether p130Cas Y410 phosphorylation is de-
pendent on KSHV-mediated CIB1-EphA2 activation, we tested
whether KSHV could induce p130Cas Y410 phosphorylation in
shCIB1-transduced HMVEC-d cells. CIB1 shRNA-expressing
HMVEC-d cells were generated as previously described (9), and
�1.5-fold inhibition in CIB1 expression was achieved (Fig. 2D, iii,
lanes 1 and 2). Both control and CIB1 shRNA-treated HMVEC-d
cells were KSHV infected for 10 min and subjected to Western
blotting for phospho-Y410-p130Cas. Control shRNA did not af-
fect p130Cas activation at Y410. In contrast, KSHV infection re-
duced p130Cas phosphorylation by 1.5-fold (Fig. 2D, i) in shCIB1
HMVEC-d cells, which was consistent with the levels of CIB1
knockdown in those cells. CIB1 knockdown did not change
p130Cas expression at the protein level (Fig. 2D, ii). Tubulin was
used as a loading control (Fig. 2D, iv). In parallel to inhibitors and
shRNA studies, we also monitored the effect of EphA2 and CIB1
respective siRNAs on KSHV-induced Y410-Cas phosphorylation
in HMVEC-d cells. p130Cas, CIB1, and EphA2 were knocked
down at the protein level using respective siRNAs (see Materi-
als and Methods for details) and at 72 h posttransfection tested
by Western blotting using respective protein-specific antibod-
ies. Compared to siControl HMVEC-d cells, siCas, siCIB1, and
siEphA2 HMVEC-d cells had �4.6-, 2-, and 2.1-fold reductions,
respectively, in Cas, CIB1, and EphA2 expression at the protein
level (Fig. 3A, ii, lanes 1 and 2; A, iii, lanes 5 and 6; and A, iv, lanes
3 and 4). Y410-Cas phosphorylation was completely abolished in
siCas HMVEC-d cells (Fig. 3A, i, lanes 1 and 2) and substantially
reduced by �6- and 3.3-fold in siCIB1 and siEphA2 HMVEC-d
cells (Fig. 3A, i, lanes 3 to 6). Cas siRNAs had no off-target effects
on EphA2 and CIB1 expression (Fig. 3A, iii and iv, lanes 1 and 2).
Similarly, CIB1 siRNAs did not affect Cas and EphA2 expression
(Fig. 3A, ii and iii, lanes 3 and 4). Likewise, EphA2 siRNA did not
alter CIB1 and Cas expression (Fig. 3A, ii and iv, lanes 5 and 6).
Tubulin was used as a loading control (Fig. 3A, v, lanes 1 to 6).
CIB1 siRNAs used in Fig. 3 were independent sequences against
different target sequences than those for CIB1 shRNAs used in Fig.
2 (see Materials and Methods for details).

We next determined whether CIB1 associated with KSHV-in-
duced p130Cas and the kinetics of association using the PLA
method. In uninfected HMVEC-d cells, some basal-level PLA sig-
nal (�9 red dots/cell) for activated p130Cas and CIB1 association
was observed (Fig. 3B), which increased substantially (�22 red
dots/cell) at 10 min p.i. at the HMVEC-d cell periphery as well as
in the cytosol, which was maximized (�100 red dots/cell) at 30
min p.i. These results collectively suggested that CIB1 is essential
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for p130Cas activation and that CIB1 and p130Cas could be coor-
dinating together in the postentry stages of KSHV infection, such
as viral trafficking.

Crk, a p130Cas immediate downstream molecule, associates
with KSHV, EphA2, and signal amplifier CIB1 early during
KSHV infection of HMVEC-d cells. Studies thus far strongly sug-
gested that p130Cas is involved in KSHV-induced de novo signal
pathways in HMVEC-d cells and KSHV-induced Y410 phosphor-
ylation of Cas SD downstream to the EphA2-CIB1-Src signal axis.
Since p130Cas SD phosphorylation is shown to induce down-
stream Crk-SH2 domain binding to Cas to stimulate cellular mo-
tility under physiological as well as pathological conditions (41),
we next determined whether Crk associates with KSHV early dur-
ing infection. In immunofluorescence studies, Crk colocalized
with KSHV detected by envelope glycoprotein gB antibodies at 5
and 30 min p.i. (Fig. 4A, white arrows). Since CIB1 was previously
reported to associate with virus at these time points (9), we uti-
lized PLA to determine whether CIB1 and Crk interact during
KSHV infection. In uninfected HMVEC-d cells, no appreciable
PLA signal (�0.5 red dots/cell) for Crk and CIB1 association was
observed (Fig. 4B). In contrast, as early as 5 min p.i., a very strong
PLA signal (�6 red dots/cell) indicating CIB1 and Crk associa-
tions was observed at the HMVEC-d cell periphery as well as in the
cytosol, which was robustly maximized (�30 red dots/cell) at 10

min p.i. and sustained (�10 red dots/cell) until 30 min p.i. These
results clearly suggested the possibility of CIB1-p130Cas-Crk
cross talk early during the postentry stage of infection and extend-
ing throughout the trafficking stages of KSHV infection.

KSHV-induced LR recruitment of p130Cas and downstream
Crk. Our previous studies have demonstrated that CIB1 translo-
cates into HMVEC-d cell LRs and associates with EphA2 at 10 min
p.i. (9). Since p130Cas and Crk associated with CIB1 at 10 min p.i.,
we theorized that both the scaffold and adaptor molecules are
recruited to the infected HMVEC-d cell LRs. To analyze p130Cas
and Crk association with LRs of infected cells, we biochemically
isolated LRs and NLRs from mock- and KSHV-infected
HMVEC-d cells at 2, 5, 10, and 30 min p.i. by previously estab-
lished methods (6, 9, 10, 55). The purity of LR and NLR fractions
was initially checked by dot blot analysis for LR marker caveolin-1
and NLR marker CD-71 (data not shown). Pure fractions were
pooled accordingly and examined by Western blotting assays (Fig.
5A). Caveolin-1 and CD-71 were blotted from the fractions as
purity controls (Fig. 5A, iii and iv).

The scaffold p130Cas protein was minimally associated with
both uninfected-cell NLRs (Fig. 5A, i, lane 1) and LRs (Fig. 5A, i,
lane 1). In contrast, as early as 2 min p.i., we observed a robust
association of p130Cas with infected-cell LRs which was sustained
for 30 min p.i. (Fig. 5A, i, lanes 2 to 5). The adaptor Crk molecules

FIG 3 KSHV induced p130Cas phosphorylation in an EphA2- and CIB1-dependent manner. (A) HMVEC-d cells were transfected with siControl, siCas, siCIB1,
or siEphA2 and at 72 h posttransfection were infected with KSHV (20 DNA copies/cell) for 10 min and subjected to Western blotting with anti-phospho-p130Cas
antibodies. Blots were stripped and reprobed for total p130Cas, EphA2, CIB1, and tubulin. (B) HMVEC-d cells were mock or KSHV infected (20 DNA
copies/cell) for the indicated time points. Cells were fixed and processed for proximity ligation assay using mouse anti-CIB1 and rabbit anti-phospho-p130Cas
antibodies and costained with Alexa Fluor 488-conjugated phalloidin and DAPI, which were merged with the deconvoluted images. Boxed areas in white are
enlarged as an inset to the right. For PLA signals, red dots indicate the association of phospho-Y410-p130Cas and CIB1 molecules. Representative deconvoluted
images are shown. Arrows indicate colocalization. PLA signals were quantified using DuoLink tools (Sigma) as described in the text. Bar, 30 �m.
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also demonstrated kinetics of LR association similar to that of
upstream scaffold p130Cas molecules (Fig. 5A, ii). In immuno-
precipitation (IP) reactions with anti-EphA2 antibodies, Crk was
associated with EphA2 only in the infected-cell LR fractions (Fig.
5B, i, lanes 1 to 6) and not in the NLR fractions, and this associa-
tion increased over time with maximal association at 10 min p.i.
and decreased thereafter (Fig. 5B, i, lanes 2 to 6).

To confirm these biochemical results, HMVEC-d cells were
mock or KSHV infected for 5 and 10 min, and LR association of
p130Cas and Crk was examined by immunofluorescence assay
(IFA) (Fig. 5C and D). In uninfected HMVEC-d cells, p130Cas
(green) did not show any appreciable colocalization with LR
marker flotillin-1 (red) (Fig. 5C). In contrast, as early as 5 min p.i.,
clustered p130Cas colocalized very strongly with LRs at the cell
periphery as well as in the cytosol and the colocalization was sus-
tained over 30 min p.i. (Fig. 5C, second and third panels, white
arrow). This indicated the association of p130Cas with LRs, which
probably initiates the clustering of multiple adaptor-effectors. IFA
studies also revealed kinetics similar to those of p130Cas down-

stream Crk association with LRs (Fig. 5D), which was consistent
with our biochemical data (Fig. 5A and B). However, due to clus-
tering of signal molecules with LR, colocalization signal intensity
in IFA appears stronger than biochemical data demonstrating LR
translocation of adaptor molecules. Taken together, temporal en-
richment of p130Cas and Crk to the LR-EphA2 signal hubs upon
KSHV infection strongly suggested that p130Cas is a key scaffold
molecule regulating KSHV-induced EphA2-signal induction
events during de novo infection in HMVEC-d cells.

p130Cas assembles EphA2, c-Cbl, and Crk signal complexes
early during KSHV infection of HMVEC-d cells. We next deter-
mined whether KSHV infection triggered p130Cas scaffold function
and simultaneous assembly of receptor-adaptor-effector molecules
early during KSHV infection. Serum-starved HMVEC-d cells were
mock or KSHV infected for 5, 10, and 30 min; immunoprecipi-
tated with anti-p130Cas antibody; and subjected to Western blot-
ting for KSHV entry receptor EphA2, entry adaptor c-Cbl, and
p130Cas downstream adaptor Crk molecule. Co-IP and PLA ex-
perimental results, summarized as a model in Fig. 6A, collectively

FIG 4 Colocalization of p130Cas and its downstream Crk molecules with KSHV and CIB1. (A) Uninfected HMVEC-d cells or cells infected with KSHV (20 DNA
copies/cell) for 5 min and 30 min were processed for IFA, reacted with mouse anti-Crk antibodies and rabbit anti-KSHV glycoprotein gB antibodies, and
costained with DAPI. Arrows indicate colocalization of Crk with virus particles at the indicated time points. Bar, 30 �m. (B) Infected cells at 5, 10, and 30 min
p.i. were processed for proximity ligation analysis with mouse anti-CIB1 and rabbit anti-phospho-p130Cas antibodies and subsequently costained with Alexa
Fluor 488-conjugated phalloidin and DAPI, which were merged with the deconvoluted images. Boxed areas in white are enlarged as an inset to the right. For PLA
signals, red dots indicate the association of phospho-p130Cas and CIB1 molecules. Representative deconvoluted merged images are shown. Arrows indicate the
colocalization. PLA signals were quantified using DuoLink tools (Sigma) as described in the text. Bar, 30 �m.
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suggested that EphA2, CIB1, c-Cbl, p130Cas, and Crk association
is enhanced temporally upon KSHV infection, perhaps to initiate
a transition phase from KSHV postentry leading into KSHV traf-
ficking, including the association of activated guanine nucleotide
exchange factor C3G. Minimal or no association of p130Cas with
EphA2, c-Cbl, and Crk was seen in uninfected HMVEC-d cells
(Fig. 6B, i, ii, and iii, lane 1). In contrast, with KSHV infection, a
robust increase in p130Cas associations with these molecules was
observed that was maximized at 10 min p.i. and was detectable
until 30 min p.i. (Fig. 6B, i, ii, and iii, lanes 2 to 4). The membrane
was stripped and probed to check total p130Cas levels (Fig. 6B, iv).

To validate the KSHV-induced simultaneous interaction of
p130Cas with signal molecules, the same experimental lysates as
above were reverse co-IPed with anti-EphA2, anti-c-Cbl, and anti-
Crk antibodies and subsequently subjected to Western blotting
for all of these signal molecules (Fig. 6C, D, and E). Blots were
stripped and reprobed for respective total protein levels of each
signal molecule (Fig. 6C, D, and E). Results from EphA2 immu-

noprecipitation analyses indicated that upon KSHV infection
EphA2 associated more robustly with Crk than with p130Cas and
that both of these associations were sustained for 30 min p.i. (Fig.
6C, i and ii, lanes 2 to 4). c-Cbl immunoprecipitation analyses
revealed that upon KSHV infection c-Cbl associates with EphA2
maximally at 10 min p.i. (Fig. 6D, i, lane 3) and that this associa-
tion was reduced by 30 min p.i. (Fig. 6D, i, lane 4). In contrast,
enhanced c-Cbl associations with p130Cas and Crk were observed
upon infection and sustained for 30 min p.i. (Fig. 6D, ii and iii,
lanes 2 to 4). Crk immunoprecipitation analyses revealed that
KSHV induced a robust Crk association with both EphA2 and
p130Cas as early as 5 min p.i., which was sustained for 30 min p.i.
(Fig. 6E, i and ii, lanes 2 to 4).

C3G molecules are guanine nucleotide exchange factors, acti-
vated downstream of the p130Cas-Crk axis to influence GDP-
GTP exchange directly or indirectly in a variety of downstream
cellular GTPases that include the Ras, Rac, Rho, and Rap families
(44). Our earlier studies have shown that early during binding and

FIG 5 Association of p130Cas and its downstream Crk molecules with lipid rafts early during de novo KSHV infection. (A) Serum-starved (8 h) HMVEC-d
cells were either mock or KSHV infected (20 DNA copies/cell) for the indicated time points. LR and NLR fractions were isolated and analyzed for p130Cas
and Crk levels by Western blot assays. (B) LR and NLR fractions from the same experiment were subjected to immunoprecipitation with anti-EphA2
antibodies and subjected to Western blotting with anti-Crk antibodies. Caveolin-1 and CD71 characterize the purity of LR and non-LR fractions,
respectively. (C and D) Serum-starved (8 h) HMVEC-d cells were either left uninfected or infected (20 DNA copies/cell) for the indicated time points with
KSHV (20 DNA copies/cell), washed, and processed for double immunofluorescence using mouse anti-p130Cas (C) or Crk (D) and goat anti-flotillin-1
(LR marker) antibodies, followed by Alexa 594 and Alexa 488 antibodies, respectively. Representative deconvoluted immunofluorescence images are
shown. Arrows indicate colocalization. Bar, 30 �m.
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entry stages, KSHV entry induces reactive oxygen species and ac-
tivates Rho-GTPase, both of which are utilized to promote cyto-
skeletal motility during KSHV entry and productive trafficking.
We have also shown that KSHV-induced activation of RhoA was
also dependent on EphA2, Src, and PI3-K (7, 14, 57). Since our
co-IP studies demonstrated robust p130Cas and Crk association
at 5, 10, and 30 min p.i., to determine whether the EphA2-CIB1-
p130Cas-Crk signal axis is involved in KSHV-induced GTPase
activation, possibly via Crk-C3G cross talk, we examined the as-
sociation of p130Cas and Crk with activated effector GEF C3G.
Serum-starved HMVEC-d cells were mock or KSHV infected for
5, 10, and 30 min; immunoprecipitated with anti-Crk antibody;
and subjected to Western blotting for activated GEF molecule
phospho-Y504-C3G. In uninfected cells, little or no association
was observed between Crk and phospho-C3G (Fig. 6E, iii, lane 1).
In contrast, KSHV infection induced a transient association of Crk
with phospho-C3G as early as 5 min p.i., which was sustained till
30 min p.i. (Fig. 6E, iii, lanes 2 to 4).

p130Cas knockdown inhibits KSHV nuclear delivery and
gene expression. To characterize the functional effects of p130Cas
on KSHV infection, we used p130Cas lentivirus encoding shRNA
to knock down p130Cas activity in HMVEC-d cells. p130Cas
shRNA inhibited �90% of p130Cas expression as detected by
Western blotting with specific anti-p130Cas antibodies (Fig. 7A).
Tubulin was used as a loading control (Fig. 7A). p130Cas shRNA
did not have any off-target effects on immediate upstream host
cell signaling molecule Src, an important KSHV entry mediator
(Fig. 7A).

To determine the effect of p130Cas shRNA on KSHV infection,
control shRNA- and p130Cas shRNA-transduced HMVEC-d cells
were grown in eight-well chamber slides, infected with KSHV for
48 h, and stained for KSHV latency-associated LANA-1 (ORF73)
protein. In contrast to control shRNA-treated cells, in p130Cas
shRNA-transduced cells we observed �70% reduction in the
characteristic nuclear LANA-1 punctate staining (Fig. 7B).

We reasoned that the decrease in KSHV gene expression could
be due to a block at any of the multiple overlapping steps associ-
ated with de novo KSHV infection in HMVEC-d cells such as virus
binding, entry, or nuclear delivery. Hence, we examined the effect
of p130Cas shRNA at each of these steps. Similar levels of KSHV
binding (�25,100 bound viral DNA copies) were detected in both
p130Cas shRNA- and control shRNA-transduced cells (Fig. 7C),
which demonstrated that p130Cas does not play a role in KSHV
binding. Similarly, KSHV entry experiments also showed compa-
rable levels of internalized viral DNA copies in both control and
p130Cas shRNA-transduced cells and hence no notable decrease
(�10%) in entry (Fig. 7D) as measured by real-time DNA-PCR
for the KSHV ORF73 gene, which was consistent with our live-cell
imaging experiment (described in Fig. 8). In contrast, compared
to control shRNA-transduced cells, KSHV nuclear delivery was
significantly reduced by 50% in p130Cas shRNA-transduced
HMVEC-d cells as measured by real-time DNA-PCR for KSHV
gene ORF73 with DNA isolated from the infected-cell nucleus
(Fig. 7E). We further validated the role of p130Cas in KSHV in-
fectivity by also using siRNAs against p130Cas (Fig. 7G to I) with
different target sequences than those for shRNAs used in Fig. 7A to

FIG 6 Association of p130Cas with KSHV-induced signalosome. (A) Model summarizing the coimmunoprecipitation and PLA experiments to portray
KSHV-induced signalosome assembly. (B to E) Serum-starved (8 h) HMVEC-d cells were either mock or KSHV infected (20 DNA copies/cell) for the indicated
time points; immunoprecipitated with IP antibodies for p130Cas (B), EphA2 (C), c-Cbl (D), and Crk (E); and analyzed by Western blotting (WB) for the
indicated signal molecules. Blots were stripped and reprobed for respective signal molecules to detect the total levels of these molecules.
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FIG 7 Effect of p130Cas shRNA on KSHV infection. (A) HMVEC-d cells were either untransduced or transduced with shControl- or sh-p130Cas-expressing
lentivirus particles and selected with puromycin. Knockdown of p130Cas protein expression was examined by Western blotting for Cas (specific shRNA target),
tubulin, and Src (off-target molecules). (B) Control or Cas shRNA-transduced HMVEC-d cells were mock or KSHV infected (20 DNA copies/cell) for 2 h at 37°C,
washed to remove unbound viruses, and cultured for another 46 h. At 48 h p.i., cells were processed for immunofluorescence analysis using mouse anti-LANA-1
antibodies and costained with DAPI. Representative deconvoluted images are shown. (C) The percentage of cells observed positive for characteristic punctate
LANA-1 staining in IFA is presented graphically. A minimum of 10 independent fields, each with at least 5 cells, were chosen. Error bars show 	standard
deviations. (D and E) Untransduced, control shRNA- and Cas shRNA-transduced HMVEC-d cells were infected with KSHV (20 DNA copies/cell) for 1 h at 4°C
(D) or 2 h at 37°C (E) for binding and entry experiments, respectively. Postwashing, total DNA was isolated and KSHV binding and entry were determined by
real-time DNA-PCR for the KSHV ORF73 gene. Each reaction was done in triplicate, and a representative result is plotted. For binding studies, results are
presented as KSHV DNA copies bound to Cas shRNA-transduced and control shRNA-transduced cells. Error bars show 	standard deviations. For entry studies,
results are presented as percentage of inhibition of KSHV DNA internalization by shCas or shControl compared with infected untransduced cells. (F) Control
shRNA- and Cas shRNA-transduced HMVEC-d cells were infected with KSHV (20 DNA copies/cell) for 2 h at 37°C. Postwashing, nuclei were purified from both
uninfected and infected cells and DNA was isolated. Nuclear entry was determined by real-time DNA-PCR for the KSHV ORF73 gene. Each reaction was done
in triplicate. Error bars show 	standard deviations. (G) HMVEC-d cells were transfected with either control siRNA or p130Cas siRNA, and at 72 h posttrans-
fection, knockdown of p130Cas protein expression was examined by Western blotting for Cas (specific shRNA target) and tubulin. (H) Control or Cas
siRNA-transfected HMVEC-d cells were mock or KSHV infected (30 DNA copies/cell) for 2 h at 37°C, washed to remove unbound viruses, and cultured for
another 22 h. At 24 h p.i., cells were processed for immunofluorescence analysis using mouse anti-LANA-1 antibodies and costained with DAPI. Representative
images are shown. (I) The percentage of cells observed positive for characteristic punctate LANA-1 staining in IFA is presented graphically. A minimum of 10
independent fields, each with at least 8 cells, were chosen. Error bars show 	standard deviations. *, P � 0.05.
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F (see Materials and Methods for details). At 72 h posttransfec-
tion, p130Cas siRNAs inhibited Cas expression by �70% at the
protein level (Fig. 7G). Tubulin was used as a loading control (Fig.
7H). In contrast to control siRNA-transfected HMVEC-d cells,
p130Cas siRNA-transfected cells resulted in an �61% reduction
in the characteristic nuclear LANA-1 punctate staining (Fig. 7H
and I). These results strongly established that p130Cas plays a
functional role in KSHV primary infection in HMVEC-d cells and
that p130Cas is a key signal regulatory molecule during KSHV
postentry stages of infection.

p130Cas knockdown routed KSHV toward lysosomal degra-
dation. We have earlier shown that knocking down cellular adap-
tor c-Cbl inhibited KSHV receptor translocation to the LR and
that NLR-bound KSHV internalized via the clathrin pathway was
degraded in the lysosome (6). Our previous studies also demon-
strated that knocking down EphA2, the strictly LR-associated
KSHV entry receptor, shut down the productive macropinocyto-
sis pathway (7). Since p130Cas knockdown did not affect KSHV
entry but inhibited productive trafficking to the nucleus and suc-
cessful latent gene expression, we reasoned that although KSHV
macropinocytosis is not hampered, p130Cas might be involved in
macropinosome trafficking. To visualize whether knocking down
p130Cas rerouted KSHV to the lysosome, we performed a live-cell

coendocytosis experiment with envelope-labeled KSHV (DiI-
KSHV) and LysoTracker (a basophilic tracking dye for lysosomes)
in both control shRNA (Fig. 8A)- and p130Cas shRNA (Fig. 8B)-
transduced HMVEC-d cells. After addition of DiI-KSHV (red)
and LysoTracker (green) to the cells, the event was tracked live for
15 min (Fig. 8), frames were taken at a regular interval of 1 min,
and representative images are displayed (Fig. 8).

In both control and p130Cas shRNA-transduced cells (Fig. 8A
and B), KSHV infection induced membrane blebs as early as 1 min
p.i. (Fig. 8A and B, differential interference contrast [DIC] images
in the bottommost panels) and KSHV subsequently entered the
cell. Multiple virus particles constantly induced blebs as observed
by the presence of blebs throughout the entry experiment, possi-
bly due to the high titer of KSHV (50 DNA copies/cell). Uptake
levels of LysoTracker and DiI-KSHV were similar in control
shRNA- and p130Cas shRNA-transduced cells. However, most of
the internalized virus particles in p130Cas knockdown HMVEC-d
cells colocalized with LysoTracker as analyzed by ImageJ software
and displayed (see Fig. S1 in the supplemental material). Increased
colocalization between LysoTracker and DiI-KSHV was also
monitored by increased accumulation of colocalization specks be-
tween DiI-KSHV and lysosomal compartments over time. Signal
intensities from individual channels (Ch2, red, upon Ch1, green)

FIG 8 Effect of p130Cas shRNA on the trafficking of internalized KSHV. Control shRNA (A)- or p130Cas shRNA (B)-transduced cells were infected with
DiI-KSHV (55 DNA copies/cell) and were tracked with LysoTracker (green) by live-cell microscopy for the indicated time points. Images were taken using an
Olympus FV10-LIV confocal microscope with a 60� water objective. From 1 min p.i., live images were taken until �15 min p.i., and images were background
corrected using Olympus Fluoview1000. Representative images are shown. Bar, 10 �m.
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were merged to represent colocalization specks on an arbitrary
unit (AU) scale for colocalization (accumulation of virus in lyso-
somal compartments) with intensity ranging from 0 to 4,095 AU.
Images (Fig. 9) were generated using Fluoview1000 software. In
control shRNA-transduced HMVEC-d cells, colocalization speck
intensities at �10 min p.i. were low (Fig. 9A) compared to those in
p130Cas shRNA-transduced HMVEC-d cells (Fig. 9B), which
strongly corroborated previous methods of live-cell imaging anal-
ysis data (Fig. 8). Live-cell imaging movies for colocalization speck
analysis are included in the supplemental material (see Movies S1
and S2). In control shRNA-transduced HMVEC-d cells, lyso-
somes are less active, and as previously published (6, 7), only a very
few DiI-KSHV particles entered by the clathrin-mediated non-
productive infection pathway, demonstrating a minimal colocal-
ization with lysosomes. A significantly higher level of perinuclear
staining of KSHV was observed in shCas HMVEC-d cells than in
control shRNA-transduced HMVEC-d cells (Fig. 8B and 9B). The
reason behind this observation is due to characteristic perinuclear
trans-Golgi staining of active lysosomes (59–64). These results
demonstrated that the reduction of KSHV nuclear viral DNA en-
try and gene expression in sh-p130Cas HMVEC-d cells is due to

virus entering the cell and being directed to the lysosomal nonin-
fectious pathway. These data strongly corroborated other findings
in the present study and established that the p130Cas signal com-
plex plays major roles in proper KSHV postentry trafficking
events resulting in viral DNA entry into the nucleus.

Mechanism of p130Cas action in routing proper KSHV traf-
ficking. To understand the mechanism of p130Cas action in
KSHV cargo trafficking, we first tested the p130Cas downstream
signal molecule cross talk events. Our present findings demon-
strated Cas downstream Crk and effector C3G cross talk during
KSHV de novo infection in HMVEC-d cells (Fig. 6E, iii, lanes 2 to
4). Therefore, we hypothesized that p130Cas knockdown may dis-
rupt the association between Crk and C3G and subsequently affect
cellular GTPase signaling to block KSHV trafficking. To address
this, we utilized the PLA method. Control and p130Cas shRNA-
transduced cells were infected with KSHV and at 5, 10, and 30 min
p.i. processed for PLA with Crk- and phospho-Y504-C3G-specific
antibodies. Control shRNA-treated HMVEC-d cells demon-
strated an increase in PLA signals (green dots) for phospho-Y504-
C3G and Crk association at 10 and 30 min after infection with
KSHV compared to uninfected shControl cells (Fig. 10A). These

FIG 9 Overview of DiI-KSHV and LysoTracker colocalization specks during coendocytosis in shControl versus shCas HMVEC-d cells. The experiment was performed
as described in the legend to Fig. 8. Signal intensity for LysoTracker (Ch1; green) and signal intensity for DiI-KSHV (Ch2; red) were background corrected and overlapped
(x-y-z-t axis) using Olympus Fluoview1000 software. Analyses are displayed as accumulated colocalization intensity (Ch2 on Ch1) in the form of specks (on an average
colocalization intensity scale ranging from 0 to 4,029 arbitrary units) at �10 min p.i. of control (A) or p130Cas shRNA (B)-transduced HMVEC-d cells. Bar, 10 �m.
Respective videos for colocalization specks (x-y-z-t axis) were prepared using Olympus Fluoview1000 and are included in Movies S1 and S2 in the supplemental material.
Yellow and red arrows indicate DiI-KSHV colocalization with LysoTracker in shControl and shCas cells, respectively.
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data were consistent with our co-IP data (Fig. 6E, iii, lanes 2 to 4).
In contrast to control shRNA-transduced cells, p130Cas shRNA
transduction completely abolished the PLA signals (green dots)
for Crk-phospho C3G association in HMVEC-d cells (Fig. 10B).
However, KSHV-induced entry-associated signal amplification
events remained unaffected in p130Cas shRNA-transduced
HMVEC-d cells as monitored by the PLA method, demonstrating
phosho-Y594-EphA2 and CIB1 association (PLA signals in green
dots) as early as 10 min p.i., which was sustained until 30 min p.i.
(Fig. 10C). These data strongly suggested that Crk-C3G cross talk
is a key event downstream to p130Cas and is functionally linked to
KSHV productive trafficking.

To decipher the mechanism of p130Cas’s role in the KSHV
postentry stage of infection further, we examined the association of
KSHV with Rab5-positive, Rab7-positive, and Lamp1-positive (early,
late, and lysosomal markers, respectively) vesicles in control and
p130Cas shRNA-transduced HMVEC-d cells. The respective organ-

elle markers were expressed with a GFP tag using a baculovirus-me-
diated gene delivery system (Invitrogen) in control and p130Cas
shRNA-expressing HMVEC-d cells. Both control and p130Cas
shRNA-transduced HMVEC-d cells were checked for Rab5a-GFP,
Rab7A-GFP, and Lamp1-GFP expression after �19 h of incu-
bation with bac-DNA delivery reagent (MOI of 30). Subse-
quently, shControl cells were infected with envelope-labeled DiI-
KSHV for 10 and 30 min, and p130Cas shRNA-transduced cells
were infected for 30 min and then processed for immunofluores-
cence analysis. In control shRNA-transduced cells, as early as 10
min p.i., KSHV (red) was sorted into early endosomes (green)
(Fig. 11A, i) and did not colocalize with late endosomes or lyso-
somal vesicles (Fig. 11B, i, and C, i). At 30 min after infection of
shControl HMVEC-d cells, KSHV (red) colocalized with early as
well as late endosomes (Fig. 11A, ii, and B, ii), and only a few virus
particles colocalized with lysosomes (Fig. 11C, ii). This observa-
tion was consistent with our previous findings that KSHV pre-

FIG 10 Effect of p130Cas shRNA on KSHV-induced Crk and phospho-C3G association. Control shRNA- (A) or p130Cas shRNA-transduced (B and C)
HMVEC-d cells were mock or KSHV infected (20 DNA copies/cell) for the indicated time points. Cells were fixed and processed for proximity ligation assay
either with a combination of mouse anti-Crk and rabbit anti-phospho-C3G antibodies (B) or with a combination of rabbit anti-phospho-Y594-EphA2 and
mouse anti-CIB1 antibodies (C) and costained with Alexa Fluor 488-conjugated phalloidin and DAPI. Images were merged with the phase contrast images, and
the representative immunofluorescence images are shown. Boxed areas in red are enlarged as insets. PLA signals (green dots) in the insets and arrowheads indicate
the association of respective molecular combinations. Bar, 30 �m.
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dominantly entered via macropinocytosis and was sorted into
Rab5- and Rab7-positive vesicles at 10 min p.i., resulting in the
productive infection (6, 7, 9). However, a few virus particles colo-
calizing with lysosome at 30 min p.i. entered via the noninfectious
clathrin-mediated endocytic pathway (6, 9). In contrast to control
shRNA-transduced cells, in p130Cas shRNA-transduced cells,
KSHV particles colocalized significantly with the lysosomes at 30
min p.i. and not with Rab5 or Rab7 (Fig. 11C and A, iii). These
results demonstrated that KSHV uptake in p130Cas knock-
down cells was rapidly destined to lysosomal degradation,
thereby blocking a successful productive infection. These stud-
ies were consistent with the live-cell imaging findings in shCas
cells (Fig. 8).

These results together with studies shown in Fig. 8, 9, and 10
suggested that the lack of p130Cas scaffolding action enhances the
lysosomal degradative pathway possibly by constantly routing
KSHV from Rab5- (Fig. 11A, iii) and/or Rab7-positive vesicles
(Fig. 11B, iii) to Lamp1-positive lysosomes (Fig. 11C, iii) and

clearly demonstrated that p130Cas is a key molecule functionally
coupling signal molecules associated with KSHV productive traf-
ficking in HMVEC-d cells.

DISCUSSION

Signal assembly and amplification are the key steps involved at
every stage of any physiological or pathological macropinocytosis
that includes actin modulation, macropinosome assembly, clo-
sure, and trafficking (22, 23, 25, 65–69). KSHV exploits ligand
mimicry to induce receptor-ligand clustering on the HMVEC-d
cell surface leading into the induction of receptor and down-
stream intracellular kinases during macropinosome assembly.
Most of these entry mediators, possessing SH2 and SH3 domains,
are recruited in a simultaneous spatiotemporal manner to the
plasma membrane. The present study identified p130Cas as a key
molecule in engaging a multiadaptor complex and feed-forward
signaling during KSHV macropinocytosis that includes not only

FIG 11 Effect of p130Cas knockdown on the productive trafficking of KSHV in endothelial cells. Control shRNA-transduced (A, i and ii; B, i and ii; and C, i and
ii) or p130Cas shRNA-transduced (A, iii; B, iii; and C, iii) HMVEC-d cells were incubated with BacMam 2.0 reagent (baculovirus-mediated gene delivery for
Rab5-GFP [A], Rab7-GFP [B], and Lamp1-GFP [C], respectively) for 19 h. Respective organelle-expressing control and p130Cas knockdown HMVEC-d cells
were incubated with DiI-KSHV (50 DNA copies/cell) for 10 or 30 min at 37°C. After washing, cells were fixed, permeabilized, and examined by immunofluo-
rescence analysis. Representative deconvoluted images are shown. Higher magnifications (�40) of the boxed areas from the merged panels are shown in the
insets. Arrowheads indicate the colocalization of KSHV particles (red) with respective organelles (green). Bar, 20 �m.
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macropinosome assembly but also the trafficking of macropi-
nosome and nuclear delivery of KSHV genome.

The role of major adaptor molecules is well characterized in bac-
terial pathogenesis. Yersinia pseudotuberculosis protein invasin and
host cell surface �1 integrin interaction induces FAK and subse-
quent Src phosphorylation, recruiting p130Cas and downstream
Crk for Rac activation, leading to actin-mediated phagocytosis of
the pathogens (70). Invasion of Salmonella enterica serovar Typhi-
murium into host cells is coordinated by FAK and p130Cas (37),
while Shigella is known to use Crk to induce actin polymerization
to enter into epithelial cells (34). Host adaptor proteins Gab1 and
CrkII play roles in InIB-dependent Listeria monocytogenes entry
into target cells (33). However, there was a dearth of knowledge
regarding the role of these two major adaptor molecules in viral
pathogenesis. One study showed that p130Cas, in association with
PI3-K, facilitated �V�5 integrin-mediated adenoviral endocytosis
(35); however, the specific route and mechanism of endocytosis
were not known. EphA2-mediated cytoskeletal signaling via ma-
jor cellular scaffold protein p130Cas in other systems is a very well
known phenomenon (31). p130Cas is capable of binding to up-
stream signal molecules such as FAK, Src, and PI3-K as well as
many downstream adaptor proteins such as Nck and Crk, etc. (38,
39). Our earlier studies have demonstrated that FAK, Src, PI3-K,
and EphA2 molecules play key roles in KSHV entry and in the
activation of associated signal pathways (7, 16, 71). We have also
recently demonstrated EphA2-mediated signal amplification and
cross talk with the actin cytoskeleton during KSHV infection,
which is aided by CIB1, a noncanonical adaptor or scaffold mol-
ecule (9).

Our comprehensive biochemical and morphological studies
highlighted that (i) KSHV macropinosome trafficking is system-
atized via the scaffold molecule p130Cas, which acts as the main
signaling platform for receptor EphA2-downstream multiple adap-
tor-effector complex formation during post-KSHV-entry trafficking
stages, and (ii) p130Cas recruits a variety of canonical adaptors such
as c-Cbl, Crk, and C3G, as well as proteins that mimic adaptor func-
tions, such as CIB1, to cumulatively exert a global effect with each
single adaptor molecule uniquely positioned to play mechanistic
modulation and signaling cross talk roles necessary for the different
stages of KSHV macropinocytosis (Fig. 12).

Studies utilizing p130Cas shRNA demonstrated that although
KSHV entered the cells efficiently, it did not proceed toward a
productive infection but instead was routed toward lysosomal
degradation (Fig. 8, 9, and 11), which is an exciting observation.
Our previous studies demonstrated that the absence of adaptor
c-Cbl detoured KSHV toward lysosomal degradation, and we ini-
tially reasoned that this could be due to switching of pathways via
selective signaling in KSHV entry receptor integrins (6). However,
p130Cas shRNA knockdown did not abrogate KSHV-induced
bleb-mediated macropinocytosis but promoted trafficking of in-
ternalized KSHV very rapidly to lysosomes, which could occur by
inhibiting downstream Crk association with phospho-C3G mol-
ecules (Fig. 10). These important data not only designated a new
scaffold function for p130Cas but also opened up a new phenom-
enon of steady versus rapid sorting of viruses and associated sig-
naling in postentry cargo trafficking toward the nucleus or lyso-
some for KSHV in the absence of cellular p130Cas. That
knockdown of p130Cas affects Crk-C3G cross talk and directly or
indirectly regulates cargo trafficking is another new finding of this
study. C3G is shown to be a guanine nucleotide exchange factor

that catalyzes GDP-GTP exchange to activate cellular GTPases.
C3G-activated GTPases are primarily associated with actin cyto-
skeletal motility under physiological or pathological conditions
associated with human malignancies (44). C3G action is explored
in a variety of receptor-associated signaling events that include
integrins, B and T cell receptors, insulin, epidermal growth factor
receptor (EGFR), nerve growth factor receptor (NGFR), and
gamma interferon (72–79). C3G is functionally tied to intracellu-
lar vesicle transport, particularly in transportation of GLUT4
downstream to insulin receptor signaling (80), interaction with
E-cadherin vesicle trafficking in regulating cellular junctional dis-
assembly, and activation of Rab11-positive recycling endosomes
(81, 82). However, involvement of the Crk-C3G axis in sorting
productive pathways for virus trafficking is a completely new ad-
dition to C3G function. Further studies are essential to decipher
mechanistic details of C3G-GEF action in KSHV cargo-contain-
ing vesicle fusion and maturation from early to late endosomes
and/or subverting late endosomes to lysosomes.

DiI labels the envelope of the virus, and a significantly higher
level of perinuclear staining of KSHV was observed in shCas
HMVEC-d cells but not in control shRNA-transduced HMVEC-d
cells (Fig. 8B and 9B), which is consistent with the characteristic
perinuclear trans-Golgi staining of active lysosomes (59–64). This
phenomenon also strongly corroborated with the experimental
evidence in Fig. 11 which demonstrated that in shCas HMVEC-d
cells, the virus particles accumulated in lysosomes possibly by
constant routing of KSHV from Rab5- (Fig. 11A, iii) and/or Rab7-
positive vesicles (Fig. 11B, iii) to Lamp1-positive lysosomes (Fig.
11C, iii). The lack of p130Cas scaffolding action did not hamper
the biogenesis of lysosome biogenesis (Fig. 11C, iii). Whether en-
hanced lysosomal targeting is due to a defect in pH-dependent
deenvelopment of the virus is beyond the scope of the present
study and needs further investigation.

Our biochemical fractionation and coimmunoprecipitation
studies revealed that p130Cas translocated to the lipid raft regions
of HMVEC-d cells and assembled a signalosome that consisted of
the receptor EphA2, E3 ubiquitin ligase c-Cbl, signal amplifier
CIB1, adaptor Crk, and effector GEF as early as 5 min p.i. that was
sustained for 30 min p.i. Owing to its scaffolding property,
p130Cas facilitated KSHV-induced molecular signal complex
cross talk presumably by regulating spatiotemporal proximity of
molecules, which collectively culminated in functional determina-
tion of internalized KSHV destination to intracellular vesicles. Ex-
ploring endosomal localization kinetics of each upstream and down-
stream signal molecule placed in the p130Cas signal axis during
KSHV intracellular vesicle transport would shed further light on
p130Cas scaffold function during primary KSHV infection.

Our earlier electron microscopic studies have demonstrated
that KSHV induces membrane protrusions as early as 5 and 10
min p.i. (9) of HMVEC-d cells, which is followed by a very rapid
internalization of virus into large irregularly shaped macropi-
nocytic vesicles and that subsequent fusion of virion envelope
with the endocytic vesicle membrane releases the capsid from the
macropinosome into the cytosol. The stages during KSHV entry
and postentry are highly overlapping. Thus, not all bound viruses
are internalized at the same time. As a result, infectious particles
may be observed inside the macropinosome, whereas some can
still be found at the periphery of the cell. In our earlier confocal
and electron microscopic studies, at 5 min p.i., we have also ob-
served a few KSHV capsid particles in the cytoplasm, which were
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probably released from the endocytic vesicles (9, 13). These stud-
ies have demonstrated that KSHV entry is a very fast and dynamic
process and that the event dynamicity probably depends on the
number of virus particles infecting a single HMVEC-d cell.

Overall, our studies reveal for the first time that p130Cas plays
critical roles in recruiting multiple adaptor molecules, such as
EphA2-CIB1-c-Cbl-Crk-C3G, resulting in a unique signal axis that
regulates the stages of pathological (viral) macropinocytosis and thus
facilitates herpesvirus trafficking. Hence, simultaneous targeting of

KSHV entry receptors and p130Cas to block KSHV entry as well as
abolish productive trafficking is an attractive strategy to control
KSHV infection and resulting malignancies such as Kaposi’s sar-
coma.
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FIG 12 Model depicting the role of scaffold protein p130Cas during KSHV primary infection in HMVEC-d cells. KSHV binding (1) to the NLR region-localized
integrin receptors (�3�1 and �V�3) activates downstream signal molecules (2) and promotes NLR recruitment of CIB1, p130Cas, and Crk molecules along with
other KSHV entry mediators. KSHV-bound selective integrin receptor (�3�1 and �V�3) translocation to LR (3a) and LR-associated entry receptor EphA2
activation promote signal clustering, which enhances LR recruitment and/or LR translocation of CIB1, p130Cas, and Crk molecules (4 and 5). EphA2 and CIB1
synergize to facilitate KSHV entry and signal amplification, which promote simultaneous phosphorylation of downstream scaffold molecule p130Cas (6a).
p130Cas assembles EphA2-CIB1-c-Cbl-Crk and activated GEF C3G molecules to accelerate postentry stages of macropinosome trafficking (6b), which eventu-
ally leads to release of KSHV capsid from the endosome (7a) and nuclear delivery of the KSHV genome (8). p130Cas-assembled signalosome guides KSHV to
deliver its genome into the infected HMVEC-d cell nucleus and establish successful productive primary infection. p130Cas-regulated Crk and phospho-C3G
association directly or indirectly uncouples KSHV detouring toward lysosomal degradation (7b). Our studies have clearly demonstrated that p130Cas is a key
molecule functionally coupling signal molecules associated with KSHV productive trafficking in HMVEC-d cells.
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