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During human adenovirus type 3 (Ad3) infection, an excess of penton base and fiber proteins are produced which form dodeca-
hedral particles composed of 12 pentamers of penton base and 12 trimers of fiber protein. No biological functions have yet been
ascribed to Ad3 dodecahedra. Here, we show that dodecahedra compete with Ad3 virions for binding to the cell surface and trig-
ger cell remodeling, giving new insights into possible biological functions of dodecahedra in the Ad3 infectious cycle.

Human adenoviruses (Ads) are nonenveloped viruses which
cause a variety of respiratory, ocular, and enteric infections.

The capsid is composed of three major proteins: hexon, penton
base, and fiber. Hexon trimers form the facets of the icosahedron,
with pentamers of penton base located at each of the capsid verti-
ces, from which projects a trimeric fiber protein. The noncovalent
complex of pentameric base and trimeric fiber is referred to as the
penton and mediates attachment and entry of the virus. Adenovi-
ruses from all six human species use the coxsackievirus and ade-
novirus receptor (CAR) as their primary site of attachment, with
the exception of species B viruses (7). Recently, desmoglein-2
(DSG-2) was identified as an attachment molecule for certain spe-
cies B Ads, including serotypes 3, 7, 11, and 14 (13). During the
replication cycle of these serotypes, an excess of a symmetrical
complex comprising 12 pentons is formed, termed the penton-
dodecahedron (Pt-Dd) (2, 3, 8, 11). No function has yet been
assigned to this unique particle. Using human adenovirus type 3
(Ad3), we show here that Pt-Dd competes with virions for attach-
ment to the cell surface, internalizes DSG-2, and triggers remod-
eling of cell morphology, suggesting a possible role for this com-
plex during Ad infection.

To monitor Pt-Dd distribution during Ad3 infection, HeLa
cells were infected with 0.1 PFU/cell of wild-type Ad3. At 24, 48,
and 72 h postinfection (hpi), cells were fixed and permeabilized
and Pt-Dd and DSG-2 were localized by immunofluorescence. As
expected, Pt-Dd colocalized with infected cells (indicated by the
stars in Fig. 1A) but was also detected by anti-fiber antibody in the
surrounding uninfected cells at 48 and 72 hpi (Fig. 1A). In addi-
tion, Pt-Dd was found along with DSG-2 at the contact between
two cells (Fig. 1A, highlighted in the white box at 48 hpi). Pt-Dd
was also found in uninfected cells using a separate antibody raised
against Pt-Dd (4). The white arrows in Fig. 1B indicate Pt-Dd
staining in surrounding uninfected cells and also the Pt-Dd signal
along the interface between two cells. Since both the anti-fiber and
anti-Pt-Dd antibodies can bind to whole virus as well as to Pt-Dd,
the possibility that the cytoplasmic staining observed in unin-
fected cells was due to Ad3 was excluded by the presence of detect-
able hexon only in nuclei of Ad3-infected cells (see Fig. S1 in the
supplemental material). These findings suggest that Pt-Dd is re-
leased from infected cells, prior to the release of progeny virus, and
can bind to the periphery of neighboring cells via DSG-2.

To determine whether Pt-Dd competes with Ad3 for binding
to the cell surface, competition assays were performed. As a con-

trol, the effect of base-dodecahedron (Bs-Dd) (which consists of
only Ad3 penton base but no fiber proteins) on Ad3 attachment
was also assessed. The integrity of these protein complexes was
confirmed by transmission electron microscopy (see Fig. S2 in the
supplemental material). Increasing concentrations of either
Bs-Dd or Pt-Dd were incubated at room temperature with A549
cell monolayers for 30 min prior to the addition of Ad3 virus
expressing enhanced green fluorescent protein (Ad3-EGFP) (9).
Pretreatment of A549 cells with Pt-Dd led to a reduction in Ad3-
mediated EGFP expression in a dose-dependent manner; how-
ever, Bs-Dd did not inhibit Ad3-EGFP entry (Fig. 2A). In a com-
plementary approach, A549 cells were preincubated with Pt-Dd at
37°C for 2 h in order to internalize cell surface attachment mole-
cules prior to the addition of Ad3-EGFP. This resulted in a com-
parable effect, namely, a reduction in EGFP expression following
Pt-Dd, but not Bs-Dd, pretreatment (Fig. 2B). This suggested that
the cell surface molecule bound by Pt-Dd and also used by Ad3-
EGFP for attachment was internalized by Pt-Dd. This was con-
firmed by colocalization of internalized DSG-2 with Pt-Dd in
A549 cells (Fig. 2C). Pt-Dd also blocked Ad3-EGFP entry into
primary human endothelial cells, suggesting that this was a phys-
iological effect and was not confined to cancer cells such as A549
or HeLa cells (Fig. 2D). Overall, these results show that Pt-Dd
competes with Ad3 virions by both occupying cell surface attach-
ment molecules and triggering their internalization.

As Pt-Dd is released from Ad3-infected cells and can bind to
DSG-2 on the surface of adjacent cells, the potential effects of this
complex on uninfected cells were analyzed. Cells were incubated
at 37°C with either Cy5-labeled Bs-Dd (Cy5–Bs-Dd) or Pt-Dd
(Cy5–Pt-Dd), fixed, permeabilized, and incubated with rhoda-
mine-labeled phalloidin to label actin microfilaments. Untreated
control cells remained as a uniform monolayer with cortical actin
staining (Fig. 3A, Ctl). However, incubation with Pt-Dd for 60
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FIG 1 Escape of penton dodecahedron (Pt-Dd) from Ad3-infected cells. (A) HeLa cells were infected with 0.1 PFU/cell wild-type Ad3 for 24, 48, or 72 h, fixed
with 10% formalin, and permeabilized with 0.1% Triton X-100. Cells were stained for DSG-2 expression using rabbit polyclonal anti-DSG-2 (GeneTex) and
fluorescein isothiocyanate (FITC)-labeled anti-rabbit secondary antibodies (Jackson ImmunoResearch). Dodecahedra were localized using mouse monoclonal
anti-fiber antibodies (Abcam, United Kingdom) and Cy3-labeled anti-mouse secondary antibodies (Jackson ImmunoResearch). Cell nuclei were stained using
DAPI (4=,6-diamidino-2-phenylindole) (in blue). A close-up view at 48 hpi (white rectangle) shows orange dots along the DSG-2 signal at the contact between
two cells. Infected cells are indicated by white stars. n.i., not infected. (B) HeLa cells were infected with wild-type Ad3, fixed, and permeabilized as described above.
Dodecahedra were then identified using rabbit polyclonal anti-Pt-Dd (2) and FITC-labeled anti-rabbit secondary antibodies. Pt-Dd staining in noninfected cells
is denoted by white arrows. In the lower panel, Pt-Dd staining was observed at the interface between two adjacent cells. Cells were observed using an Olympus
IX81 microscope.
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FIG 2 Pt-Dd interactions with the Ad3 attachment molecule desmoglein-2. (A) To assess competition between dodecahedra and Ad3-EGFP, Bs-Dd or
Pt-Dd was added to A549 cells for 30 min at room temperature prior to transduction with replication-deficient Ad3-EGFP at 1 fluorescent forming unit
(FFU)/cell. Twenty-four hours later, EGFP expression was analyzed by flow cytometry. Relative geometric means are derived from EGFP expression in the
absence of Dd (100%). White bars represent data from Bs-Dd-treated cells, and black bars represent data from Pt-Dd-treated cells. (B) Dodecahedra (1
�g) were added to A549 cells and incubated at 37°C for 2 h. Cells were then washed twice with phosphate-buffered saline (PBS), and Ad3-EGFP was added
in serum-free Dulbecco’s modified Eagle medium (DMEM) at 1 FFU/cell. Following an additional 2-h incubation at 37°C, cells were washed twice using
PBS, and 2 ml of DMEM supplemented with 10% fetal bovine serum (FBS) was added. Cells were incubated overnight at 37°C, and EGFP expression was
determined by flow cytometry. (C) To monitor DSG-2 internalization with Pt-Dd, A549 cells were incubated at 37°C for 2 h with Cy5–Pt-Dd (red signal)
in DMEM. Cells were fixed, permeabilized, and incubated for 1 h at room temperature with a 1:250 dilution of rabbit anti-DSG-2 antibody (GeneTex
Inc.). After PBS washes, cells were incubated for 30 min at room temperature with a 1:250 dilution of FITC anti-rabbit immunoglobulins (Jackson
ImmunoResearch) (green signal). DIC, differential interference contrast. (D) Dodecahedra were added to primary human endothelial cells (HUVEC) for
30 min at room temperature prior to transduction with Ad3-EGFP (1 FFU/cell). Twenty-four hours later, EGFP expression was detected by flow
cytometry. Relative geometric means are derived from EGFP expression in the absence of Dd (100%). White bars represent data from Bs-Dd-treated cells,
and black bars represent data from Pt-Dd-treated cells.
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FIG 3 Remodeling of cellular morphology by Pt-Dd. (A) HeLa cells were grown on glass coverslips and incubated with either Cy5–Bs-Dd or Cy5–Pt-Dd (red
signal) at 37°C for the indicated time. Cells were fixed, permeabilized, and incubated for 30 min at room temperature with rhodamine-conjugated phalloidin
(Sigma) (pseudocolored in green). Nuclei were stained using Vectashield mounting medium with DAPI (Vector Laboratories) (blue signal). Cells were observed
using an Olympus IX81 microscope. Ctl, control. (B) HeLa cells were grown in glass chambers (Mattek) and observed in the DIC channel for 10 min before the
addition of Cy5–Pt-Dd and then for an additional 120 min after Cy5–Pt-Dd addition, at a rate of 3 frames per minute. After 60 min, Cy5–Pt-Dd was withdrawn
and replaced with prewarmed medium to allow monitoring in the Cy5 channel (red signal). The images shown were extracted from Movie S1 in the supplemental
material at the indicated time before or after Pt-Dd addition. The lower panel shows an enlarged view of the image delineated by blue squares in the upper panel.
Observation was performed on a thermostatic Olympus IX81 microscope.
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min led to its intracellular localization and disruption of the
monolayer, as well as cell rounding (Fig. 3A). In contrast, Bs-Dd
was internalized, but no cell remodeling or disruption of the
monolayer was detected.

This effect was reproduced using live cell imaging of Cy5-la-
beled Pt-Dd added to cell monolayers. Movie S1 in the supple-
mental material and Fig. 3B show that cells tended to retract as
soon as 20 min following Cy5–Pt-Dd addition. This observation is
in agreement with previous observations of an epithelial-to-
mesenchymal transition (EMT) triggered by Pt-Dd (13). These
cellular changes were not found in the presence of Bs-Dd (data not
shown).

To define the adenovirus protein involved in cell remodeling, a
real-time cell analyzer was used to monitor biological changes in
A549 cells. Cells were cultured and monitored in E-plates for 24 h
prior to the addition of Bs-Dd, Pt-Dd, recombinant Ad3 fiber
trimers (6), or wild-type Ad3. These plates carry microelectronic
cell sensor arrays, allowing the number of cells as well as the via-
bility, morphology, and degree of adhesion of the cells within each
well to be monitored through changes in electrical impedance.
Changes across the sensor surface were detected in response to the
addition of Pt-Dd (Fig. 4B, blue line) but not following the addi-
tion of Bs-Dd (Fig. 4A, blue line), suggesting that Pt-Dd may have
affected the morphology of the cells on the electrode and/or the
degree of adhesion of these cells to the sensor surface. This sup-
ports the data obtained by microscopy (Fig. 3A and B; see also
Movie S1 in the supplemental material). The addition of Ad3 to
the A549 monolayer initially caused similar changes in electrical im-
pedance in the hours immediately after the addition of the virus (Fig.
4D, blue line). However, in the presence of wild-type virus, the cell
index did not recover since virus replication led to cytopathic effect
and detachment of all cells. Interestingly, recombinant trimeric fiber

knob purified from Escherichia coli did not mimic these cellular ef-
fects (Fig. 4C, blue line) despite its interaction with DSG-2. This sug-
gests that the fiber must be present in a virus or virus-like particle (the
dodecahedron) to effect cellular changes.

The data presented in this study suggest a biological function
for the large excess of fiber and penton base proteins which are
produced and assembled into dodecahedra during the Ad3 infec-
tious cycle (1). Pt-Dd interacts with intercellular junctions (Fig.
1), competes with Ad3 for cell entry (Fig. 2), and triggers cell
remodeling (Fig. 3 and 4; see also Movie S1 in the supplemental
material). In the future, we aim to develop these findings and
address the functional relevance of Pt-Dd in vivo. It has previously
been shown that excess penton base proteins are released from
Ad2-infected cells, and it was suggested that this may be to aid in
the dissemination of this virus (10). In this study, a similar release
of Ad3 proteins was observed, but in addition to the simple block-
ing of receptors, Ad3 dodecahedra induced changes in cell mor-
phology, suggesting a specific function of this complex in support-
ing the spread of virus. Interestingly, a previous study has shown
that Ad5 fiber remodels polarized epithelial cells to aid in the
dissemination of Ad5 (5, 12). Therefore, we hypothesize that the
shape of this unusual virus-like particle, as well as its overproduction
during the virus replication cycle, may have evolved to assist the
spread of progeny virions in three dimensions from the initial point
of infection by destroying cell-tissue cohesion and also, by internal-
izing cell surface DSG-2 molecules, prevents direct capture of Ad3 by
surrounding cells (see Fig. S3 in the supplemental material).
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