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Abstract

The majority of pemphigus vulgaris (PV) patients suffer from a live-threatening loss of inter-
cellular adhesion between keratinocytes (acantholysis). The disease is caused by auto-
antibodies that bind to desmosomal cadherins desmoglein (Dsg) 3 or Dsg3 and Dsg1 in mu-
cous membranes and skin. A currently unresolved controversy in PV is whether apoptosis
is involved in the pathogenic process. The objective of this study was to perform preclinical
studies to investigate apoptotic pathway activation in PV pathogenesis with the goal to as-
sess its potential for clinical therapy. For this purpose, we investigated mouse and human
skin keratinocyte cultures treated with PV antibodies (the experimental Dsg3 monospecific
antibody AK23 or PV patients IgG), PV mouse models (passive transfer of AK23 or PVIgG
into adult and neonatal mice) as well as PV patients’ biopsies (n=6). A combination of
TUNEL assay, analyses of membrane integrity, early apoptotic markers such as cleaved
poly-ADP-ribose polymerase (PARP) and the collapse of actin cytoskeleton failed to pro-
vide evidence for apoptosis in PV pathogenesis. However, the in vitro and in vivo PV mod-
els, allowing to monitor progression of lesion formation, revealed an early, transient and
low-level caspase-3 activation. Pharmacological inhibition confirmed the functional implica-
tion of caspase-3 in major events in PV such as shedding of Dsg3, keratin retraction, prolif-
eration including c-Myc induction, p38MAPK activation and acantholysis. Together, these
data identify low-level caspase-3 activation downstream of disrupted Dsg3 trans- or cis-
adhesion as a major event in PV pathogenesis that is non-synonymous with apoptosis and
represents, unlike apoptotic components, a promising target for clinical therapy. At a
broader level, these results posit that an impairment of adhesive functions in concert with
low-level, non-lethal caspase-3 activation can evoke profound cellular changes which may
be of relevance for other diseases including cancer.
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Introduction

Pemphigus vulgaris (PV) is a severe autoimmune blistering disease affecting the epidermis,
hair follicles and mucous membranes [1,2,3]. It characteristically manifests as loss of intercellu-
lar adhesion (acantholysis) between basal and suprabasal keratinocytes, where desmoglein 3
(Dsg3), the major antigenic target in PV, is most abundantly expressed [4,5]. Dsgl can com-
pensate for loss of Dsg3 function in the epidermis [4]; accordingly, in PV patients and mouse
models, Dsg3 antibodies alone predominantly induce clinical blisters in hair follicles and mu-
cous membranes whereas combined Dsg3 and Dsgl antibodies concomitantly evoke epidermal
blisters [3,4,6,7,8].

Dsg3 and Dsgl are desmosomal cadherins and adhesive components of desmosomes. These
robust intercellular adhesion structures confer mechanical resistance to a variety of tissues in-
cluding skin. Despite their robustness, desmosomes are highly dynamic and alterations in des-
mosomal cadherin expression and composition are pivotal during embryogenesis, tissue
homeostasis and repair [9,10]. For example, in response to injury, epidermal growth factor
(EGF) stimulation or UV irradiation, mechanisms such as reversion from high to low affinity
adhesive states of desmosomes [11], desmosomal cadherin endocytosis [12] and proteolytic
shedding implicating consecutively caspase-3 and metalloproteases [13,14] have been de-
scribed. Caspase activation was long considered an exclusive hallmark of apoptosis and hence,
desmosomal remodeling has often been linked to apoptotic cell death. However, according to
the recommendations of cell death classification, caspase activation alone is not sufficient to
evoke apoptosis [15] because caspases, as a paradox to cell death, have been involved in prolif-
eration, differentiation and cellular remodeling of a variety of cell types [16,17,18], which is in
line with delayed keratinocyte differentiation in caspase-3 mutant mouse embryos [19]. Ac-
cordingly, depending on its level of activation, caspase-3 has been proposed as a “stress intensi-
ty sensor” acting as a switch between cell survival and death [20].

In PV, Dsg3 antibody binding directly interferes with cis- or trans-adhesion between Dsg3
molecules [21,22] thereby eliciting cellular response signals which were found to be responsible
for the ultimate loss of desmosome structure and function. Specifically, pathogenic signals
have been involved in re-organization and endocytosis of Dsg3 as well as a change in keratino-
cyte fate from differentiation to proliferation as proven by application of pharmacologic inhibi-
tors or the use of knock-out models [23,24,25,26]. Based on the initial observation of TUNEL
(TdT-mediated dUTP-biotin nick end labeling)-positive cells in lesional skin of PV patients
[27,28], apoptosis was also proposed to be involved in PV pathogenesis. Independent reports
on caspase activation in the neonatal PV mouse model and reduced blistering after caspase-3
inhibitor treatment supported this claim [29,30]. Accordingly, “acantholysis and apoptosis”
were discussed to be “inseparable in PV”, invoking a process termed “apoptolysis” where
acantholysis proceeds along apoptotic pathways resulting in cell death [31,32]. Inhibition of
apoptotic pathway components including FasL was therefore suggested as potential therapy for
PV patients [28,30,31,32,33]. However, doubts have been cast on the involvement of apoptosis,
primarily because two independent studies failed to reveal TUNEL positive cells or apoptotic
cell morphology by electron microscopy in systematic surveys of PVIgG-treated cultured
HacCat keratinocytes and skin explants as well as PV patients’ skin biopsies [34,35]. Further-
more, apoptotic cell death, caspase-3 activation and nuclear accumulation of cleaved PARP
were either not detected or suggested to occur after loss of adhesion. This led to the conclusion
that if happening, these late events are not taking part in the acantholytic process [34,36,37].
Although the two previous studies [34,35] appeared to make a strong point against apoptosis
in PV, they did not resolve the conundrum that a range of caspase-3 inhibitors was able to re-
duce blistering in the neonatal PV mouse model.
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A variety of caspase inhibitors have been developed, some of which are in Phase I/II clinical
trials [38,39]. Although these inhibitors do represent a promising adjunctive treatment option
or a second line intervention for PV patients, their testing in PV clinical trials are not justified
unless experimental proof of concept and the mechanisms of action of caspase-3 in PV are re-
solved. This prompted us to specifically evaluate the involvement of apoptosis in correlation
with caspase-3 activation in PV. Here we used a combination of cultured keratinocytes, estab-
lished PV mouse models [6] and previously used biopsies from PV patients [23] to firstly inves-
tigate the occurrence of apoptosis and secondly, in the same PV models, caspase-3 activation
and the consequences of caspase-3 inhibition in response to the Dsg3-specific pathogenic anti-
body AK23 [40] or purified PVIgG.

Our data corroborate that acantholysis in PV occurs without implicating apoptosis. Howev-
er, an early, transient and low-level caspase-3 activation was revealed downstream of disrupted
Dsg3 cis-or trans-adhesion [21,22] which, as demonstrated by the use of pharmacological pan-
caspase and caspase-3 inhibitors, functionally contributes to major pathological events in the
acantholytic process. Our results support that caspase-3 is activated without triggering apopto-
sis but instead is an important component in the early events leading to PV blistering, thus rep-
resenting a promising therapeutic target in PV.

Material and Methods
Keratinocyte cultures and inhibitor treatment

Mouse keratinocytes were isolated form E18.5 old C57BL/6] embryos (purchased from Central
Animal Facility, University of Bern), sacrificed by decapitation and cells grown in CnT-02 me-
dium (CELLnTEC Advanced Cell Systems AG, Bern Switzerland) and characterized as de-
scribed previously [23,41,42]. Primary human epidermal keratinocytes derived from foreskin
were purchased from CELLnTEC and grown in CnT-57 (CELLnTEC, Bern, Switzerland). For
all experiments the medium was supplemented with 1.2 mM calcium at cell confluency to in-
duce differentiation six hours before challenging the cultures with the standard concentration
of 20 ug/ml AK23 alone [40] (a kind gift of Dr. M. Amagai, University of Tokyo, Japan) (with-
out additional exfoliative toxin), with AK23 and 1.5 mg/ml PFIgG (Dsgl titer 58.8), 1 mg/ml
PVIgG1 (containing antibody against Dsg3 [23]) or 4 mg/ml PVIgG2 (containing antibodies
against both Dsg3 and Dsgl, titer Dsgl:Dsg3; 194.4:250.2). Where indicated, higher AK23 con-
centrations were used to demonstrate that absence of a specific response pattern is not due to
an insufficient dose. Normal human IgG (nhIgG) (Sandoglobulin) or non-specific mouse IgG
(mlIgG) (Equitech-Bio) were used as controls. Inhibitors (for which toxicity was excluded by
morphological criteria and trypan blue exclusion) were dissolved in DMSO and added at calci-
um switch at the following published concentrations confirmed in a dose response study

(S2 Fig.): 40 uM caspase-3 inhibitor III Ac-DEVD-CMK [43], caspase-3 inhibitor II Z-DEVD-
FMK [29,44] and pan-caspase inhibitor VI Z-VAD-FMK [35] (all Calbiochem); 100 uM cas-
pase-8 inhibitor Z-IETD-FMK [45,46]; 50 M caspase-9 inhibitor Z-LEHD-FMK [47] (all
Alexis biochemicals) and 10 uM caspase-12 inhibitor Z-ATAD-FMK [48] (BioVision).

Mice and passive transfer

Adult and neonatal mouse models were characterized previously [6,49]. Briefly, 8-week-old
C57Bl/6] mice were injected with 12.5 pug/g body weight AK23/mlgG without mechanical stress
and neonatal C57Bl/6] mice with 90 ug/g body weight AK23 or mIgG together with a half-
pathogenic dose PFIgG or nhIgG (12mg/g), respectively, as reported [49] and subjected to
mechanical stress. For inhibitor treatment, mice were IP injected with 6 pg/g per body weight
caspase-3 inhibitor III (Ac-DEVD-CMK; dissolved in DMSO and diluted in PBS) 2 hours
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before AK23 or AK23/PF IgG. The inhibitor concentration was determined by a dose-response
study in adult mice and was found to be in the range published to prevent PFIgG-induced blis-
tering in neonatal mice [50]. Adult mice were euthanized by inhalation with isoflurane (Pira-
mal Healthcare, Mumbai, India) followed by cervical dislocation and neonatal mice sacrificed
by decapitation. Biopsies were collected and blisters evaluated as described [49] by measuring
the length of the blisters relative to the full length of the entire biopsy using image] on micro-
graphs. Hair follicles blisters were counted and are presented as % of total hair follicles (mini-
mum of 250 hair follicle/group) [6].

Human biopsies

Biopsies of skin and oral mucosa from human PV patients have been described previously
[23].

Ethics statement

Animal experiments were approved by the ethics committee, Canton Bern, Switzerland (26/08
and BE78/11). The human biopsy tissue specimens were those obtained for the procedures car-
ried out to confirm the diagnosis of pemphigus in affected patients. These diagnostic proce-
dures do only require an oral consent since they represent routine laboratory tests in this
context. The analyses performed with the tissue specimen did NOT involve: acquisition of in-
formation about living individuals, intervention or interaction with individuals. The research
did not involve individually identifiable subjects (but anonymous information). The biopsy
specimens were thus obtained and analyzed following the standards and requirement of the
local Institutional board and local ethical committee valid at that time.

TUNEL assay and FACS analysis

Mouse keratinocytes and biopsies from 8-week-old C57BL/6] mice and human PV patients
[6,23] were subjected to a TUNEL assay (Roche Diagnostics, Basel, Switzerland) according to
the manufacturer instructions. FACS analyses were performed as described [6].

Caspase assay, dissociation assay and immunofluorescence
microscopy

Caspase-3/7 activity was measured in lysates of mouse keratinocytes seeded in a 24-wells plate
at indicated time points in triplicates using the APO-One homogenous Caspase-3/7 or Cas-
pase-Glo 3/7 kits (Promega, Madison, Wisconsin, USA).

Dissociation assay and immunofluorescence microscopy were performed as described pre-
viously [51]. Briefly, for the dissociation assay keratinocytes were seeded in 24-well plates in
duplicates, cell sheets released by dispase (2.4 U/ml, Roche Diagnostics, Basel, Switzerland)
after indicated time and mechanical stress was applied by pipetting the cell sheet 10x with a
P1000. Cell fragments were fixed with 3% buffered formaldehyde, stained with 0.1% crystal vi-
olet (Merck) and fragments larger than 0.1 mm” counted using Paint (Microsoft) on micro-
graphs. Inmunofluorescence microscopy was performed as follows: for actin re-arrangement
and keratin retraction, 8 random pictures were taken for each duplicate treatment and a mini-
mum of 1’000 cells per duplicate treatment and group were evaluated and counted with paint
(Microsoft). Alexa fluor 546 phalloidin (Sigma; 1:200) was used to stain actin and antibodies
were against E-cadherin (DECMA supernatant; 1:2; kind gift of Dr. R. Kemler, Max-Plack In-
stitute, Freiburg i.Br, Germany) and keratin 14 (A22283, Invitrogen; 1:100). For active caspase-
3 staining, fixation was performed with 100% pre-cooled methanol for 10 minutes at -20°C,
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followed by permeabilization and blocking with 2.5% normal donkey serum, 2.5% goat serum,
0.2% Triton-X 100 and 1% BSA. Cells were then incubated with active caspase-3 antibody
(AF835, R&D systems; 1:400) and revealed with Alexa Fluor 488-conjugated rabbit. Signal in-
tensity of a minimum of 1’000 cells per duplicate treatment and group was measured on micro-
graphs using Image]J by excluding mitotic cells.

Protein extraction, immunoprecipitation and western blot analysis

Protein extraction of cultured keratinocytes and mouse back skin was performed with Triton
X-100 as described previously [6,23]. Proteins collected from culture media were precipitated
with 2.5 volumes 100% acetone overnight at -20°C, centrifuged 10 minutes at 13000 rpm, air-
dried and resuspended in Laemmli buffer. For immunoprecipitation, rabbit anti-active cas-
pase-3 antibody (559565, BD Transduction, 2ug) and non-relevant rabbit IgG (Sigma, 2ug)
were bound to protein G dynabeads (Invitrogen, #100.04D) in citrate phosphate buffer pH5
(25mM citric acid, 50mM Na,HPO,, protease inhibitor cocktail (Roche)) for 1 hour at room
temperature. Antibody-coated protein G dynabeads were then incubated with 1mg Triton
X-100 soluble proteins and citrate phosphate buffer pH5 (final pH of the solution >6.5) for 1
hour at room temperature. All samples of one time point were processed simultaneously.
Beads were washed five times with low salt solution (Tris-HCI 10mM pH 7.5, DTT 0.5mM and
protease inhibitor cocktail (Roche)) and proteins eluted with Laemmli Buffer. Protein electro-
phoresis and western blot analyses were performed as previously described [6] using antibodies
against Dsg3 (kind gift of Dr. John Stanley, University of Pennsylvania, rabbit, 1:4000), PARP
(9542, Cell Signaling Technology, rabbit, 1:1000), caspase-3 (3/CPP32, BD transduction,
mouse, 1:1000; for routine analyses), caspase-3 (AF-605-NA, R&D systems, goat, 1:1000; used
for immunoblotting after IP to not detect contaminating epidermal mouse IgG binding to
beads) and B-tubulin for normalization (Ab6046, Abcam, 1:5000).

Statistical analysis

Results are presented as mean + SEM. The data were analyzed using NCSS 2007 (NCSS, Kays-
ville, Utah, USA). Differences between the means were assessed by 1-way ANOVA followed by
Mann-Whitney U test or directly by Mann-Whitney U test to compare 2 groups.

Results

No evidence for DNA fragmentation and loss of membrane integrity in
PV pathophysiology
Our initial objective was to perform a systematic survey of apoptotic events in PV models and
PV patients’ biopsies. Firstly, cultured mouse keratinocytes treated for 48 hours with the patho-
genic antibody AK23 or mouse (m)IgG as negative control were screened for TUNEL positive
cells concomitantly with loss of intercellular adhesion (S1A Fig.). As reported for human
HaCat keratinocytes treated with PVIgG [35], no TUNEL positive cells were observed (evaluat-
ing roughly 120’000 cells per experiment) under our standard conditions (20 pg/ml AK23) and
even when the AK23 concentration was elevated by fourfold (Fig. 1A shows 80 pg/ml). Consis-
tent with TUNEL negativity, visual inspection did not reveal fragmented nuclei, as is expected
in case of apoptosis [15]. However, on average 19% TUNEL positive cells were counted and nu-
clear morphology was affected when cell death was induced with high-dose mitomycin C used
as positive control.

Secondly, occurrence of apoptosis was addressed in the adult PV mouse model which exhib-
its abundant blisters in the resting (telogen) hair follicles, microblisters in the epidermis and
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Fig 1. Exceptional TUNEL-positive lesions and no loss of membrane integrity in AK23-treated cultured mouse keratinocytes and 8-week-old mice
or human PV patients’ biopsies. (A, B, D) Representative pictures of TUNEL staining in A, mouse keratinocyte cultures treated with 20 or 80 pg/ml AK23/
mlgG for 48 hours; 20 pg/ml mitomycin C (mitC) treatment of the same culture serves as positive control for apoptosis; shown are 80 pg/ml AK23/migG; (n =
3 in duplicates/group and 120’000 cells/group evaluated); in B, hair follicles, back skin and hard palate of 8-week-old mice injected with 12.5 pg/g b.w. AK23/
mlgG for 24h and 48h; shown are 24 hours (total mice evaluated 8; n = 2/group and time point; >100 hair follicles/mouse evaluated); SG: sebaceous gland,
HF: hair follicle, arrows point to TUNEL positive cells in stratum corneum and sebaceous gland; in D, selected biopsies from human PV patients’ skin and oral
mucosa. Note that PV patient 2 exhibits fragmentation of nuclei; DNase I-treated healthy donor skin biopsies served as positive control (high number of
TUNEL positive cells) and without terminal transferase as negative control; (n = 6 PV patients, n = 2 healthy donors). Insets are twofold magnifications of
selected areas. Asterisks indicate lesions. Nuclei were counterstained with Hoechst 33258. Dotted line indicates basement membrane. Bar = 75m (A), 25m
(B), 125m (D). (C) Graph of LIVE/DEAD stained viable keratinocytes isolated from skin of AK23/mIgG-treated 8-week-old mice evaluated by FACS. Data are
mean+SEM.

doi:10.1371/journal.pone.0119809.9001
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lesions in the palate in response to AK23 injection, a model which has so far not been ad-
dressed for apoptotic events [6]. Biopsies from these mice revealed neither TUNEL positive
cells in hair follicle blisters nor in the epidermis with microblisters 24 or 48 hours after AK23
injection (Fig. 1B shows representative examples at 24 hours). Positive cells at the level of seba-
ceous glands and stratum granulosum, present in both control and AK23-treated biopsies,
served as internal positive control. TUNEL analyses were also conducted at time points preced-
ing (30 minutes) or at the onset of hair follicle blistering and in presence of microblisters in the
epidermis (5 hours) (S1 Table). These analyses confirmed the lack of TUNEL positive cells dur-
ing the process of lesion formation (data not shown). To address the occurrence of apoptosis
by other means, epidermal and hair follicle keratinocytes were isolated from the back skin of
these mice, stained with a commercial marker for membrane integrity and analyzed by flow cy-
tometry. The number of viable cells was unchanged between AK23-treated and control mice
(Fig. 1C). In analogy to these findings, peri-lesional, non-lesional and lesional hard palate of
the same mice showed no TUNEL positive basal keratinocytes with the exception of occasional
lesions which exhibited abundant TUNEL positive basal cells (Fig. 1B shows both examples).

As a third model, we investigated TUNEL positive cells in six PV patients’ biopsies previ-
ously shown to exhibit high c-Myc and increased proliferation [23]. High c-Myc has been asso-
ciated with apoptosis in many cell types but not in keratinocytes which are resistant to c-Myc
induced cell death [52]. In these patient’s biopsies, TUNEL positive cells were absent from
non-lesional, peri-lesional and most lesional tissue (Fig. 1D shows representative examples).
Rare TUNEL positive cells were present in advanced clinical lesions in skin of PV patient 2
(PV2) and suprabasal but not basal oral keratinocytes of PV patient 3 (PV3). Serving as a posi-
tive and negative control, respectively, abundant TUNEL positive cells were detected in DNa-
sel-treated skin and none in DNasel-treated skin without deoxynucleotidyl
transferase treatment.

In conclusion, no TUNEL positive cells or loss of membrane integrity were revealed in cul-
tured mouse keratinocytes after loss of intercellular adhesion, in non- or peri-lesional tissue in
the adult PV mouse model and in PV patient’s biopsies with high levels of c-Myc. TUNEL posi-
tive cells were also absent from most lesions positing that DNA fragmentation is not a compulso-
ry event in PV pathogenesis and that secondary processes such as substantial mechanical stress
or inflammation may induce apoptosis in keratinocytes of the palate or in advanced lesions.

No evidence for apoptotic marker induction during PV acantholysis

We also addressed occurrence of apoptosis using complementary read-outs. Cytoskeletal actin
is a major target for destruction during the apoptotic process [53,54]. Consistently, mitomycin
C-treated mouse keratinocytes exhibited a complete collapse of the actin cytoskeleton

(Fig. 2A). In contrast, subtle changes, comparable with the retraction of actin bundles from cell
boarders, reported in PV during Dsg3 endocytosis [55], were observed after 48 hours in mouse
keratinocytes treated with 20, 80 or 160 pug/ml AK23 (Fig. 2A shows 160 pg/ml AK23). We also
investigated primary human keratinocytes treated with AK23 under conditions of loss of adhe-
sion (Fig. 2A; S1B Fig.) as well as mouse keratinocytes incubated with PVIgG from two differ-
ent patients (containing Dsg3 [23] and Dsg3/Dsgl antibodies, respectively) (S1C Fig.). In all
cases (analyzing 1°000 cells per well in duplicates), no global actin collapse comparable to mito-
mycin C-treated apoptotic cells was observed. Under the same conditions we also explored the
steady-state levels of full-length and cleaved poly ADP-ribose polymerase (PARP), a DNA re-
pair enzyme that is specifically inactivated through cleavage in the early course of apoptotic
cell death [54]. No evidence was obtained for reduced full-length PARP (indicative for cleav-
age) or increased cleaved PARP in mouse and human keratinocytes treated with AK23
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Fig 2. Absence of hallmarks for apoptosis in AK23-treated keratinocytes and 8-week-old mice. (A) Representative immunofluorescence micrographs
for F-actin in mouse and human keratinocytes treated for 48 and 24 hours, respectively, with 20, 80 and 160 pg/ml AK23/migG or 20 pg/ml mitomycin C
(mitC); shown are 160 pg/ml AK23/miIgG. Nuclei were counterstained with Hoechst 33258; arrows point to actin rearrangement; bar = 25um, (n = 2/group in
duplicates and 1’000 cells/group evaluated). (B-E) Representative immunoblots and graphs of Triton X-100-soluble proteins probed with indicated antibodies
from B, D, mouse and human keratinocytes treated for 48 hours and 24 hours, respectively, with 20, 80 and 160 pg/ml AK23/mlIgG or 20 pg/ml mitomycin C;
shown are 20ug/ml (mouse cells) and 80ug/ml (human cells) AK23/mlgG; (n = 5/group); C, E, skin of 8-week-old mice injected with 12.5 pg/g b.w. AK23/
mlgG for B, 30 min, 2, 24 and 48 hours and E, 30 min, 2, 5, 24 and 48 hours; shown are indicated time points; (n = 4/group). Signals were quantified,
normalized to tubulin and the mean+SEM is plotted relative to migG set as 1.

doi:10.1371/journal.pone.0119809.g002
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(Fig. 2B). As a positive control, mitomycin C treatment resulted in complete conversion of full-
length PARP to cleaved/inactivated PARP. No significant decrease in full-length PARP and no
cleaved PARP were further revealed in skin extracts of adult mice between 30 minutes and 48
hours after AK23 injection (Fig. 2C and upper panel shows 48 hours).

Finally we investigated activation (cleavage) of pro-caspase-3 which, among other sub-
strates, cleaves PARP during cell death [15,54]. While mitomycin C treatment resulted in
cleavage of pro-caspase-3 to the 17 kD active enzyme, the cleaved form was not detected by im-
munoblotting in AK23-treated mouse and human keratinocytes after 48 and 24 hours, respec-
tively (Fig. 2D) or in mouse epidermis 30 minutes, 2, 5, 24 and 48 hours after AK23 injection
(Fig. 2E shows 30 minutes and 48 hours) before, during and after detection of microlesions in
the epidermis and blisters in the hair follicles (S1 Table).

In support of our initial findings, the analyses of three apoptotic markers failed to provide
evidence for the occurrence of apoptotic cell death in AK23 or PVIgG-treated cultured mouse
and human keratinocytes as well as epidermis and hair follicles of adult mice.

Transient, low-level caspase-3 activation occurs in PV models

In our PV models, no evidence for a robust caspase-3 activation has been revealed, as it would
be expected in case of apoptosis [15]. However, caspase inhibitors were reported to reduce blis-
tering in neonatal mice injected with PVIgG [29,30]. Furthermore, low-level caspase-3 activity
has been associated with keratinocyte terminal differentiation [19,56] but was not detected by
immunoblotting applied here (Fig. 2E). This prompted us to address caspase-3 activity by
more sensitive assays.

As compared to robust caspase activation in mitomycin C-treated cells (S2A Fig.), mouse
keratinocytes treated with 20 or 80 pg/ml AK23 exhibited an early transient, low-level caspase-
3/7 activation with a peak at 1 hour measured by two different caspase-3/7 activity assays (the
substrate is specific for caspase-3 and -7) (Fig. 3A shows results of the Caspase-Glo 3/7 assay
for 80 pg/ml AK23). PVIgG from two patients (containing Dsg3 [23] and Dsg3 and Dsg1 anti-
bodies, respectively) gave similar results (Fig. 3B). In support of these findings, semi-
quantitative immunofluorescence microscopy revealed a subtle but significant increase in acti-
vated caspase-3 quantified on micrographs of mouse keratinocytes 1 hour after AK23 and
PVIgG exposure (Fig. 3C; quantification of 1’000 cells per well in duplicates). In AK23- and
PVIgG-treated cells, active caspase-3 mainly localized to the cytoplasm while the association
with DNA in mitotic cells served as a positive control in agreement with a role of caspase-3 in
mitotic spindle checkpoint control [57]. Furthermore, high levels of active caspase-3 were de-
tected in the cytoplasm and nucleus of mitomycin C-treated apoptotic cells.

The findings obtained in cultured keratinocytes prompted us to address potential low-level
caspase-3 activation also in AK23-treated and control adult mice. Lysates from mouse skin must
be harvested with proteinase inhibitors to prevent protein degradation, precluding the testing by
caspase activity assays. To reveal low-level caspase-3, lysates were subjected to immunoprecipita-
tion using activated caspase-3 antibodies. Consistent with the involvement of caspase-3 in kera-
tinocyte differentiation [19,56], activated caspase-3 was detected in control skin and was
transiently increased 30 minutes after AK23 injection, before the first appearance of hair follicle
and oral blisters (S1 Table), as revealed in a time course experiment (Fig. 3D), that is.

Caspase-3 functionally contributes to loss of intercellular adhesion in PV
models

To address whether the low-level caspase-3 activation observed prior to loss of intercellular ad-
hesion functionally contributes to acantholysis, we used caspase inhibitors with different
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doi:10.1371/journal.pone.0119809.9003

specificities and targets. A dissociation assay [51] revealed that AK23-mediated loss of intercel-
lular adhesion was significantly reduced in cultured mouse keratinocytes pre-treated with a
pan-caspase and two caspase-3 inhibitors (Z-VAD-FMK, Z-DEVD-FMK (II), Ac-DEVD-
CMK (III); S2B and S2C Figs. for efficiency control) (Fig. 4A). The pan-caspase inhibitor,
which also targets other proteases such as calpain [58], had the strongest effect. We therefore
continued to use caspase-3 inhibitor III with high specificity for caspase-3 [59]. Similar results
than in mouse keratinocytes treated with AK23 were obtained for human keratinocytes

(S3A Fig.) as well as for AK23/PFIgG (combined Dsg3/Dsgl antibodies), PVIgG1- and
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PVIgG2-incubated mouse keratinocytes in presence of the caspase-3 inhibitor III (Fig. 4B and
4C).

Known activators of caspase-3 in the classical apoptotic pathway are either caspase-8, down-
stream of the death receptor, or caspase-9/-12, following mitochondrial/endoplasmic reticulum
stress [54]. Caspase-8, -9 and -12 inhibitor pre-treatment, at concentrations tested to abrogate
mitomycin C-induced caspase-3 activation (S2A and S2D-2F Fig.), failed to prevent AK23-
and PVIgG-induced loss of cell-cell adhesion in mouse and human keratinocytes (Fig. 4A and
4C; S3B and S3C Fig.). Without excluding some low-level activation, this suggested that these
caspases are not implicated in the process leading to caspase-3-mediated loss of intercellular
adhesion in these cells and that other activators than classical apoptotic pathway components
are responsible to induce low-level caspase-3.

In vivo, in PVIgG-treated neonatal mice, pan-caspase and caspase-3 inhibitors were shown
to prevent skin blistering [29,30]. To confirm these results, we pre-treated neonatal mice with
the caspase-3 inhibitor III two hours prior to injecting AK23/PFIgG to induce clinical epider-
mal blisters as established previously [6,49]. As measured over the entire epidermis [49], inhib-
itor pre-treatment, at the dose preventing blistering in a mouse model for pemphigus foliaceus
[50], reduced epidermal lesions on average by 60% (Fig. 4D). Like adult mice (Fig. 1B and 1C),
these AK23/PFIgG-injected neonatal mice also lacked TUNEL positivity in basal epidermal
keratinocytes (data not shown). Pre-treatment of adult mice with the same relative inhibitor
dose per body weight also significantly reduced hair follicle blistering assessed at 24 hours
(Fig. 4E).

In summary, caspase-3 but not caspase-8, -9 and -12 inhibitor pre-treatment revealed that
the transient and low-level caspase-3 activation, shown here to occur prior to loss of adhesion
in vitro and in vivo, is implicated in PV acantholysis without involving apoptotic cell death
pathways (Figs. 1, 2 and 4C).

Involvement of transient, low-level caspase-3 in crucial events leading to
acantholysis

We further tested the functional contribution of caspase-3 to key events in loss of intercellular
adhesion. Remodeling of desmosomes is a major feature in PV and involves for instance Dsg3
shedding as observed in PVIgG-treated human keratinocytes [44]. Desmosomal cadherins can
be processed by caspase-3 followed by metalloprotease cleavage, providing a 100 kD membrane
anchored and a 75 kD shed N-terminal Dsg3 fragment, respectively [13,14]. We hypothesized
that Dsg3 shedding in PV might involve caspase-3. To address this possibility, equal volumes
of culture supernatants from AK23/mIgG-treated mouse keratinocytes were analyzed by
immunobloting. Twenty or 80 ug/ml AK23 treatment resulted in enhanced shedding of a 75
kD Dsg3 extracellular fragment into the supernatant as compared to differentiating control
cells, which also exhibited some Dsg3 cleavage consistent with caspase-3 activation during dif-
ferentiation [19,56] (Fig. 5A shows 20 pg/ml). The caspase-3 inhibitor III significantly reduced
the AK23-mediated Dsg3 shedding (Fig. 5B).

In Triton X-100 soluble epidermal protein extracts from AK23 treated mice, the 75 kD shed
Dsg3 extracellular fragment was not detectable, probably due to rapid clearance in vivo (data
not shown). However, the membrane anchored, 100 kD cleaved Dsg3 fragment, spanning the
Dsg3 extracellular, transmembrane and partial intracellular domain [14], was increased 24
hours after AK23-injection and pre-treatment with the caspase-3 inhibitor significantly re-
duced AK23-induced Dsg3 cleavage (Fig. 5C).

Keratin retraction form cell boarders is a predominant feature accompanying loss of inter-
cellular adhesion and is readily observed in cultured mouse keratinocytes treated with PVIgG
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Fig 5. Functional contribution of low-level caspase-3 to the acantholytic process in vitro and in vivo. (A-C and E-F) Representative immunoblots and
graphs for indicated proteins of A-B, culture medium of mouse keratinocytes treated with A, 20 or 80 pg/ml AK23/migG for the indicated time (shown are 20
pg/ml, n = 3) and B, 20 pg/ml AK23 with or without caspase-3 inhibitor for 24 hours (n = 3/group in triplicate); the mean+SEM of quantified and normalized
signals for shed Dsg3 is reported as relative change compared to DMSO/AK23 set as 1, *p<0.05; (C and E-F) Triton X-100-soluble protein fractions from
skin of AK23/mlgG-injected 8-week-old mice with or without caspase-3 inhibitor Ill treatment for the indicated time (n/group, as indicated); signals were
quantified, normalized to tubulin and the mean+SEM is plotted relative to DMSO/mIgG set as 1, *p<0.05. (D) Percentage+SEM and representative
immunofluorescence micrographs of mouse keratinocytes with keratin retraction and cell detachment after treatment for 48h with 80 pg/ml AK23/migG with
or without pan-caspase and caspase-3 inhibitor IIl, (n = 3, 1’000 cells/group evaluated). Insets are 1.5 fold magnification of selected areas; arrow points to
keratin retraction; nuclei were counterstained with Hoechst 33258; bar = 10 pm.

doi:10.1371/journal.pone.0119809.9005

[26]. The immunofluorescence-aided evaluation of keratinocytes treated with AK23 for

48 hours (1’000 cells/group in duplicate of three experiments) revealed on average 44% cells
with retracted keratin filaments from cell boarders (Fig. 5D). A six hours pre-incubation with
the pan-caspase inhibitor or caspase-3 inhibitor III prior to addition of AK23 significantly re-
duced this phenomenon.

Based on the functional implication of low-level caspase-3 in Hela and T-cells proliferation
[57,60], we reasoned that the early low-level caspase-3 in PV could affect both early and late
proliferation markers reported to be upregulated in the adult PV model [6]. Triton-X soluble
lysates from AK23-injected adult mice revealed that pre-treatment with the caspase-3 inhibitor
III dampened the early increase in cyclin D2, as measured after 3 hours, and also significantly
reduced c-Myc and N-Myc as well as p38MAPK, another player in PV, measured after
24 hours [37] (Fig. 5E and 5F).

In summary, our data reveal that transient, low-level caspase-3 is activated outside of classi-
cal apoptotic circuits and contributes to major events in PV acantholysis in vitro and in vivo.

Discussion

Our results revealed a transient, low-level caspase-3 activation downstream of disrupted Dsg3
cis- or trans-adhesion [21,22], which occurs early in PV acantholysis, is uncoupled from apo-
ptosis or classical apoptotic pathways and, as judged from caspase-3 inhibitor treatments, con-
tributes to major events in PV pathogenesis; these are increased expression of proliferation
markers including Myc family members, p38MAPK activation, cleavage of Dsg3, keratin re-
traction as well as loss of intercellular adhesion. As a primary outcome, these preclinical studies
provide the basis to justify Phase I clinical trials for PV patients involving caspase-3 inhibitors
and, secondly, may resolve the conundrum of apoptosis in PV.

Initial evidence in support of apoptosis in PV was based on two reports of TUNEL-positive
cells in lesions of PV patients [27,28]. Loss of intercellular adhesion or acantholysis in PV un-
deniably evokes an aspect of apoptosis, which is the reduction of the cellular volume termed
cell “shrinkage” [31]. However, as recommended by the Nomenclature Committee on Cell
Death [15], other morphological criteria, in particular chromatin condensation and nuclear
fragmentation have to occur to confirm apoptosis. A recent survey of four PV patient’s biopsies
using electron microscopy [34] as well as our analyses by Hoechst 33258 staining in cultured
keratincoytes, PV mouse models and PV patient’s biopsies (Fig. 1) now provide strong evi-
dence that these typical morphological signs of apoptosis are not commonly seen in PV. Fur-
thermore, the screen of all currently available experimental PV models as well as patients
biopsies for TUNEL positive cells in concert with membrane and cellular integrity or apopto-
sis-related enzymological changes, done here and in part also in two other studies [34,35], did
also not hint at a consistent cellular change in progression to the requested “point-of-no-re-
turn” featuring cell death. The occasional rather than systematic occurrence of TUNEL positive
PV lesions, observed here and in previous studies [27,28], suggests that secondary conditions,
which are unrelated to the mechanism of lesion formation sensu strictu may favor cell death in
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acantholytic cells. These may involve extensive mechanical stress through scratching or sec-
ondary infections. Together with the two other studies [34,35] our results obtained in cultured
keratinocytes, mouse models and human patients biopsies posit that apoptosis is not a manda-
tory event in the progression to clinical lesions in PV.

Besides TUNEL positivity, apoptosis-unrelated effectors such as activated EGFR and c-Myc
have also been proposed as markers of apoptosis in PV [32,61,62]. Incidentally, however,
EFGR represents a survival factor in case of loss of adhesion in keratinocytes [63] and these
cells are resistant to the c-Myc-induced apoptosis seen in other cell types [52].

The major arguments brought forward in support of apoptosis or activation of apoptotic
pathways in PV was, however, the direct and in particular indirect evidence (by use of caspase
inhibitors preventing loss of adhesion) for caspase activation [27,28,29,30,46,64]. Nevertheless,
caspase-3 activation was not consistently detected in all studies [34,35]. These seemingly con-
troversial data can now be explained by the findings described in this study. Our data confirm
absence of robust caspase-3 activation before, during and after blister formation in vivo
(Fig. 2E, S1 Table). They instead revealed low-level caspase-3 activation, which occurs in a
transient manner in vitro and in vivo and functionally contributes to PV pathogenesis as
demonstrated by pharmacological caspase-3 inhibition ameliorating blistering. By revealing
low-level caspase-3 activation in the same models which failed to exhibit apoptotic pathway ac-
tivation, these results now allow us to propose a paradigm shift; pathological caspase-3 activa-
tion occurs in PV but is of low-level and uncoupled from apoptosis and classical apoptotic
pathways involving initiator caspases-8, -9 and -12 (as blocking the initiator caspase-8, -9 and
-12 did not prevent loss of intercellular adhesion).

A role of caspases independent of apoptosis has been appreciated for many years [16]. As a
paradox to apoptosis, caspase-3 has in particular been implicated in the regulation of cell pro-
liferation, migration and differentiation when activated in a transient manner and at low-levels
[16,17,18,60,65]. For example, caspase-3 but not caspases-1, -6, -7, -8, -9, or -10 was found to
be required “periodically” in pre-mitotic HeLa cells without inducing apoptosis [57]. Reminis-
cent of our own findings, the authors of the study on HeLa cells further discussed that the bal-
ance between pro- and anti-apoptotic functions relies on the intensity (high versus low) and
duration of caspase-3 activation. In support of their claims, transient low-level caspase-3 acti-
vation in early antigen-driven CD8" T cell activation correlated with proliferation but not with
cell death [60]. Consistently, in PV mouse models and patients epidermis, enhanced prolifera-
tion in concert with increased c-Myc and cyclin D1 have been observed [6,23] and a role of cas-
pase-3 in supporting proliferation in PV is suggested here by the reduction of some of these
pro-proliferative mediators in response to caspase-3 inhibitor treatment.

In T cells with non-apoptotic caspase-3 activation, this enzyme was found to primarily asso-
ciate with the plasma membrane [65]. Based on the knowledge that executioner caspases such
as caspase-3 must enter the nucleus to trigger apoptosis, this conveys that the subcellular locali-
zation of caspase-3 may also impact on its apoptotic activity. A non-apoptotic function of cas-
pase-3 at the plasma membrane, as suggested by our results on Dsg3 shedding, may involve the
cleavage of molecules implicated in intercellular adhesion and remodeling of desmosomes.
Desmosomal cadherins in addition to the plaque proteins plakoglobin, plakophilin and desmo-
plakin were indeed found to represent intracellular substrates for caspase-3 during desmosome
remodeling [14,66,67]. Furthermore, caspase-3-cleaved Dsg3 serves as a substrate for extracel-
lular metalloproteases resulting in shedding of Dsg3 from the surface [14]. Shed Dsg3, as ob-
served here in PV but to some extent also in differentiating keratinocytes, might interfere
through competition with transadhering Dsg3 to enhance loss of adhesion in PV or remodel
adhesion during keratinocyte differentiation, respectively.
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With regards to potential pathways activating low-level, non-apoptotic caspase-3, TRAIL-
induced TNF receptor activation was found to have this ability in the context of normal human
keratinocytes differentiation further implicating p38MAPK [56]. Remarkably, p38MAPK acti-
vation has been involved in PV pathogenesis [68], and its decrease by caspase-3 inhibition,
shown here in the PV mouse model, stipulates that p38MAPK could, like cyclins, c-Myc and
N-Myc, be dependent on caspase-3 activation in PV. Another candidate which may potentially
cooperate with and in particular induce caspase-3 activation in keratinocytes under stress is
EGFR, which is activated in our PV mouse models [6,49]. In mouse and human, caspase-3 can
be directly activated through effectors such as granzyme B [69,70] which depends on EGFR sig-
naling as described in sub-lethally UV-B irradiated keratinocytes [71].

A particularly interesting role of caspase-3 in cell survival rather than cell death has recently
been described in response to mild cellular stress [20]. Low-level caspase-3 differentially cleaves
p120 RasGAP resulting in activation of the survival pathway Akt and an anti-apoptotic feedback
loop preventing robust caspase-3 activation. The initiation of an anti-apoptotic stress response
upon antibody binding to Dsg3 may be supported by the increase in heat shock protein 27 (hsp27)
downstream of p38MAPK, which was described in human PV patients skin and cultured keratino-
cytes treated with PVIgG or cloned PV patients” antibodies [24,72]. Hsp27 is mostly anti-apoptotic;
it maintains redox homeostasis, mitochondria stability and can block cytochrome c release. At the
same time it prevents robust caspase-3 activation and initiates survival pathways such as Akt to re-
pair cellular damage [73]. As discussed above, a potential interdependence between caspase-3 and
P38MAPK is suggested in our study by caspase-3 inhibitor treatment. This interdependence is also
compatible with their time frame of activation; both effectors are both activated early after disrup-
tion of Dsg3 adhesion. Furthermore, p38MAPK inhibitor-treated mice injected with PVIgG [68] as
well as caspase-3 inhibitor treatment, shown here, prevent key pathological events and ameliorate
blistering. It is therefore conceivable that subsequent to disrupted Dsg3 trans- or cis-adhesion and
pathological signal activation involving caspase-3, a cellular response aiming at cell survival and re-
pair is mounted in PV. Cell survival and repair, as opposed to apoptosis and clearance of damaged
cells is supported by the hair follicle phenotype of Dsg3-/- mice, in which blisters in the resting hair
follicle resolve allowing for hair regrowth in anagen [74]. Similarly, in the 8-week-old mice injected
with AK23 used here, hair follicle lesions are repaired without exhibiting apoptosis and cell-cell
contact is re-established prior to the next anagen entry (Schulze et al, unpublished). Potential repair
mechanisms in PV have so far not been addressed and warrant further investigation.

A particularly interesting study was published during the revision of this manuscript. Using
atomic force microscopy, the authors showed that pathogenic single-chain PV antibodies irrevers-
ibly alter the stiffness of HaCaT cells implicating caspases (as shown by a pan-caspase inhibitor)
but not FasL [75]. Although caspase activation was addressed as an apoptotic pathway mediator,
both our studies are in agreement that apoptotic cell death is not involved in PV pathogenesis.

In conclusion, our results support a new model in which PV antibody binding triggers a cel-
lular signaling response implicating early transient, low-level caspase-3 activation. This activity
is uncoupled from apoptosis and engages a variety of cellular processes preceding acantholysis
such as remodeling of Dsg3 adhesion via proteolytic cleavage and the reorganization of the ker-
atin network. This scenario is ideally suited to propose caspase-3 as an adjunctive target to re-
duce blistering in PV.

Supporting Information

S1 Fig. Dissociation assays in AK23-treated mouse and human keratinocytes and actin re-
modeling in PVIgG-treated mouse keratinocytes. (A-B) Dissociation assays: Graphs depict
the number of fragments larger than 0.1 mm? generated after AK23 treatment and application of
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mechanical stress of A, C57BL/6] mouse keratinocytes at 48 hours, (n = 3/group in duplicates);
note that 20 ug/ml AK23 treatment for 48 hours was chosen as standard condition as illustrated
in the right panel; B, primary human foreskin keratinocytes, with 80 pg/ml AK23 for 24 hours set
as standard. To not perturb AK23-induced signaling pathways, human keratinocytes were incu-
bated without exfolative toxin (which cleaves compensatory Dsgl [4]. Data are presented as mean
+SEM, (n = 3 in duplicates) **p< 0.01. (C) Representative immunofluorescence micrographs for
F-actin in mouse keratinocytes treated with 1 mg/ml PVIgG1/nhIgG or 4 mg/ml PVIgG2/nhIgG
for 24h; nuclei were counterstained with Hoechst 33258, bar = 25m, (n = 1 in duplicates).

(TIFF)

$2 Fig. Caspase inhibitor titrations. (A) Caspase-3/7 activity measured by Caspase-Glo 3/7
assay in mouse keratinocytes treated for 24 hours with 20 pg/ml mitomycin C with or without
40uM caspase-3 inhibitor III, 100uM caspase-8 inhibitor, 50uM caspase-9 inhibitor or 10uM
caspase-12 inhibitor. Data are presented as meantrange relative to DMSO setas 1,n=11, 11,
9,2, 2 and 2, respectively, in triplicates, *p<0.05. Note that caspase-3, -8, -9, -12 inhibitors pre-
vent caspase-3 activation in mitomycin treated cells. (B-F) Dose response for caspase inhibi-
tors: dissociation assay; mouse keratinocytes treated for 48 hours with 20 ug/ml AK23 with or
without indicated caspase inhibitors in the range of concentrations previously reported: (B)
caspase-3 inhibitor III (Ac-DEVD-CMK) [1], (C) caspase-3 inhibitor II (Z-DEVD-FMK) [2,3],
(D) caspase-8 inhibitor (Z-IETD-FMK) [4,5], (E) capase-9 inhibitor (Z-LEHD-FMK) [6] and
(F) caspase-12 inhibitor (Z-ATAD-FMK) [7]. The concentrations selected for analysis (Fig. 4)
are in bold. The number of generated fragments is presented as mean+SEM or +range relative
to DMSO/AK23 treatment set as 100%; (n = as indicated in duplicates), “p<0.05, **p<0.01.
(TTF)

S3 Fig. Caspase-3 is involved in AK23- and PVIgG-mediated loss of intercellular adhesion
in primary human keratinocytes. (A-C) Dissociation assays; graphs depict the number of
fragments generated after treatment for 24 hours with 80 pg/ml AK23/mlgG, 1 mg/ml
PVIgG1/nhIgG or 4 mg/ml PVIgG2/nhIgG with or without indicated inhibitors (concentra-
tions described in Material and Methods). Data are presented as mean+SEM relative to AK23
or PVIgG treatment set as 100%, (n = 3/group done in duplicates); *p< 0.05, **p < 0.01.
(TIF)

S1 Table. Blister quantification on H&E sections. Hair follicle (~100 hair follicles evaluated per
animal and time point) and tissue blisters were counted on consecutive sections. The number of af-
fected over total animals tested per blister site and time point after AK23 injection is indicated.
(TIF)

Acknowledgments

We are most indebted to Drs. Masayuki Amagai and Kazuyuki Tsunoda, Tokyo University for
supplying the AK23 hybridoma. We are thanking all members of our Institute, in particular
Myriam Siffert for help with mice and in vivo sampling and Maja M. Suter for helpful com-
ments on the experimental approach and the manuscript. We are further most indebted to
Peter Girling for editorial comments.

Author Contributions

Conceived and designed the experiments: AG EM CL KS. Performed the experiments: AG CL
KS DH. Analyzed the data: AG EM CL KS DH. Contributed reagents/materials/analysis tools:
BS. Wrote the paper: EM AG CL. Contributed to results discussion: AG EM CL MS.

PLOS ONE | DOI:10.1371/journal.pone.0119809 March 6, 2015 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119809.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119809.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119809.s004

@' PLOS ‘ ONE

Non-Lethal Low-Level Caspase-3in PV

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Stanley JR, Amagai M. Pemphigus, bullous impetigo, and the staphylococcal scalded-skin syndrome.
N Engl J Med. 2006; 355: 1800-1810. PMID: 17065642

Suter MM, de Bruin A, Wyder M, Wurm S, Credille K, Crameri FM, et al. Autoimmune diseases of do-
mestic animals: an update. Adv Vet Dermatol. 1998; 3: 321-337.

Veraitch O, Ohyama M, Yamagami J, Amagai M. Alopecia as a rare but distinct manifestation of pem-
phigus vulgaris. Journal of the European Academy of Dermatology and Venereology: JEADV. 2013;
27:86-91.doi: 10.1111/j.1468-3083.2011.04363.x PMID: 22122058

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. PMID: 10021453

Amagai M, Klaus-Kovtun V, Stanley JR. Autoantibodies against a novel epithelial cadherin in pemphi-
gus vulgaris, a disease of cell adhesion. Cell. 1991; 67: 869-877. PMID: 1720352

Schulze K, Galichet A, Sayar BS, Scothern A, Howald D, Zymann H, et al. An adult passive transfer
mouse model to study desmoglein 3 signaling in pemphigus vulgaris. The Journal of investigative der-
matology. 2012; 132: 346-355. doi: 10.1038/jid.2011.299 PMID: 21956125

Hanakawa Y, Li H, Lin C, Stanley JR, Cotsarelis G. Desmogleins 1 and 3 in the companion layer anchor
mouse anagen hair to the follicle. J Invest Dermatol. 2004; 123: 817-822. PMID: 15482466

Ishii K, Amagai M, Hall RP, Hashimoto T, Takayanagi A, Gamou S, et al. Characterization of autoanti-
bodies in pemphigus using antigen-specific enzyme-linked immunosorbent assays with baculovirus-ex-
pressed recombinant desmogleins. J Immunol. 1997; 159: 2010-2017. PMID: 9257868

Garrod D, Chidgey M. Desmosome structure, composition and function. Biochimica et biophysica acta.
2008; 1778: 572-587. PMID: 17854763

Yin T, Green KJ. Regulation of desmosome assembly and adhesion. Semin Cell Dev Biol. 2004; 15:
665-677. PMID: 15561586

Garrod DR, Berika MY, Bardsley WF, Holmes D, Tabernero L. Hyper-adhesion in desmosomes: its reg-
ulation in wound healing and possible relationship to cadherin crystal structure. Journal of Cell Science.
2005; 118: 5743-5754. PMID: 16303847

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. Molecular Biology of the
Cell. 2009; 20: 328-337. doi: 10.1091/mbc.E08-04-0356 PMID: 18987342

Dusek RL, Getsios S, Chen F, Park JK, Amargo EV, Cryns VL, et al. The differentiation-dependent des-
mosomal cadherin desmoglein 1 is a novel caspase-3 target that regulates apoptosis in keratinocytes.
The Journal of biological chemistry. 2006; 281: 3614-3624. PMID: 16286477

Weiske J, Schoneberg T, Schroder W, Hatzfeld M, Tauber R, Huber O. The fate of desmosomal pro-
teins in apoptotic cells. J Biol Chem. 2001; 276: 41175-41181. PMID: 11500511

Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke EH, et al. Classification of
cell death: recommendations of the Nomenclature Committee on Cell Death 2009. Cell death and differ-
entiation. 2009; 16: 3—11. doi: 10.1038/cdd.2008.150 PMID: 18846107

Lamkanfi M, Festjens N, Declercq W, Vanden Berghe T, Vandenabeele P. Caspases in cell survival,
proliferation and differentiation. Cell Death Differ. 2007; 14: 44—55. PMID: 17053807

Perfettini JL, Kroemer G. Caspase activation is not death. Nat Immunol. 2003; 4: 308-310. PMID:
12660728

Fuchs Y, Steller H. Programmed cell death in animal development and disease. Cell. 2011; 147:
742-758. doi: 10.1016/j.cell.2011.10.033 PMID: 22078876

Okuyama R, Nguyen BC, Talora C, Ogawa E, Tommasi di Vignano A, Lioumi M, et al. High commitment
of embryonic keratinocytes to terminal differentiation through a Notch1-caspase 3 regulatory mecha-
nism. Developmental Cell. 2004; 6: 551-562. PMID: 15068794

Khalil H, Bertrand MJ, Vandenabeele P, Widmann C. Caspase-3 and RasGAP: a stress-sensing sur-
vival/demise switch. Trends in cell biology. 2014; 24: 83-89. doi: 10.1016/j.tcb.2013.08.002 PMID:
24007977

Heupel WM, Zillikens D, Drenckhahn D, Waschke J. Pemphigus vulgaris IgG directly inhibit desmoglein
3-mediated transinteraction. J Immunol. 2008; 181: 1825-1834. PMID: 18641320

Di Zenzo G, Di Lullo G, Corti D, Calabresi V, Sinistro A, Vanzetta F, et al. Pemphigus autoantibodies
generated through somatic mutations target the desmoglein-3 cis-interface. Journal of Clinical Investi-
gation. 2012; 122: 3781-3790. doi: 10.1172/JC164413 PMID: 22996451

PLOS ONE | DOI:10.1371/journal.pone.0119809 March 6, 2015 18/21


http://www.ncbi.nlm.nih.gov/pubmed/17065642
http://dx.doi.org/10.1111/j.1468-3083.2011.04363.x
http://www.ncbi.nlm.nih.gov/pubmed/22122058
http://www.ncbi.nlm.nih.gov/pubmed/10021453
http://www.ncbi.nlm.nih.gov/pubmed/1720352
http://dx.doi.org/10.1038/jid.2011.299
http://www.ncbi.nlm.nih.gov/pubmed/21956125
http://www.ncbi.nlm.nih.gov/pubmed/15482466
http://www.ncbi.nlm.nih.gov/pubmed/9257868
http://www.ncbi.nlm.nih.gov/pubmed/17854763
http://www.ncbi.nlm.nih.gov/pubmed/15561586
http://www.ncbi.nlm.nih.gov/pubmed/16303847
http://dx.doi.org/10.1091/mbc.E08-04-0356
http://www.ncbi.nlm.nih.gov/pubmed/18987342
http://www.ncbi.nlm.nih.gov/pubmed/16286477
http://www.ncbi.nlm.nih.gov/pubmed/11500511
http://dx.doi.org/10.1038/cdd.2008.150
http://www.ncbi.nlm.nih.gov/pubmed/18846107
http://www.ncbi.nlm.nih.gov/pubmed/17053807
http://www.ncbi.nlm.nih.gov/pubmed/12660728
http://dx.doi.org/10.1016/j.cell.2011.10.033
http://www.ncbi.nlm.nih.gov/pubmed/22078876
http://www.ncbi.nlm.nih.gov/pubmed/15068794
http://dx.doi.org/10.1016/j.tcb.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24007977
http://www.ncbi.nlm.nih.gov/pubmed/18641320
http://dx.doi.org/10.1172/JCI64413
http://www.ncbi.nlm.nih.gov/pubmed/22996451

@ PLOS | one

Non-Lethal Low-Level Caspase-3in PV

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Williamson L, Raess NA, Caldelari R, Zakher A, de Bruin A, Posthaus H, et al. Pemphigus vulgaris
identifies plakoglobin as key suppressor of c-Myc in the skin. EMBO J. 2006; 25: 3298—-3309. PMID:
16871158

Mao X, Li H, Sano Y, Gaestel M, Mo Park J, Payne AS. MAPKAP kinase 2 (MK2)-dependent and-inde-
pendent models of blister formation in pemphigus vulgaris. The Journal of investigative dermatology.
2014; 134: 68-76. doi: 10.1038/jid.2013.224 PMID: 23657501

Muller EJ, Williamson L, Kolly C, Suter MM. Outside-in signaling through integrins and cadherins: a
central mechanism to control epidermal growth and differentiation? J Invest Dermatol. 2008; 128:
501-516. doi: 10.1038/sj.jid.5701248 PMID: 18268536

Caldelari R, de Bruin A, Baumann D, Suter MM, Bierkamp C, Balmer V, et al. A central role for the arma-
dillo protein plakoglobin in the autoimmune disease pemphigus vulgaris. J Cell Biol. 2001; 153:
823-834. PMID: 11352942

Gniadecki R, Jemec GB, Thomsen BM, Hansen M. Relationship between keratinocyte adhesion and
death: anoikis in acantholytic diseases. Arch Dermatol Res. 1998; 290: 528-532. PMID: 9836502

Wang X, Bregegere F, Frusic-Zlotkin M, Feinmesser M, Michel B, Milner Y. Possible apoptotic mecha-
nism in epidermal cell acantholysis induced by pemphigus vulgaris autoimmunoglobulins. Apoptosis.
2004; 9: 131-143. PMID: 15004510

Arredondo J, Chernyavsky Al, Karaouni A, Grando SA. Novel mechanisms of target cell death and sur-
vival and of therapeutic action of IVlg in Pemphigus. Am J Pathol. 2005; 167: 1531-1544. PMID:
16314468

Pacheco-Tovar D, Lopez-Luna A, Herrera-Esparza R, Avalos-Diaz E. The caspase pathway as a pos-
sible therapeutic target in experimental pemphigus. Autoimmune Dis. 2011; 2011: 563091. doi: 10.
4061/2011/563091 PMID: 21403857

Grando SA, Bystryn JC, Chernyavsky Al, Frusic-Zlotkin M, Gniadecki R, Lotti R, et al. Apoptolysis: a
novel mechanism of skin blistering in pemphigus vulgaris linking the apoptotic pathways to basal cell
shrinkage and suprabasal acantholysis. Experimental dermatology. 2009; 18: 764—770. doi: 10.1111/j.
1600-0625.2009.00934.x PMID: 19555352

Grando SA. Pemphigus autoimmunity: hypotheses and realities. Autoimmunity. 2012; 45: 7-35. doi:
10.3109/08916934.2011.606444 PMID: 21939410

Lotti R, Marconi A, Pincelli C. Apoptotic pathways in the pathogenesis of pemphigus: targets for new
therapies. Current pharmaceutical biotechnology. 2012; 13: 1877—-1881. PMID: 22250711

Janse IC, van der Wier G, Jonkman MF, Pas HH, Diercks GF. No Evidence of Apoptotic Cells in Pem-
phigus Acantholysis. The Journal of investigative dermatology. 2014; 134: 2039-2041. doi: 10.1038/
jid.2014.60 PMID: 24487306

Schmidt E, Gutberlet J, Siegmund D, Berg D, Wajant H, Waschke J. Apoptosis is not required for
acantholysis in pemphigus vulgaris. Am J Physiol Cell Physiol. 2009; 296: C162—172. doi: 10.1152/
ajpcell.00161.2008 PMID: 18987254

Schmidt E, Waschke J. Apoptosis in pemphigus. Autoimmun Rev. 2009; 8: 533-537. doi: 10.1016/].
autrev.2009.01.011 PMID: 19189866

Lee HE, Berkowitz P, Jolly PS, Diaz LA, Chua MP, Rubenstein DS. Biphasic activation of pP38MAPK
suggests that apoptosis is a downstream event in pemphigus acantholysis. J Biol Chem. 2009; 284:
12524-12532. doi: 10.1074/jbc.M808204200 PMID: 19270308

Fischer U, Schulze-Osthoff K. Apoptosis-based therapies and drug targets. Cell death and differentia-
tion. 2005; 12 Suppl 1: 942-961. PMID: 15665817

Shiffman ML, Pockros P, McHutchison JG, Schiff ER, Morris M, Burgess G. Clinical trial: the efficacy
and safety of oral PF-03491390, a pancaspase inhibitor—a randomized placebo-controlled study in pa-
tients with chronic hepatitis C. Alimentary pharmacology & therapeutics. 2010; 31: 969-978.

Tsunoda K, Ota T, Aoki M, Yamada T, Nagai T, Nakagawa T, et al. Induction of pemphigus phenotype
by a mouse monoclonal antibody against the amino-terminal adhesive interface of desmoglein 3.
J Immunol. 2003; 170: 2170-2178. PMID: 12574390

Kolly C, Suter MM, Muller EJ. Proliferation, cell cycle exit, and onset of terminal differentiation in cul-
tured keratinocytes: pre-programmed pathways in control of C-Myc and Notch1 prevail over extracellu-
lar calcium signals. J Invest Dermatol. 2005; 124: 1014-1025. PMID: 15854044

Caldelari R, Muller EJ. Short- and long-term cultivation of embryonic and neonatal murine keratino-
cytes. Methods Mol Biol. 2010; 633: 125—138. doi: 10.1007/978-1-59745-019-5_10 PMID: 20204625

Uchida Y, Nardo AD, Collins V, Elias PM, Holleran WM. De novo ceramide synthesis participates in the
ultraviolet B irradiation-induced apoptosis in undifferentiated cultured human keratinocytes. J Invest
Dermatol. 2003; 120: 662—-669. PMID: 12648232

PLOS ONE | DOI:10.1371/journal.pone.0119809 March 6, 2015 19/21


http://www.ncbi.nlm.nih.gov/pubmed/16871158
http://dx.doi.org/10.1038/jid.2013.224
http://www.ncbi.nlm.nih.gov/pubmed/23657501
http://dx.doi.org/10.1038/sj.jid.5701248
http://www.ncbi.nlm.nih.gov/pubmed/18268536
http://www.ncbi.nlm.nih.gov/pubmed/11352942
http://www.ncbi.nlm.nih.gov/pubmed/9836502
http://www.ncbi.nlm.nih.gov/pubmed/15004510
http://www.ncbi.nlm.nih.gov/pubmed/16314468
http://dx.doi.org/10.4061/2011/563091
http://dx.doi.org/10.4061/2011/563091
http://www.ncbi.nlm.nih.gov/pubmed/21403857
http://dx.doi.org/10.1111/j.1600-0625.2009.00934.x
http://dx.doi.org/10.1111/j.1600-0625.2009.00934.x
http://www.ncbi.nlm.nih.gov/pubmed/19555352
http://dx.doi.org/10.3109/08916934.2011.606444
http://www.ncbi.nlm.nih.gov/pubmed/21939410
http://www.ncbi.nlm.nih.gov/pubmed/22250711
http://dx.doi.org/10.1038/jid.2014.60
http://dx.doi.org/10.1038/jid.2014.60
http://www.ncbi.nlm.nih.gov/pubmed/24487306
http://dx.doi.org/10.1152/ajpcell.00161.2008
http://dx.doi.org/10.1152/ajpcell.00161.2008
http://www.ncbi.nlm.nih.gov/pubmed/18987254
http://dx.doi.org/10.1016/j.autrev.2009.01.011
http://dx.doi.org/10.1016/j.autrev.2009.01.011
http://www.ncbi.nlm.nih.gov/pubmed/19189866
http://dx.doi.org/10.1074/jbc.M808204200
http://www.ncbi.nlm.nih.gov/pubmed/19270308
http://www.ncbi.nlm.nih.gov/pubmed/15665817
http://www.ncbi.nlm.nih.gov/pubmed/12574390
http://www.ncbi.nlm.nih.gov/pubmed/15854044
http://dx.doi.org/10.1007/978-1-59745-019-5_10
http://www.ncbi.nlm.nih.gov/pubmed/20204625
http://www.ncbi.nlm.nih.gov/pubmed/12648232

@ PLOS | one

Non-Lethal Low-Level Caspase-3in PV

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Cirillo N, Campisi G, Gombos F, Perillo L, Femiano F, Lanza A. Cleavage of desmoglein 3 can explain
its depletion from keratinocytes in pemphigus vulgaris. Exp Dermatol. 2008; 17: 858-863. doi: 10.1111/
j-1600-0625.2008.00719.x PMID: 18505410

Demeret C, Garcia-Carranca A, Thierry F. Transcription-independent triggering of the extrinsic pathway
of apoptosis by human papillomavirus 18 E2 protein. Oncogene. 2003; 22: 168—175. PMID: 12527886

Puviani M, Marconi A, Cozzani E, Pincelli C. Fas ligand in pemphigus sera induces keratinocyte apo-
ptosis through the activation of caspase-8. J Invest Dermatol. 2003; 120: 164—167. PMID: 12535213

Daher A, Simbulan-Rosenthal CM, Rosenthal DS. Apoptosis induced by ultraviolet B in HPV-immortal-
ized human keratinocytes requires caspase-9 and is death receptor independent. Exp Dermatol. 2006;
15:23-34. PMID: 16364028

Kim SM, Park HS, Jun DY, Woo HJ, Woo MH, Yang CH, et al. Mollugin induces apoptosis in human
Jurkat T cells through endoplasmic reticulum stress-mediated activation of JNK and caspase-12 and
subsequent activation of mitochondria-dependent caspase cascade regulated by Bcl-xL. Toxicol Appl
Pharmacol. 2009; 241: 210-220. doi: 10.1016/j.taap.2009.08.024 PMID: 19716835

Sayar BS, Ruegg S, Schmidt E, Sibilia M, Siffert M, Suter MM, et al. EGFR inhibitors erlotinib and lapati-
nib ameliorate epidermal blistering in pemphigus vulgaris in a non-linear, V-shaped relationship. Exper-
imental Dermatology. 2014; 23: 33—-38. doi: 10.1111/exd.12290 PMID: 24279293

LiN, Zhao M, Wang J, Liu Z, Diaz LA. Involvement of the apoptotic mechanism in pemphigus foliaceus
autoimmune injury of the skin. Journal of Immunology. 2009; 182: 711-717. PMID: 19109205

de Bruin A, Caldelari R, Williamson L, Suter MM, Hunziker T, Wyder M, et al. Plakoglobin-dependent
disruption of the desmosomal plaque in pemphigus vulgaris. Exp Dermatol. 2007; 16: 468—475. PMID:
17518986

Pelengaris S, Littlewood T, Khan M, Elia G, Evan G. Reversible activation of c-Myc in skin: induction of
a complex neoplastic phenotype by a single oncogenic lesion. Mol Cell. 1999; 3: 565-577. PMID:
10360173

Franklin-Tong VE, Gourlay CW. A role for actin in regulating apoptosis/programmed cell death: evi-
dence spanning yeast, plants and animals. The Biochemical journal. 2008; 413: 389—-404. doi: 10.
1042/BJ20080320 PMID: 18613816

Galluzzi L, Vitale |, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV, et al. Molecular defini-
tions of cell death subroutines: recommendations of the Nomenclature Committee on Cell Death 2012.
Cell death and differentiation. 2012; 19: 107—120. doi: 10.1038/cdd.2011.96 PMID: 21760595

Jennings JM, Tucker DK, Kottke MD, Saito M, Delva E, Hanakawa Y, et al. Desmosome disassembly
in response to pemphigus vulgaris IgG occurs in distinct phases and can be reversed by expression of
exogenous Dsg3. The Journal of investigative dermatology. 2011; 131: 706—718. doi: 10.1038/jid.
2010.389 PMID: 21160493

Wu NL, Lee TA, Tsai TL, Lin WW. TRAIL-induced keratinocyte differentiation requires caspase activa-
tion and p63 expression. The Journal of investigative dermatology. 2011; 131: 874-883. doi: 10.1038/
jid.2010.402 PMID: 21248767

Hsu SL, Yu CT, Yin SC, Tang MJ, Tien AC, Wu YM, et al. Caspase 3, periodically expressed and acti-
vated at G2/M transition, is required for nocodazole-induced mitotic checkpoint. Apoptosis: an interna-
tional journal on programmed cell death. 2006; 11: 765-771. PMID: 16532268

Vandenabeele P, Vanden Berghe T, Festjens N. Caspase inhibitors promote alternative cell death
pathways. Science's STKE: signal transduction knowledge environment. 2006; 2006: pe44. PMID:
17062895

Rozman-Pungercar J, Kopitar-Jerala N, Bogyo M, Turk D, Vasiljeva O, Stefe |, et al. Inhibition of papa-
in-like cysteine proteases and legumain by caspase-specific inhibitors: when reaction mechanism is
more important than specificity. Cell death and differentiation. 2003; 10: 881-888. PMID: 12867995

McComb S, Mulligan R, Sad S. Caspase-3 is transiently activated without cell death during early anti-
gen driven expansion of CD8(+) T cells in vivo. PLoS ONE. 2010; 5: €15328. doi: 10.1371/journal.
pone.0015328 PMID: 21203525

Pretel M, Espana A, Marquina M, Pelacho B, Lopez-Picazo JM, Lopez-Zabalza MJ. An imbalance in
Akt/mTOR is involved in the apoptotic and acantholytic processes in a mouse model of pemphigus vul-
garis. Exp Dermatol. 2009; 18: 771-780. doi: 10.1111/j.1600-0625.2009.00893.x PMID: 19552768

Frusic-Zlotkin M, Raichenberg D, Wang X, David M, Michel B, Milner Y. Apoptotic mechanism in pem-
phigus autoimmunoglobulins-induced acantholysis-possible involvement of the EGF receptor. Autoim-
munity. 2006; 39: 563-575. PMID: 17101500

Rodeck U, Jost M, Kari C, Shih DT, Lavker RM, Ewert DL, et al. EGF-R dependent regulation of kerati-
nocyte survival. J Cell Sci. 1997; 110 (Pt 2): 113—-121. PMID: 9044042

PLOS ONE | DOI:10.1371/journal.pone.0119809 March 6, 2015 20/21


http://dx.doi.org/10.1111/j.1600-0625.2008.00719.x
http://dx.doi.org/10.1111/j.1600-0625.2008.00719.x
http://www.ncbi.nlm.nih.gov/pubmed/18505410
http://www.ncbi.nlm.nih.gov/pubmed/12527886
http://www.ncbi.nlm.nih.gov/pubmed/12535213
http://www.ncbi.nlm.nih.gov/pubmed/16364028
http://dx.doi.org/10.1016/j.taap.2009.08.024
http://www.ncbi.nlm.nih.gov/pubmed/19716835
http://dx.doi.org/10.1111/exd.12290
http://www.ncbi.nlm.nih.gov/pubmed/24279293
http://www.ncbi.nlm.nih.gov/pubmed/19109205
http://www.ncbi.nlm.nih.gov/pubmed/17518986
http://www.ncbi.nlm.nih.gov/pubmed/10360173
http://dx.doi.org/10.1042/BJ20080320
http://dx.doi.org/10.1042/BJ20080320
http://www.ncbi.nlm.nih.gov/pubmed/18613816
http://dx.doi.org/10.1038/cdd.2011.96
http://www.ncbi.nlm.nih.gov/pubmed/21760595
http://dx.doi.org/10.1038/jid.2010.389
http://dx.doi.org/10.1038/jid.2010.389
http://www.ncbi.nlm.nih.gov/pubmed/21160493
http://dx.doi.org/10.1038/jid.2010.402
http://dx.doi.org/10.1038/jid.2010.402
http://www.ncbi.nlm.nih.gov/pubmed/21248767
http://www.ncbi.nlm.nih.gov/pubmed/16532268
http://www.ncbi.nlm.nih.gov/pubmed/17062895
http://www.ncbi.nlm.nih.gov/pubmed/12867995
http://dx.doi.org/10.1371/journal.pone.0015328
http://dx.doi.org/10.1371/journal.pone.0015328
http://www.ncbi.nlm.nih.gov/pubmed/21203525
http://dx.doi.org/10.1111/j.1600-0625.2009.00893.x
http://www.ncbi.nlm.nih.gov/pubmed/19552768
http://www.ncbi.nlm.nih.gov/pubmed/17101500
http://www.ncbi.nlm.nih.gov/pubmed/9044042

@' PLOS ‘ ONE

Non-Lethal Low-Level Caspase-3in PV

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Pelacho B, Natal C, Espana A, Sanchez-Carpintero |, Iraburu MJ, Lopez-Zabalza MJ. Pemphigus vul-
garis autoantibodies induce apoptosis in HaCaT keratinocytes. FEBS Lett. 2004; 566: 6—10. PMID:
15147859

Puga |, Rao A, Macian F. Targeted cleavage of signaling proteins by caspase 3 inhibits T cell receptor
signaling in anergic T cells. Immunity. 2008; 29: 193—204. doi: 10.1016/j.immuni.2008.06.010 PMID:
18701083

Dusek RL, Getsios S, Chen F, Park JK, Amargo EV, Cryns VL, et al. The differentiation-dependent des-
mosomal cadherin desmoglein 1 is a novel caspase-3 target that regulates apoptosis in keratinocytes.
J Biol Chem. 2006; 281: 3614-3624. PMID: 16286477

Herren B, Levkau B, Raines EW, Ross R. Cleavage of beta-catenin and plakoglobin and shedding of
VE-cadherin during endothelial apoptosis: evidence for a role for caspases and metalloproteinases.
Molecular Biology of the Cell. 1998; 9: 1589-1601. PMID: 9614196

Berkowitz P, Hu P, Warren S, Liu Z, Diaz LA, Rubenstein DS. p38MAPK inhibition prevents disease in
pemphigus vulgaris mice. PNAS. 2006; 103: 12855—-12860. PMID: 16908851

Adrain C, Murphy BM, Martin SJ. Molecular ordering of the caspase activation cascade initiated by the
cytotoxic T lymphocyte/natural killer (CTL/NK) protease granzyme B. The Journal of biological chemis-
try. 2005; 280: 4663-4673. PMID: 15569669

Cullen SP, Adrain C, Luthi AU, Duriez PJ, Martin SJ. Human and murine granzyme B exhibit divergent
substrate preferences. The Journal of cell biology. 2007; 176: 435-444. PMID: 17283187

Hernandez-Pigeon H, Jean C, Charruyer A, Haure MJ, Titeux M, Tonasso L, et al. Human keratino-
cytes acquire cellular cytotoxicity under UV-B irradiation. Implication of granzyme B and perforin. The
Journal of biological chemistry. 2006; 281: 13525—-13532. PMID: 16524880

Berkowitz P, Diaz LA, Hall RP, Rubenstein DS. Induction of p38MAPK and HSP27 phosphorylation in
pemphigus patient skin. The Journal of investigative dermatology. 2008; 128: 738—740. PMID:
17928890

Arya R, Mallik M, Lakhotia SC. Heat shock genes—integrating cell survival and death. Journal of biosci-
ences. 2007; 32: 595-610. PMID: 17536179

Koch PJ, Mahoney MG, Cotsarelis G, Rothenberger K, Lavker RM, Stanley JR. Desmoglein 3 anchors
telogen hair in the follicle. J Cell Sci. 1998; 111: 2529-2537. PMID: 9701552

Seiffert-Sinha K, Yang R, Fung CK, Lai KW, Patterson KC, Payne AS, et al. Nanorobotic investigation
identifies novel visual, structural and functional correlates of autoimmune pathology in a blistering skin
disease model. PLoS ONE. 2014; 9: e106895. doi: 10.1371/journal.pone.0106895 PMID: 25198693

PLOS ONE | DOI:10.1371/journal.pone.0119809 March 6, 2015 21/21


http://www.ncbi.nlm.nih.gov/pubmed/15147859
http://dx.doi.org/10.1016/j.immuni.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18701083
http://www.ncbi.nlm.nih.gov/pubmed/16286477
http://www.ncbi.nlm.nih.gov/pubmed/9614196
http://www.ncbi.nlm.nih.gov/pubmed/16908851
http://www.ncbi.nlm.nih.gov/pubmed/15569669
http://www.ncbi.nlm.nih.gov/pubmed/17283187
http://www.ncbi.nlm.nih.gov/pubmed/16524880
http://www.ncbi.nlm.nih.gov/pubmed/17928890
http://www.ncbi.nlm.nih.gov/pubmed/17536179
http://www.ncbi.nlm.nih.gov/pubmed/9701552
http://dx.doi.org/10.1371/journal.pone.0106895
http://www.ncbi.nlm.nih.gov/pubmed/25198693

