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Desmoglein 1 (Dsg1) is a desmosomal cadherin that is
essential to epidermal integrity. In the blistering diseases bullous impetigo and staphylococcal scaldedskin syndrome , pathogenesis depends on cleavage of
Dsg1 by a bacterial protease , exfoliative toxin A,
which removes residues 1 to 381 of the Dsg1 ectodomain. However , the cellular responses to Dsg1 cleavage that precipitate keratinocyte separation to induce
blister formation are unknown. Here , we show that
ectodomain-deleted Dsg1 (⌬381-Dsg1) mimics the
toxin-cleaved cadherin , disrupts desmosomes, and
reduces the mechanical integrity of keratinocyte
sheets. In addition , we demonstrate that truncated
Dsg1 remains associated with its catenin partner ,
plakoglobin , and causes a reduction in the levels of
endogenous desmosomal cadherins in a dose-dependent manner , leading us to hypothesize that
plakoglobin sequestration by truncated Dsg1 destabilizes other cadherins. Accordingly , a triple-point mutant of the ectodomain-deleted cadherin , which is
uncoupled from plakoglobin , does not impair adhesion , indicating that this interaction is essential to the
pathogenic potential of truncated Dsg1. Moreover, we
demonstrate that increasing plakoglobin levels rescues cadherin expression , desmosome organization,
and functional adhesion in cells expressing ⌬381Dsg1 or treated with exfoliative toxin A. Finally, we
report that histone deacetylase inhibition up-regulates desmosomal cadherins and prevents the loss of
adhesion induced by Dsg1 truncation. These findings
further our understanding of the mechanism of exfo-

Desmosomes are specialized intercellular adhesive organelles crucial for maintaining the integrity of tissues
that endure mechanical stress, especially the epidermis.1
The adhesive interface of desmosomes is built from specialized cadherin family members, including four desmogleins (Dsg1-4) and three desmocollins (Dsc1-3), assembled at junctions between epidermal keratinocytes.2
Desmogleins and desmocollins cooperate to mediate adhesion with cadherins on neighboring cells via ectodo-
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main interactions, whereas their intracellular domains
provide a platform for assembly of the desmosomal
plaque components. The armadillo family members, plakoglobin (PG) and plakophilins, bind to cadherin tails and
stably recruit desmoplakin (DP), which provides a direct
link to intermediate filaments. Expression of desmosomal
cadherins varies among the layers of the epidermis, and
their roles in various aspects of cutaneous development
and integrity have been explored in laboratory epidermal
models and linked to human skin diseases.3–5
Desmoglein 1 (Dsg1), in particular, is targeted in both
inherited and acquired dermatological diseases.6,7 Although genetic haploinsufficiency of Dsg1 leads to skin
thickening in striate palmoplantar keratoderma,8,9 targeting of this cadherin by autoantibodies in pemphigus foliaceus (PF) leads to epidermal blistering.10 In PF, antiDsg1 antibodies recognizing its ectodomain compromise
the adhesive function of Dsg1 and lead to blistering only
within the upper epidermal layers. Because Dsg1 is expressed throughout all suprabasal layers of the epidermis,
the desmoglein compensation hypothesis has been invoked to explain the localization of pemphigus lesions, suggesting that blistering in PF occurs only within the layers
where Dsg1 is the primary desmoglein and other desmogleins (Dsg2-4) are not expressed at high enough levels to
compensate for the loss of its adhesive function.11,12
Further confirming its requirement for epidermal integrity, Dsg1 is also targeted in an acquired blistering disease in which pathology can be localized or widespread,
termed bullous impetigo (BI) or staphylococcal scaldedskin syndrome (SSSS), respectively.6 The histological appearance of blistering in BI and SSSS is identical to that
observed in PF, and a connection between the two diseases was solidified by the identification of Dsg1 as a
target of exfoliative toxin A (ETA), a protease secreted by
Staphylococcus aureus and the pathological agent in BI
and SSSS.13 ETA cleaves Dsg1, but not other desmosomal cadherins, hydrolyzing a single peptide bond
within its ectodomain.14 The aim of current therapy for BI
and SSSS is to eliminate the source of ETA by treating the
underlying infection, but no treatment exists to directly
halt what can become fatal blistering.15–17 The ectodomain of DSG1 contains five extracellular cadherin-typical
domains (EC1-5),18,19 and the site of the direct adhesive
interaction for Dsg1 is thought to lie within the most Nterminal portion of EC1, which is commonly the region targeted in pemphigus.20 –22 This N-terminal adhesive region
of Dsg1 is removed by ETA, which cleaves at amino acid
381 near the C-terminal end of EC3,14 thus producing a
membrane-tethered, adhesion-deficient cadherin.
Beyond its ectodomain, the transmembrane, intracellular anchor, and intracellular catenin-binding segment
(ICS) domains of Dsg1 are highly conserved.23 Although
they have not been crystallized, these domains are
thought to exhibit a structure similar to that of classic
cadherins and likewise serve as docking sites for armadillo proteins, including PG and plakophilins. Early interaction studies determined that an 87-amino acid sequence at the C terminus of the ICS domain of Dsg3
mediated its interaction with PG.24 Furthermore, abolishing the Dsg-PG interaction impaired incorporation of the

cadherin into junctions, suggesting that PG may be essential to the trafficking of desmogleins. Moreover, for
desmogleins and desmocollins to form functional adhesive
complexes in nonadherent fibroblasts, coexpression of PG
was required.25,26 Biochemical analysis predicted that several hydrophobic residues within the ICS domain would be
essential to PG binding.27,28 Our own experiments have
confirmed the failure of PG to interact with a mutant of Dsg1
harboring three alanine mutations at these sites.29
PG can associate with both the ICS domain of desmosomal cadherins30 –32 and the N terminus of desmoplakin,33 thus serving as a critical linker in the chain of
adhesive protein-protein interactions. PG is bound to
desmogleins and desmocollins very soon after their synthesis and is known to traffic with the cadherins.34 During
the formation of intercellular junctions, PG plays a major
role in the assembly of desmosomes. PG-null keratinocytes
showed delayed incorporation of desmosomal components, including cadherins, into intercellular junctions,
whereas adherens junctions were unaffected.35 In fact, desmoglein levels were significantly reduced in PG-null cells,
suggesting that PG might contribute to the production or
stability of these adhesive molecules. How PG regulates the
stability of desmosomal cadherins has not been fully explained. Together, these findings suggest that PG plays an
essential role in the normal regulation of desmosomal cadherins. Of interest, PG has also been shown to be involved
in pemphigus vulgaris, an autoimmune blistering disease
that targets Dsg3. In response to autoantibodies, Dsg3 is
internalized, but PG remains associated with the targeted
cadherin and is required for keratin filament retraction during junction disassembly.36,37
Here, we investigated the mechanism of blistering in BI
and SSSS by expressing an N-terminal truncation of
Dsg1 to mimic the end product of ETA cleavage (⌬381Dsg1) and assessed its effects on intercellular adhesion.
Our findings indicate that truncated Dsg1 remains bound
to its catenin partner, PG, and that this association is
essential for disrupting desmosomes, reducing expression of other desmosomal cadherins, and compromising
the adhesive strength of keratinocytes. Moreover, we
show that increasing PG is sufficient to rescue cadherin
expression and desmosome organization and strengthened intercellular adhesion in cells expressing truncated
Dsg1 or treated with ETA. Finally, we found that an
inhibitor of histone deacetylases (HDACs) previously
linked to PG expression38 – 40 was sufficient to promote
intercellular adhesion despite ⌬381-Dsg1 expression
or ETA treatment. Taken together, these findings advance our understanding of the mechanism of exfoliative toxin-induced pathology and may provide therapeutic insight into the treatment of blistering diseases
targeting the desmosome.

Materials and Methods
Generation of cDNA Constructs
The full-length, human Dsg1 cDNA in pBluescript KS
(p536) was modified at its C terminus by PCR to add a
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Flag epitope, followed by a stop sequence, and a BamHI
site (p783). The Flag-tagged full-length Dsg1 cDNA was
then excised by BamHI digestion and ligated into pTRE
(Clontech, Mountain View, CA) (p812) for further manipulation. A Dsg1 construct lacking the region cleaved by
exfoliative toxin (⌬381-Dsg1; amino acids [AA] 382– end)
was generated by PCR amplification of the entire sequence of p812 except amino acids 1 to 381 after the
pro-domain. The linear product was recircularized by
blunt ligation to link the pro-domain of Dsg1 directly to AA
382, forming a Dsg1 construct lacking AA 1 to 381. A
⌬381-Dsg1 construct deficient in PG binding (⌬381Dsg1AAA) was generated by site-directed mutagenesis
(Stratagene, La Jolla, CA) to incorporate three alanine
substitutions (Leu751Ala, Phe755Ala, and Leu758Ala)
within the predicted binding region for PG.28,29 The Dsg1
cytoplasmic domain construct (⌬569-Dsg1; AA 570 –end)
was generated, and a 5⬘ BamHI site was inserted by PCR
amplification of a fragment of p812.
For retroviral plasmids, the Dsg1 constructs described
were digested with BamHI and then were ligated into the
BamHI site of pLZRS-Linker (p989). Inserts were fully
sequenced and orientation was confirmed by restriction
enzyme digestion. pLZRS-Linker and pLZRS-BMN-enhanced green fluorescent protein (EGFP), used for production of EGFP retrovirus, were obtained from Mitchell Denning, Loyola University Medical Center, Maywood, IL.41,42
An N-terminally EGFP-tagged PG was generated from
a plasmid encoding the full-length human PG cDNA
(p328), which was digested and ligated into pEGFP-C1
plasmid (Clontech) in-frame downstream of the EGFP
sequence to form pEGFP-PG (p865). A retroviral construct encoding EGFP-PG was generated as follows. The
retroviral vector, pLZRS-Linker, was digested with HindIII
and then was treated with Klenow large fragment (New
England Biolabs, Ipswich, MA) and dNTPs to fill in the
nucleotide overhangs, followed by a second digestion
with EcoRI. The insert was prepared by digesting
pEGFP-PG with NheI and then treating with 0.5-l Klenow
large fragment and 25 mmol/L dNTPs to fill in the nucleotide overhangs, followed by a second digestion with
EcoRI. Insert and vector DNA bands were purified by
electrophoresis in a 1% agarose gel. DNA bands were
cut out of the gel, extracted using a DNA gel purification
kit (Qiagen, Valencia, CA), and then joined by ligase
treatment at 16°C overnight. The EGFP-PG insert was
fully sequenced.

Antibodies and Reagents
The following previously described mouse monoclonal antibodies were used in this study: 4B2 (anti-Dsg1 cytodomain43); 27B2 (anti-Dsg1 cytodomain, Zymed Laboratories,
South San Francisco, CA); U100 and U114 (anti-Dsc1a/b
and Dsc3a/b, respectively, RDI, Concord, MA); 115F (antidesmoplakin, gift from David Garrod, University of
Manchester, Manchester, UK); 11E4 (anti-plakoglobin, gift
from James Wahl III, University of Nebraska, Lincoln, NE);
HECD1 (anti-E-cadherin, Takara, Kyoto, Japan), 12G10
(anti-␤-tubulin, Developmental Studies Hybridoma Bank,

University of Iowa, Ames, IA); and M2 (anti-Flag, SigmaAldrich, St. Louis, MO). Polyclonal antibodies used were
NW6 (rabbit anti-desmoplakin44), 1407 (chicken antiplakoglobin, Aves Labs, Tigard, OR), C2206 (rabbit anti-␤catenin, Sigma-Aldrich); rabbit anti-glyceraldehyde-3phosphate dehydrogenase (GAPDH) (Abcam Inc.,
Cambridge, MA), and rabbit anti-Flag (Cell Signaling Technology, Danvers, MA). Secondary antibodies for Western
blotting included goat anti-mouse, anti-rabbit, and antichicken peroxidase (Rockland Immunochemicals, Gilbertsville, PA, KPL, Inc., Gaithersburg, MD). Secondary antibodies for immunofluorescence included goat antimouse, anti-rabbit, anti-chicken, and anti-human linked
to fluorophores of 350, 488, or 568 nm (Alexa Fluor,
Invitrogen, Carlsbad, CA).
Polybrene (hexadimethrine bromide, Sigma-Aldrich)
was used for retroviral transduction. 4⬘,6-Diamidino-2phenylindole (Sigma-Aldrich) was used for nuclear staining. Dimethyl sulfoxide (DMSO) (Fisher Scientific, Pittsburgh, PA) and trichostatin A (1 mol/L, Sigma-Aldrich)
were used for treatment of keratinocyte cultures. Epidermal growth factor (Chemicon International, Temecula,
CA) was used for organotypic culture growth.

Production of Exfoliative Toxin A
Noninfectious S. aureus lines RN4220 carrying constructs encoding His-tagged wild-type or proteasedead (S195A) ETA19 were provided by John Stanley,
University of Pennsylvania (Philadelphia, PA). Bacterial
cultures were grown in Luria broth overnight at 37°C.
Supernatants were collected after centrifugation of cultures at 4°C for 20 minutes at 5000 rpm. ETA was harvested from bacterial supernatants using nickel-nitrilotriacetic acid-agarose beads (Qiagen) and then were
washed and eluted with imidazole according to the manufacturer’s instructions. The eluate was analyzed by SDSpolyacrylamide gel electrophoresis (PAGE) and Coomassie staining to confirm protein purity. ETA concentration
was estimated using the BCA protein quantification kit
according to the manufacturer’s instructions (Pierce
Chemical, Rockford, IL) and was used at 1 to 2 g/ml.

Primary Keratinocyte Cultures
Normal human epidermal keratinocytes (NHEKs) were
isolated from neonatal human foreskin as described previously.45 In brief, foreskin samples were incubated overnight at 4°C in 2.4 U/ml Dispase II (Roche Applied Science, Indianapolis, IN). The epidermal sheet was then
separated from the underlying dermis using forceps. The
epidermis was incubated in 0.05% trypsin for 15 minutes
at 37°C. Then 1 ml of fetal bovine serum was added, and
epidermal fragments were scraped against the cell culture dish using forceps. Keratinocytes were harvested
after pouring the tissue debris through a 50-m strainer
and centrifuging at 200 ⫻ g for 5 minutes. The cells were
resuspended and propagated in Medium 154 supplemented with Human Keratinocyte Growth Supplement,
1000⫻ gentamicin/amphotericin B solution (Cascade
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Biologics, Portland, OR), and 0.07 mmol/L CaCl2. For
differentiation of submerged cultures, cells were grown to
confluence and switched into Medium 154 containing 1.2
mmol/L CaCl2 or E medium46 containing 1.8 mmol/L
CaCl2 for 1 to 6 days.

Retroviral Production and Transduction of
Keratinocytes
Retroviral supernatants were produced from Phoenix
NIH-293 cells (kindly provided by Gary Nolan, Stanford
University, Palo Alto, CA) grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and
1⫻ gentamicin/amphotericin B solution (Cascade Biologics). Phoenix cells were grown to 50% confluence and
were transfected with pLZRS constructs as follows: 8 g
of DNA and 20 l of Lipofectamine 2000 transfection
reagent (Invitrogen) were diluted in separate volumes of
400 l of Opti-MEM and were mixed and incubated at
room temperature for 20 minutes. The transfection cocktail was then added to Phoenix cells, which were incubated for 8 to 12 hours before their medium was
changed. After 24 hours of growth, transfected Phoenix
cells were selected using 1 to 2 g/ml puromycin. Selected cells were grown to 80% confluence and were split
at 1:5 to 1:10 in selection medium for propagation. For
harvesting viral supernatants, selection medium was replaced with normal growth medium lacking puromycin.
Cells were incubated at 32°C overnight. Retroviral supernatants were harvested and used directly for fresh transductions after addition of 4 mol/L Polybrene. For longterm storage, viral supernatants were concentrated by
centrifugation at 5000 ⫻ g using 15 kDa molecular mass
cutoff columns (Millipore Corporation, Billerica, MA).
Concentrated supernatants were snap-frozen in liquid
nitrogen and stored at ⫺80°C. After thawing, virus was
diluted in Medium 154 plus 4 mol/L Polybrene and
applied as described above for transduction.

Dispase-Based Dissociation Assay
Mechanical integrity of cell monolayers was assessed as
described previously.47 Keratinocytes were grown to
confluence in Medium 154 containing 0.07 mmol/L CaCl2
and switched to medium containing 1.2 mmol/L CaCl2 for
1 to 3 days. At that time, keratinocyte sheets were lifted
from the culture dishes by treating with 2.4 U/ml Dispase
II for 30 minutes at 37°C. Intact sheets were transferred to
15-ml conical tubes containing 5 ml of PBS. Tubes were
placed in a rack and inverted together 10 to 30 times.
Cellular fragments were transferred to 35-mm tissue culture plates and counted and imaged using a dissecting
microscope. The average numbers of fragments among
triplicate monolayers for each experimental condition
were compared using Student’s t-test. P ⬎ 0.05 were
considered nonsignificant (NS). Data shown are representative of at least three independent experiments.

Organotypic Epidermal Cultures
For organotypic cultures, NHEKs were expanded and
grown at an air-medium interface according to published
protocols.46,48 In brief, J2-3T3 fibroblasts were grown in
Dulbecco’s modified Eagle’s medium containing 10%
heat-inactivated bovine serum and 1⫻ gentamicin-amphotericin B solution (Cascade Biologics). To make “dermal” collagen plugs, fibroblasts were trypsinized and
counted and 1 million cells for each organotypic culture
were harvested by centrifugation. To make plugs of 1.5
ml each, fibroblasts were resuspended in 1⁄10 final volume
of reconstitution buffer46,49 and mixed with 1⁄10 final volume of 10⫻ Dulbecco’s modified Eagle’s medium. High
concentration rat tail type I collagen (BD Biosciences,
San Jose, CA) was added to a final concentration of 4
mg/ml and diluted to the final volume with water. The
fibroblast-collagen slurry was mixed by inversion, and 1.5
ml was added to the upper chamber of each 0.6-m
transwell insert fitted into a deep-well plate (BD Biosciences). The plugs were allowed to solidify for 30 minutes at 37°C and submerged in J2-3T3 medium
overnight.
Before seeding on the collagen plugs, keratinocytes
were trypsinized and counted. One million cells per culture were harvested by centrifugation and resuspended
in 2 ml of E medium supplemented with 5 ng/ml epidermal growth factor and seeded into the upper chamber of
the transwell inserts atop the collagen plug. Then 13 ml of
E medium (with 5 ng/ml epidermal growth factor) was
added to the lower chamber to keep the keratinocytes
submerged, and 48 hours later, the medium was removed from both chambers. The lower chamber was
filled with 10 ml of E medium without epidermal growth
factor supplementation to reach the bottom of the collagen plug, leaving the NHEKs exposed to air.
Organotypic cultures were maintained at an air-medium interface by feeding with E medium every other day
for 3 to 12 days at which time they were lysed for protein
analysis or fixed in 10% neutral buffered formalin and
embedded in paraffin for standard histological analysis.

Protein Expression and Immunoprecipitation
Analysis
Protein was extracted from monolayers or raft cultures
using urea-SDS buffer (USB) for whole-cell lysates. For
immunoprecipitations and protein solubility assessment,
radioimmunoprecipitation assay (RIPA) buffer containing
1% protease inhibitor cocktail (Sigma-Aldrich) and 1%
phosphatase inhibitor cocktails II and IV (EMD Biosciences, San Diego, CA) was used for lysis. Radioimmunoprecipitation assay buffer-insoluble fractions were
solubilized in USB. Before immunoblotting, USB lysates
were treated with 5% ␤-mercaptoethanol; radioimmunoprecipitation assay buffer lysates were denatured in 3⫻
Laemmli buffer plus 5% ␤-mercaptoethanol at 95°C for 5
minutes before gel electrophoresis.
For immunoblotting, protein lysates were resolved by
SDS-PAGE on a 10% polyacrylamide gel containing 1%
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SDS by applying a current of 100 V in running buffer (25
mmol/L Tris, 250 mmol/L glycine, and 1% SDS). Proteins
were transferred to nitrocellulose membranes at 20 V
overnight in transfer buffer (20% methanol, 25 mmol/L
Tris, and 250 mmol/L glycine). Protein transfer was
assessed by staining with Ponceau S (Sigma-Aldrich).
Membranes were blocked in 5% milk in PBS for 60 minutes at room temperature to prevent nonspecific antibody
binding. Primary and secondary antibodies were diluted
in 5% milk in PBS, added to blots, and incubated overnight at 4°C or for 1 hour at room temperature. Protein
bands were visualized using enhanced chemiluminescence and exposure to X-ray film.
For immunoprecipitation studies, Flag-tagged proteins
were precipitated with M2-agarose (Sigma-Aldrich). Immunoprecipitated complexes were denatured in 3⫻ Laemmli buffer with 5% ␤-mercaptoethanol at 95°C for 5
minutes, resolved by SDS-PAGE, and immunoblotted as
described above.

Histology, Immunohistochemistry, and
Immunocytochemistry
Raft cultures were sectioned and processed for immunohistochemical or H&E staining using conventional methods. Antigen retrieval was performed by heating to 95°C
in 0.01 mol/L citrate buffer containing 0.05% Tween 20.
Sections were blocked in 10% normal goat serum (Jackson ImmunoResearch Laboratories Inc., West Grove, PA)
in PBS for 60 minutes at 37°C, incubated in primary
antibody in 0.5% BSA in PBS overnight at 4°C, incubated
in fluorophore-linked secondary antibody in 0.5% BSA in
PBS for 60 minutes at 37°C, and mounted in polyvinyl
alcohol. For immunocytochemistry of submerged cultures, cells were seeded on glass coverslips in 0.07
mmol/L CaCl2 Medium 154, grown to confluence, and
switched into 1.2 mmol/L CaCl2 Medium 154 for 1 to 24
hours, at which time they were fixed in 3.7% formyl saline
for 10 minutes at room temperature, and permeabilized in
acetone at ⫺20°C for 2 minutes. Immunofluorescence
was performed by dilution of primary antibody in 1%
normal goat serum/2% bovine serum albumin in PBS.
Primary antibody was applied to coverslips and incubated at 37°C for 60 minutes, followed by washing by
submerging 30 times in 3 volumes of PBS. Secondary
antibody was diluted in a similar fashion, applied, incubated at 37°C for 30 minutes, and then washed. 4⬘,6Diamidino-2-phenylindole was similarly diluted, applied,
and incubated at room temperature for 2 minutes and
then washed.
Images were obtained with a 40⫻ PL Fluotar, NA 1.0 or
63⫻ PL APO, NA 1.32 objective on a Leica DMR microscope using a charge-coupled device camera (Orca
100, model C4742-95, Hamamatsu, Bridgewater, NJ)
and MetaMorph 6.1 software (MDS Analytical Technologies, Union City, CA) for fluorescence or a Leica DFC320
digital camera and Photoshop software (Adobe Systems,
Mountain View, CA) for color images.

Fluorescence Intensity Measurement
Measurement of immunofluorescence at intercellular borders was performed as previously described50 using
MetaMorph 6.1 software to quantify the average fluorescence intensity within the area representing the intercellular border, circumscribed manually. At least 20 independent borders were quantified for each experiment
and averaged. Data shown are representative of at least
three independent experiments.

Results
Toxin-Cleaved Dsg1 Is Retained in Organotypic
Epidermal Cultures in Areas of Desmosomal
Disruption
To study exfoliative toxin-induced epidermal blistering in
a physiological model, we used organotypic human epidermis consisting of primary keratinocytes grown at an
air-medium interface.46,49 These cultures stratify to form
all histological layers of epidermis and exhibit suprabasal
expression of Dsg1 with concentration of this desmosomal cadherin in the uppermost granular layers as in
human tissue.29 For induction of blistering, raft cultures
were matured for 8 days and then were treated for 24
hours with 2 g/ml recombinant wild-type ETA (ETA wt) or
a protease-dead toxin (ETA mut).14 Of importance, treatment with ETA results in efficient cleavage of Dsg1 (Figure 1B) to generate a membrane-tethered cadherin
(Figure 1C), inducing separation (acantholysis) of
granular layer keratinocytes and subcorneal blister formation (Figure 1A).
To examine the fate of desmosomal components within
the blistered tissue, immunohistochemical staining was
used to highlight the localization of the toxin-targeted
cadherin, Dsg1, its companion suprabasal desmosomal
cadherin, desmocollin 1 (Dsc1), its catenin binding partner, PG, and an obligate component of the desmosomal
plaque, DP (Figure 1D). In control cultures, desmosome
components were localized at intercellular borders of
keratinocytes, with increasing expression throughout the
suprabasal layers. However, in the uppermost layers of
cultures treated with ETA, localization of all desmosomal
components examined was grossly perturbed, with a
striking loss of staining (DP) or relocalization away from
intercellular borders (Dsc1 and PG) (Figure 1D, Zoom).
Toxin-cleaved Dsg1, stained with a cytoplasmic domain
antibody, remained at intercellular borders in lower layers, where other desmosomal cadherins (eg, Dsg2/3) are
more highly expressed and might stabilize adhesiondeficient Dsg1 in junctional complexes.12 In contrast, the
cleaved cadherin exhibited a drastic intracellular relocalization in the uppermost layers, where Dsg1 levels are
highest and expression of another major desmoglein,
Dsg3, is attenuated.11 Despite its altered localization,
Dsg1 staining and levels on immunoblot were still quite
prominent in ETA-treated cultures, suggesting persistence of toxin-cleaved Dsg1 within the layers where blistering occurs, which could exert a negative influence on
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Figure 1. Toxin-cleaved Dsg1 is retained in
organotypic epidermal cultures in areas of desmosomal disruption within subcorneal blisters.
NHEKs were grown as organotypic cultures for 9
days and then treated with ETA mut or ETA wt at
2 g/ml for 24 hours to cleave the ectodomain of
Dsg1. A: H&E staining of sections from organotypic cultures shows that treatment with ETA wt
results in subcorneal blister formation with separation of cells in the upper granular layers
(Zoom) as is seen in ETA-induced pathology in
vivo. B: Western blot of lysates from organotypic
cultures shows that ETA efficiently cleaves fulllength Dsg1 (FL) to generate a toxin-cleaved
fragment (CL). Expression levels of other junctional proteins (DP and E-cadherin [E-cad]) are
relatively constant, although Dsc1 and PG levels
may decrease somewhat upon Dsg1 cleavage.
GAPDH serves as a loading control. C: Diagram
of Dsg1 FL and Dsg1CL, the cleaved product of
ETA, which removes residues 1 to 381 of Dsg1 to
produce a membrane-tethered, adhesion-deficient cadherin. ECTO, ectodomain; TM, transmembrane; CYTO, cytodomain; D: Immunohistochemical staining of organotypic cultures with
an antibody recognizing its cytodomain indicated that Dsg1 may be internalized in the upper
layers in response to ETA cleavage, whereas it
remains at intercellular borders in control cultures (Zoom). Dsc1 and PG also seemed to relocalize to the cytoplasm on ETA treatment,
whereas DP staining was reduced altogether in
the uppermost granular layers.

desmosomal adhesion to cause separation of keratinocytes within the subcorneal layers.

N-Terminal Truncation of Dsg1 Mimics
Toxin-Cleaved Cadherin, Disrupts
Desmosomes, and Reduces Keratinocyte
Adhesion in a Dose-Dependent Manner
To model ETA-induced pathology in a quantifiable and
manipulable system, we used submerged keratinocyte
cultures grown as confluent monolayers and differentiated in 1.2 mmol/L calcium to induce endogenous Dsg1
expression and then compared intercellular adhesive
strength via a mechanical dissociation assay in control
and ETA-treated cultures. Treatment of keratinocyte
monolayers with ETA at 1 g/ml efficiently cleaved endogenous Dsg1 (Figure 2C) and significantly increased
their fragmentation (Figure 2, A and B). To test whether
an ectodomain-truncated Dsg1 mimicking the retained

toxin-generated cadherin product was sufficient to induce pathology, we engineered a Flag-tagged Dsg1
construct having its pre- and pro-domains linked directly
to glycine 382 (⌬381-Dsg1) (Figure 2D). This manipulation spliced out amino acids 1 to 381 of the mature
ectodomain, eliminating the precise residues removed by
the bacterial protease to reflect the disease state. Of
importance, we verified that ⌬381-Dsg1 was the same
size as wild-type Dsg1 after ETA cleavage as assessed
by SDS-PAGE, exhibited comparable solubility and stability in keratinocytes, and localized to intercellular junctions similar to the toxin-cleaved cadherin (Supplemental
Figure S1, A and B, see http://ajp.amjpathol.org and data
not shown). In parallel, we used another truncation of
Dsg1 lacking all extracellular and transmembrane residues (⌬569-Dsg1) (Figure 2D), which exhibits a diffuse
cytoplasmic, nonjunctional distribution (Figure 3A). Although nucleofection or adenoviral expression often
leads to inefficient delivery or supraphysiological expression of ectopic proteins, retroviral delivery of truncated
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Figure 2. ⌬381-Dsg1 mimics toxin-cleaved cadherin and compromises mechanical integrity of
keratinocyte sheets. A: NHEK monolayers were
cultured in 1.2 mmol/L calcium for 3 days to
induce Dsg1 expression and then were treated
with ETA wt or ETA mut at 1 g/ml. After Dispase treatment, detached monolayers were subjected to mechanical strain, and resulting fragments of the cell sheet were imaged. B:
Triplicate monolayers were fragmented and
counted to show a reduction in integrity on ETA
wt treatment. A Student’s t-test P value is shown.
C: Western blot of monolayer lysates shows that
Dsg1 was cleaved by ETA wt, but this did not
affect levels of PG or GAPDH. D: Dsg1 constructs used included full-length wild-type Dsg1
(WT), Dsg1 lacking extracellular (EC) residues
removed by ETA (⌬381-Dsg1), or Dsg1 containing the cytoplasmic domain (CYTO), but lacking
all extracellular (ECTO) and transmembrane
(TM) residues (⌬569-Dsg1). All constructs were
Flag-tagged (FL) at their C terminus. NHEKs
were transduced with Dsg1 constructs and allowed to differentiate in 1.2 mmol/L calcium for
48 hours before lysis or fragmentation. E: Triplicate monolayers were fragmented and counted
to show a reduction in integrity caused by ⌬381Dsg1 expression. Student’s t-test P values are
shown. F: Western blot shows the relative sizes
and expression levels of Dsg1WT, ⌬381-Dsg1,
and ⌬569-Dsg1. Expression of these constructs
did not alter the levels of PG or GAPDH. G:
Images of fragmented monolayers indicate that
⌬381-Dsg1 alone decreased adhesive strength.

Dsg1 to primary human keratinocytes resulted in efficient
transduction with transgene expression comparable to
endogenous cadherin levels (Figure 2F).
Expression of ⌬381-Dsg1 dramatically increased fragmentation of monolayers (Figure 2, E and G), indicating
that ectopic introduction of the end product of toxin
cleavage is sufficient to reduce functional adhesion and
implying a dominant-negative effect. A similar dominantnegative effect on intercellular adhesion was seen when
wild-type Dsg1 was ectopically expressed and treated
with ETA to convert the functional cadherin into a truncated, adhesion-deficient protein (Supplemental Figure
S1, C and D, see http://ajp.amjpathol.org), verifying that
the ectodomain-truncated mutant (⌬381-Dsg1) induces
effects similar to those with the toxin-cleaved cadherin.
On the other hand, the nonmembrane-tethered Dsg1
truncation mutant (⌬569-Dsg1) did not increase monolayer fragmentation, despite its expression at a level similar to that of ⌬381-Dsg1 (Figure 2F), suggesting that
localization of the truncated cadherin to junctional complexes via ectodomain and/or transmembrane residues
retained in ⌬381-Dsg1 may be essential to its ability to
disrupt adhesion. Interestingly, simply tethering the cytoplasmic domain of Dsg1 to the cell surface via linkage to
the extracellular and transmembrane domains of the interleukin-2 receptor (IL2R:Dsg1)51 did not disrupt adhesion (data not shown). However, this chimeric Dsg1 construct did not colocalize well with other desmosomal

markers, indicating that specific targeting to desmosomes may be necessary for ectodomain-truncated
Dsg1 to negatively affect desmosomal organization.
To examine the cellular consequences of ⌬381-Dsg1
expression, immunocytochemistry was performed on
transduced keratinocytes grown as monolayers in 1.2
mmol/L calcium for 24 hours before fixation (Figure 3A).
Similar to full-length wild-type Dsg1 (Dsg1WT), ⌬381Dsg1 localized to intercellular borders, whereas ⌬569Dsg1 exhibited a cytoplasmic distribution. Costaining for
PG revealed recruitment of the catenin to intercellular
borders in cells expressing either Dsg1WT or ⌬381-Dsg1
without a notable change in total PG levels (Figure 3B).
These findings suggest that, similar to Dsg1WT, ⌬381Dsg1 can bind and recruit PG to the cell surface but
would presumably sequester this junctional component
in a nonadhesive cadherin-catenin complex. Staining for
other desmosome components present in submerged
keratinocyte cultures and representing the membranous
(Dsc3) and plaque (DP) compartments revealed a profound disruption of their localization in cells expressing
⌬381-Dsg1 (Flag-positive) versus internal control cells
not expressing the transgene (Figure 3A). Quantification
of Dsc3 and DP intensity at intercellular borders (Figure
3C and data not shown) between adjacent Flag-positive
(Infected) or Flag-negative (Control) cells revealed a
significant difference only for ⌬381-Dsg1 but not for
Dsg1WT or ⌬569-Dsg1 despite similar transgene expres-
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Figure 3. ⌬381-Dsg1 impairs desmosomal organization, reducing desmosomal cadherin expression and intercellular adhesion in a dosedependent manner. A: Immunofluorescence
staining of NHEKs transduced with Dsg1WT,
⌬381-Dsg1, or ⌬569-Dsg1 showed that ⌬381Dsg1 was concentrated at intercellular borders
and could recruit PG to these areas similar to
Dsg1WT, whereas ⌬569-Dsg1 was localized in
the cytoplasm. Costaining for Flag and other desmosomal markers revealed that cells expressing
⌬381-Dsg1 showed a marked loss of both Dsc3
and DP at intercellular borders, although E-cadherin (E-cad) was not affected. B: Western blot of
NHEK lysates showed that expression of all three
Dsg1 constructs was similar. ⌬381-Dsg1 expression slightly decreased Dsc3 levels but did not
grossly perturb expression of other junctional proteins (PG, DP, and E-cad) or GAPDH. C: Fluorescence intensity of Dsc3 staining (from A) at intercellular borders was significantly reduced in Flagpositive (Infected) cells expressing ⌬381-Dsg1
versus Flag-negative (Control) cells. DP exhibited
a similar trend (data not shown). Student’s t-test
P values are shown (not significant [NS]; ⬎0.05).
D: NHEKs were transduced with increasing
amounts of ⌬381-Dsg1, seeded as monolayers,
and allowed to differentiate in 1.2 mmol/L calcium for 48 hours before lysis or mechanical
dissociation. Western blot of monolayer lysates
confirmed increasing expression of ⌬381-Dsg1
and showed down-regulation of endogenous
Dsg1 FL and Dsc3 at the highest level of ⌬381Dsg1 (⫻4). Other junctional protein (PG, DP,
and E-cad) and GAPDH levels were relatively
constant. E: Increasing amounts of ⌬381-Dsg1
expression resulted in a near-linear increase in
the fragmentation of keratinocyte monolayers,
indicating a dose-dependent negative effect on
intercellular adhesion. Student’s t-test P values
are shown. RV, retrovirus.

sion (Figure 3B). The junctional defect caused by ⌬381Dsg1 seemed limited to desmosomes because staining
for the adherens junction component, E-cadherin, was
not perturbed (Figure 3A).
To test the dose-dependence of the effects of ⌬381Dsg1 on intercellular adhesion, keratinocytes were infected with increasing amounts of ⌬381-Dsg1 and differentiated as monolayers. The mechanical dissociation
assay revealed a linear increase in monolayer fragmentation with increasing ⌬381-Dsg1 expression (Figure 3E).
Notably, at high levels of ⌬381-Dsg1 (4⫻), there was a
marked decrease in endogenous full-length Dsg1 (FL)
and Dsc3 (Figure 3D), suggesting that these desmosomal cadherins are not simply absent from intercellular
borders but are in fact reduced in expression. This observation is consistent with a previous report demonstrating dose-dependent loss of other desmosomal cadherins
on ectopic expression of a chimeric Dsg1 construct lacking its normal ectodomain in simple epithelial cells.52 DP,

PG, and E-cadherin levels remained relatively constant
(Figure 3D), suggesting that ⌬381-Dsg1 specifically
compromises the expression of desmosomal cadherins.
These data indicate that ⌬381-Dsg1 exerts a negative
effect on desmosome organization at the cellular level
and impairs the integrity of keratinocyte sheets. In addition, the dose dependence of its negative impact on
adhesion is consistent with the hypothesis that larger
amounts of ⌬381-Dsg1 could sequester more of a stabilizing factor for other desmosomal cadherins.

Plakoglobin Binding Is Essential for ⌬381-Dsg1
to Disrupt Desmosomes and Reduce
Intercellular Adhesion
Previous studies have suggested that ectodomaintruncated cadherins might act in a dominant-negative
fashion by sequestering stabilizing proteins, such as
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Figure 4. Plakoglobin binding is essential for
ectodomain-truncated Dsg1 to disrupt desmosomes. A: NHEKs were transduced with Dsg1
constructs and cultured in 1.2 mmol/L calcium
for 24 hours before lysis and precipitation of
Flag-tagged proteins. Full-length Dsg1 was able
to associate with PG, as expected. Treatment
with ETA at 1 g/ml cleaved Dsg1 but did not
alter its interaction with PG. Likewise, ⌬381Dsg1 was able to coprecipitate PG. Input of
ectopic Dsg1 (Flag), PG, and GAPDH is shown.
B: Immunofluorescence shows that although
⌬381-Dsg1 with a wild-type cytoplasmic domain
(WT) enriched PG at intercellular borders, a
triple-point mutant of the truncated cadherin
(⌬381-Dsg1AAA), engineered to be uncoupled
from PG, did not. Moreover, ⌬381-Dsg1AAA did
not significantly affect the localization of Dsc3 or
DP, whereas cells expressing ⌬381-Dsg1WT
showed a reduction in both Dsc3 and DP at
intercellular borders. E-cadherin (E-cad) staining was not affected by any of the conditions. C:
A triple mutation to alanine within the ICS domain of ⌬381-Dsg1 (AAA) designed to prohibit
binding of PG was effective at uncoupling the
truncated cadherin from its catenin partner. Accordingly, ⌬381-Dsg1AAA failed to precipitate
PG compared with ⌬381-Dsg1 with a wild-type
ICS (WT). Input of ectopic Dsg1 (Flag) and
GAPDH is shown. D: NHEKs were transduced
with GFP, ⌬381-Dsg1WT, or ⌬381-Dsg1AAA
and allowed to differentiate in 1.2 mmol/L calcium for 24 hours. Western blot (WB) of monolayer lysates showed that ⌬381-Dsg1WT and
⌬381-Dsg1AAA were expressed at similar levels,
but only ⌬381-Dsg1WT reduced the expression
of endogenous Dsg1 (WT) and Dsc3. Other
junctional protein (PG, DP, and E-cad) and
GAPDH levels were relatively constant. E: Fluorescence intensity of Dsc3 staining (from B) at
intercellular borders was significantly reduced
in Flag-positive (Infected) cells expressing
⌬381-Dsg1WT versus Flag-negative (Control)
cells, but the difference was not significant for
⌬381-Dsg1AAA. DP exhibited a similar trend
(data not shown). Student’s t-test P values are
shown (not significant [NS], ⬎0.05). IP, immunoprecipitation. RV, retrovirus.

catenins.30,53,54 PG, in particular, which is found in association with desmoglein shortly after its synthesis,34 has
been shown to regulate the levels of desmosomal cadherins in PG-null keratinocytes.35 Thus, we hypothesized
that ETA-cleaved Dsg1, which has an intact cytoplasmic
domain, remained associated with its catenin partner,
PG, and that this sequestration by an adhesion-deficient
cadherin could contribute to its ability to destabilize other
desmosomal cadherins and compromise adhesion. Accordingly, both full-length and toxin-cleaved Dsg1 coprecipitated PG from keratinocytes (Figure 4A); ⌬381-Dsg1
also associated with PG, consistent with its ability to
enrich PG at intercellular borders as seen by immunocytochemistry (Figure 3A). To determine whether PG binding was essential to the negative effects of ⌬381-Dsg1 on
desmosomal adhesion, a triple-point mutant of ⌬381-

Dsg1 (⌬381-Dsg1AAA) was generated by substituting
three alanines for hydrophobic residues within the
PG-binding region of the intracellular catenin-binding
segment.28 While ⌬381-Dsg1 having a wild-type cytoplasmic domain (⌬381-Dsg1WT) was able to coprecipitate its catenin partner from keratinocytes, ⌬381Dsg1AAA was severely limited in its ability to complex
with PG (Figure 4C).
Although ⌬381-Dsg1WT impaired the expression of
endogenous Dsg1 and Dsc3, ⌬381-Dsg1AAA did not
significantly alter the levels of other cadherins, suggesting
that the ability to bind PG is essential to the destabilizing
effect of the truncated Dsg1 (Figure 4D). Examination of
desmosomal components by immunocytochemistry revealed that ⌬381-Dsg1WT again seemed to recruit PG to
intercellular borders, but ⌬381-Dsg1AAA did not alter PG
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Figure 5. ⌬381-Dsg1AAA does not impair intercellular adhesion. NHEKs were transduced
with GFP, ⌬381-Dsg1WT, ⌬381-Dsg1AAA, or
⌬569-Dsg1 and seeded as confluent monolayers
and cultured in 1.2 mmol/L calcium for 48 hours
before lysis or mechanical dissociation. A: Fragmented monolayers demonstrate that ⌬381Dsg1WT alone reduced the integrity of keratinocyte sheets. B: Triplicate monolayers were
fragmented and counted to show a reduction in
integrity caused by ⌬381-Dsg1WT but not ⌬381Dsg1AAA or ⌬569-Dsg1. Student’s t-test P values
are shown. C: Western blot of monolayer lysates
showed that ⌬381-Dsg1WT again reduced Dsc3
expression, but ⌬381-Dsg1AAA did not. All
other junctional markers (PG, DP, E-cadherin
[E-cad], and ␤-catenin [␤-cat]) and GAPDH were
unaffected. RV, retrovirus.

localization (Figure 4B), consistent with its inability to
coprecipitate PG. Of importance, ⌬381-Dsg1AAA did not
significantly alter the localization of other desmosomal
components (DP and Dsc3) at intercellular borders compared with GFP-transduced cells, whereas ⌬381-Dsg1
drastically impaired both DP and Dsc3 organization, but
neither construct affected E-cadherin. Quantification of
the intensity of Dsc3 and DP at intercellular borders (Figure 4E and data not shown) revealed a significant difference only for cells expressing ⌬381-Dsg1WT, not ⌬381Dsg1AAA. Together these findings indicate that
uncoupling the truncated cadherin from PG eliminates
the potential of ⌬381-Dsg1 to disrupt desmosomal organization at the cellular level.
To determine whether these cellular findings translated
to similar results for functional adhesion, keratinocytes
were transduced with similar amounts of ⌬381-Dsg1WT,
⌬381-Dsg1AAA, ⌬569-Dsg1, or GFP as a negative control and then were differentiated as monolayers and subjected to mechanical stress. Although monolayers expressing ⌬381-Dsg1WT were extremely fragile, those
expressing ⌬381-Dsg1AAA did not fragment significantly
more than monolayers transduced with GFP or ⌬569Dsg1 (Figure 5, A and B). Consistent with this finding,
expression of ⌬381-Dsg1WT again reduced the levels of
Dsc3, whereas ⌬381-Dsg1AAA did not appreciably alter
Dsc3 expression (Figure 5C). PG levels remained relatively constant despite introduction of the ectopic
cadherins.
Given these results, we hypothesized that ectopic introduction of ⌬381-Dsg1WT leads to sequestration of PG,

a limited stabilizing factor for desmosomal cadherins, in
complexes unable to mediate adhesion, away from other
adhesion-competent cadherins. Interestingly, ⌬569-Dsg1,
which possesses an intact PG-binding region, did not
significantly affect the levels of endogenous cadherins.
However, our previous studies indicated that ⌬569-Dsg1
exhibits markedly reduced affinity for PG compared with
that for the full-length cadherin,29 which may explain its
inability to compromise desmosomal organization or adhesion (Figures 2 and 3). Thus, our results remain consistent with a model in which ectodomain-truncated
Dsg1 sequesters PG to destabilize other desmosomal
cadherins and reduce intercellular adhesion.

Elevation of Plakoglobin Levels Restores
Adhesion Despite Truncation of Dsg1 or ETA
Treatment
Because our data suggested that ⌬381-Dsg1 competes
with endogenous cadherins for a limited pool of PG, we
hypothesized that elevating the cellular levels of PG
could ameliorate the effects of ⌬381-Dsg1. To test this
hypothesis, we generated another retrovirus to deliver a
GFP-tagged version of PG (PG-GFP) along with Flagtagged truncated Dsg1 (⌬381-Dsg1) to keratinocytes. As
before, the truncated cadherin caused a profound loss of
Dsc3 and DP from intercellular borders in neighboring
cells expressing ⌬381-Dsg1 compared with nearby control cells that were not transduced; however, ectopic
expression of PG, which localized largely to intercellular

Truncated Dsg1 Sequesters Plakoglobin
2931
AJP December 2010, Vol. 177, No. 6

Figure 6. Ectopic plakoglobin restores desmosomal organization in cells expressing ⌬381-Dsg1. NHEKs were cotransduced with ⌬381-Dsg1 and PG-GFP, seeded
as monolayers, and allowed to differentiate for 24 hours in 1.2 mmol/L calcium before fixation (A and C). Triple immunostaining was used to visualize ectopic
Dsg1 (blue), PG (green), and endogenous Dsc3 or DP (red). Two fields are pictured for Dsc3 (A) and DP (C). A and C, Zoom: Magnified images show examples
of a nonrescued (ie, PG-negative) intercellular border (blue dashed box) versus a rescued (ie, PG-positive) intercellular border (yellow dashed box). B and
D: Quantification of immunofluorescence intensity shows again that Dsc3 and DP are significantly reduced at intercellular borders between pairs of cells
expressing ⌬381-Dsg1 without PG-GFP. However, coexpression of PG-GFP along with ⌬381-Dsg1 allowed for significant recovery of both Dsc3 and DP at
intercellular borders. Student’s t-test P values are shown.

borders along with ⌬381-Dsg1, was sufficient to rescue
desmosomal organization (Figure 6, A and C). By comparing pairs of cells expressing ⌬381-Dsg1, we were
able to visualize a recovery of both Dsc3 and DP in
adjacent keratinocyte pairs expressing PG-GFP along
with ⌬381-Dsg1 (Figure 6A, Zoom, yellow dashed boxes)
compared with those that expressed ⌬381-Dsg1 alone
(blue dashed boxes); coexpression of only GFP along
with ⌬381-Dsg1 did not rescue DP or Dsc3 localization
(data not shown). Moreover, the mean intensity of Dsc3
and DP localized at intercellular borders revealed a
highly significant difference between PG-rescued versus
nonrescued keratinocyte pairs (Figure 6, B and D). These
data indicate that increasing PG was sufficient to relieve
the negative impact of ⌬381-Dsg1 on desmosome organization, supporting the notion that sequestration of PG
by ⌬381-Dsg1 is responsible for the destabilization of
desmosomes caused by the truncated cadherin.
To extend these cellular findings to the functional adhesion of keratinocytes, we tested whether coexpression
of ectopic PG could restore the adhesive strength of
monolayers expressing ⌬381-Dsg1. Again, ⌬381-Dsg1
markedly increased fragmentation compared with that of

control monolayers expressing the nonmembrane-tethered cytodomain of Dsg1 (⌬569-Dsg1); however, ectopic
PG-GFP (but not GFP alone) significantly reduced fragmentation of monolayers expressing ⌬381-Dsg1 (Figure
7, A and C). Although mechanical integrity was not completely restored to baseline, this result is consistent with
the observation that some ⌬381-Dsg1-expressing cells
were not transduced with ectopic PG (Figure 6, A and C)
and would fail to be rescued in their desmosomal organization. Biochemically, ectopic expression of PG (but
not GFP alone) together with ⌬381-Dsg1 was able to
significantly restore expression of endogenous desmosomal cadherins (Dsg1 FL and Dsc3) but did not alter the
level of endogenous PG or adherens junction components (Figure 7B). These results are consistent with previous reports indicating that restoration of PG expression
in PG-null keratinocytes and PG-deficient bladder carcinoma cells can increase the levels of desmosomal
cadherins.35,40
Our findings indicate that increasing the level of cellular PG can overcome the sequestering effect of ⌬381Dsg1 and is sufficient to stabilize endogenous cadherins,
rescue desmosome organization, and restore the adhe-
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Figure 7. Plakoglobin rescues intercellular adhesion in keratinocyte sheets despite Dsg1 truncation or ETA treatment. NHEKs were transduced with ⌬569-Dsg1 or ⌬381-Dsg1 and
subjected to a second infection with either GFP
or PG-GFP. Cells were seeded as monolayers
and differentiated for 48 hours in 1.2 mmol/L
calcium before lysis or fragmentation. A: Fragmented monolayers demonstrate that ⌬381Dsg1 reduced the integrity of keratinocyte
sheets compared with cells expressing ⌬569Dsg1, but cotransduction with PG-GFP reduced
fragmentation. B: Western blot of monolayer
lysates showed that ⌬381-Dsg1 again reduced
endogenous Dsg1 and Dsc3 expression; coexpression of PG-GFP along with ⌬381-Dsg1 restored Dsg1 FL and Dsc3 levels. All other junctional markers (DP, E-cadherin [E-cad], and
␤-catenin [␤-cat]) and GAPDH were grossly unaffected. C: Triplicate monolayers were fragmented and counted to show a reduction in
integrity caused by ⌬381-Dsg1, but a significant
restoration of adhesive strength when PG-GFP
was coexpressed. Student’s t-test P values are
shown. D: NHEKs expressing GFP or PG-GFP
were seeded as monolayers and differentiated
for 24 hours in 1.2 mmol/L calcium; half were
treated with 1 g/ml ETA. Fragmented monolayers show that ectopic PG was sufficient to
prevent the fragmentation induced by toxin-mediated cleavage of endogenous Dsg1. E: Western blot of lysates from monolayers revealed
that endogenous Dsg1 was fully cleaved in both
GFP- and PG-transduced monolayers. Ectopic
PG-GFP expression was sufficient to increase
Dsc3 expression, whereas DP and GAPDH levels were unchanged. F: Triplicate monolayers
were fragmented and counted to show that although ETA greatly decreased adhesion in GFPtransduced monolayers, ectopic expression of
PG prevented toxin-induced fragmentation. Student’s t-test P values are shown (not significant
[NS]; ⬎0.05). RV, retrovirus.

sive capacity of keratinocyte sheets. To verify the physiological relevance of our findings using ectopic truncated
Dsg1 (⌬381-Dsg1), we tested whether ectopic PG could
similarly rescue adhesion in keratinocyte monolayers after ETA-mediated cleavage of endogenous Dsg1. As
expected, in GFP-transduced monolayers, ETA treatment
resulted in a significant increase in fragmentation due to
cleavage of endogenous Dsg1 (Figure 7, D and F). However, in monolayers expressing ectopic PG, the effect of
ETA was abolished, suggesting that the increase in PG
expression is sufficient to halt the negative effects of
toxin-mediated cleavage of endogenous Dsg1. Immunoblotting confirmed that endogenous Dsg1 was fully
cleaved by ETA in both control and PG-transduced
monolayers (Figure 7E). Moreover, the expression of
Dsc3, which was slightly reduced by ETA, was greatly
increased by ectopic expression of PG, which probably
explains the restoration of intercellular adhesion
observed.

Histone Deacetylase Inhibition Ameliorates the
Effect of Dsg1 Truncation or ETA on Intercellular
Adhesion
Whereas ectopic expression of PG by retroviral transduction was sufficient to promote adhesion in keratinocytes,
a pharmacological means to achieve the same outcome
might offer therapeutic potential. Previous studies have
indicated that PG expression is regulated by the activity
of HDACs.38 In fact, multiple HDAC inhibitors have been
shown to up-regulate PG expression at the mRNA and
protein levels in multiple epithelial cell types, including
bladder and lung carcinoma cells.39,55 Whether these
inhibitors would up-regulate PG in keratinocytes had
not been determined, but we hypothesized that such
an outcome might overcome the disruptive effect of
Dsg1 truncation. Interestingly, TSA treatment (1 mol/L
for 24 hours) of control keratinocytes transduced with
GFP did not significantly up-regulate PG expression (Fig-
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Figure 8. Histone deacetylase inhibition ameliorates the effect of truncated Dsg1 or ETA treatment on intercellular adhesion. NHEKs were
transduced with ⌬381-Dsg1 or GFP as a control.
Cells were seeded as monolayers and differentiated for 48 hours in 1.2 mmol/L calcium. At that
time, monolayers were treated with 1 mol/L
TSA or DMSO for 24 hours before fragmentation. A: Fragmented monolayers demonstrate
that ⌬381-Dsg1 impaired the integrity of keratinocyte sheets compared with that of cells
expressing GFP, but treatment with TSA significantly reduced fragmentation in both conditions. B: Triplicate monolayers were fragmented and counted to show a reduction in
integrity caused by ⌬381-Dsg1, but a significant
restoration of adhesive strength by TSA treatment. Student’s t-test P values are shown (not
significant [NS]; ⬎0.05). C: Western blot of
monolayer lysates shows that although TSA
treatment may only slightly augment PG expression, it robustly increases the levels of endogenous desmosomal cadherins (Dsg1 and Dsc3)
despite expression of ⌬381-Dsg1. No changes
were seen in DP or GAPDH levels. D: NHEKs
were seeded as monolayers and treated with
either DMSO or TSA (1 mol/L) for 24 hours and
treated with ETA (1 g/ml) for an additional 24
hours. Western blot of monolayer lysates revealed cleavage of endogenous Dsg1 by ETA
and robust up-regulation of Dsc3 expression by
TSA treatment. E: Triplicate monolayers were
fragmented and counted to show that although
ETA reduced the integrity of DMSO-treated
monolayers, TSA-treated monolayers were resistant to ETA-induced fragmentation. Student’s ttest P values are shown (not significant [NS];
⬎0.05).

ure 8C). Nevertheless, TSA-treated keratinocytes showed
marked induction of endogenous Dsc3, which was destabilized by ⌬381-Dsg1 in previous experiments.
Therefore, HDAC inhibition significantly increased intercellular adhesive strength as shown by reduced
fragmentation of TSA-treated monolayers compared
with that of DMSO-treated controls (Figure 8, A and B).
These results are consistent with previous reports of
TSA inhibiting invasive behavior and increasing Dsg2
expression in bladder carcinoma cells lacking PG,40
but this is, to our knowledge, the first demonstration
that HDAC inhibition promotes intercellular adhesion in
epidermal keratinocytes.
To test whether TSA treatment could reverse the negative effect of ⌬381-Dsg1 on Dsc3 expression and restore functional adhesion, keratinocytes expressing
⌬381-Dsg1 were similarly treated with 1 mol/L TSA for
24 hours before the application of mechanical stress. As
shown by a significant reduction in the fragmentation of
TSA-treated sheets, HDAC inhibition was sufficient to
promote adhesion despite expression of truncated Dsg1
(Figure 8, A and B). To determine whether TSA treatment
promoted adhesion by up-regulation of desmosomal ad-

hesion, we analyzed monolayer lysates for expression of
desmosome components (Figure 8C). Immunoblotting
revealed that TSA did, in fact, augment the expression of
endogenous Dsc3 in cells transduced with ⌬381-Dsg1,
bringing Dsc3 levels back toward those in DMSO-treated
control cells expressing GFP. Extending our results to
ETA-induced keratinocyte sheet fragmentation, we found
that 1 mol/L TSA was also able to ameliorate the loss of
adhesion caused by toxin-mediated cleavage of endogenous Dsg1 (Figure 8E) with a concomitant increase in
Dsc3 expression (Figure 8D). These findings indicated
that HDAC inhibition was sufficient to up-regulate desmosomal cadherin expression in keratinocyte monolayers,
overcoming the destructive effect of truncated Dsg1 on
intercellular adhesion and could potentially serve as a
novel therapeutic strategy to restore adhesion in patients
with blistering diseases targeting the desmosome.

Discussion
The essential role of desmosomal cadherins in supporting cutaneous development has been demonstrated by
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genetic targeting in mouse models, which can precipitate
epidermal fragility, cutaneous barrier dysfunction, and
hair follicle defects.1,3 Furthermore, their relevance to
human disease has been bolstered by the demonstration
that desmosomal cadherins are targeted in genetic disorders affecting the skin, hair, and heart as well as in the
human autoimmune blistering disease called pemphigus.4,5,10 In addition to being a target for autoantibodies,
Dsg1 is cleaved by ETA, a staphylococcal protease,
which precipitates superficial epidermal blistering.13,14
Because the fate of toxin-cleaved Dsg1 and its effect on
keratinocyte adhesion had not been thoroughly investigated, in our studies we examined the cellular consequences precipitated by the membrane-tethered Dsg1
cleavage product of ETA. We found that an ectodomaintruncated mutant of Dsg1 (⌬381-Dsg1) mimics toxincleaved Dsg1 and induces similar pathological effects in
keratinocytes. Interestingly, we demonstrated that the
ability of truncated or ETA-cleaved Dsg1 to disrupt desmosomal organization and reduce adhesive capacity depends on its associated cadherin-stabilizing catenin protein, PG.
Previously, other groups have expressed different desmoglein mutants lacking a normal ectodomain and reported similar destructive effects.54,56 In mice, tissuespecific expression of ectodomain-truncated Dsg3 led to
disruption of epidermal desmosomes and caused hyperproliferation.57 In Madin-Darby canine kidney and A431
cells, expression of Dsg1 lacking its normal ectodomain
could disrupt desmosomes and de-stabilize endogenous
desmosomal cadherins.52,53 These cell types do not normally express the differentiation-dependent cadherin,
and even full-length Dsg1 has been shown to disrupt
desmosomes under these circumstances.52,58 Moreover,
it has been shown that a crude deletion of the cateninbinding region could nullify the negative impact of truncated Dsg1.30 Our results are entirely consistent with
these previous reports; however, this is the first report of
a Dsg1 truncation mutant expressed in primary human
keratinocytes that exactly mimics the product of exfoliative toxin-mediated cleavage with clear implications for
disease pathogenesis. In addition, by uncoupling PG via
point mutation and, further, by rescuing functional adhesion with ectopic PG in epidermal keratinocyte monolayers, we provide strong evidence for the role of catenin
binding in the ability of truncated Dsg1 to destabilize
other desmosomal cadherins and compromise epidermal
integrity.
Other studies of classic cadherins have indicated that
the shed portion of the adhesive ectodomains after cleavage by matrix metalloproteinases can affect adhesion of
epithelial cells.59 For desmosomes in particular, it has
been shown that small peptides interfering with the Nterminal cell adhesion recognition sites of desmogleins
and desmocollins, required for mediating trans-adhesion, can disrupt cellular sorting and promote invasive
behavior.60,61 The results reported here indicate that the
membrane-tethered end-product of Dsg1 cleavage by
the staphylococcal protease, ETA, is sufficient to cause
significant pathological changes on its own, but we have
not ruled out a contribution of the shed ectodomain of

Dsg1, which could interfere with cadherin dimerization
and contribute to the pathogenesis of BI and SSSS. Previous studies from our laboratory demonstrated that
cleavage of Dsg2 by matrix metalloproteinases produces
a shed ectodomain and a retained fragment of the cadherin, leading to compromised adhesion in epithelial cancer cells.62,63 Whether a PG-dependent mechanism similar to that which drives the loss of adhesion upon ETA
cleavage of Dsg1 might operate in the down-regulation of
desmosomal adhesion in carcinogenesis remains to be
determined.
Of interest, the specificity of the interaction between
ETA and the ectodomain of human Dsg1 was originally
demonstrated by substituting several human residues for
the corresponding amino acids found in canine Dsg1,
which is bound by the toxin but is resistant to cleavage.14
This manipulation generated a hybrid canine Dsg1
ectodomain that was susceptible to ETA hydrolysis. Thus,
it might be possible to produce a small peptide corresponding to the region of human Dsg1 bound by ETA, but
harboring a few crucial amino acid substitutions, as
found in canine Dsg1, to prevent its proteolysis. Similar to
the suggested use of toxin-inactivating antibodies,64 administration of such a decoy peptide in life-threatening
situations, such as in patients with SSSS, could perhaps
halt toxin-induced blistering long enough to allow antibiotic treatment to eliminate the underlying infection and
permit reestablishment of the cutaneous barrier.
The blistering observed in exfoliative toxin-mediated
disease is histologically similar to that seen in PF, although these two diseases target Dsg1 in different ways.
Interestingly, the pattern of Dsg1 internalization observed
in our ETA-treated organotypic cultures (Figure 1D) was
consistent with a previous observation of Dsg1 relocalization in canine PF.65 Thus, we suggest that a common
mechanism may underlie both toxin- and antibody-induced blistering. In pemphigus, IgG antibodies against
desmogleins and desmocollins have been isolated from
patients and the former are sufficient to induce pathology
in mice or human epidermal explants.21,66 –70 Various
models have been proposed to explain how pemphigus
IgG binding to the desmosomal cadherins leads to loss of
adhesion:71,72 direct steric hindrance of cadherin transdimerization;11,73 outside-in induction of pathogenic signaling, including via PG;37,74,75 or internalization and
degradation of cadherins.36,76,77 In fact, evidence exists
for all these mechanisms of antibody-induced blistering.
We propose that IgG-bound desmogleins may function
similarly to ETA-cleaved Dsg1 because both targeted
proteins are compromised in their ability to mediate
trans-adhesion. The dominant-negative effects of these
adhesion-deficient cadherins could explain the localization of blistering in pemphigus and BI and SSSS. Lesions
occur where the targeted cadherins are expressed in
sufficient amounts to grossly compromise adhesion,
namely in the basal layer for Dsg3 in pemphigus vulgaris
or the upper granular layer for Dsg1 in pemphigus foliaceus, BI and SSSS. Whether internalization and degradation of IgG-bound desmoglein or ETA-cleaved Dsg1 in
epidermis is an attempt by the cell to rid itself of the
dominant-negative effects of an adhesion-deficient cad-
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herin remains to be determined but may suggest an
alternative therapeutic strategy to reduce blister formation. Intriguingly, PG has been shown to co-internalize
with antibody-bound Dsg3 in cells during desmosome
disassembly after treatment with pemphigus vulgaris autoantibodies.36 Perhaps antibody-bound Dsg3, which is
routed for degradation along with PG, functions similarly
to ectodomain-truncated Dsg1 to sequester PG in nonadhesive cadherin complexes. Further implicating its
catenin partner in the cellular mechanisms driving epidermal blistering due to desmosome disruption, PG-null
keratinocytes are markedly impaired in their responsiveness to pemphigus vulgaris antibodies.37 Thus, we suggest that both autoantibody- and exfoliative toxin-induced blistering may rely on a common mechanism
involving PG.
In summary, this study provides insight into the pathogenesis of exfoliative toxin-mediated disease by examining the cellular mechanism by which ectodomain-truncated Dsg1 precipitates epidermal blistering. The aim of
current therapy for BI and SSSS is solely to rid patients of
the underlying staphylococcal infection, which secretes
the pathogenic toxin.15–17,78,79 Unfortunately, increasing
resistance among both nosocomial and environmental
strains of S. aureus promises to make treatment of BI and
SSSS much more challenging.80 – 82 No current therapy
exists to directly target the toxin nor its downstream effects on epidermal keratinocytes. This study has revealed
a dominant-negative effect of an N-terminal truncation of
Dsg1 mimicking the toxin’s cleavage product, which occurs through its ability to bind PG. Importantly, the effects
of either ectodomain-truncated or toxin-cleaved Dsg1
could be overcome by increasing the amount of PG in
cells, which stabilized other cadherins, restored desmosomal organization, and rescued adhesive strength of
keratinocyte monolayers. Whether prevention of ETA-induced epidermal blistering could be achieved in vivo via
modulation of PG remains to be determined. However, it
was recently shown that ectopic expression of Dsg2
could prevent ETA-induced blistering in mice,83 suggesting that pharmacological agents capable of up-regulating other desmosomal cadherins might prove therapeutic
for BI and SSSS. Consistent with this suggestion, we have
shown that an HDAC inhibitor augmented Dsc3 expression in keratinocytes and inhibited the effects of ETA on
intercellular adhesion. Thus, it seems possible that HDAC
inhibitors, which are already in therapeutic use,84 – 86
could represent a novel treatment approach for blistering
diseases targeting the desmosome.

Acknowledgments
We thank Masayuki Amagai, Mitchell Denning, David
Garrod, Yasushi Hanakawa, Gary Nolan, John Stanley,
and James Wahl III for reagents.

References
1. Green KJ, Simpson CL: Desmosomes: new perspectives on a classic.
J Invest Dermatol 2007, 127:2499 –2515

2. Dusek RL, Godsel LM, Green KJ: Discriminating roles of desmosomal
cadherins: beyond desmosomal adhesion. J Dermatol Sci 2007,
45:7–21
3. Cheng X, Koch PJ: In vivo function of desmosomes. J Dermatol 2004,
31:171–187
4. Lai-Cheong JE, Arita K, McGrath JA: Genetic diseases of junctions.
J Invest Dermatol 2007, 127:2713–2725
5. Kottke MD, Delva E, Kowalczyk AP: The desmosome: cell science
lessons from human diseases. J Cell Sci 2006, 119:797– 806
6. Stanley JR, Amagai M: Pemphigus, bullous impetigo, and the staphylococcal scalded-skin syndrome. N Engl J Med 2006, 355:
1800 –1810
7. Rickman L, Simrak D, Stevens HP, Hunt DM, King IA, Bryant SP, Eady
RA, Leigh IM, Arnemann J, Magee AI, Kelsell DP, Buxton RS: Nterminal deletion in a desmosomal cadherin causes the autosomal
dominant skin disease striate palmoplantar keratoderma. Hum Mol
Genet 1999, 8:971–976
8. Hunt DM, Rickman L, Whittock NV, Eady RA, Simrak D, DoppingHepenstal PJ, Stevens HP, Armstrong DK, Hennies HC, Kuster W,
Hughes AE, Arnemann J, Leigh IM, McGrath JA, Kelsell DP, Buxton
RS: Spectrum of dominant mutations in the desmosomal cadherin
desmoglein 1, causing the skin disease striate palmoplantar keratoderma. Eur J Hum Genet 2001, 9:197–203
9. Wan H, Dopping-Hepenstal PJ, Gratian MJ, Stone MG, Zhu G, Purkis
PE, South AP, Keane F, Armstrong DK, Buxton RS, McGrath JA, Eady
RA: Striate palmoplantar keratoderma arising from desmoplakin and
desmoglein 1 mutations is associated with contrasting perturbations
of desmosomes and the keratin filament network. Br J Dermatol 2004,
150:878 – 891
10. Payne AS, Hanakawa Y, Amagai M, Stanley JR: Desmosomes and
disease: pemphigus and bullous impetigo. Curr Opin Cell Biol 2004,
16:536 –543
11. Mahoney MG, Wang Z, Rothenberger K, Koch PJ, Amagai M, Stanley
JR: Explanations for the clinical and microscopic localization of lesions in pemphigus foliaceus and vulgaris. J Clin Invest 1999,
103:461– 468
12. Amagai M, Koch PJ, Nishikawa T, Stanley JR: Pemphigus vulgaris
antigen (desmoglein 3) is localized in the lower epidermis, the site of
blister formation in patients. J Invest Dermatol 1996, 106:351–355
13. Amagai M, Matsuyoshi N, Wang ZH, Andl C, Stanley JR: Toxin in
bullous impetigo and staphylococcal scalded-skin syndrome targets
desmoglein 1. Nat Med 2000, 6:1275–1277
14. Hanakawa Y, Schechter NM, Lin C, Nishifuji K, Amagai M, Stanley JR:
Enzymatic and molecular characteristics of the efficiency and specificity of exfoliative toxin cleavage of desmoglein 1. J Biol Chem 2004,
279:5268 –5277
15. Johnston GA: Treatment of bullous impetigo and the staphylococcal
scalded skin syndrome in infants. Expert Rev Anti Infect Ther 2004,
2:439 – 446
16. Ladhani S: Recent developments in staphylococcal scalded skin
syndrome. Clin Microbiol Infect 2001, 7:301–307
17. Ladhani S, Joannou CL, Lochrie DP, Evans RW, Poston SM: Clinical,
microbial, and biochemical aspects of the exfoliative toxins causing
staphylococcal scalded-skin syndrome. Clin Microbiol Rev 1999,
12:224 –242
18. Kemler R, Ozawa M, Ringwald M: Calcium-dependent cell adhesion
molecules. Curr Opin Cell Biol 1989, 1:892– 897
19. Hanakawa Y, Selwood T, Woo D, Lin C, Schechter NM, Stanley JR:
Calcium-dependent conformation of desmoglein 1 is required for its
cleavage by exfoliative toxin. J Invest Dermatol 2003, 121:383–389
20. Amagai M, Ishii K, Hashimoto T, Gamou S, Shimizu N, Nishikawa T:
Conformational epitopes of pemphigus antigens (Dsg1 and Dsg3)
are calcium dependent and glycosylation independent. J Invest Dermatol 1995, 105:243–247
21. Payne AS, Ishii K, Kacir S, Lin C, Li H, Hanakawa Y, Tsunoda K,
Amagai M, Stanley JR, Siegel DL: Genetic and functional characterization of human pemphigus vulgaris monoclonal autoantibodies isolated by phage display. J Clin Invest 2005, 115:888 – 899
22. Yokouchi M, Saleh MA, Kuroda K, Hachiya T, Stanley JR, Amagai M,
Ishii K: Pathogenic epitopes of autoantibodies in pemphigus reside in
the amino-terminal adhesive region of desmogleins which are unmasked by proteolytic processing of prosequence. J Invest Dermatol
2009, 129:2156 –2166
23. Wheeler GN, Parker AE, Thomas CL, Ataliotis P, Poynter D, Arnemann

2936
Simpson et al
AJP December 2010, Vol. 177, No. 6

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

J, Rutman AJ, Pidsley SC, Watt FM, Rees DA, Buxton RS, Magee AI:
Desmosomal glycoprotein DGI, a component of intercellular desmosome junctions, is related to the cadherin family of cell adhesion
molecules. Proc Natl Acad Sci USA 1991, 88:4796 – 4800
Andl CD, Stanley JR: Central role of the plakoglobin-binding domain
for desmoglein 3 incorporation into desmosomes. J Invest Dermatol
2001, 117:1068 –1074
Marcozzi C, Burdett IDJ, Buxton RS, Magee AI: Coexpression of both
types of desmosomal cadherin and plakoglobin confers strong intercellular adhesion. J Cell Sci 1998, 111:495–509
Getsios S, Amargo EV, Dusek RL, Ishii K, Sheu L, Godsel LM, Green
KJ: Coordinated expression of desmoglein 1 and desmocollin 1
regulates intercellular adhesion. Differentiation 2004, 72:419 – 433
Chitaev NA, Leube RE, Troyanovsky RB, Eshkind LG, Franke WW,
Troyanovsky SM: The binding of plakoglobin to desmosomal
cadherins: patterns of binding sites and topogenic potential. J Cell
Biol 1996, 133:359 –369
Chitaev NA, Averbakh AZ, Troyanovsky RB, Troyanovsky SM: Molecular organization of the desmoglein-plakoglobin complex. J Cell Sci
1998, 111:1941–1949
Getsios S, Simpson CL, Kojima S, Harmon R, Sheu LJ, Dusek RL,
Cornwell M, Green KJ: Desmoglein 1-dependent suppression of
EGFR signaling promotes epidermal differentiation and morphogenesis. J Cell Biol 2009, 185:1243–1258
Troyanovsky SM, Troyanovsky RB, Eshkind LG, Krutovskikh VA,
Leube RE, Franke WW: Identification of the plakoglobin-binding domain in desmoglein and its role in plaque assembly and intermediate
filament anchorage. J Cell Biol 1994, 127:151–160
Troyanovsky SM, Troyanovsky RB, Eshkind LG, Leube RE, Franke
WW: Identification of amino acid sequence motifs in desmocollin, a
desmosomal glycoprotein, that are required for plakoglobin binding
and plaque formation. Proc Natl Acad Sci USA 1994, 91:
10790 –10794
Roh J-Y, Stanley JR: Plakoglobin binding by human Dsg3 (pemphigus vulgaris antigen) in keratinocytes requires the cadherin-like intracytoplasmic segment. J Invest Derm 1995, 104:720 –724
Kowalczyk AP, Bornslaeger EA, Borgwardt JE, Palka HL, Dhaliwal
AS, Corcoran CM, Denning MF, Green KJ: The amino-terminal domain of desmoplakin binds to plakoglobin and clusters desmosomal
cadherin-plakoglobin complexes. J Cell Biol 1997, 139:773–784
Pasdar M, Li Z, Chlumecky V: Plakoglobin: kinetics of synthesis,
phosphorylation, stability, and interactions with desmoglein and Ecadherin. Cell Motil Cytoskeleton 1995, 258 –272
Yin T, Getsios S, Caldelari R, Godsel LM, Kowalczyk AP, Muller EJ,
Green KJ: Mechanisms of plakoglobin-dependent adhesion: desmosome-specific functions in assembly and regulation by epidermal
growth factor receptor. J Biol Chem 2005, 280:40355– 40363
Calkins CC, Setzer SV, Jennings JM, Summers S, Tsunoda K, Amagai
M, Kowalczyk AP: Desmoglein endocytosis and desmosome disassembly are coordinated responses to pemphigus autoantibodies.
J Biol Chem 2006, 281:7623–7634
Caldelari R, de Bruin A, Baumann D, Suter MM, Bierkamp C, Balmer
V, Muller E: A central role for the armadillo protein plakoglobin in the
autoimmune disease pemphigus vulgaris. J Cell Biol 2001, 153:
823– 834
Shim JS, Kim DH, Kwon HJ: Plakoglobin is a new target gene of
histone deacetylase in human fibrosarcoma HT1080 cells. Oncogene
2004, 23:1704 –1711
Canes D, Chiang GJ, Billmeyer BR, Austin CA, Kosakowski M,
Rieger-Christ KM, Libertino JA, Summerhayes IC: Histone deacetylase inhibitors upregulate plakoglobin expression in bladder carcinoma cells and display antineoplastic activity in vitro and in vivo. Int
J Cancer 2005, 113:841– 848
Rieger-Christ KM, Ng L, Hanley RS, Durrani O, Ma H, Yee AS,
Libertino JA, Summerhayes IC: Restoration of plakoglobin expression
in bladder carcinoma cell lines suppresses cell migration and tumorigenic potential. Br J Cancer 2005, 92:2153–2159
Denning MF, Wang Y, Tibudan S, Alkan S, Nickoloff BJ, Qin JZ:
Caspase activation and disruption of mitochondrial membrane potential during UV radiation-induced apoptosis of human keratinocytes
requires activation of protein kinase C. Cell Death Differ 2002,
9:40 –52
Kinsella TM, Nolan GP: Episomal vectors rapidly and stably produce
high-titer recombinant retrovirus. Hum Gene Ther 1996, 7:1405–1413

43. Dusek RL, Getsios S, Chen F, Park JK, Amargo EV, Cryns VL, Green
KJ: The differentiation-dependent desmosomal cadherin desmoglein
1 is a novel caspase-3 target that regulates apoptosis in keratinocytes. J Biol Chem 2006, 281:3614 –3624
44. Angst BD, Nilles LA, Green KJ: Desmoplakin II expression is not
restricted to stratified epithelia. J Cell Sci 1990, 97:247–257
45. Halbert C, Demers G, Galloway D: The E6 and E7 genes of human
papillomavirus type 6 have weak immortalizing activity in human
epithelial cells. J Virol 1992, 66:2125–2134
46. Meyers C, Laimins LA: In vitro systems for the study and propagation
of human papillomaviruses. Curr Top Microbiol Immunol 1994,
186:199 –215
47. Huen AC, Park JK, Godsel LM, Chen X, Bannon LJ, Amargo EV,
Hudson TY, Mongiu AK, Leigh IM, Kelsell DP, Gumbiner BM, Green
KJ: Intermediate filament-membrane attachments function synergistically with actin-dependent contacts to regulate intercellular adhesive strength. J Cell Biol 2002, 159:1005–1017
48. Simpson CL, Kojima S, Getsios S: RNA interference in keratinocytes
and an organotypic model of human epidermis, Methods Mol Biol
585:127–146
49. Meyers C, Frattini MG, Hudson JB, Laimins LA: Biosynthesis of human papillomavirus from a continuous cell line upon epithelial differentiation. Science 1992, 257:971–973
50. Bass-Zubek AE, Hobbs RP, Amargo EV, Garcia NJ, Hsieh SN, Chen
X, Wahl JK, 3rd, Denning MF, Green KJ: Plakophilin 2: a critical
scaffold for PKC␣ that regulates intercellular junction assembly. J Cell
Biol 2008, 181:605– 613
51. LaFlamme SE, Thomas LA, Yamada SS, Yamada KM: Single subunit
chimeric integrins as mimics and inhibitors of endogenous integrin
functions in receptor localization, cell spreading and migration, and
matrix assembly. J Cell Biol 1994, 126:1287–1298
52. Norvell SM, Green KJ: Contributions of extracellular and intracellular
domains of full length and chimeric cadherin molecules to junction
assembly in epithelial cells. J Cell Sci 1998, 111:1305–1318
53. Serpente N, Marcozzi C, Roberts GA, Bao Q, Angst BD, Hirst EMA,
Burdett IDJ, Buxton RS, Magee AI: Extracellularly truncated desmoglein 1 compromises desmosomes in MDCK cells. Mol Membr Biol
2000, 17:175–183
54. Troyanovsky SM, Eshkind LG, Troyanovsky RB, Leube RE, Franke
WW: Contributions of cytoplasmic domains of desmosomal cadherins
to desmosome assembly and intermediate filament anchorage. Cell
1993, 72:561–574
55. Winn RA, Bremnes RM, Bemis L, Franklin WA, Miller YE, Cool C,
Heasley LE: ␥-Catenin expression is reduced or absent in a subset of
human lung cancers and re-expression inhibits transformed cell
growth. Oncogene 2002, 21:7497–7506
56. Hanakawa Y, Amagai M, Shirakata Y, Yahata Y, Tokumaru S,
Yamasaki K, Tohyama M, Sayama K, Hashimoto K: Differential effects
of desmoglein 1 and desmoglein 3 on desmosome formation. J Invest
Dermatol 2002, 119:1231–1236
57. Allen E, Yu Q-C, Fuchs E: Mice expressing a mutant desmosomal
cadherin exhibit abnormalities in desmosomes, proliferation, and epidermal differentiation. J Cell Biol 1996, 133:1367–1382
58. Ishii K, Norvell SM, Bannon LJ, Amargo EV, Pascoe LT, Green KJ:
Assembly of desmosomal cadherins into desmosomes is isoform
dependent. J Invest Dermatol 2001, 117:26 –35
59. Noe V, Fingleton B, Jacobs K, Crawford HC, Vermeulen S, Steelant
W, Bruyneel E, Matrisian LM, Mareel M: Release of an invasion
promoter E-cadherin fragment by matrilysin and stromelysin-1. J Cell
Sci 2001, 114:111–118
60. Runswick SK, O’Hare MJ, Jones L, Streuli CH, Garrod DR: Desmosomal adhesion regulates epithelial morphogenesis and cell positioning. Nat Cell Biol 2001, 3:823– 830
61. Tselepis C, Chidgey M, North A, Garrod D: Desmosomal adhesion
inhibits invasive behavior. Proc Natl Acad Sci USA 1998, 95:
8064 – 8069
62. Klessner JL, Desai BV, Amargo EV, Getsios S, Green KJ: EGFR and
ADAMs cooperate to regulate shedding and endocytic trafficking of
the desmosomal cadherin desmoglein 2. Mol Biol Cell 2009,
20:328 –337
63. Lorch JH, Klessner J, Park JK, Getsios S, Wu YL, Stack MS, Green KJ:
Epidermal growth factor receptor inhibition promotes desmosome
assembly and strengthens intercellular adhesion in squamous cell
carcinoma cells. J Biol Chem 2004, 279:37191–37200

Truncated Dsg1 Sequesters Plakoglobin
2937
AJP December 2010, Vol. 177, No. 6

64. Nishifuji K, Sugai M, Amagai M: Staphylococcal exfoliative toxins:
“molecular scissors” of bacteria that attack the cutaneous defense
barrier in mammals. J Dermatol Sci 2008, 49:21–31
65. Steeves EB, Chelack BJ, Clark EG, Haines DM: Altered immunohistochemical staining for desmoglein in skin biopsies in canine pemphigus foliaceus. J Vet Diagn Invest 2002, 14:53–56
66. Kopp T, Sitaru C, Pieczkowski F, Schneeberger A, Fodinger D, Zillikens D, Stingl G, Karlhofer FM: IgA pemphigus— occurrence of antidesmocollin 1 and anti-desmoglein 1 antibody reactivity in an individual patient. J Dtsch Dermatol Ges 2006, 4:1045–1050
67. Ishii K, Lin C, Siegel DL, Stanley JR: Isolation of pathogenic monoclonal anti-desmoglein 1 human antibodies by phage display of
pemphigus foliaceus autoantibodies. J Invest Dermatol 2008,
128:939 –948
68. Tsunoda K, Ota T, Aoki M, Yamada T, Nagai T, Nakagawa T, Koyasu
S, Nishikawa T, Amagai M: Induction of pemphigus phenotype by a
mouse monoclonal antibody against the amino-terminal adhesive
interface of desmoglein 3. J Immunol 2003, 170:2170 –2178
69. Hashimoto T, Kiyokawa C, Mori O, Miyasato M, Chidgey MAJ, Garrod
DR, Kobayashi Y, Komori K, Ishii K, Amagai M, Nishikawa T: Human
desmocollin 1 (Dsc1) is an autoantigen for the subcorneal pustular
dermatosis type of IgA pemphigus. J Invest Dermatol 1997, 109:
127–131
70. Muller R, Heber B, Hashimoto T, Messer G, Mullegger R, Niedermeier
A, Hertl M: Autoantibodies against desmocollins in European patients
with pemphigus. Clin Exp Dermatol 2009, 34:898 –903
71. Waschke J: The desmosome and pemphigus. Histochem Cell Biol
2008, 130:21–54
72. Kitajima Y, Aoyama Y: A perspective of pemphigus from bedside and
laboratory-bench. Clin Rev Allergy Immunol 2007, 33:57– 66
73. Heupel WM, Zillikens D, Drenckhahn D, Waschke J: Pemphigus
vulgaris IgG directly inhibit desmoglein 3-mediated transinteraction.
J Immunol 2008, 181:1825–1834
74. Waschke J, Bruggeman P, Baumgartner W, Zillikens D, Drenckhahn
D: Pemphigus foliaceus IgG causes dissociation of desmoglein
1-containing junctions without blocking desmoglein 1 transinteraction. J Clin Invest 2005, 115:3157–3165
75. Williamson L, Raess NA, Caldelari R, Zakher A, de Bruin A, Posthaus

76.

77.
78.
79.
80.

81.

82.

83.

84.
85.

86.

H, Bolli R, Hunziker T, Suter MM, Muller EJ: Pemphigus vulgaris
identifies plakoglobin as key suppressor of c-Myc in the skin. EMBO
J 2006, 25:3298 –3309
Aoyama Y, Kitajima Y: Pemphigus vulgaris-IgG causes a rapid depletion of desmoglein 3 (Dsg3) from the Triton X-100 soluble pools,
leading to the formation of Dsg3-depleted desmosomes in a human
squamous carcinoma cell line. DJM-1 cells. J Invest Dermatol 1999,
112:67–71
Kitajima Y: Mechanisms of desmosome assembly and disassembly.
Clin Exp Dermatol 2002, 27:684 – 690
Patel GK: Treatment of staphylococcal scalded skin syndrome. Expert Rev Anti Infect Ther 2004, 2:575–587
Murray RJ: Recognition and management of Staphylococcus aureus
toxin-mediated disease. Intern Med J 2005, 35(Suppl 2):S106 –S119
Ito Y, Funabashi Yoh M, Toda K, Shimazaki M, Nakamura T, Morita E:
Staphylococcal scalded-skin syndrome in an adult due to methicillinresistant Staphylococcus aureus. J Infect Chemother 2002, 8:
256 –261
Acland KM, Darvay A, Griffin C, Aali SA, Russell-Jones R: Staphylococcal scalded skin syndrome in an adult associated with methicillinresistant Staphylococcus aureus. Br J Dermatol 1999, 140:518 –520
Yamaguchi T, Yokota Y, Terajima J, Hayashi T, Aepfelbacher M,
Ohara M, Komatsuzawa H, Watanabe H, Sugai M: Clonal association
of Staphylococcus aureus causing bullous impetigo and the emergence of new methicillin-resistant clonal groups in Kansai district in
Japan. J Infect Dis 2002, 185:1511–1516
Brennan D, Hu Y, Medhat W, Dowling A, Mahoney MG: Superficial
dsg2 expression limits epidermal blister formation mediated by pemphigus foliaceus antibodies and exfoliative toxins, Dermatol Res Pract
2010, 2010:410278
Marks PA, Xu WS: Histone deacetylase inhibitors: potential in cancer
therapy. J Cell Biochem 2009, 107:600 – 608
Ma X, Ezzeldin HH, Diasio RB: Histone deacetylase inhibitors: current
status and overview of recent clinical trials. Drugs 2009, 69:
1911–1934
Lee MJ, Kim YS, Kummar S, Giaccone G, Trepel JB: Histone
deacetylase inhibitors in cancer therapy. Curr Opin Oncol 2008,
20:639 – 649

