
The Intracellular Domain of the Coxsackievirus and Adenovirus
Receptor Differentially Influences Adenovirus Entry

Fabien Loustalot,a,b Eric J. Kremer,a,b Sara Salinasa,b

Institut de Génétique Moléculaire de Montpellier, CNRS, Montpellier, Francea; Université de Montpellier, Montpellier, Franceb

ABSTRACT

The coxsackievirus and adenovirus receptor (CAR) is a cell adhesion molecule used as a docking molecule by some adenoviruses
(AdVs) and group B coxsackieviruses. We previously proposed that the preferential transduction of neurons by canine adenovi-
rus type 2 (CAV-2) is due to CAR-mediated internalization. Our proposed pathway of CAV-2 entry is in contrast to that of hu-
man AdV type 5 (HAdV-C5) in nonneuronal cells, where internalization is mediated by auxiliary receptors such as integrins. We
therefore asked if in fibroblast-like cells the intracellular domain (ICD) of CAR plays a role in the internalization of the CAV-2
fiber knob (FKCAV), CAV-2, or HAdV-C5 when the capsid cannot engage integrins. Here, we show that in fibroblast-like cells, the
CAR ICD is needed for FKCAV entry and efficient CAV-2 transduction but dispensable for HAdV-C5 and an HAdV-C5 capsid
lacking the RGD sequence (an integrin-interacting motif) in the penton. Moreover, the deletion of the CAR ICD further impacts
CAV-2 intracellular trafficking, highlighting the crucial role of CAR in CAV-2 intracellular dynamics. These data demonstrate
that the CAR ICD contains sequences important for the recruitment of the endocytic machinery that differentially influences
AdV cell entry.

IMPORTANCE

Understanding how viruses interact with the host cell surface and reach the intracellular space is of crucial importance for ap-
plied and fundamental virology. Here, we compare the role of a cell adhesion molecule (CAR) in the internalization of adenovi-
ruses that naturally infect humans and Canidae. We show that the intracellular domain of CAR differentially regulates AdV en-
try and trafficking. Our study highlights the mechanistic differences that a receptor can have for two viruses from the same
family.

Adenoviruses (AdVs) infect mammals, reptiles, amphibians,
and birds (1). In humans, AdVs cause diseases ranging from

mild respiratory and ocular infections to severe or lethal patholo-
gies in immunocompromised hosts (2). There are over 200 AdVs
identified, which include more than 56 human AdV (HAdV) types
that have been partially characterized. Most of the studies address-
ing receptor usage and intracellular trafficking have used HAdV
type 5 (HAdV-C5) or type 2 (HAdV-C2) and paved the way to-
ward the characterization of how AdVs interact with surface mol-
ecules and use the endocytic machinery to access the cytoplasm
(2–4).

AdVs engage cell surface molecules via their fiber, penton, and
hexon proteins (2). The knob region of the fiber (FK) of some of
HAdV species A, C, D, E, and F interacts with the coxsackievirus
and adenovirus receptor (CAR) (2, 5). CAR is a single-pass trans-
membrane protein containing an extracellular domain (ECD)
composed of two Ig-like domains (D1 and D2), a transmembrane
domain (TM), and an intracellular domain (ICD) (6). Several
motifs present in the ICD, such as the PDZ domain and the clath-
rin adaptor protein (AP) binding site, mediate protein-protein
interactions (6, 7). Moreover, posttranslational modifications, in-
cluding glycosylation of the ECD, palmitoylation, and phosphor-
ylation in the ICD, have been reported for CAR (8, 9). These
sequences and posttranslational modifications could influence
CAR’s role during AdV engagement/internalization.

In epithelial cells, CAR is thought to be mainly a docking factor
for HAdV-C5 because CAR lacking the ICD is not notably differ-
ent from full-length CAR during HAdV-C5 vector transduction
assays (10). These data led to the conclusion that HAdV-C5 inter-

nalization is mediated by integrins via the engagement of the con-
served RGD motif in the AdV penton (4, 11, 12). Interestingly,
CAR is coendocytosed upon engagement of the canine adenovirus
type 2 (CAdV-2, commonly referred to as CAV-2) and HAdV-C5
ex vivo in neurons and neuronal cell lines, raising the possibility
that CAR actively participates in the endocytosis of some viruses
(13, 14). CAV-2 vectors are powerful tools for gene transfer to the
brain because they preferentially transduce neurons and undergo
efficient axonal retrograde transport (15–18). CAV-2 engages
CAR on the neuronal membrane, which leads to internalization
and access to the axonal transport machinery (13, 14). Moreover,
using the CAV-2 FK (FKCAV), which also triggers CAR endocyto-
sis, we delineated the endocytic mechanisms during CAR inter-
nalization and showed that FKCAV entry requires lipid raft integ-
rity, dynamin, actin dynamics, and the first 16 amino acids (aa) of
the ICD (14). Because CAR appears to be the exclusive attachment
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molecule for CAV-2 (19), understanding CAR’s role and mem-
brane dynamics is crucial for applied and fundamental studies.

In this study, we characterized the role of the CAR ICD for
FKCAV, CAV-2, and HAdV-C5 internalization in fibroblast-like
cells. We show that CAR is endocytosed in NIH 3T3 cells and that
the deletion of the ICD impacts FKCAV and CAV-2 intracellular
trafficking and/or transduction efficacy but does not impact the
transduction of HAdV-C5 or HAdV-C5 lacking the penton RGD
motif (HAdV-C5�RGD), which partially recapitulates CAV-2 cap-
sid. We report a role for the CAR ICD in AdV internalization and
identify a differential use of CAR by AdV types.

MATERIALS AND METHODS
Cell culture. NIH 3T3 cells were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM; Life Technologies) with UltraGlutamine (Lonza)
supplemented with 10% fetal calf serum (FCS) (Sigma), nonessential
amino acids (NEAA) (Gibco), and penicillin-streptomycin. Cells were
incubated at 37°C in saturated humidity with 5% CO2.

DNA constructs and reagents. The plasmids pCARFL-RFP (encoding
human CAR; RFP is red fluorescent protein) and pCAR�ICD-RFP were a
gift from Maddy Parsons (Kings College London) and have been previ-
ously described (20). All point mutations or deletions were performed by
directed-mutagenesis PCR. Two mutants of CAR (isoform 1) were gen-
erated using the plasmid pCARFL-RFP (where FL is full-length) as the
template. The pCAR�CC-RFP plasmid was obtained using the mutagenic
primer 5=-CTCATTGGTCTTATCATCTTTGCCGCTCGTAAAAAGCG
CAGAGAA-3= (substituted residues are underlined), which replaces cys-
teine residues at positions 259 and 260 with two alanines (C259A and
C260A). The plasmid pCAR274 was obtained by adding a stop codon
after the histidine residue at position 274 with the following primer 5=-A
AATATGAAAAGGAAGTTCATTAAGATATCAGGGAAGATGTGCC
A-3= (underlining indicates mutations/substitutions). All DNA con-
structs were verified by sequencing. The Rab7-green fluorescent protein
(GFP) construct was previously described (21). Several anti-CAR anti-
bodies were used: a mouse monoclonal RmcB (Millipore), a mouse
monoclonal E1.1, and a goat polyclonal anti-CAR (R&D Systems). All
CAR antibodies recognize the ECD. Anti-CAV-2 rabbit polyclonal
(against the entire capsid) was purified in-house. FKCAV staining was
performed with a rabbit polyclonal anti-FKCAV previously described (14).
Lysosomes were labeled with a rat monoclonal anti-LAMP-1 (Abcam).
Mouse monoclonal anti-�-tubulin (Sigma) was used for immunofluores-
cence and as a loading control for immunoblot analyses. Anti-mouse,
anti-rabbit, or anti-goat horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Sigma) were used according to the species of the pri-
mary antibody used. Fluorescent secondary antibodies coupled to Alexa
488, 555, and 647 (Life Technology) were used depending on the combi-
nation of the primary antibody (e.g., goat anti-CAR labeled with an anti-
goat coupled to Alexa 488 [Fig. 1] or with an anti-goat coupled to Alexa
555 [Fig. 2, 4, 5]).

Transferrin-Alexa 488 (Life Technology) was used at 1:100 in culture
medium. Transfections were performed using Lipofectamine 2000 (Life
Technology) according to the manufacturer’s recommendations.

Vectors and recombinant viral ligand. HAdV-C5 vectors expressing
�-galactosidase (here called AdV-�Gal and AdV�RGD-�Gal (a gift from
A. Baker, University of Glasgow), CAV-GFP, and CAV-�Gal were pro-
duced and purified as described previously (22, 23). The CAV-2 vectors
used in the study had a ratio of 1 infectious particle/�3 physical particles
(pp). The HAdV-C5 vectors used in the study had a ratio of 1 infectious
particle/�10 pp. The recombinant CAV-2 fiber knob (FKCAV) was pro-
duced and purified as previously described (24).

Immunofluorescence staining and microscopy imaging. NIH 3T3
cells were washed with phosphate-buffered saline (PBS) and fixed with
4% paraformaldehyde (PFA) in PBS for 15 min at room temperature
(RT). After fixation, the coverslips were washed with PBS at RT, and cells

were permeabilized with PBS containing 0.1% (vol/vol) Triton X-100 for
5 min. Cells were then blocked with a solution containing 2% (wt/vol)
bovine serum albumin (BSA) and 10% (vol/vol) horse serum in PBS for
30 min to 1 h at RT. Primary and secondary antibodies were diluted in
blocking solution and incubated overnight at 4°C and for 1 h at RT, re-
spectively. Coverslips were mounted on slides with fluorescent mounting
medium supplemented with 4=,6=-diamidino-2-phenylindole (DAPI;
Sigma). Image acquisitions were performed using a Leica SP5 confocal
microscope equipped with multiwavelength argon and helium-neon la-
sers and a 63� (1.4 numerical aperture [NA]) Plan Apochromat oil im-
mersion objective. Immunofluorescence quantification was performed by
imaging three independent experiments, with 5 to 10 fields/experiment
and 5 to 20 cells/field. Details for each experiment are found in the figure
legends.

Flow cytometry. NIH 3T3 cells were washed and then scraped in ice-
cold PBS and pelleted at 200 � g. Cells were either fixed with 2% PFA in
PBS for 15 min at RT or incubated with primary and secondary antibodies
before fixation. Staining was performed in cold PBS supplemented with
10% FCS for 1 h at 4°C for primary antibodies and for 30 min at 4°C for
secondary antibodies. Washes were performed using cold PBS. Sample
collections were analyzed using a FACSCalibur analyzer (BD Bioscience),
and data analysis was performed with FlowJo software. The CAV-2-spe-
cific signal (see Fig. 4A) was quantified by measuring the total fluores-
cence compared to that of nontransfected and noninfected cells and set-
ting the fluorescence level at time zero to 100%.

�-Galactosidase activity assay. NIH 3T3 cells were incubated with
100 pp/cell of AdV-�Gal, AdV�RGD-�Gal, or CAV-�Gal for 24 h (AdV)
or 48 h (CAV) in 12-well plates, washed in PBS, and then lysed with 100
�l/well of lysis buffer; cells were collected and centrifuged at 1,000 � g for
5 min. Protein concentration was determined using Bradford reagent
(Sigma). A �-galactosidase activity assay was performed using a Galacto-
Star system (Applied Biosystems) according to the manufacturer’s recom-
mendation. Ten microliters of sample (�1 mg/ml) was added to 200 �l of
reaction buffer and incubated for 15 min at RT. �-Galactosidase activity
was measured with a luminometer during 1 s. Data analysis was per-
formed by normalizing the �-galactosidase activity to the protein concen-
tration for three independent experiments performed in duplicates.

Statistical analyses. Data were analyzed using Student’s t test for un-
paired data or a Mann-Whitney test. Results are expressed as means �
standard errors of means (SEM).

RESULTS
The ICD is needed to target CAR and FKCAV to the endolyso-
somal pathway in fibroblast-like cells. In neurons, CAR is coen-
docytosed following engagement of FKCAV, CAV-2, and HAdV-C5
(13, 14). However, it is unclear whether CAR is taken up by the
endocytic pathway in nonneuronal cells or whether its ICD influ-
ences CAV-2 transduction. We therefore examined CAR mem-
brane dynamics in NIH 3T3 cells, a murine fibroblast-like cell line
that does not express CAR and is resistant to CAV-2 and
HAdV-C5 vector transduction (19, 25). First, using CARFL-RFP
(full-length), we generated a series of constructs. In one construct
we replaced the palmitoylation sites (cysteines 259 and 260 [8])
with two alanines to create CAR�CC-RFP. We then deleted either
the residues after the first 16 aa of the ICD (CAR274) or the intra-
cellular tail except for the two first cysteines, C259C260 (CAR�ICD)
(Fig. 1A) (14). NIH 3T3 cells were then transfected with plasmids
encoding each mutant, and global expression and membrane lev-
els were examined. Immunoblot analyses showed CAR expression
and confirmed the lack of CAR in mock-transfected cells (Fig. 1B).
Flow cytometry analyses of transfected cells incubated with an
anti-CAR antibody before fixation showed similar CAR levels at
the plasma membrane between constructs (Fig. 1C). Incubation
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of transfected cells with FKCAV on ice for 20 min and detection
using an anti-FKCAV antibody also showed binding on CAR-pos-
itive (CAR�) cells, confirming that the CAR constructs were effi-
ciently targeted to the plasma membrane (Fig. 1D).

To determine whether FKCAV engagement of CAR induces its

internalization and degradation by lysosomes in NIH 3T3 cells, we
incubated transfected cells with FKCAV for 20 min on ice and
shifted them to 37°C for 30 min to allow internalization. FKCAV

binding to CARFL-RFP triggered efficient targeting to LAMP-1-
positive lysosomes as seen by the colocalization of FKCAV, CAR,

FIG 1 Cell surface expression of CAR and its mutants in NIH 3T3 cells. (A) Schematic representation of constructs used in the study. The numbers indicate the
amino acid residues, and the two Ig-like domains D1 and D2 are indicated. (B) Immunoblot analysis of CARFL-RFP, CAR�CC-RFP, CAR274, and CAR�ICD-RFP
expression. CAR was detected using an antibody against the ECD. Expected bands are indicated by an asterisk, and other bands correspond to CAR without the
RFP tag. �-Tubulin was used as a loading control. Immunoblot analysis shows equal expression levels of the different DNA constructs in NIH 3T3 cells. NT,
nontransfected. (C) Flow cytometry analysis of CAR cell surface levels. NIH 3T3 cells were transfected with plasmids expressing CAR constructs, and CAR cell
surface expression was assayed by flow cytometry using an antibody against the CAR ECD on nonpermeabilized cells. (D) Confocal microscopy of CAR plasma
membrane location using FKCAV. NIH 3T3 cells were transfected with the different constructs, and at 24 h posttransfection 1 ng/ml of FKCAV was added for 20
min on ice. Cells were fixed and stained for CAR (green) and for FKCAV (cyan). Scale bar, 15 �m.
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and LAMP-1 (Fig. 2). To determine the role of the ICD in FKCAV

internalization, we performed the same assay in cells transfected
with CAR�CC-RFP, CAR274, and CAR�ICD-RFP. Only the cells
transfected with CAR�ICD-RFP were unable to internalize FKCAV,
suggesting that the role of the CAR ICD in FKCAV endocytosis in
fibroblast-like cells is similar to that in neurons (Fig. 2).

Together, these data demonstrate that in fibroblast-like cells,
the first 16 aa (CAR274) are needed for FKCAV entry and targeting
to lysosomes and that palmitoylation of the ICD is dispensable for
ligand-induced CAR internalization.

CAR ICD influences CAV-�Gal but not AdV�RGD-�Gal
transduction. The CAV-2 capsid lacks a readily identifiable integ-
rin-interacting motif (15, 19, 26). We therefore hypothesized that
CAR, and not integrins, regulates CAV-2 entry (19). Because
CAR�ICD cannot internalize FKCAV, we asked whether the ICD
regulates CAV-2 vector transduction. We therefore tested NIH
3T3 cells expressing CARFL-RFP, CAR�CC-RFP, CAR274, and
CAR�ICD-RFP for their ability to be transduced by CAV-�Gal (an
E1-deleted CAV-2 vector harboring a �-galactosidase expression
cassette). At 24 h posttransfection with the CAR plasmids, we
incubated cells with 100 pp/cell of CAV-�Gal for 48 h and then
quantified �-Gal activity. Nontransfected cells incubated with
CAV-�Gal and mock (nontransfected noninfected) cells had no
significant �-Gal activity (Fig. 3A). To compare the constructs,
�-Gal activity in cells expressing CARFL-RFP and incubated with

CAV-�Gal was normalized to 1. CAR�CC-RFP-expressing cells
had a �10% decrease in transduction compared to the level in
CARFL-RFP-expressing cells, whereas CAR274-expressing cells did
not show a significant decrease (Fig. 3A.). Although CAR�ICD-
RFP did not allow FKCAV internalization, CAR�ICD-RFP-express-
ing cells were transduced by CAV-�Gal but had significantly lower
�-Gal activity than CARFL-RFP-expressing cells (Fig. 3A). These
data suggest that the first 16 aa of the ICD and possibly the palmi-
toylation of the CAR ICD are necessary for efficient CAV-2 vector
transduction.

In contrast to CAV-2, the list of cell surface molecules that
HAdV-C5 can engage is long (2). HAdV-C5 can dock to CAR,
and, in most cell types, integrins act as auxiliary receptors and
facilitate virus internalization through an RGD motif in the pen-
ton base (4, 11, 27). In contrast, the CAV-2 capsid lacks identifi-
able integrin-interacting motifs, is smoother, is neutral in charge,
and has fibers with two potential hinges (26). In this context, an
HAdV-C5 capsid lacking the RGD motif (HAdV-C5�RGD) may
mirror the possible integrin-independent CAV-2 entry mecha-
nism. Previous studies in CAR-expressing cells showed that
HAdV-C5�RGD has a delay in internalization (23, 28). In neurons,
CAR is cointernalized with HAdV-C5, suggesting a potential
CAR-mediated internalization of HAdV-C5. Therefore, we asked
if HAdV-C5�RGD transduction was impacted by the absence of the
CAR ICD. To address this, NIH 3T3 cells were transfected with

FIG 2 CAR endocytosis triggered by FKCAV in NIH 3T3 cells. Confocal microscopy analyses were performed of FKCAV-mediated CAR endocytosis. NIH 3T3 cells
were transfected with the different CAR constructs, and at 24 h posttransfection 1 ng/ml of FKCAV was added for 20 min on ice; samples were washed and
incubated for 1 h at 37°C. Cells were labeled with anti-CAR against the ECD (magenta), anti-FKCAV (cyan), and anti-LAMP-1 (green) to visualize lysosomes. All
constructs except CAR�ICD-RFP allowed targeting of FKCAV to lysosomes. CAR lacking its ICD is not internalized upon FKCAV engagement. Insets show higher
magnifications (�3�) of internalized structures (white) containing CAR, FKCAV, and LAMP-1, identified by arrows. Scale bar, 10 �m.
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CARFL-RFP or CAR�ICD-RFP and incubated with AdV-�Gal or
AdV�RGD-�Gal. In mock-treated and nontransfected cells incu-
bated with vectors, �-Gal activity was undetectable (Fig. 3B). In
cells transfected with CARFL-RFP or CAR�ICD-RFP and incubated
with AdV-�Gal, no significant difference in the levels of �-Gal
activity was observed (Fig. 3B). Interestingly, AdV�RGD-�Gal ef-
ficiently transduced cells expressing CARFL-RFP or CAR�ICD-RFP
(Fig. 3B), demonstrating that the ICD of CAR was not crucial for
transduction of an HAdV-C5 vector that is unlikely to engage
integrins.

These data suggest that the ICD of CAR is necessary for effi-
cient CAV-2 transduction but is dispensable for HAdV-C5 and
HAdV-C5 lacking the highly conserved integrin binding motif,
thereby identifying differential use of CAR by AdV types.

CAR�ICD poorly enters the endosomal pathway upon CAV-2
engagement and triggers a delayed uptake. The above results re-

garding the role of the CAR ICD suggest that CAV-2 and FKCAV

are internalized via different mechanisms. Indeed, although
CAV-2 transduction is less efficient in the absence of CAR ICD, it
still occurs. We therefore used flow cytometry to quantify CAV-2
endocytosis kinetics. NIH 3T3 cells transfected with CARFL-RFP
or CAR�ICD-RFP were incubated with CAV-GFP for 30 min on
ice. Cells were then shifted to 37°C for the indicated amount of
time (Fig. 4A), put back on ice, incubated with an anti-CAV-2
antibody, washed, incubated with an Alexa 488-secondary anti-
body, fixed, and analyzed by flow cytometry. Using this assay, we
detected a time-dependent decrease in fluorescence that reflects
the internalization of CAV-2 and its inaccessibility to the antibody
in cells transfected with CARFL-RFP or CAR�ICD-RFP (Fig. 4A).
In CAR�ICD-RFP-expressing cells, the kinetics of internalization
of CAV-2 was slower since the decrease in fluorescence was less
pronounced than in CARFL-RFP-expressing cells (Fig. 4A). We
then asked if CAR�ICD-RFP was internalized following CAV-2
engagement. NIH 3T3 cells expressing either CARFL-RFP or
CAR�ICD-RFP were incubated with CAV-GFP for 30 min on ice
and assayed for CAV-2/CAR colocalization at various times of
internalization. When the cells were fixed at 0 min, CAV-2 colo-
calized with CARFL-RFP and CAR�ICD-RFP (Fig. 4B). At 30 min,
CAV-2/CARFL-RFP colocalized inside the cells (Fig. 4C). In con-
trast, at 30 min postengagement, CAV-2 poorly colocalized with
CAR�ICD-RFP (Fig. 4C). Quantitative analyses showed that
CAR�ICD-RFP/CAV-2 colocalization was significantly lower than
that of CARFL-RFP/CAV-2 (Fig. 4D), demonstrating that
CAR�ICD was less efficiently cointernalized with CAV-2.

We then used Alexa-labeled transferrin (Tf-Alexa 488) to visu-
alize endocytic structures containing internalized virions and
CAR. NIH 3T3 cells transfected with CARFL-RFP or CAR�ICD-
RFP were incubated with Tf-Alexa 488 and CAV-GFP for 30 min
on ice. Cells were then shifted to 37°C for 20 min to allow endo-
cytosis. CAV-2/CARFL-RFP colocalized with Tf-Alexa 488-posi-
tive (Tf-Alexa 488�) structures, demonstrating that, similar to
results in neurons, cointernalization of virion and receptor in en-
dosomes occurred (Fig. 4E). However, CAR�ICD-RFP and CAV-2
were seldom seen in Tf-Alexa 488� structures (Fig. 4E). Quanti-
fication of CAR in Tf-Alexa 488� endocytic structures showed
little CAR�ICD-RFP internalized, consistent with a defect of entry
(Fig. 4F).

Together, these data demonstrate that the ICD of CAR plays a
role during CAV-2 endocytosis. This is consistent with the de-
crease in transduction efficiency in cells expressing CAR�ICD-RFP.
These observations suggest a requirement that the CAR ICD in-
teract with other proteins to allow efficient internalization.

The ICD of CAR affects CAV-2 intracellular trafficking. In
axons, CAV-2 vectors and CAR are transported in Rab7�/pH-
neutral endosomes until they reach the cell body (13, 29). We
therefore monitored whether CAV-2 vectors could reach Rab7�

organelles in NIH 3T3 cells. To this end, we cotransfected NIH
3T3 cells with plasmids encoding the CAR-RFP constructs and
Rab7-GFP, incubated them with CAV-GFP, and assayed for colo-
calization. We detected CAV-2 in Rab7� structures together with
CARFL-RFP, suggesting that CAV-2 reaches the late stage of en-
docytosis in nonpolarized cells, where Rab7 is associated with
acidic endosomes (Fig. 5A and B). In CAR�ICD-RFP-expressing
cells, CAV-2 was found in Rab7� structures at a lower rate, show-
ing impaired or delayed CAV-2 endosomal trafficking (Fig. 5A
and B).

FIG 3 CAV-2 and HAdV-C5 vectors rely differently on the CAR ICD. (A)
Differential efficacy of CAV-�Gal cell transduction by CARFL-RFP and
CAR�ICD-RFP. Efficacy of cell transduction was measured by quantifying
�-galactosidase (�-Gal) activity. Cells expressing either CARFL-RFP, CAR�CC-
RFP, CAR274, or CAR�ICD-RFP for 24 h were infected with 100 pp/cell of
CAV-�Gal for 48 h. Mock cells are nontransfected (NT) and mock transduced.
Nontransfected cells were incubated with 100 pp/cell of CAV-�Gal. Results of
three independent experiments in duplicate are expressed as means � SEM. *,
P 	 0.05 (for values in transfected cells versus the controls; Mann-Whitney
test). (B) Quantification of �-Gal activity in cells expressing either CARFL-RFP
or CAR�ICD-RFP and incubated with 100 pp/cell of AdV-�Gal or AdV�RGD-
�Gal for 24 h. Mock cells are nontransfected and mock transduced. Nontrans-
fected cells were incubated with 100 pp/cell of AdV-�Gal or AdV�RGD-�Gal.
Results of three independent experiments in duplicate are expressed as
means � SEM. AU, arbitrary units.
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Postendocytosis, HAdVs are thought to escape endosomal
structures via a protein VI-dependent lysis of the vesicular mem-
brane (3, 30), and once in the cytoplasm, they undergo dynein-
dependent transport (4, 31). In cells incubated with high doses of
AdVs, the capsids accumulate at the microtubule organizing cen-
ter (MTOC) (4). Here, we found that in NIH 3T3 cells incubated

with 2,000 pp/cell of CAV-GFP, capsids accumulated close to the
nucleus. CAR staining suggested that CAV-2 was not associated
with CAR, suggesting that virions had escaped endosomes and
trafficked to the MTOC (Fig. 4C, asterisks). To determine whether
this structure was the MTOC, we fixed cells at 30 min, 60 min, 2 h,
and 6 h postincubation and labeled the microtubule network with

FIG 4 The role of the CAR ICD in CAV-2 internalization. (A) Flow cytometry analyses of CAV-GFP at the cell surface in NIH 3T3 cells expressing CARFL-RFP
or CAR�ICD-RFP. At 24 h posttransfection, 2,000 pp/cell of CAV-GFP was added to the cells for 30 min on ice. Cells were washed and collected at the indicated
times. CAV-GFP labeling was performed prefixation by incubating cells with an anti-CAV-2 antibody. Results of three independent experiments are expressed
as means � SEM.*, P 	 0.05; **, P 	 0.01 (for values in transfected cells versus the control values; Student’s t test). (B and C) Confocal microscopy of NIH 3T3
cells expressing either CARFL-RFP or CAR�ICD-RFP and infected with 2,000 pp/cell of CAV-GFP for 30 min on ice (B) or washed and incubated for 30 min at
37°C before fixation (C). CAV-GFP was labeled with an anti-CAV-2. In panel B, virions are bound at the cell surface and colocalized with CAR (insets show �3�
higher magnifications), and arrows indicate colocalization between CAR (magenta) and CAV-2 (green). Panel C shows colocalization at 30 min postinternal-
ization. Insets show higher magnifications (3�) of internalized CAV-2 (green) colocalizing with CARFL-RFP (magenta; filled arrows) but not with CAR�ICD-RFP
(magenta, inset 1, empty arrows). In cells expressing CAR�ICD-RFP, surface-bound virions are still found with CAR (inset 2, filled arrows). The asterisks indicate
accumulation of CAV-2. (D) Colocalization quantification between CAR and CAV-GFP after 30 min of internalization. Results of three independent experi-
ments are expressed as means � SEM (�504 structures counted per sample). ***, P 	 0.001 (versus control values; Student’s t test). (E) Confocal microscopy of
NIH 3T3 cells expressing either CARFL-RFP or CAR�ICD-RFP incubated with 2,000 pp/cell of CAV-GFP for 30 min on ice with transferrin coupled to Alexa 488
(Tf-488), washed, and placed at 37°C for 20 min before fixation. CARFL-RFP is found in Tf-positive (Tf�) structures, whereas CAR�ICD-RFP is mostly absent
from endocytic structures. Insets show higher magnifications (�3�) of internalized structures (white) containing Tf (green), CAR (magenta), and CAV-2
(cyan), identified by arrows. (F) Quantification of colocalization between Tf-positive structures and CAV-GFP. Results of three independent experiments are
expressed as means � SEM (�186 structures counted per sample). **, P 	 0.01 (versus control values; Student’s t test). Scale bar, 10 �m.
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an anti-�-tubulin antibody. At 30 min postinternalization in cells
expressing CARFL-RFP, CAV-2 colocalized with the gathering of
microtubules (Fig. 5C and E). In contrast, in cells expressing
CAR�ICD-RFP, CAV-2 was significantly less concentrated at the
MTOC at 30 min and was more dispersed inside the cytoplasm at
2 h (Fig. 5C, D, and E). Quantitative analyses showed that this was
also observed at late time points postentry (6 h), suggesting a
defect in intracellular trafficking in the absence of the CAR ICD
(Fig. 5E).

Together, these data suggest that the lack of the CAR ICD
impacts downstream steps of CAV-2 trafficking in fibroblast-
like cells. Ultimately, transgene expression will be altered and
have a quantitative consequence for gene transfer by CAV-2
vectors (Fig. 6).

DISCUSSION

CAR is likely the unique receptor for CAV-2 (19) and is responsi-
ble for the preferential transduction of neurons and efficient ret-
rograde transport of CAV-2 vectors (13, 15). We therefore asked
whether the CAR ICD influences CAV-2 uptake. In this study, we
show that CAR is taken up to the endocytic pathway in nonpolar-
ized cells upon interaction with FKCAV and that the first 16 aa of

the CAR ICD are needed to promote efficient endocytosis. We
concluded that palmitoylation does not play a significant role in
CAR entry since CAR was targeted equally to lysosomes with or
without the palmitoylation sites. Moreover, in accordance with
CAR’s inability to be endocytosed after FKCAV engagement, a tail-
less CAR (CAR�ICD) reduces CAV-2 transduction efficacy. In con-
trast, an HAdV-C5 capsid lacking the RGD domain—which pre-
sumably precludes its interaction with some integrins—is not
significantly different in cell transduction efficacy with or without
the CAR ICD. We show that CAV-2 poorly induces CAR�ICD

targeting to endocytic structures, suggesting that mechanisms not
directly involving the CAR ICD potentiate CAV-2 entry. Finally,
we show that CAV-2 trafficking from the plasma membrane to the
MTOC is perturbed by the absence of the CAR ICD (Fig. 6).

We previously proposed that the disruption of the homodi-
meric interaction between CAR ECDs, triggered by viral ligands
that bind with more efficiency to the site responsible for homodi-
meric interaction, is necessary for endocytosis (14). This disrup-
tion, in addition to sequences in the ICD, lipid raft integrity, actin,
and the small GTPase dynamin, targets CAR to the endolysosomal
pathway upon interaction with FKCAV (13, 14) (Fig. 6). Interest-
ingly, not all ligands trigger CAR endocytosis (e.g., polyclonal an-

FIG 5 The lack of CAR ICD triggers a delay in CAV-2 trafficking. (A) Confocal microscopy of NIH 3T3 cells expressing CARFL-RFP or CAR�ICD-RFP and
transfected with Rab7-GFP. Cells were incubated with 2,000 pp/cell of CAV-GFP for 30 min on ice, washed, and placed at 37°C for 1 h to allow internalization.
CAV-2 in Rab7� structures were visualized in cells expressing CARFL-RFP or CAR�ICD-RFP. Insets show higher magnifications (�3�) of internalized structures
(white) containing Rab7 (green), CAR (magenta), and CAV-2 (cyan), identified by arrows. (B) Quantification of colocalization between Rab7� structures and
CAV-2. Results of three independent experiments are expressed as means � SEM (�406 structures counted per sample). **, P 	 0.01 (versus the control values;
Student’s t test). (C and D) Confocal microscopy of NIH 3T3 cells expressing CARFL-RFP or CAR�ICD-RFP. Cells were incubated with 2,000 pp/cell of CAV-GFP
for 30 min on ice, washed, and placed at 37°C and visualized at 30 min (C) and 2 h (D) postinternalization. CAV-2 localized at the microtubule organizing center
(MTOC; identified by arrows) in cells expressing CARFL-RFP or CAR�ICD-RFP. (E) Quantification of MTOC accumulation. Results of three independent
experiments are expressed as means � SEM (�132 cells per sample). * P, 	0.05; **, P 	 0.01 (versus control values; Student’s t test). Scale bars, 15 �m (A), 20
�m (C), and 5 �m (D).
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tibodies failed to induce CAR internalization) (14). Here, our data
demonstrate significant differences in the roles of the CAR ICD
in internalization, depending on whether the ligand is FKCAV,
CAV-2, HAdV-C5, or HAdV-C5�RGD (Fig. 6). This highlights the
use of different endocytic mechanisms for these CAR ligands that
can be totally or partially dependent on, or independent of, the
ICD. What could be the explanation for the differential use of the
CAR ICD following FKCAV versus CAV-2 engagement? It is cer-
tain that the trimeric FKCAV engages fewer CAR molecules than
CAV-2 (three CAR-binding sites/trimeric fiber, with 12 fibers)
(Fig. 6) and in a different spacing. In addition, this clustering of
CAR molecules at the cell surface by FKCAV or CAV-2 could dif-
ferentially trigger signaling involved in optimal internalization.
Finally, one could envisage scenarios in which the CAR ICD in-
fluences extracellular interacting partners necessary for endocyto-
sis. Notably, the ICD of CAR interacts with actin (32) and micro-
tubules (33), which could influence the internalization and the
intracellular trafficking of its ligands, such as FKCAV.

Another explanation for impaired CAV-2 vector transduction
in the context of CAR�ICD could be related to plasma membrane
dynamics/targeting of CAR. In epithelial cells (34) and in neurons
(14), CAR is found in lipid rafts, and lipid raft integrity is neces-
sary for FKCAV-induced CAR endocytosis. During internalization

of FKCAV, CAV-2, and HAdV-C5, CAR also remains in lipid rafts
(14). Previous studies showed that the replacement of the trans-
membrane domain and the ICD of CAR with those of a non-lipid
raft protein (low-density lipoprotein receptor [LDLR]) does not
affect its location in lipid rafts (34), suggesting that impaired tar-
geting to rafts is not responsible for the effect of CAR�ICD on
CAV-2 vector transduction. Furthermore, it was proposed that
CAR drifting at the plasma membrane is necessary for AdV inter-
nalization (35). CAR can mediate HAdV-C2 motion at the cell
surface and influence capsid engagement of integrins in an actin-
dependent manner (35). Whether CAR-mediated drifting also oc-
curs for CAV-2 vector transduction is not yet characterized, but
one could envisage that CAR lacking the ICD could impact such a
process.

Because we detected CAR/HAdV-C5 cointernalization in neu-
rons (14), we reevaluated CAR’s role in HAdV-C5 entry in the
absence of the penton-mediated integrin binding. In contrast to
CAV-2 and as reported before (10, 36), the absence of the CAR
ICD does not perturb HAdV-C5 vector transduction. While
HAdV-C5�RGD capsids partially mimic the RGD-less CAV-2 cap-
sid, the CAV-2 fiber shaft is more flexible than the shaft of
HAdV-C5 and probably increases CAV-2 flexibility (26). How-
ever, in contrast to CAV-2 and similar to wild-type HAdV-C5

FIG 6 Proposed mechanism of CAR-mediated CAV-2 entry in fibroblast-like cells. This scheme recapitulates CAR-mediated endocytosis upon FKCAV and
CAV-2 engagement (14). CAR is located in lipid rafts (lipid bilayer in brown).The trimeric FKCAV binds with high affinity to D1 and triggers CAR endocytosis,
which requires lipid raft integrity, dynamin, and actin, leading to targeting to endolysosomes for degradation. CAR�ICD is not internalized upon FKCAV binding
(black cross). CARFL is coendocytosed with CAV-2 and reaches transferrin-positive endosomal structures within 30 min and Rab7� structures in the late stage
of endocytosis prior to endosomal escape. Virions further traffic via microtubules to reach the MTOC. CAR�ICD is poorly cointernalized with CAV-2 and triggers
delay in CAV-2 trafficking in each step, which ultimately impacts vector transduction. The absence of the CAR ICD does not impact HAdV-C5 and HAdV-
C5�RGD cell transduction (far right), highlighting different uses of CAR among AdV types.
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(HAdV-C5WT), the absence of the CAR ICD does not perturb
HAdV-C5�RGD-mediated transduction. This observation high-
lights the difference in terms of receptor usage, in particular CAR,
between AdVs. That CAV-2 FK interacts with CAR with a greater
affinity than HAdV-C5 FK (1.1 nM versus 7.9 nM, respectively)
(24, 26) and that the lack of CAR ICD affected its transduction
efficiency are consistent with a role for CAR in CAV-2 internal-
ization because CAV-2 engagement would be more efficient than
that of HAdV-C5. Moreover, because HAdV-C5 can interact with
other secondary receptors besides integrins (2), internalization
could still be mediated post-CAR engagement, or integrin inter-
action could take place in an RGD-independent manner (37) and
influence HAdV-C5 entry.

In conclusion, unlike for HAdV-C5, CAR is more than a dock-
ing factor for CAV-2. How CAR is linked to the endocytic machin-
ery and whether this plays other biological roles than pathogen
binding remain to be characterized. The ICD of CAR contains
numerous sequences that could be involved in protein-protein
interaction and influence endocytosis (32, 33). CAR could also
regulate the trafficking of other proteins potentially important for
CAV-2 entry, as described for E-cadherin (38) or acid sensing ion
channel 3 (39). The ICD of CAR could also influence the ECD of
CAR. In this light, interaction with intracellular partners may
modulate CAR adhesive function, suggestive of an ICD-depen-
dent effect on the anchoring and/or membrane location of CAR
(40). Although not relevant for unpolarized cells, differences in
intracellular sequences also have a direct impact on the localiza-
tion of different CAR isoforms (41). In the same line, CAR engage-
ment can lead to activation of signaling pathways (20, 42) and
could therefore modulate the trafficking of AdVs indirectly.
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