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ABSTRACT

We recently discovered that desmoglein 2 (DSG2) is a receptor for human adenovirus species B serotypes Ad3, Ad7, Ad11, and
Ad14. Ad3 is considered to be a widely distributed human pathogen. Ad3 binding to DSG2 triggers the transient opening of epi-
thelial junctions. Here, we further delineate the mechanism that leads to DSG2-mediated epithelial junction opening in cells ex-
posed to Ad3 and recombinant Ad3 fiber proteins. We identified an Ad3 fiber knob-dependent pathway that involves the phos-
phorylation of mitogen-activated protein (MAP) kinases triggering the activation of the matrix-metalloproteinase ADAM17.
ADAM17, in turn, cleaves the extracellular domain of DSG2 that links epithelial cells together. The shed DSG2 domain can be
detected in cell culture supernatant and also in serum of mice with established human xenograft tumors. We then extended our
studies to Ad14 and Ad14P1. Ad14 is an important research and clinical object because of the recent appearance of a new, more
pathogenic strain (Ad14P1). In a human epithelial cancer xenograft model, Ad14P1 showed more efficient viral spread and onco-
lysis than Ad14. Here, we tested the hypothesis that a mutation in the Ad14P1 fiber knob could account for the differences be-
tween the two strains. While our X-ray crystallography studies suggested an altered three-dimensional (3D) structure of the
Ad14P1 fiber knob in the F-G loop region, this did not significantly change the fiber knob affinity to DSG2 or the intracellular
signaling and DSG2 shedding in epithelial cancer cells.

IMPORTANCE

A number of widely distributed adenoviruses use the epithelial junction protein DSG2 as a receptor for infection and lateral
spread. Interaction with DSG2 allows the virus not only to enter cells but also to open epithelial junctions which form a physical
barrier to virus spread. Our study elucidates the mechanism beyond virus-triggered junction opening with a focus on adenovirus
serotype 3. Ad3 binds to DSG2 with its fiber knob domain and triggers intracellular signaling that culminates in the cleavage of
the extracellular domain of DSG2, thereby disrupting DSG2 homodimers between epithelial cells. We confirmed this pathway
with a second DSG2-interacting serotype, Ad14, and its recently emerged strain Ad14P1. These new insights in basic adenovirus
biology can be employed to develop novel drugs to treat adenovirus infection as well as be used as tools for gene delivery into
epithelial tissues or epithelial tumors.

We recently discovered that desmoglein 2 (DSG2) is a receptor
for human adenovirus species B serotypes Ad3, Ad7, Ad11,

and Ad14 (1–3). DSG2 is a calcium-binding transmembrane gly-
coprotein belonging to the cadherin protein family. In epithelial
cells of the respiratory, gastrointestinal, and urinary tracts, DSG2
is a component of the cell-cell adhesion structure (4). It is well
established that in addition to maintaining cell adhesion, DSG2 is
also involved in intracellular signaling (5). Its cytoplasmic tail in-
teracts with a series of proteins, including plakoglobin and plako-
philins, that are in direct contact with regulators of cell adhesion
and intercellular junctions/cell morphology (6). Plakoglobin and
plakophilins not only interact with intermediate filaments but can
also localize to the nucleus and bind to transcription factors (e.g.,
the T cell factor/lymphoid enhancer factor [TCF/LEF]) (7) or
DNA binding proteins (e.g., p53) (8), thus influencing gene ex-
pression and cell cycling. While the signaling cascade mediated by
the adherens junction protein �-catenin and the regulation of
classical E-cadherin-mediated cell-cell interactions are relatively
well studied, little is known about signaling mediated by desmo-
somal proteins. It has been reported that epidermal growth factor
receptor (EGFR) activation triggers tyrosine phosphorylation of
DSG2 and plakoglobin and subsequent modulation of cell-cell

interaction (9, 10), in part through the activation of matrix met-
alloprotease (MMP) cleavage of DSG2 homodimers between
neighboring epithelial cells (11).

In the present study, we focus on studying intracellular signal-
ing triggered by the DSG2-interacting serotypes Ad3 and Ad14.
Ad3 is considered to be a widely distributed human pathogen.
Studies from the United States and Europe show that Ad3 infec-
tions occur more often in adolescents and adults (12–15), while
studies from Asia indicate that Ad3 is prevalent in young children,
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often causing severe respiratory symptoms (16–18). Ad14 is an
important research and clinical object because of the recent ap-
pearance of a new strain (Ad14P1). Never previously documented
in the United States, Ad14P1 was first reported in March and April
2006 during routine surveillance at several U.S. military recruit
training centers (13). During March to June of the following year,
a total of 140 additional cases of confirmed Ad14P1 respiratory
illness were reported in patients in Oregon, Washington, and
Texas. Thirty-eight percent of these patients were hospitalized,
including 17% who were admitted to intensive care units; 5% of
patients died. Outbreaks of Ad14P1 infection were subsequently
detected in other five bases and in civilian populations in Wash-
ington (19), Oregon (20), Alaska (21), Wisconsin, and Pennsylva-
nia (22, 23), as well as in Canada (24), China (25), and South
Korea (26). At this point, the molecular basis for the high patho-
genicity and/or virulence of Ad14P1 is unclear.

To study intracellular signaling triggered by viruses, we em-
ployed recombinant subviral particles and recombinant fiber
knob domains, i.e., the moiety within the viral capsid that inter-
acts with DSG2. During Ad infection, the penton base and fiber
proteins are produced in excess and assemble in the cytosol to
form fiber-penton base hetero-oligomers called pentons (27, 28).
In the case of Ad3, Ad14, and Ad14P1, 12 pentons self-assemble
into dodecamers (penton-dodecahedra, or PtDd) with a diameter
of �30 nm (29, 30). Recently, we demonstrated that the ability of
Ad3 to produce PtDd is critically important for virus spread in
epithelial tumors and most likely also during Ad3 infection of the
airway tract in humans (30). PtDd also form in insect cells during
overexpression of recombinant Ad3 penton base and fiber (31).
Insect cells that express only the Ad3 penton base assemble penton
base dodecahedra (BsDd). Recombinant PtDd and BsDd pro-
duced in insect cells can be purified by density gradient ultracen-
trifugation. To study intracellular signaling, in addition to Ad3
virus, we used recombinant PtDd and BsDd. Furthermore, we
produced recombinant Ad3 fiber knob domains in Escherichia
coli. High-affinity DSG2 binding and efficient competition of Ad3
infection required that several fiber knobs were in a specific spatial
constellation (32). This was achieved by linking the coding se-
quence of the Ad3 fiber knob to a K-coil domain. A protein that
contained the K-coil domain and Ad3 fiber knob was called JO1
(33). JO1 can be purified by affinity chromatography. We are cur-
rently developing JO1 derivatives for clinical applications to in-
crease the penetration of chemotherapy drugs in epithelial tumors
(34–36).

Previously, we showed that the binding of Ad3 virions, PtDd,
and JO1 to DSG2 triggers intracellular signaling that culminates in
the transient opening of intercellular junctions in epithelial cells.
Using mRNA expression arrays and quantitative reverse tran-
scription-PCR (qRT-PCR), we found that 12 h after the incuba-
tion of polarized breast cancer epithelial cells with PtDd, 430 genes
were upregulated and that 352 genes were downregulated com-
pared to results for incubation with BsDd. Altered gene expression
indicated the activation of a pathways such as phosphatidylinosi-
tol (PI), mitogen-activated protein kinase (MAPK), Wnt, adher-
ens junctions, focal adhesion, and regulation of actin cytoskeleton
signaling pathways (3). We also showed that downregulation of
DSG2 by small interfering RNA (siRNA) inhibited MAPK signal-
ing (3, 37).

In the present study, we further delineated the mechanism that
leads to DSG2-mediated epithelial junction opening in cells ex-

posed to Ad3, PtDd, and JO1. We identified an Ad3 fiber knob-
dependent pathway that involves the phosphorylation of MAPK
and the activation of the matrix metalloproteinase ADAM17.
ADAM17 in turn cleaves the extracellular domain (ECD) of DSG2
that links epithelial cells together. The shed DSG2 domain can be
detected in cell culture supernatant and also in serum of mice with
established human xenograft tumors after exposure to Ad3 virus,
PtDd, or JO1. We then extended our studies to Ad14 and Ad14P1.
We performed X-ray crystallography and three-dimensional (3D)
structure comparison of the Ad14 and Ad14P1 fiber knobs and
found differences in the conformation of the F-G loop of the fiber
knob domain. These structural differences, however, did not
change the affinity of the Ad14P1 fiber knob to DSG2 nor the
intracellular signaling and DSG2 shedding mediated by Ad14P1
virus.

MATERIALS AND METHODS
Adenoviruses. Ad3 virus (GB strain) and Ad14 were obtained from the
ATCC. Ad14P1 virus, strain Portland 2971/2007, was provided by the
Centers for Disease Control and Prevention (Atlanta, GA) (38). Propaga-
tion, [methyl-3H]thymidine labeling, purification, and titers of Ads were
determined as described elsewhere (39). Ad3-green fluorescent protein
(GFP) is a wild-type (wt) Ad3-based vector containing a cytomegalovirus
(CMV)-GFP expression cassette inserted into the E3 region (3). Viral
particle (VP) concentrations were determined spectrophotometrically by
measuring the optical density at 260 nm (OD260). Titers of PFU were
determined using 293 cells as described elsewhere (40). The VP-to-PFU
ratio was 20:1 for all virus preparations.

Proteins. Recombinant human DSG2 protein was from Leinco Tech-
nologies, Inc. (St. Louis, MO). The Ad3, Ad14, and Ad14P1 fiber knobs
and JO1 were produced in E. coli with N-terminal 6�His tags using the
pQE30 expression vector (Qiagen, Valencia, CA) and purified by Ni-ni-
trilotriacetic acid (NTA)-agarose chromatography as described elsewhere
(41). Recombinant Ad3 penton-dodecahedra (PtDd) and base dodecahe-
dra (BsDd) were produced in insect cells and purified as described previ-
ously (31).

Antibodies. The following antibodies were used: mouse monoclonal
antibody (MAb) anti-DSG2 (clone 6D8; Cell Sciences, Canton, MA),
mouse MAb anti-DSG2 (clone AH12.2; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), polyclonal anti-DSG2 antibody (AF947; R&D Systems),
anti-proDSG2 (clone 20G1; provided by James K. Wahl III, University of
Nebraska Medical Center [3]), rabbit MAb anti-p38 (clone D13E1;
Cell Signaling Technology, Danvers, MA), rabbit MAb anti-pp38 (clone
D3F9; Cell Signaling Technology, Danvers, MA), polyclonal rabbit anti-
ADAM17 antibody (Millipore), and mouse MAb anti-�-actin (clone Ac-
74; Sigma).

Inhibitors. The MAPK inhibitor U-0216 was from Sigma, and the
ADAM17 inhibitor TAPI-0 was from EMD Millipore Corp. (Billerica, MA).

Cell lines. 293, HeLa, and A549 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, 100 �g/ml streptomycin (P/S), 2 mM
glutamine (Glu), and 1� minimal essential medium (MEM) nonessen-
tial-amino-acid solution (Invitrogen, Carlsbad, CA). Colon cancer HT29
cells (ATCC CCL-248) were cultured in a 1:1 mixture of Ham’s F12 me-
dium and DMEM with 10% FBS, Glu, and P/S. SKOV3-ip1 cells were
cultured in McCoys medium supplemented with 10% FBS, Glu, and P/S.

Western blotting. Mini-Protean precast gels (Bio-Rad, Hercules, CA)
with a 4 to 15% polyacrylamide gradient were used. A total of 1 �g of
protein mixed with 2� loading buffer (10 mM Tris-HCl, pH 6.8, 200 mM
dithiothreitol [DTT], 4% SDS, 20% glycerol, 0.2% bromophenol blue)
was loaded per lane. Samples were either boiled (B) for 5 min or loaded
unboiled (UB). The following running buffer was used: 25 mM Tris, pH
8.3, 0.192 M glycine, and 0.1% SDS. After electrophoresis, proteins were
transferred to nitrocellulose and incubated with the corresponding anti-
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bodies. For detection of DSG2 binding, filters were incubated with recom-
binant human DSG2 protein and anti-DSG2 antibody 6D8 as described
previously (3). Other Western blotting experiments used a primary
mouse monoclonal antibody followed by an anti-mouse IgG horseradish
peroxidase (HRP) conjugate. Selected Western blots were scanned and
quantified using ImageJ, version 1.32, software (National Institutes of
Health, Bethesda, MD).

DSG2 ELISA. An enzyme-linked immunosorbent assay (ELISA) was
performed using a goat polyclonal anti-DSG2 antibody (R&D Systems,
Minneapolis, MN) and the mouse monoclonal antibody 6D8 directed
against ECD3 (AbD Serotec, Raleigh, NC). The detection limit of the
DSG2 ELISA was 0.5 ng/ml.

Anti-Ad14 fiber knob antibody ELISA. A rabbit polyclonal antibody
against the Ad14 fiber knob was used as a capture antibody, followed by
recombinant Ad14 or Ad14P1 fiber knob and a 1:200 dilution of human
serum. Binding of human IgG antibodies was detected using an anti-
human IgG-HRP conjugate. Pooled normal human serum (NHS) was
used for comparison (lot 16923; Innovative Research, Novi, MI).

MS/MS. Confluent A549 cells were cultured in serum-free 293 cell
medium (Freestyle 293; Invitrogen, Carlsbad, CA) supplemented with 1
�g/ml PtDd for 11 h. Culture medium was then collected and centrifuged
to remove cells. Magnetic Dynabeads protein G (Invitrogen, Dynal AS,
Norway) were washed with phosphate-buffered saline (PBS) twice and
incubated with mouse MAb anti-DSG2 (clone 6D8; Cell Sciences) at
room temperature for 50 min. After unbounded antibody was washed
away, the beads were incubated with A549 medium for 3 h at 4°C with
gentle shaking. Beads were then washed with PBS, and target proteins
were eluted with 0.1 M citric acid (pH 3.0) and run on an SDS-PAGE gel.
The bands of interest were cut and subjected to mass spectrometry anal-
ysis. Tandem mass spectrometry (MS/MS) was performed by Martin Sa-
dilek at the University of Washington, Department of Chemistry MS
Core, as described previously (42).

Metabolic protein labeling. A549 cells (80% confluence) were cul-
tured in 10-cm dishes in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal calf serum (FCS), 2 mM glutamine, 100 U/ml peni-
cillin, and 100 �g/ml streptomycin. Cells were rinsed with PBS and label-
ing medium (RPMI 1640 medium, methionine and cysteine free; Gibco)
supplemented with 1% dialyzed FCS. Cells were incubated in 5 ml of
labeling medium supplemented with 250 �Ci of [35S]Met-Cys Redivue
labeling mix (PerkinElmer) and with either PBS (control), 1 �g/ml PtDd,
or wt Ad3 (multiplicity of infection [MOI], 200 PFU/cell). After culture at
37°C for 2 h, 5 ml of chase medium (labeling medium supplemented with
500 �g/ml cysteine-HCl and 100 �g/ml methionine) was added, and cells
were cultured for another 2 h before harvesting.

Immunoprecipitation of DSG2 protein was carried out based on the
manufacturer’s instructions (Pierce cross-linking immunoprecipitation
kit; Thermo Scientific). Briefly, 10 �g of DSG2 monoclonal antibody
(clone 6D8; AbD Serotec) per reaction mixture was bound to protein A/G
plus agarose at room temperature for 60 min and then cross-linked for
another 60 min at room temperature. Cells were lysed with 0.5 ml of
immunoprecipitation buffer from the kit. Cell lysates and culture super-
natant were precleared by incubation with the control agarose resin for 2
h at 4°C and then incubated with DSG2 MAb-cross-linked agarose resin
overnight at 4°C. The protein complex-coupled resin was then collected,
washed, and eluted. Samples were mixed with 5� loading buffer (0.3 M
Tris-HCl, pH 6.8, 5% SDS, 50% glycerol, 100 mM DTT) and loaded onto
4 to 15% Mini-Protean precast gels (Bio-Rad).

To visualize 35S-labeled DSG2 protein, a polyacrylamide gel was fixed
in fixation solution (7% acetic acid and 25% methanol in water) for 30
min after electrophoresis, incubated in enhancer solution (EN3HANCE;
PerkinElmer) for 60 min, and then soaked in soaking solution (1% glyc-
erol and 5% polyethylene glycol [PEG] 8000 in water) for 30 min. The gel
was dried and exposed to X-ray film.

For Western blotting, proteins were transferred to nitrocellulose after

electrophoresis and incubated with DSG2 monoclonal antibody (6D8)
and HRP-conjugated goat anti-mouse IgG antibody (BD Pharmingen).

Virus attachment competition assays. HeLa cells were detached from
culture dishes by incubation with Versene and washed with PBS. A total of
105 cells per tube were resuspended in 50 �l of ice-cold adhesion buffer
(DMEM supplemented with 2 mM MgCl2, 1% FBS, and 20 mM HEPES)
containing recombinant DSG2 protein (6 �g/ml) and incubated on ice for
1 h. Then, 3H-labeled wild-type virus was added in adhesion buffer at a
multiplicity of infection (MOI) of 8,000 viral particles (VPs) per cell to a
final volume of 100 �l. After 1 h of incubation on ice, cells were pelleted
and washed twice with 0.5 ml of ice-cold PBS. After the last wash, the
supernatant was removed, and the cell-associated radioactivity was deter-
mined by a scintillation counter. The number of VPs bound per cell was
calculated by using the virion-specific radioactivity and the number of
cells.

Phosphokinase proteome array. Activation of signaling pathways
was assessed by using a Proteome Profiler Human Phospho-Kinase Array
kit (R&D Systems, Minneapolis, MN, USA) according to the manufactur-
er’s instruction. A549 cells were cultured in 10-cm tissue culture dishes in
DMEM with 10% FBS until they reached 80 to 90% confluence. Cells were
then treated with virus or proteins as specified in the figure legends.
Treated cells were rinsed with cold phosphate-buffered saline (PBS) and
immediately solubilized in lysis buffer at 4°C for 30 min. Following cen-
trifugation at 14,000 � g for 5 min, supernatants were transferred into a
clean test tube, and sample protein concentrations were determined. Five
hundred micrograms (total protein) of lysate was diluted and incubated
per array set. Array data were developed on films following exposure to
chemiluminescent reagents and analyzed by ImageQuant TL (GE Health-
care).

MAPK reporter system. Cell lines were transduced with a MAPK/
extracellular signal-regulated kinase-luciferase (ERK-Luc) reporter lenti-
virus (Cignal Lenti assay, catalog number CLS010; Qiagen). Cells were
selected with G418 (0.7 mg/ml) for 4 weeks to obtain stable clones. Lucif-
erase expression was measured using the Promega luciferase assay system.
The number of relative light units (RLU) was normalized to the total
protein concentration in the sample. The data are expressed at RLU/mil-
ligram of protein.

In vivo imaging. In vivo luciferase imaging was performed on an IVIS
(In Vivo Imaging System) Lumina Series II (PerkinElmer, Inc., Waltham,
MA). Mice with subcutaneous A549-SRE-Luc (where SRE is serum re-
sponse element) tumors were imaged as follows. Animals were injected
intraperitoneally (i.p.) with 15 mg/ml luciferin in PBS at 150 mg/kg. Five
minutes later animals were transferred to anesthesia induction chambers,
and animals were induced for 3 min. Animals were then transferred to the
IVIS imaging chamber. At 10 min after substrate injection, the imaging
procedure was started. Two sequences of five 1-min exposures were re-
corded at small binning and an F-stop of 1. For the first sequence the
primary tumor site was shielded; for the second sequence the shielding
was removed. For analysis, regions of interest were put over the tumor
site, and the total flux (photons per second summed over the area of the
region of interest) was measured using Living Image, version 4.0, Software
(PerkinElmer, Inc.).

Ad14 crystallization. Crystallization conditions for Ad14 and Ad14P1
fiber knob were screened using the service of the High Throughput
Screening Lab at Hauptman Woodward Medical Research Institute.
Crystallization for the Ad14P1 knob variant was performed using the
hanging-drop method. Crystals were grown using a reservoir solution
of 29% PEG 3.350 –5% 1-butyl-2,3-dimethylimidazolium tetrafluo-
roborate (C9H17BF4N2) in 0.09 M bis-tris propane buffer, pH 7.8, and
a protein solution of 15 mg/ml. Improvement in crystal diffraction was
performed using the Hampton II detergent additives screen. The best
hit was obtained by microseeding of a crushed crystal under the above-
described condition supplemented by 0.1% isopropyl-�-D-thiogalac-
topyranoside (IPTG). Crystals were frozen using a cryoprotectant
composed of 85% reservoir and 15% glycerol (vol/vol). Data collection
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was performed at 100 K on ID23-2 of the European Synchrotron Ra-
diation Facility (ESRF) using the EDNA pipeline. Data were indexed
and scaled using XDS/XSCALE, and the structure was solved by mo-
lecular replacement (PDB 3F0Y) with the program PHASER. The
model was built using COOT (29). Refinements were carried out using
Buster (43), version 2.10.2 (Global Phasing, Ltd., Cambridge, United
Kingdom) and Phenix (8), and statistics are given in Table 1. PyMol
software was used to generate all 3D structure figures and align the
structures of Ad3 (1H7Z), Ad14 fiber knob (3F0Y), and Ad14P1 (this
publication). All structures are displayed as cartoons with the F-G loop
colored uniquely.

Surface plasmon resonance. Acquisitions were done on a BIAcore
3000 instrument. HBS-P (GE-Healthcare) supplemented with 2 mM
CaCl2 was used as running buffer in all experiments at a flow rate of 5
�l/min. Immobilization on a CM5 sensorchip (BIAcore) was performed
using either recombinant DSG2 (Leinco) or the Ad14 fiber knobs at 10
�g/ml in 10 mM acetate buffer, pH 4.5, injected for 10 min on an
ethyl(dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinim-
ide (NHS)-activated flow cell. A control flow cell was activated by EDC/
NHS and inactivated by ethanolamine. DSG2 was injected on the immo-
bilized fiber knob at 167 nM, and in the reverse experiment the fiber knob
was injected at 167 nM on the immobilized DSG2 for a 3-min association
followed by a 2.5-min dissociation time. The signal was automatically
subtracted from the background of the ethanolamine-deactivated EDC/
NHS flow cell.

Animal studies. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved
by the Institutional Animal Care and Use Committee of the University of
Washington, Seattle, WA (protocol number 3108-01). Mice were housed
in specific-pathogen-free facilities. Immunodeficient (CB17) mice (strain
name, NOD.CB17-Prkdcscid/J) were obtained from the Jackson Labora-
tory. A549 and SKOV3-ip1 tumors were established by injection of the
corresponding tumor cells into the mammary fat pad (1:1 with Matrigel)
of CB17 mice. When tumors reached a volume of �500 mm3, Ad3-GFP at

a dose of 2 � 109 PFU or JO1 (2 mg/kg) was injected into the tail vein.
Female CB17 mice were injected subcutaneously with A549-SRE-Luc cells
at the mammary fat pad. After tumors formed, the mice were injected with
luciferin at a concentration of 30 mg/kg (Caliper, Hopkinton, MA, USA).
The mice were imaged with a Xenogen IVIS-200 at three time points, i.e.,
0 h, 3 h, and 6 h post-JO1 injection. The luciferase signal was detected at
fixed exposure times and intervals between the images (30-s exposure,
3-min intervals for a 10-min total). The relative optical intensity (ROI) of
the luciferase signal was derived by selecting the tumor area with the ROI
tool, and total ROI was taken from three images. The average ROIs were
normalized to the tumor volume for each mouse.

Virus titering in tumor lysates. Tumors were collected and homoge-
nized in PBS with a Qiagen Tissue Ruptor (Valencia, CA). Samples were
subjected to three cycles of freeze-thawing. The lysates were clarified by
centrifugation at 12,000 � g for 2 min, and the supernatants were titrated
by limiting dilution assay on 293 cells as described earlier (30).

Statistical analysis. All results are expressed as means � standard
deviations (SD). Two-way analysis of variance (ANOVA) for multiple
testing was applied. Animal numbers and P values are indicated in the
figure legends.

Protein structure accession number. The structure of the adenovirus
14 P1 mutant knob domain, Ad14P1, has been deposited in the Protein
Data Bank under accession number 4ZDG (RCSB identification code
D_1000209055).

RESULTS
Shedding of the DSG2 extracellular domain triggered by Ad3
virus, PtDd, and JO1 in vitro and by Ad3 and JO1 in vivo. DSG2
forms homodimers between neighboring epithelial cells through
binding of its extracellular domains (ECDs) (Fig. 1A). Cleavage of
these ECDs is considered one of the mechanisms that results in the
transient opening of epithelial junctions (11). To study ECD shed-
ding we used two monoclonal antibodies (6D8 and AH12.2)
against different ECDs as well as an antibody (20H1) against the
DSG2 propeptide domain that is cleaved during exposure of
DSG2 on the cell surface (Fig. 1B). We then exposed human epi-
thelial lung cancer A549 cells to Ad3 virus and analyzed DSG2 by
Western blotting at different time points (Fig. 1C). Antibodies
6D8 and AH12.2 detected the full-length DSG2 form with a mo-
lecular mass of �130-kDa as well as a smaller product (�80 kDa)
in cells before the exposure to Ad3 (Fig. 1C, pre lane), indicating
that these cells produce a cleaved form of DSG2 that is recognized
by the anti-ECD antibodies 6D8 and AH12.2. The intensity of the
cleaved band increased within 1 h upon Ad3 exposure and then
gradually declined to intensities that were lower than those of
pretreatment levels by 8 h after exposure. The antibody that rec-
ognized the propeptide domain (20G1) did not detect the cleaved
DSG2 form. Notably, the 80-kDa band was only readily detectable
when confluent cells with intercellular junctions were used for the
assay, indicating that the cleaved form remains cell associated or
trapped in junctions. The 80-kDa band was not detected by West-
ern blotting in cell lysates of proliferating A549 cells (data not
shown).

To demonstrate that the cleaved form is shed from the cells, we
immunoprecipitated culture supernatant collected 4 h after add-
ing Ad3 virus or PtDd with antibody 6D8 (Fig. 1D). Western blot-
ting of precipitated material revealed a dominant band in the
range of 80 kDa which was more intense in cells incubated with
PtDd and Ad3 than in untreated cells (control).

To evaluate whether the 80-kDa band is a product of de novo
synthesis of a smaller DSG2 species that is triggered by PtDd or
Ad3, proteins were metabolically labeled with [35S]methionine-

TABLE 1 X-ray crystallography data

Parameter Value for the parameterb

Data collection
Space group P63
Cell dimensions

a, b, c (Å) 112.414, 112.414, 79.538
�, �, � (°) 90, 90, 120

Resolution (Å) 48.68–3.2 (3.3–3.2)
Rsym or Rmerge 17.9 (104)
I/	I 9.3 (1.6)
Completeness (%) 99.7 (98.4)
Redundancy 6.8 (6.75)

Refinement
Resolution (Å) 48–3.2
No. of reflections 9,523 (923)
Rwork/ Rfree 0.20 (0.26)
No. of atoms

Protein 4,868
Ligand/ion 0
Water 0

B factor
Protein 83.2

RMS deviationsa

Bond length (Å) 0.011
Bond angle (°) 1.44

a RMS, root mean square.
b Values in parentheses refer to the highest-resolution shell.
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FIG 1 DSG2 shedding in vitro in tissue cultures. (A) DSG2 is localized in desmosomal junctions at the lateral side of epithelial cells. The extracellular domain of
DSG2 forms a homodimer between two neighboring cells. On the cytoplasmic side, DSG2 binds to cytoskeletal proteins such as plakoglobin, plakophilins 1 to
4, and the intermediate filament binding protein desmoplakin. The desmin/keratin intermediate filaments link the DSG2 transmembrane protein complex to the
cell membrane. (B) Structure of DSG2. The extracellular part of DSG2 contains four domains (ECD1 to ECD4), followed by an extracellular anchor domain, the
transmembrane domain, and the intracellular domain. Monoclonal antibodies (20G1, AH12.2, and 6D8) against different ECDs are listed. The predicted
molecular masses of the cell-associated and shed portion of DSG2 are indicated. (C) DSG2 Western blot of cell lysates using anti-DSG2 MAbs. Confluent lung
cancer A549 cells were treated with Ad3 at an MOI of 200 PFU/cell. Cells were collected at different time points and subjected to Western blotting with anti-DSG2
MAbs 6D8, AH12.2, and 20G1. Molecular mass makers are shown on the right side of the blots. The full-length DSG2 band runs at a molecular mass of �130 kDa.
A dominant small band at �80 kDa is detected with 6D8 and AH12.2 MAbs but not with MAb 20G1. (D) DSG2 immunoprecipitation/Western blotting of cell
supernatants. A549 cells were incubated with Ad3 (200 PFU/cell) or PtDd (1 �g/ml). Culture supernatant was collected 4 h later, and shed DSG2 was pulled down
using 6D8 antibodies/protein A/G-agarose. Pulled-down proteins were analyzed by Western blotting with 6D8 antibodies. (E) Metabolic labeling for detection
of de novo-produced DSG2 in cell lysates and culture supernatant. Cells were exposed to Ad3 and PtDd as described for panel E in the presence of [35S]methio

Adenovirus-Mediated DSG2 Shedding

November 2015 Volume 89 Number 21 jvi.asm.org 10845Journal of Virology

http://jvi.asm.org


serine. DSG2 was immunoprecipitated with 6D8 antibodies from
cell lysates and culture supernatant 4 h after the addition of PtDd
or Ad3 and analyzed by polyacrylamide gel electrophoresis. Auto-
radiography of precipitated proteins showed full-length DSG2
(130 kDa) and, to a lesser degree, a band in the range of 80 kDa in
the cell lysates (Fig. 1E). Weak signals in the range of 80 kDa were
also detected after longer exposure in immunoprecipitated super-
natant proteins, indicating background cleavage of de novo-syn-
thesized DSG2 (Fig. 1E, right panel). Importantly, the intensity of
the 80-kDa band in cell lysates and the supernatant did not in-
crease after PtDd and Ad3 incubation to a degree seen in the West-
ern blot shown in Fig. 1C and D. We therefore concluded that
PtDd and Ad3 triggered shedding of the 80-kDa protein rather
than its de novo synthesis.

To better quantitate DSG2 shedding, we measured DSG2 con-
centrations in the supernatant of A549 cells by ELISA using the
6D8 antibody (Fig. 1F). Shed DSG2 accumulated over time in the
supernatant of untreated cells (control). Upon addition of Ad3,
DSG2 concentrations increased, reaching a plateau at �5 h. Ad3-
treated cells developed virus-associated cytopathic effects after 8 h
and were therefore not followed any longer. A similar kinetic was
seen in cells exposed to recombinant Ad3 PtDd. BsDd, which did
not contain Ad3 fibers, had no effect on DSG2 shedding compared
to results in control cells, indicating that shedding is triggered by
the fiber. In support of this, we found increased DSG2 shedding
upon incubation with recombinant Ad3 fiber knobs (JO1) al-
though the kinetics of shedding appeared to be slower than that
with PtDd. An immunofluorescence study with 6D8 antibodies
on nonpermeabilized A549 cells exposed to Ad3 or PtDd showed
the disappearance of DSG2 from the cell membrane, which fur-
ther corroborates DSG2 shedding (Fig. 1G). To study structure
details of shed DSG2, we used tandem mass spectrometry (MS/
MS). DSG2 protein from supernatant of PtDd-incubated A549
cells was pulled down using 6D8 antibodies and protein G Dyna-
beads. The pulled-down material was run on an SDS polyacryl-
amide gel. The band in the area of 80 kDa was cut out from the gel,
trypsin digested, and subjected to MS/MS. The identified peptides
are shown in Fig. 1H as triangles. All hits were located in the
extracellular domain or the extracellular anchor near the trans-
membrane domain. This suggests that cleavage most likely occurs
within the extracellular anchor domain.

To support our observation, we performed a similar study in
another epithelial cancer cell line, ovarian cancer SKOV3 cells, in
which exposure to Ad3 also increased the concentration of DSG2
in the culture supernatant significantly more than in untreated
control cells (Fig. 2).

To test whether Ad3 has a similar effect in vivo, we used mice

with human xenograft tumors derived from colon cancer HT29
and ovarian cancer SKOV3 cells (Fig. 3A). Notably, mouse DSG2
is not recognized by Ad3 or Ad3 derivatives (3). The presence of
human tumors in mice resulted in detectable levels of human
DSG2 in serum, most likely due to background shedding from
tumor cells that we also observed in vitro. The serum DSG2 con-
centration in mice before Ad3 injection ranged from 10 to 20
ng/ml for the HT29 tumor model (Fig. 3B, HT29, mock). Mice
were then intravenously injected with Ad3. Serum was collected at
the time points indicated in the figure legend, and DSG2 concen-
trations were measured by ELISA. Because preinjection DSG2 lev-
els varied, they were subtracted for each animal. In both the HT29
and SKOV3 models, serum DSG2 levels increased at 24 h after Ad3
injection and remained high during the time of observation (72
h). This could be due to the half-life of DSG2 in serum or to the
fact that Ad3 replicates in human tumor cells and produces PtDd,
which in turn could trigger more DSG2 shedding. The latter is
supported by the finding that, upon JO1 injection, serum DSG2
levels also peaked at 24 h but declined later (Fig. 3B, SKOV3-JO1).
DSG2 cleavage in Ad3-injected animals could also be observed by
Western blotting in lysates of tumors (Fig. 3C). As seen with con-
fluent epithelial cancer in culture, part of the shed DSG2 remains
tumor associated, potentially trapped in epithelial junctions. An-
other part of shed DSG2 is released into the blood circulation.

In conclusion, Ad3 and specifically the Ad3 fiber knob trigger
the shedding of the extracellular part of DSG2 from epithelial
cancer cells in culture and in xenograft tumor models.

Activation of MAPK signaling by Ad3. To study intracellular

nine-serine for 2 h, followed by a 2-h incubation in chase medium. Cell lysates and supernatant were immunoprecipitated with anti-DSG2 6D8 antibody/protein
A/G-agarose and separated by polyacrylamide gel electrophoresis. The right panel shows a phosphorimager exposure of the supernatant signals. (F) Concen-
tration of DSG2 in supernatant of A549 cells measured at different time points by ELISA. A549 cells were treated with Ad3 virus (200 PFU/cell), purified
recombinant penton-dodecahedral particles (PtDd) or penton base-dodecahedral particles (BsDd) (1 �g/ml). Culture supernatant was collected at the indicated
time points and used for ELISAs. Shown is the relative increase in DSG2 levels compared to pretreatment (time point 0) levels (n 
 3). The differences in results
for BsDd versus the untreated cells (control) (at all time points), for Ad3 versus PtDd at 8 h, and for PtDd versus JO1 at 8 h were not significant. For results with
Ad3 versus those with the control at 8 h, P � 0.01; for PtDd results versus those with BsDd at 12 h, P � 0.01. In Ad3-treated samples, the first signs of cytopathic
effect were observed at 6 h. (G) Immunofluorescence analysis of A549 cells. Six hours after the addition of Ad3 (200 PFU/cell) or PtDd (1 �g/ml) cells were stained
with fluorescein isothiocyanate-labeled 6D8 antibody. DSG2 signals are green. Scale bar, 50 �m. Note that the immunofluorescence analysis was performed on
nonpermeabilized cells and therefore does not detect DSG2 that is not presented on the membrane. (H) Results of tandem mass spectrometry analysis of shed
DSG2. A549 cells were incubated with PtDd as described for panel D. Eight hours later, shed DSG2 was pulled down using 6D8 antibodies. Pulled-down proteins
were then subjected to MS/MS. The triangles indicate the top peptides identified by MS/MS.

FIG 2 DSG2 concentrations in the supernatant of SKOV3 cells incubated with
Ad3 at an MOI of 200 PFU/cell. The experiment was performed as described in
the legend of Fig. 1F. Control values are those from untreated cells (n 
 3).
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signaling, we exposed A549 cells to Ad3 and lysed cells 2.5 h later
for analysis by a Proteome Profiler antibody array. This array is
able to detect relative levels of phosphorylation of 43 different
kinase phosphorylation sites (Fig. 4A). The 2.5-h time point for
Ad3 signaling was selected to avoid potential intracellular signal-
ing triggered by viral gene expression, which starts as early as 6 h
after Ad infection (44). Signal intensities were quantitated and
normalized to signals from untreated cells (taken as 100%). The
analysis shows significant increases in the activation of members
of the mitogen-activated protein kinase (MAPK) pathway, includ-

ing p38a, ERK1/2, Jun N-terminal protein kinase (JNK), EGFR,
Akt, and CREB as well as signaling molecules that are activated by
MAPK, including c-Jun, p27, and STAT3. The activation of
Chk-2, a protein kinase that is activated in response to DNA dam-
age, was unexpected but could be related to the cellular response
to Ad3 infection.

Ad3 interaction with cells is complex and can involve capsid
proteins other than the fiber, for example, penton base RGD-
containing domains that bind to �v integrins. To dissect this, we
studied phosphokinase activation upon incubation of cells with

FIG 3 DSG2 shedding in vivo in mice with tumors derived from human cancer cell lines. (A) Experimental design. Immunodeficient CB17 SCID/beige mice with
established subcutaneous human xenograft tumors (�500 mm3) were injected intravenously with Ad3 virus (2 � 109 PFU per mouse) or JO1 (2 mg/kg).
Preinjection serum samples (0 h) and samples harvested at 3, 6, 24, 48, and 72 h after Ad3 injection were analyzed by ELISA for DSG2 ECD concentrations. (B)
Serum DSG2 levels in mice with xenograft tumors derived from SKOV3 or HT29 cells. The left upper panel shows background DSG2 serum levels in mice with
HT29 tumors. In all other panels, background (preinjection) DSG2 levels were subtracted from the levels measured after Ad3 or JO1 injection (n 
 5). *, P � 0.01.
(C) DSG2 Western blot of tumor lysates after Ad3 injection. Mice with HT29- or SKOV3-derived xenograft tumors were injected with Ad3, and tumors were
harvested 24 h later. 6D8 antibody was used as a probe. DSG2 band signals were normalized to �-actin signals and are expressed as a percentage of combined
(DSG2) intensities (according to the table below the blot). Each lane represents an individual tumor.

Adenovirus-Mediated DSG2 Shedding

November 2015 Volume 89 Number 21 jvi.asm.org 10847Journal of Virology

http://jvi.asm.org


FIG 4 Analysis of phosphokinase activation after incubation of A549 cells with Ad3 and JO1. (A) A549 cells were incubated with Ad3 at an MOI of 100 PFU/cell
for 1 h on ice to allow for attachment. Virus was then removed, and cells were incubated for 2.5 h at 37°C. Cell lysates were subjected to hybridization on filters
containing antibodies that are able to detect relative levels of phosphorylation of 43 different kinase phosphorylation sites (Proteome Profiler antibody array;
R&D Systems). Signals were quantitated and plotted, taking the signals from mock-infected cells as 100%. *, P � 0.01 (n 
 3 independent experiments). (B) A549
cells were incubated with 1 �g/ml of JO1 and harvested at 2.5, 8, and 24 h later. As a control, A549 cells were incubated with Ad35 fiber knob (1 �g/ml) and
harvested at 2.5 h. JO1 signals were normalized to Ad35 fiber knob signals (taken as 100%) (n 
 3). eNOS, endothelial nitric oxide synthase.
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JO1, e.g., the dimerized Ad3 fiber knob. To further streamline our
analysis, we compared JO1-triggered signaling with that occurring
after incubation of cells with a recombinant Ad35 fiber knob,
which binds to CD46 and not to DSG2 (45). Figure 4B shows JO1
signals normalized to Ad35 fiber knob signals (taken as 100%).
Overall, JO1 triggered activation of members of the MAPK path-
way at 2.5 h similar to that seen with Ad3. At 4 h most of the MAPK
signals returned to background levels. Interestingly, JO1 also ac-
tivated �-catenin, however, with a slower kinetics than MAPK
members. We also observed changes in phosphokinase activation
that were not seen with Ad3, including less intense p70(S6), p27,
and Lck signals and stronger activation of STAT3. As expected,
there was no Chk-2 activation when cells were incubated with JO1.
Overall, the study with JO1 indicates prolonged activation of sig-
naling pathways, specifically of kinases that are downstream of
MAPK, including STAT3 and �-catenin. A similar MAPK path-
way activation pattern was detected in another cell line (HT29)
after incubation with JO1 (data not shown). The study also shows
that the fiber knob and its interaction with DSG2 are the central
triggers in activating MAPK signaling. Because MAPK signaling
appeared to be the dominant effect, in subsequent studies we at-
tempted to validate the activation of this pathway. The first vali-
dation assay involved Western blotting for p38 and its phosphor-
ylated form, pp38 (Fig. 5A and B). The pp38 signal increased

within 45 min after exposure to Ad3, declined by 3 h, and then
increased again (Fig. 5A). The second wave of p38 phosphoryla-
tion was absent when cells were incubated with PtDd (Fig. 5B) or
JO1 (data not shown), indicating that it is stimulated by virus
moieties or functions other than the fiber knob. The second vali-
dation assay involved a Cignal Lenti SRE reporter system that
monitors the activity of serum response factor (SRF)-mediated
signal transduction pathways. The ternary complex factors, TCR
and Elk-1, form a complex with the SRF over the serum response
element (SRE) and activate gene expression. The Elk-1 protein is
phosphorylated by MAPK, causing increased DNA binding, ter-
nary complex formation, and transcriptional activation of target
genes. The SRE reporter therefore measures the activation of the
SRF and the MAPK signal transduction pathway. We generated
A549 cells that expressed luciferase under SRE/MAPK control
(Fig. 5C). Exposure of these cells to Ad3 increased luciferase ex-
pression levels to a degree seen with the potent MAPK pathway
stimulator EGF (Fig. 5D). This reporter cell line also allowed us to
study MAPK activation in vivo in xenograft A549-SRE-Luc tu-
mors. Mice with established tumors were injected intravenously
with JO1, and luciferase expression was measured by in vivo im-
aging after injection of the luciferase substrate, luciferin (Fig. 5E).
In all four animals studied, the luciferase signal was significantly

FIG 5 Validation of MAPK activation by Ad3. (A and B) Western blot analysis of p38. A549 cells were exposed to Ad3 (200 PFU/cell) (A) or JO1 (1 �g/ml) (B)
as described in the legend of Fig. 4. Cells were harvested, lysed, and analyzed by Western blotting using MAbs against total p38 and phosphorylated p38 (pp38)
pre, before exposure to Ad3. (C to E) Studies with a MAPK-dependent reporter system. The expression cassette of the SRE/MAPK-Luc reporter lentivirus vector
is diagrammed in panel C. Luciferase expression is under the control of a minimal CMV promoter and tandem repeats of the SRE transcriptional response
element (SRE-TATA). hPGK, human phosphoglycerate kinase promoter; PuroR, puromycin resistance gene; cppt, central polypurine tract. Luciferase expres-
sion was determined in A549 cells that were modified with the SRE/MAPK-reporter lentivirus vector (D). Cells were treated with EGF (200 ng/ml) or infected
with Ad3 at an MOI of 200 PFU/cell for 3 h. Luciferase expression was measured 48 h later and expressed as RLU per milligram of total protein (n 
 3). *, P �
0.01. In vivo imaging of luciferase expression after JO1 injection is shown in panel E. A549 cells marked with the SRE/MAPK reporter system were injected
subcutaneously into CB17 SCID/beige mice. When tumors reached a volume of �500 mm3, mice were intravenously injected with JO1 (2 mg/kg) and imaged
for luciferase expression before injection (0 h) and at 6 h and 3 days after Ad injection. Normalized signals (flux/ROI) from four individual animals (1 to 4) are
shown.
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increased at 6 h after JO1 injection. It then declined to background
levels by day 3.

In summary, these studies demonstrate that Ad3, through its
fiber knob, triggers the activation of MAPK pathways.

Ad3 activates MAPK and ADAM17, which in turn leads to
DSG2 shedding. Previous studies on human tumor cell lines have
shown that DSG2 is subject to shedding via matrix metallopro-
teases (MMPs), including the ADAM17 (a disintegrin and metal-
loprotease) member of transmembrane sheddases (11, 46). These
studies also established a functional link between EGF-MAPK
stimulation and ADAM17 activation. We therefore analyzed the
effect of Ad3 exposure on ADAM17. ADAM17 activation occurs
by proteolytic cleavage of the inactive form containing a propep-
tide (pro-ADAM17) (47). Incubation of A549 cells with Ad3 re-
sulted in an increase of the ratio of ADAM17 to pro-ADAM17,
indicating activation of this MMP (Fig. 6A, left panel). The Ad3
fiber-less BsDd had no effect on ADAM17 activation. This process
was blocked by the MMP/sheddase inhibitor TAPI-0 (11) and by
the MAPK inhibitor U-0126 (Fig. 6A, right panel). This suggests
that Ad3 triggers the activation of ADAM17 and that this involves
MAPK as a functional link.

We performed DSG2 shedding studies in the presence of
MAPK and ADAM17 inhibitors to consolidate the functional
chain: Ad3 binding to DSG2 ¡ activation of MAPK ¡ activation
of ADAM17 ¡ cleavage and shedding of DSG2. We measured
shed DSG2 in the culture supernatant of A549 cells (Fig. 6B) and
SKOV3 cells (Fig. 6C). Both U-0126 and TAPI-0 reduced the
shedding from A549 cells (Fig. 6B and C, PBS). Shedding was
blocked more by TAPI-0 than by U-0126. Ad3 and PtDd, but not

BsDd, increased the amount of shed DSG2. Incubation with
U-0126 or TAPI-0 decreased DSG2 levels to control (PBS) levels.
In SKOV3 cells, U-0126 did not block background DSG2 shed-
ding; however, it blocked shedding triggered by Ad3 or PtDd.
TAPI-0 had a more profound inhibitory effect than U-0126. The
only partial blocking of DSG2 shedding by U-0126 suggests that
pathways other than MAPK are involved in shedding.

X-ray crystallography and 3D structure modeling of the
Ad14P1 fiber knob. Based on epidemiological data, the newly
emerged strain, Ad14P1, is considered more pathogenic/virulent
than the parental strain (Ad14) (22–24). In an attempt to experi-
mentally support this, we studied the effect of Ad14 and Ad14P1
on tumor growth in a xenograft model with epithelial tumors
derived from A549 cells (Fig. 7). Intratumoral injection of Ad14P1
resulted in a greater attenuation of tumor growth than Ad14 in-
jection. This was most likely due to better virus replication and/or
intratumoral spread (Fig. 7A). While the infectious particle titers
of the two viruses were comparable at day 2 after injection, more
Ad14P1 virus was detectable at day 7 after injection (Fig. 7B). The
genomes of the two viruses differ by an insertion in the E1A gene
and a small deletion in the fiber knob gene (48). In this study, we
tested the hypothesis that the more efficient Ad14P1 production
in xenograft tumors and, potentially, its higher pathogenicity are
linked to the mutation within the Ad14P1 fiber knob. The deletion
(�K250-E251, or KE) in the fiber knob is located within the F-G
loop directly adjacent to the G �-sheet and could theoretically
change the structure of the F-G loop and its proximity to the
neighboring knob monomer (Fig. 8A) (38). Potential structural
differences in the DSG2-interacting fiber knob domain(s) of

FIG 6 Inhibition of DSG2 shedding by MAPK and ADAM17 inhibitors. (A) Analysis of ADAM17. The left panel shows activation of ADAM17. A549 cells were
incubated with BsDd (1 �g/ml) (as a negative control) or Ad3 virus (MOI of 200 PFU/cell). Cells were washed once with PBS at 11 h after incubation, lysed, and
subjected to Western blotting with polyclonal anti-ADAM17 antibodies. The arrows indicate pre-ADAM17 and the processed form of ADAM17. Pixel densities
of bands were measured by GE Healthcare’s ImageQuant software. The numbers below each lane are the ratios of signals from the ADAM17 band to signals from
the pro-ADAM17 band. The right panel shows the inhibition of ADAM17 by the ADAM17 inhibitor TAPI-0 (final concentration, 50 �M) or the MAPK inhibitor
U-0216 (final concentration, 10 mM), added alone or together with Ad3 virus. Cells were harvested 11 h later. Dimethyl sulfoxide (DMSO) is a solvent for both
inhibitors and was therefore used as a control. �-Actin served as a loading control. (B) DSG2 concentrations in A549 culture supernatant. Culture supernatant
was collected 11 h after treatment, and DSG2 concentrations were measured by ELISA (n 
 3). *, P � 0.01. (C) DSG2 concentrations in SKOV3 cell culture
supernatants. Cells were treated as described for panel C. The differences in the amounts of shedding triggered by PBS, Ad3, PtDd, and BsDd in the presence of
TAPI-0 in SKOV3 cells were not significant.
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Ad14P1 could influence binding to DSG2 and subsequent intra-
cellular signaling and thus account for the differences in Ad14 and
Ad14P1 pathologies. We therefore delineated the atomic structure
of the Ad14P1 fiber knob. As shown in Fig. 8B and C, the two-
amino-acid deletion breaks the short alpha helix present in the
Ad14 structure. The loop exhibits no defined secondary structure
and is quite flexible, as denoted by higher than average B-factors
(Table 1). Structural overlays with Ad3 and Ad14 show the mul-
tiple conformations possible for the F-G loop (Fig. 8C and D).
Each structure exposes different residues, which likely influences
protein-protein interactions mediated by this region of the struc-
ture. We also tested 78 human serum samples for IgG antibodies
specific to recombinant Ad14 and Ad14P1 fiber knob and found
that the levels of antibodies in a given serum sample were different
in the majority of cases (Fig. 9). Although very speculative, this
could be the result of different immunoreactivity due to structural
differences. Clearly, other factors could also account for this.

Structural changes with the F-G loop of Ad14P1 fiber knob
do not significantly change the binding to DSG2. To study po-
tential functional consequences of the changed structure of the
Ad14P1 fiber knob, we tested the attachment of Ad14 and Ad14P1
virus to HeLa cells using recombinant DSG2 as a competitor (Fig.
10A). Attachment of both viruses was blocked to a similar degree
by recombinant DSG2, whereas DSG2 did not influence the bind-
ing of the coxsackievirus-adenovirus receptor (CAR)-interacting
Ad5. The latter finding is in agreement with our previous studies
showing that Ad5 does not bind to DSG2 (41). Furthermore, we
did not observe differences between Ad14 and Ad14P1 fiber knob
binding using a Western blot assay (Fig. 10B). In agreement with
previous studies, this assay showed that only trimeric fiber knobs
bind to DSG2 and not monomeric forms. A more sensitive and
quantitative assay for measuring fiber knob-DSG2 interactions is
surface plasmon resonance using DSG2 and fiber knobs as ana-
lytes (Fig. 10C and D). According to the conformational change in
the F-G loop structure, it would be conceivable that DSG2 recog-
nition by Ad14P1 fiber knob would be affected. In a first attempt,
recombinant DSG2 was immobilized on the sensor chip surface,

and fiber knobs from Ad3, Ad14, and Ad14P1 were used as ana-
lytes. Even though a slight difference was observed between the
Ad3 and the two different Ad14 knobs, very similar profiles were
observed for the two Ad14 knobs, suggesting that the KE deletion
in Ad14P1 and the resulting structure changes were not involved
in DSG2 binding (Fig. 10C). In order to ascertain that this result
would not be due to an avidity effect, a reverse experiment in
which the fiber knobs were immobilized and the recombinant
DSG2 was used as the analyte was performed. Again, the profiles of
the different sensorgrams were very similar, thus confirming that
the Ad14 knob interaction with DSG2 was not affected by the
structural changes induced by the KE deletion (Fig. 10D). This
conclusion is further supported by an Ad3 virus infection assay in
the presence of increasing concentrations of Ad5, Ad3, Ad14, and
Ad14P1 fiber knobs, which also did not reveal significant differ-
ences between the DSG2-interacting fiber knobs (Fig. 10E).

Differences in the abilities of the Ad3 and Ad14 fiber knobs to
block Ad3-GFP infection could be due to the fact that the Ad3
fiber knob contains an N-terminal 6�His tag while the Ad14 fiber
knobs have C-terminal 6�His tags.

In summary, structural differences in the Ad14 and Ad14P1 fiber
knobs did not result in measurable differences in DSG2 binding.

Comparison of intracellular signaling between Ad14 and
Ad14P1. As no difference in binding could be detected, it is con-
ceivable that the two viruses differ in signaling. We therefore stud-
ied intracellular signaling triggered by Ad14 and Ad14P1 viruses
in A549 cells in comparison to that of Ad3 virus. The plots show
relative signals, with Ad3 signals taken as 100% (Fig. 11A), or a
direct comparison between Ad14 and Ad14P1, with Ad14 signals
taken as 100% (Fig. 11B). Overall, there are no remarkable differ-
ences between the three viruses, particularly in members of the
MAPK pathway. Compared to Ad3, both Ad14 and Ad14P1 trig-
ger strong activation of the stress-activated protein kinases c-Jun
NH2-terminal kinase (JNK) and glycogen synthetase kinase 3�/�
(GSK-3�/�), most likely as a result of virus entry. On the other
hand, members of the Src family kinases (Yes and Fgr) and the
Scr-interacting protein focal adhesion kinase (FAK) are less acti-

FIG 7 Spread of Ad14 and Ad14P1 in epithelial xenograft tumors derived from A549 cells. When subcutaneous tumors reached a volume of �300 mm3 at day
15 after tumor cell inoculation, 2 � 109 PFU of the Ad14 and Ad14P1 viruses was injected intratumorally. (A) Tumor volumes. Differences in tumor volumes
between Ad14 and Ad14P1 are significantly different (P � 0.01) from day 21 on (n 
 5). (B) In a second study, established tumors with a volume of �300 mm3

were injected intratumorally with 2 � 109 PFU of the Ad14 and Ad14P1 viruses. Tumors were harvested at day 2 and day 7 after Ad injection, homogenized,
freeze-thawed, and subjected to titering for infectious viral particles (IU) by limiting dilution assay (n 
 3).
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vated by Ad14 and Ad14P1. The Src pathway is involved in the
control of many functions, including cell adhesion, growth,
movement, and differentiation. The functional relevance of these
pathways remains to be studied. Here, we focus on MAPK path-
ways in the context of DSG2 shedding. In the SRE/MAPK reporter
assay, there was no significant difference in luciferase expression
levels in cells exposed to Ad14 or Ad14P1 (Fig. 12A). Similar to
Ad3, Ad14 and Ad14P1 activated ADAM17 (Fig. 12B). Analysis of
DSG2 shedding upon exposure of A549 cells to Ad3, Ad14, and
Ad14P1 showed slower shedding kinetics for Ad14 and Ad14P1
(Fig. 12C, 3 h versus 9 h). Furthermore, while for Ad3 the amount
of shed DSG2 at 3 h correlated with the MOI of virus used, this
effect was not obvious for Ad14 at 9 h. It is possible that an analysis
at an earlier time would show a dose-response effect for Ad14 and
Ad14P1. It can also not be excluded that with Ad14 and Ad14P a
threshold of signaling activation is achieved at lower MOIs. In

agreement with the signaling data, there was no difference in
DSG2 shedding levels between Ad14 and Ad14P1.

In conclusion, studies with Ad14 and Ad14P1 corroborated
our data with Ad3 suggesting that DSG2-interacting Ads trigger
MAPK activation that leads to DSG2 shedding. Although X-ray
crystallography demonstrated structural differences in the fiber
knobs of Ad14 and Ad14P1, this did not alter the binding to DSG2
and subsequent signaling.

DISCUSSION

Human adenoviruses have evolved mechanisms to efficiently
breach the epithelial barrier to establish infection and dissemi-
nate. Two of the main adenovirus receptors, CAR and DSG2, are
epithelial junction proteins. In polarized normal epithelial cells,
DSG2 as well as CAR is sequestered in cell-cell junctions and is
consequently inaccessible to the Ad from the apical surface. Al-

FIG 8 Structure of Ad14P1 fiber knob compared to the structures of Ad14 (3F0Y) and Ad3 (1H7Z). (A) Amino acid sequence of a section of the Ad14 and
Ad14P1 fiber knobs. Beta-sheets F, G, H, and I are shaded in gray. The two-amino-acid deletion in the F-G loop of Ad14P1 is indicated by an arrow. (B) Overlay
of the structures of Ad14 (3F0Y) and Ad14P1. Ad14P1 is shown in dark blue with the F-G loop in cyan. Ad14 is shown in gray with the F-G loop highlighted in
yellow. The KE deletion in Ad14P1 breaks the alpha helix as shown. (C) Close-up of the F-G loop with Ad14P1 shown in cyan and Ad14 shown in gray (top). In
the bottom panel, residues for the F-G loop are shown and labeled with numbering as per that of Ad14P1. (D) Overlay of the structures of Ad3 (1H7Z), Ad14
(3F0Y), and Ad14P1. Structures are shown as cartoons with partial transparency. Ad3 is shown in light green with the F-G loop in bright green, Ad14 is shown
in gray with the F-G loop in gray, and Ad14P1 is shown in dark blue with the F-G loop in cyan. (E) Close-up of the F-G loops for Ad3, Ad14, and Ad14P1 colored
as described for panel C.
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though these receptors can be redirected to the apical surface by
virus-stimulated macrophages and cytokine signaling (49), the
initial round of Ad infection of polarized epithelium is inefficient.
Therefore, both DSG2 and CAR are considered receptors support-
ing the lateral spread of de novo-produced virus (50, 51).

Our previous work has established that binding of Ad3 to
DSG2 results in opening of epithelial junctions (3, 34, 35, 52). This
process is further enhanced by the production of PtDd during Ad3
infection (30). PtDd are released from Ad-infected cells before
virus-triggered cytolysis and can be found in the paracellular
space in epithelial cell cultures. PtDd support spread of de no-
vo-produced Ad3 by binding to DSG2 and subsequent junction
opening. Our previous studies also indicated that Ad3- and
Ad3 PtDd-mediated junction opening involves at least two
mechanisms: (i) the activation of phosphokinase pathways and
(ii) the downregulation of gene expression of junction/cyto-
skeletal proteins (3).

Another DSG2-interacting species B Ad is Ad14 and its re-
cently emerged strain Ad14P1 (33). Like Ad3, Ad14 and Ad14P1
generate PtDd during infection (30). The basis of our studies on
intracellular signaling triggered by these three viruses was the
finding that they mediate the shedding of the DSG2 ECD, which
can be detected in culture supernatant and serum of mice with
xenograft tumors. ECD cleavage disrupts the DSG2 homodimers
between two neighboring epithelial cells and thus probably con-
tributes to Ad-mediated junction opening. We found that the fol-
lowing chain of events culminates in DSG2 ECD shedding: (i)
binding of Ad3 via the fiber knob to DSG2, (ii) activation of

MAPK, (iii) activation of ADAM17, and (iv) ECD cleavage. This
does not exclude the possibility that other pathways are involved
in DSG2 shedding.

DSG2 shedding is mediated by JO1, i.e., a dimerized trimeric
Ad3 fiber knob (Fig. 1F and 3B). JO1 also triggered junction open-
ing in a series of cancer cell lines and xenograft tumor models.
Furthermore, an Ad35K fiber knob that does not bind to
DSG2 did not trigger MAPK activation. In the data shown in Fig.
4B, the JO1-triggered signaling was normalized to that measured
after Ad35K treatment (Fig. 4B).

We speculate that Ad3 binding to DSG2 triggers changes in the
DSG2 conformation or clustering of several DSG2 molecules
which, in turn, either directly or indirectly leads the phosphoryla-
tion of MAPK pathway members. Previous studies on the binding
of Ad11 to CD46 showed that engagement by the Ad11 knob
triggered a conformational change in the extracellular domain
(ECD) of CD46, which resulted in the exposure of residues for
binding that were hidden in the unligated receptor (53). Unlike
Ad interaction with CD46 (53, 54), structural details on the Ad3
and PtDd interactions with DSG2 are still elusive. Our previous
antibody competition studies indicate that the Ad3 fiber knob
regions that interact with DSG2 are located in ECD3 and ECD4
(3). Attempts to cocrystallize DSG2 and Ad3 PtDd and resolve the
structure of the complex are ongoing.

DSG2 shedding appears to be an integral part of epithelial cell
biology (11). We found in sera from humans, human DSG2-
transgenic mice, and macaques shed DSG2 ECD in the range of
several hundred nanograms per milliliter (3, 36, 52). We also de-

FIG 9 Level of antibodies against Ad14 and Ad14P1 fiber knobs in human serum. Serum samples from 78 ovarian cancer patients (x axis) were diluted 1:50 and
subjected to ELISA to measure Ad14- and Ad14P1-specific IgG antibodies. OD450 readings were compared to those from pooled normal human serum (NHS)
(taken as 1.0).
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tected DSG2 ECD in the supernatant of cultured epithelial cancer
cells and in the serum of mice with xenografts derived from hu-
man tumor cells (Fig. 1 to 3). Importantly, this process was greatly
enhanced by Ad3, Ad14, Ad14P1, or Ad3 derivatives. With regard
to “physiological” background from cancer cells, we speculate that

the differences in the DSG2 concentrations in culture superna-
tants from A549 and SKOV3 cells are due to different degrees of
MAPK and ADAM17 concentrations/activities in different
cancer cell lines. The differences in shed DSG2 serum concen-
trations between individual mice with xenograft tumors could

FIG 10 Ad14 and Ad14P1 binding to DSG2. (A) Attachment of 3H-labeled Ad14, Ad14P1, and Ad5 virus particles. HeLa cells were incubated without (white
bars) or with (gray bars) 6 mg/ml recombinant human DSG2 protein on ice for 1 h, and then 8,000 VPs/cell of 3H-labeled virus was added to HeLa cells on ice.
One hour later, unbound virus was washed away. Attachment of virus particles incubated with PBS was taken as 100% (n 
 3). (B) Analysis of Ad14 and Ad14P1
fiber knob (Ad14K and Ad14P1K) binding to recombinant DSG2. Fiber knobs were run on a polyacrylamide gel and stained with Coomassie (left panel).
A second gel was blotted and hybridized with recombinant human DSG2 followed by anti-DSG2 MAb and anti-mouse Ig-HRP (right panel). Lanes 1,
trimeric (TM) Ad14 knob; lanes 2, monomeric (MM) Ad14 knob (after sample boiling); lanes 3, trimeric Ad14P1 knob; lanes 4, monomeric Ad14P knob.
(C) Surface plasmon resonance analysis of Ad fiber knob interactions with immobilized DSG2. Ad3, Ad14, and Ad14P1 knobs were injected at the same
concentrations (167 nM) for 3 min, followed by a 2.5-min dissociation time. Note that the differences between Ad14 and Ad14P1 values are within assay
variability. (D) The reverse of the experiment shown in panel C in which the three different fiber knobs were immobilized, and DSG2 was used as the
analyte (167 nM). (E) Competition of Ad3-GFP infection by recombinant Ad3, Ad5, Ad14, and Ad14P1 fiber knobs. HeLa cells were incubated with
increasing concentrations of Ad fiber knob protein at 37°C for 60 min and then infected with Ad3-GFP virus at an MOI of 100 PFU/cell. Virus was
removed 1 h later, and GFP expression was analyzed 18 h after infection. The right panels show representative immunofluorescence images from cells
infected with Ad3-GFP in the presence of 50 �g/ml of fiber knobs.
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FIG 11 Intracellular signaling triggered by Ad14 and Ad14P1. (A) Analysis of phosphokinase activation after incubation of A549 cells with Ad3, Ad14, and
Ad14P1 viruses. Conditions were as described in the legend of Fig. 4. The signals for Ad3 were taken as 100% (dotted lines). *, P � 0.01. (B) The signals for Ad14
were taken as 100% (dotted lines). *, P � 0.01.
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be due to different tumor volumes or vascularization. Prelim-
inary studies of longitudinal serum samples from ovarian can-
cer patients indicate a potential correlation between DSG2 se-
rum levels and tumor burden and recurrence (A. Lieber,
personal communication).

The second objective of this study was to delineate potential
mechanisms for the higher pathogenicity of Ad14P1 than that of
the parental strain Ad14. Our data showing greater spread and
oncolytic activity of Ad14P1 than of Ad14 in a human epithelial
cancer model pointed toward better infectivity and/or replication
of Ad14P1. The genomes of the two viruses differ by an insertion
in E1A and a small deletion in the fiber knob (48). We tested the
hypothesis that the mutation in the fiber knob would account for
the observed differences. While our X-ray crystallography studies
suggested differences in the structure of the Ad14P1 fiber knob in
the F-G loop, this did not significantly change the knob affinity to
DSG2 or the intracellular signaling and DSG2 shedding in epithe-
lial cancer cells upon exposure to Ad14 and Ad14P1. In line with
this is the outcome of an in vivo toxicity study. In an attempt to
study potential pathological effects of Ad14 and Ad14P1, we in-
jected these viruses intravenously into human DSG2-transgenic
mice. These mice express human DSG2 in a pattern similar to that
of humans, and binding of JO1 to DSG2 on mouse tumor cells that
ectopically express human DSG2 triggers junction opening (52).
The latter observation indicates that intracellular signaling in
DSG2-transgenic mouse cells is similar to that in human cells.
However, in contrast to human cells, mouse cells do not support
productive adenovirus replication. Notably, human adenoviruses
do not interact with the mouse orthologue for DSG2 (52). Our
study did not reveal significant differences in blood parameters
between the two viruses in blood cell counts (Fig. 13A). Both
viruses triggered an increase in alanine aminotransferase (ALT;
serum glutamic pyruvic transaminase [SGPT]) as a sign of liver
inflammation (Fig. 13B). Overall, however, there were no signifi-
cant differences in hematological parameters between the two
Ad14 virus strains.

In summary, we conclude that the differences in the structures

of the Ad14 and Ad14P1 fiber knobs do not change the viruses’
effects on cells and that the insertion in the E1A gene might be the
cause of greater viral spread and, potentially, the higher pathoge-
nicity of Ad14P1. This speculation needs to be supported by in-
troducing the E1A mutation into the genome of Ad14. Further-
more, the human DSG2-transgenic mouse model does not reflect
a potentially higher pathogenicity of Ad14P1. We speculate that
differences between the two viruses could become apparent in a
more permissive animal model, e.g., using Syrian hamsters. How-
ever, at this point no human DSG2-transgenic hamster model is
available.

A better understanding of structures and mechanisms of viral
infection and spread in epithelial tissues is crucial for the develop-
ment of new drugs that can interfere with these processes as well as
for the development of potent prophylactic vaccines. Further-
more, most solid tumors are of epithelial origin and maintain
epithelial junctions. DSG2 is overexpressed in most solid tu-
mors (55–59). Considering that epithelial junctions are one of
the factors that limit the dissemination of drugs and oncolytic
viruses throughout the tumor, our studies of how PtDd trigger
junction opening are also relevant for tumor therapy. Poten-
tially, DSG2 shedding into the serum can also be used as a
readout in clinical trials for the junction opening function of
recombinant Ad3 derivatives that we plan to use clinically to
improve drug penetration in epithelial tumors (36). Finally,
our finding that Ad14P1 efficiently spreads in epithelial xeno-
graft tumors makes this virus a potential platform for new
oncolytic adenoviruses.
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