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Pemphigus Vulgaris (PV) is a life-threatening autoimmune disease manifested with blisters
in the skin and mucosa and caused by autoantibodies against adhesion protein
desmoglein-3 (Dsg3) expressed in epithelial membrane linings of these tissues. Despite
many studies, the pathogenesis of PV remains incompletely understood. Recently we
have shown Dsg3 plays a role in regulating the yes-associated protein (YAP), a co-
transcription factor and mechanical sensor, and constraining reactive oxygen species
(ROS). This study investigated the effect of PV sera as well as the anti-Dsg3 antibody
AK23 on these molecules. We detected elevated YAP steady-state protein levels in PV
cells surrounding blisters and perilesional regions and in keratinocytes treated with PV
sera and AK23 with concomitant transient ROS overproduction. Cells treated with
hydrogen peroxide also exhibited augmented nuclear YAP accompanied by reduction
of Dsg3 and a-catenin, a negative regulator of YAP. As expected, transfection of a-
catenin-GFP plasmid rendered YAP export from the nucleus evoked by hydrogen
peroxide. In addition, suppression of total YAP was observed in hydrogen peroxide
treated cells exposed to antioxidants with enhanced cell-cell adhesion being confirmed by
decreased fragmentation in the dispase assay compared to hydrogen peroxide treatment
alone. On the other hand, the expression of exogenous YAP disrupted intercellular
junction assembly. In contrast, YAP depletion resulted in an inverse effect with
augmented expression of junction assembly proteins, including Dsg3 and a-catenin
capable of abolishing the effect of AK23 on Dsg3 expression. Finally, inhibition of other
kinase pathways, including p38MAPK, also demonstrated suppression of YAP induced
by hydrogen peroxide. Furthermore, antioxidant treatment of keratinocytes suppressed
PV sera-induced total YAP accumulation. In conclusion, this study suggests that oxidative
stress coupled with YAP dysregulation attributes to PV blistering, implying antioxidants
may be beneficial in the treatment of PV.
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INTRODUCTION

Pemphigus Vulgaris (PV) is a severe autoimmune mucocutaneous
blistering disease characterized by autoantibodies (PV-IgG)
targeting the desmoglein cadherin desmoglein-3 (Dsg3) in the
desmosomes of keratinocytes, leading to loss of cell-cell adhesion
(acantholysis) (1–5). Originally it was thought to be due to the
direct interference of Dsg adhesion through steric hindrance (6–
8), later studies uncovered roles for signaling pathways, such as
p38 MAPK, SRC, PKC, and ERK upon PV-IgG targeting Dsg3 on
keratinocyte surface. Inhibition of these pathways can effectively
block blister formation in vivo and in vitro (2, 9–16). Additionally,
several studies have suggested that PV-IgG binds to other surface
receptors, resulting in intracellular events, including EGFR, SRC,
PKA/C, PLC, mTOR, p38 MAPK, JNK, and activation of cell
death machinery and consequently blistering (17–21). Thus, a
myriad of intracellular signaling is triggered on PV-IgG binding to
keratinocytes. Nonetheless, the molecular mechanism(s)
underlying acantholysis remain incompletely understood (5).
Further work to depict the molecular alterations underlying the
disease process may help identify novel therapeutic strategies to
control PV blistering and alleviate the symptoms of the disease.

Yes-associated protein (YAP) is a co-transcription factor
involved in cell proliferation, survival and anti-apoptosis (22,
23) and acts as the key downstream effector of the Hippo
pathway, an evolutionarily conserved network that plays an
integral role in the maintenance of tissue homeostasis (23–25).
YAP also functions as a sensor and mediator of many
extracellular and intracellular cues, including signaling
mediated by reactive oxygen species (ROS) (26). The activity of
YAP is negatively regulated by Hippo signaling that facilitates its
nuclear export and cytoplasmic accumulation or degradation
(23). YAP is also regulated by Hippo-independent mechanisms
(25). Dysregulation of YAP can lead to an array of diseases
including cancer (25, 27, 28), however, its alteration in PV has
not yet been explored. Our recent study has identified that Dsg3
regulates YAP via recruiting YAP/phospho-YAP from the
nucleus by forming a complex involving plakophilins (29). We
also showed that knockdown of Dsg3 caused a reduction of total
YAP as well as the YAP1 target genes with concomitant
suppression of cell proliferation, suggesting Dsg3 regulates YAP.

Emerging evidence indicates that oxidative stress contributes
to the pathogenesis of pemphigus, with an inverse correlation
between the total antioxidant capacity and clinical disease
activity (30–33). Nevertheless, it remains elusive whether
oxidative stress is a causative factor in PV blistering. In other
words, it is unknown whether PV-IgG mediated interruption of
Dsg3 has any effect on ROS in keratinocytes. ROS-initiated
signaling pathways such as JNK and p38MAPK have been
linked to a variety of pathological processes (34–36).
Activation of key Hippo components plays a pivotal role in
oxidative stress-induced cell signaling (35, 36). Furthermore,
YAP has been implicated in regulating antioxidant gene
expression via complexing with transcription factor FoxO1 and
its inactivation by Hippo signaling suppresses FoxO1 activity
and decreases antioxidant gene expression (26). In light of our
recent findings that 1) Dsg3 exerts a function as an anti-stress
Frontiers in Immunology | www.frontiersin.org 2
protein via suppression of p53, ROS and apoptosis and 2) Dsg3
plays a role in regulating YAP (29, 37, 38), we hypothesized that
altered YAP caused by oxidative stress might occur in PV. We
report here that PV-IgG targeting Dsg3 provoked transient ROS
overproduction accompanied by YAP dysregulation, leading to
altered cell-cell adhesion and ultimately, blistering. This study
provides new insight into the pathogenesis of pemphigus
acantholysis and suggests that oxidative stress may be a critical
attributing factor in cell damage and impairment of the cell
junctional integrity in a YAP-dependent manner in PV.
MATERIALS AND METHODS

For the detail description of M+M, please see Supporting Information.

Cell Lines, PV Sera and Clinical Patient
Oral Mucosal Samples
Two immortalized oral and skin-derived keratinocyte cell lines,
OKF4 and N/TERT were used in the study. Oral tissue samples
of 25 PV patients and 10 normal healthy controls were analyzed.
PV sera were obtained from 10 patients; all with informed
patient consent and local ethical approval by the Institutional
Ethics Committees. The pathogenic activities of PV sera were
characterized in keratinocytes in our recent report (37).

Keratinocyte Culture and Treatment
Non-neoplastic lines N/TERT (derived from the skin) and OKF4
(derived from oral mucosa) used in the study were immortalized
normal human keratinocyte cell lines (39, 40) and were
maintained in keratinocyte serum-free medium (KSFM)
(17005042, Thermo Scientific). For the experiments, in general
cells were seeded at approximately 70~80% confluent densities in
KSFM for one day before cultured in complete keratinocyte
growth medium (KGM) (37). Cells treated with PV sera
including dose- and time course experiments, were cultured in
calcium-containing (1.2~1.8mM) KSFM for different time
periods. Alternatively, cells were treated with the mouse
monoclonal antibody AK23 (https://www.mblbio.com/bio/dtl/
dtlfiles/D219-3-v8.pdf), alongside the matched isotype control
(purified mouse IgG1, k isotype Ctrl antibody, MG1-45,
Biolegend) or hydrogen peroxide (H2O2), at various
concentrations for different time frames according to the
experiments before immunofluorescent staining. For
antioxidant and inhibitor experiments, cells were pre-treated
with drugs for 1 hour before the addition of H2O2 and incubated
for 4 hours. For the dispase assay, 2x106 cells were seeded in 6-
well plates and grown in KGM for 2~3 days to reach complete
confluence before the assay. Finally, primary human skin
keratinocytes of passage 2 were from stock stored in liquid
nitrogen in the center. They were thawed and recovered in
KSFM before being used for the experiments.

Immunohistochemistry in PV Specimens
Oral tissue specimens were analyzed using routine
immunohistochemistry procedures with rabbit anti-YAP antibody
(ab52771, Abcam). The heat-induced epitope retrieval method was
April 2021 | Volume 12 | Article 649502
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used with antigen retrieval buffer EDTA kit (pH=9, Zsbio, China:
http://www.zsbio.com/cmsstatic/documents/product/ZLI-9079.
pdf), the same method described in our previous report (37).
Specifically, slides were transferred to the pressure cooker after
boiling. As soon as the cooker reached a maximum temperature for
4 min, the pressure release valve was activated. Once depressurized,
the slides were removed and kept on the bench for 10min at room
temperature before being cooled on ice and proceeded for YAP
immunostaining and image acquisition. Immunochemical
positivity was evaluated by two independent pathologists using
scoring criteria and defined as negative and positive using a
standard method in pathology score.

Measurement of Reactive Oxygen
Species (ROS)
The cellular reactive oxygen species (ROS) levels were
determined by incubating cells in 96-well plates with the
CellROX Oxidative Stress Reagents (Molecular Probe by Life
Technologies), at a final concentration of 5 µM, for 30 minutes at
37°C (38) before image acquisition with an IN Cell Analyzer
2200 (GE Healthcare, UK).

Plasmid Transfection
Briefly, 2x105 cells were seeded into a 6-well plate overnight
before transfected with a-catenin-GFP (gift from Ann Wheeler)
or pEGFP-C3-hYAP1 (Addgene Plasmid #17843) or pENTR1A-
Yap S127A (Addgene, Plasmid #46050) expression vector along
with an empty vector plasmid (pBABE-puro served as the
control) using FuGENE HD transfection reagent (E2311,
Promega). Cells were re-seeded on coverslips the next day in
24-well plates overnight before being treated with or without
hydrogen peroxide according to the experiments.

Dispase Dissociation Assay
The cell-cell adhesive strength in various conditions was
determined by the dispase dissociation assay as described
previously (41) (see also Supporting Information).

Luciferase Assay
The YAP luciferase assay was performed using the Bio-Glo™

Luciferase Assay System (G7941, Promega) according to the
manufacturer’s instructions. Briefly, GFP-YAP or YAP-S127A
transfected cells, alongside empty vector (pBABE-puro) control
cells, were seeded in a 24-well plate at ~70% confluence overnight
before transfection with 0.25mg YAP luciferase reporter plasmid
(Plasmid #34615: 8xTIIC-luciferase, Addgene) per well using
FuGENE HD transfection reagent. After 24 hours, cells were
washed with PBS before the luciferase assay.

YAP siRNA Transfection
Transient YAP siRNA transfection was performed in N/TERT
cells. Two siRNA sequences were purchased from Dharmacon
(Colorado, USA) ON-TARGETplus siRNA-7 J-012200-07 and
siRNA-8 J-012200-08, Human YAP1 NM-001130145 (siRNA-7:
GGTCAGAGATACTTCTTAA [referred as siRNA-1] and
siRNA-8: CCACCAAGCTAGATAAAGA [referred as siRNA-
Frontiers in Immunology | www.frontiersin.org 3
2]), along with the scrambled control provided by the same
company. In brief, 2x106 cells were seeded into a 100 mm dish
overnight and then were transfected with either scrambled or
specific siRNA at a final concentration of 50 nM in KSFM using
DharmaFECT 1(T-2001-02, Dharmacon) following the
manufacturer’s instructions. The next day, cells were harvested
with 0.25% Trypsin/EDTA and re-plated at approximately
70~80% confluent densities for Western blotting or
immunofluorescence analysis as described previously (29, 37).

Statistical Analysis
For multiple comparisons and the comparison of two groups, the
one-way analysis of variance (ANOVA) and the two-tailed
Student t-test were used, respectively to obtain p values. Values
less than 0.05 were considered statistically significant, i.e.
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. For
comparison of PV patient samples and healthy controls, the
Chi-Square Test was used to obtain the p-value.
RESULTS

YAP Steady-State Protein Levels
Increase in PV
Recently, we have reported that Dsg3 is capable of regulating two
fundamental pathways, p53 and YAP that control cell proliferation,
differentiation and cell fate decision (29, 37). However, it remains
unknown whether the alteration of YAP occurs in PV. Given our
previous finding that Dsg3 depletion caused a reduction of YAP
and phospho-YAP, it was speculated that antibodies targeting Dsg3
in PV may cause YAP attenuation. To address this question, first,
we performed immunohistochemistry for YAP in oral mucosal
tissue specimens of 25 PV patients alongside 6 healthy controls.
Unexpectedly, we observed an increase of YAP in 15 of 25 PV cases
compared to control samples, which displayed almost negative
staining (p<0.001, Figure 1). Positivity in the YAP staining was
prevalent in the cytoplasm of cells surrounding the blisters in some
cases (5 of 15 PV cases) or the nuclei of cells in others (10 of 15 PV
cases). Notably, positive nuclear YAP was detectable in perilesional
regions in 2 out of 15 YAP positive PV samples (Case4 Figure 1).
These observations prompted us to hypothesize that aberrant YAP
steady-state protein levels might attribute, at least in part, to the
onset of pemphigus acantholysis.

Augmented YAP Accumulation in
Keratinocytes Treated With PV Sera and
the Pathogenic Monoclonal Antibody
Targeting Dsg3
To validate the immunohistochemical findings, we studied two
immortalized keratinocyte cell lines N/TERT (skin-derived) and
OKF4 (oral-derived) treated with PV sera (including 10 patients)
with their pathogenicity towards Dsg3 depletion characterized
previously (37), alongside with AK23, a mouse monoclonal
antibody (mAb) against Dsg3 (7). Cells at confluent densities
on coverslips were treated with PV sera (40% PV sera) for 24
April 2021 | Volume 12 | Article 649502
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hours before immunostaining for YAP and Dsg3 (Figure 2A). In
contrast to control serum-treated cells that displayed strong
Dsg3 membrane distribution and faint diffuse YAP
cytoplasmic staining (the characteristics of YAP in confluent
keratinocytes (29), cells treated with PV serum showed
augmented YAP signals, especially in the cytoplasm (arrows
Figure 2A). Intriguingly, many linear dense fragments of YAP
were observed at the cell borders (arrowheads Figure 2A),
especially in the populations that showed significant loss of
Dsg3 staining. Overall, as reported previously (37), a reduction
of Dsg3 was detected in PV serum-treated samples. Image
quantitation of YAP immunofluorescence agreed with this
observation and indicated a significant increase in PV serum-
treated cells compared to the control group (Figure 2B). YAP
nuclear staining was detectable in the populations of N/TERT
seeded at the colony densities exposed to PV sera, however, this
Frontiers in Immunology | www.frontiersin.org 4
feature was hardly seen in control cells (Figure S1A). Similar
results with elevated YAP were also observed in the OKF4 cell
line (Figure S1B) that appeared more sensitive to PV sera than
N/TERTs since 50% PV serum-treated wells had the cells lost
after fixation, potentially due to cytotoxicity or the activation of
the intracellular apoptosis machinery that leads to cell
detachment from the substrate.

Subsequently, we treated cells with the pathogenic mAb AK23
using increasing doses over various time frames. Again, cells
treated with AK23 also showed increased YAP staining in both
the nuclei and cytoplasm in N/TERTs in a time- and dose-
dependent manner, especially within 6 hours (Figures 2C, D).
Close inspection observed a lack of YAP linear fragments at the
cell border in AK23 treated cells that differed from PV sera
treated cells as described above. As expected, reduction of Dsg3
at the cell junctions with typical organized linear arrays as
FIGURE 1 | Elevated YAP steady state protein levels are detected in the oral mucosa of patients with PV. Twenty-five PV cases and six healthy individual controls were
analyzed by immunohistochemistry for YAP. Positivity of YAP staining with increased nuclear (arrowheads) and cytoplasmic (arrows) signals was detected in cells
surrounding the blisters (13 cases) and perilesional regions (2 cases) in 15 PV patients, whereas the healthy control samples (Norm Ct) showed little or no staining.
Asterisks indicate the locations of blisters. Oral cancer was used as a positive control here that showed increased YAP in both the nuclei and cytoplasm. Chi-Square
statistic was used to obtain the p-value for comparison between PV and healthy control groups, shown in the table. Scale bars are displayed in the images.
April 2021 | Volume 12 | Article 649502
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A

B

D

C

FIGURE 2 | Treatment of keratinocytes with PV sera or the pathogenic monoclonal antibody against Dsg3 results in increased YAP expression. (A) Confocal images
of N/TERT cells double-labeled for Dsg3 (5H10, red) and YAP (green). Cells were seeded on coverslips at approximately 80% confluent densities (~2.5x105/well) one
day before being treated with PV sera (40%) in KSFM (Ca++ 90µM) alongside control serum overnight. Then, the medium was replaced with KSFM with normal
calcium (1.8mM) plus PV sera at the same concentration of 40% and cultured for further 5 hours (24 hours PV sera in total) before fixation. Coverslips were
immunostained for the indicated proteins. Increased cytoplasmic YAP (arrows) with aggregations at the cell borders (arrowheads) were shown in PV serum treated
cells coupled with Dsg3 reduction. (B) Image quantitation of YAP staining shown in (A) (n=10 PV patients’ sera, 2 experiments, the comparison was made by two-
tailed Student t-test, *p<0.05). (C) N/TERT cells of ~80% confluence grown for one day were treated with AK23, the pathogenic monospecific antibody against
Dsg3, in KGM for 6 hours and dual labeled for Dsg3 (5H10) and YAP. The insert showed the characteristic linear arrays of Dsg3 staining (red) at the cell border, the
feature of anti-Dsg3 mediated disruption as described previously (42). Elevated YAP levels were shown in both the nuclei (Nuc) and cytoplasm (Cyto) of AK23 treated
cells compared to the counterpart treated with isotype IgG1 control (Iso Ct IgG). Reduction of Dsg3 staining was observed in cells treated with AK23. (D) Image
quantification for the dose and time-course experiments (normalized to control nuclear signal that was arbitrarily set as 1), with AK23 (2 µg/ml used in the time
course study) (n=4 fields/sample, 2 experiments for dose and 3 experiments for time course, mean ± SEM, one-way ANOVA was used to obtain the p values
(*p<0.05, ***p<0.001). Data were representative of at least three independent experiments. Scale bars, 10µm.
Frontiers in Immunology | www.frontiersin.org April 2021 | Volume 12 | Article 6495025
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described previously (42) was observed in AK23 treated cells
(insert Figure 2C). A similar finding with enhanced nuclear YAP
was also seen in OKF4 cells treated with AK23 for 24 hours
compared to the counterpart treated with isotype IgG1 (Figure
S1C). Immunostaining for a-catenin, a negative regulator of
YAP (43, 44), revealed a significant reduction in AK23 treated
cells, especially at the early time points of 2 and 6 hours
(Figure S1D).

To consolidate the above findings, we analyzed YAP and
Dsg3 expression in primary human skin keratinocytes of early
passage on coverslips and cells were seeded at approximately
60% confluence before being treated with PV sera at different
dosages (i.e. 20%, 40% and 60%) for various time frames (i.e. 2, 6
and 24 hours) prior to fixation. Again, similar findings with YAP
membrane distribution and cytoplasmic aggregates coupled with
Dsg3 reduction were observed in PV serum treated cells in
contrast to the respective controls (arrows Figure 3A).
Elevated YAP expression in PV sera treated cells appeared to
be in a time and dose-dependent manner (Figure 3B), especially
at the edge of the colonies, whereas control cells showed an
opposite trend with faint YAP staining in 60% PV sera treated
cells or at 24 hours’ time point. Collectively, these in vitro data
seemed to substantiate in vivo findings (Figure 1) and suggest
that PV-IgG targeted disruption and depletion of Dsg3 promotes
YAP accumulation accompanied by the suppression of a-catenin
in keratinocytes or vice versa. The enhanced YAP nuclear signals
were likely reflecting the degree of disruption in cell junctions
mediated by PV-IgG. Apparently, this result was in contrast to
our initial prediction of YAP downregulation caused by PV
antibodies that targeting Dsg3.

Transient ROS Overproduction Is Detected
in Keratinocytes Treated With PV Sera
and AK23
Our recent reports show that Dsg3 exerts a function in the
suppression of p53 and ROS (37, 38). These findings led us to
hypothesize that PV-IgG targeting Dsg3 may trigger oxidative
stress in keratinocytes with elevated ROS production that, in
turn, has an impact on the integrity of intercellular junctions
leading to acantholysis. In line with this notion, a few studies
have shown that increased oxidative stress is associated with PV
clinical activity (30–32). In addition, studies suggest that elevated
ROS disrupt cell adhesion and the epithelial barrier function via
destabilizing intercellular junctions, the effect that can be
inhibited by antioxidants (45–48). To determine whether PV-
IgG is capable of inducing ROS, we analyzed the ROS levels in
cells treated with PV sera and AK23, respectively, using CellRox
Oxidative Stress Reagents (38). In this case, OKF4 cells seeded in
96-well plates overnight were subjected to the treatment with PV
sera or AK23 at elevated concentrations or for increasing periods
up to 24 hours. The cells were then incubated with CellRox for 30
minutes before image acquisition with the INCell Analyzer
system, followed by image quantitation. The resulting data
indicated a transient increase of ROS in cells treated with PV
sera or AK23 in a time- and dose-dependent manner, compared
to the respective controls (Figures 4A, B).
Frontiers in Immunology | www.frontiersin.org 6
Hydrogen Peroxide Alters Junctional
Protein Expression and Promotes YAP
Cytoplasmic Accumulation
To establish the relationship between ROS and YAP, we
examined the effect of ROS on YAP and the adhesion proteins
a-catenin and Dsg3. OKF4 cells were seeded in a 96-well plate at
approximately 70~80% confluence and were subjected to
treatment with H2O2 at various concentrations, i.e. 50, 200,
1000 µM, for 2 hours. This was followed by CellRox Reagent
treatment for 30 minutes before image acquisition and analysis.
First, the induction of ROS by H2O2 was confirmed that
demonstrated a dose-dependent augmentation of ROS in H2O2

treated samples (Figure 5A). In parallel, immunofluorescence
for Dsg3 and a-catenin was performed in cells treated with H2O2

which showed convincingly a dose-dependent reduction in both
proteins compared to vehicle controls (Figures 5B, C),
demonstrating the effect of ROS overproduction on the
disruption of the junction assembly proteins that resemble
the Dsg3 loss induced by PV-IgG. Close inspection revealed
the linear junctional staining pattern of a-catenin in control cells
became broken and/or fragmented in H2O2 treated cells, with the
degree of disruption coinciding with the concentrations of H2O2

(arrowheads Figure 5C).
Next, the expression and subcellular distribution of YAP was

analyzed in cells seeded on coverslips. Confocal microscopy in
H2O2 treated cells depicted pronounced YAP accumulation,
especially in the cytoplasm, with many aggregates detected
adjacent to the plasma membrane and these findings mimicked
the observations in PV-IgG treated cells as well as in some
clinical samples of PV patients (Figure 1, Figure 2A). The
control cells , however, showed predominantly YAP
nuclear staining.

To confirm the effect of these molecular changes on cell-cell
adhesion integrity and strength, we performed the dispase assay
in both OKF4 and N/TERT lines. In this functional study,
confluent cells grown in 6-well plates were treated with H2O2

at the various concentrations for 2 hours before being treated
with dispase (2.4 unit/ml), followed by pipetting to induce
fragmentation. Finally, the number of fragments in each
sample were scored and presented (Figure 5E for OKF4,
Figure S2 for N/TERT). Consistently, both cell lines subjected
to H2O2 exposure showed a dose-dependent increased
fragmentation, suggesting that elevated ROS cause changes in
molecules such as YAP, Dsg3 and a-catenin that lead to
disruption of the cell junctions and intercellular adhesions.

Expression of Exogenous a-Catenin or
Antioxidant Can Mitigate Hydrogen
Peroxide-Induced YAP Accumulation
Convincing evidence shows a-catenin as a key negative regulator
of YAP and its depletion results in YAP nuclear relocation with
accelerated keratinocyte proliferation in vitro and in vivo (43, 44,
49). We hypothesized that PV-IgG triggered augmentation of
YAP might be caused by decreased a-catenin mediated by ROS
overproduction. Consistent with this possibility, we had already
demonstrated changes in the expression levels and junction
April 2021 | Volume 12 | Article 649502
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A

B

FIGURE 3 | Primary human skin keratinocytes treated with PV serum also show aberrant YAP expression. (A) Confocal images of primary human skin keratinocytes
double labeled for YAP and Dsg3. Cells were seeded at ~60% confluent densities (~2.5x105/well) in KSFM for one day before treated with different doses of PV sera
at 20%, 40% and 60% for 24 hours (top panels) or 40% for 2, 6 and 24 hours (bottom panels), respectively, in calcium-containing KSFM. For the dose experiment,
cells were exposed to PV serum in KSFM (low Ca++) overnight. Then the serum media were changed to high calcium-containing (1.8mM) KSFM, and cells were
incubated for additional 6 hours before fixation (total 24 hours). For the time-course experiment, cells were treated with PV serum in calcium-containing KSFM (Ca++,
1.8mM) for various time points before fixation. Notably, cells were sensitive to calcium-containing medium and with a greater degree than N/TERT cells. In control
cells, strong YAP nuclear staining was displayed at the edge of the colonies coupled with faint diffuse cytoplasmic signals. In contrast, cells treated with PV serum
showed increased YAP with membrane distribution and cytoplasmic aggregates (arrows). Reduced YAP signals were detected in the colonies’ central areas,
especially in samples of 60% PV sera treated cells and 40% PV sera treated cells for 24 hours (asterisks). Reduction of Dsg3 staining was evident in PV serum
treated cells compared to the respective controls. (B) Image quantification for those shown in A (normalized to control nuclear signal that was arbitrarily set as 1)
(n=5 fields/sample, mean ± SEM, *p<0.05, **p<0.01). Scale bar, 20µm.
Frontiers in Immunology | www.frontiersin.org April 2021 | Volume 12 | Article 6495027
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assembly of a-catenin in cells treated with H2O2 coupled with
YAP cytoplasmic accumulation (Figures 5C, D), indicating an
adverse effect of ROS on a-catenin and the positive impact on
YAP dysregulation. To consolidate this finding, we performed a
rescue experiment in N/TERTs with transfection of the a-
catenin-GFP vector before H2O2 exposure at various
concentrations. Cells without transfection served as the control
here. First, we analyzed YAP expression levels and subcellular
distribution in GFP-positive and negative cells and confirmed
that GFP-positive cells (indicating expression of exogenous a-
catenin) had significantly low nuclear and high cytoplasmic YAP
compared to GFP-negative cells (Figure 6A) that ascertained the
reciprocal crosstalk of these two molecules. Then, cells
transfected with or without a-catenin-GFP were treated with
H2O2 for 2 hours before double staining with anti-YAP and anti-
GFP antibodies. The resulting data indicated that expression of
a-catenin was able to inhibit ROS induced YAP nuclear
accumulation as well as the total YAP levels compared to the
Frontiers in Immunology | www.frontiersin.org 8
respective controls (Figures 6B, C), indicating a-catenin can
alleviate ROS mediated YAP nuclear accumulation.

Next, we tested whether antioxidants have a similar effect. Cells
seeded on coverslips were treated with glutathione (GSH, 10mM)
and N-acetyl cysteine (NAC, 2mM), respectively, for 1 hour before
addition of H2O2 and incubated for further 2 hours. YAP
immunofluorescence demonstrated both NAC and GSH
significantly block the increased YAP induced by H2O2 as well as
the disrupted Dsg3 at the junctions (Figure 6D). Again, a similar
effect was observed in OKF4 (Figure S3A). Finally, the cell-cell
adhesion was analyzed by the dispase assay in both cell lines treated
with H2O2 in the presence and absence of antioxidants GSH and
NAC alongside the vehicle control. Consistently, the H2O2-induced
weakening of cell junctions was remarkably inhibited by
antioxidants, with a significant reduction of fragments with the
number comparable to control as opposed to H2O2 treated alone
(Figure 6E, Figure S3B). Of note, the reduced fragments correlated
with enhanced cell-cell adhesion and integrity.
A

B

FIGURE 4 | Keratinocytes treated with PV sera and AK23 against Dsg3 shows transient ROS overproduction. Oral keratinocytes OKF4 seeded at approximately
70% confluent density in 96-well plate (i.e. ~1x105 cells per well) in KSFM overnight before treated with PV sera (40% in KGM) (A) (pooled from 2 out of 3
independent experiments) and AK23 (B) (at least 2 experiments) with elevated concentrations or for increasing periods up to 24 hours. Iso Ct: Isotype control IgG1.
Cells were then incubated with CellRox reagent (5µM) for 30 minutes before brief washing with PBS followed by image acquisition with an INCA 2200 Analyzer
system straightaway. Transient increase of ROS was detected in cells treated with PV sera or AK23 compared to the respective controls, with a dose-dependent
response for AK23 (n=25 automated fields/well, mean ± SEM, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Of note, a few wells treated
with PV sera had a large proportion of cells lost and were excluded from the analysis. The data shown were representative of three independent experiments.
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FIGURE 5 | H2O2 treatment of keratinocytes causes a reduction of cell junction proteins with concomitant YAP accumulation in the cytoplasm and cell periphery.
(A) A dose-dependent increase of ROS was detected in the cell populations treated with H2O2. Oral keratinocytes OKF4 were seeded at 5x104 per well in KSFM
overnight to reach ~70% confluent densities in 96-well plate and then exposed to H2O2 in KGM at elevated concentrations for 2 hours before treatment with CellRox
reagent (5µM) for 30 minutes for ROS measurement. Images were acquired immediately with an INCA 2200 (n=14~16, at least 2 experiments) and analyzed with
Developer Toolbox software. (B, C) Analysis of cell adhesion proteins Dsg3 and a-catenin indicated a dose-dependent decrease in their expression in cells treated
with H2O2. Dsg3 staining was performed on coverslips with similar cell densities (5H10 mAb, n=5 fields/sample, 2 experiments) while a-catenin staining was
conducted in 96-wells (n=25 automated images, 2 experiments, mean ± SEM). (D) Confocal images of YAP staining in cells of similar densities, treated with H2O2 at
one dosage for 2 hours. Enhanced YAP expression was evident, especially at the cell borders with marked accumulation (arrows, representative of 2 experiments).
(E) Dispase dissociation assay in cells treated with H2O2 at the indicated concentrations along with PBS vehicle control. Cells were seeded at confluent densities in
6-well plates and grew in KGM for 2~3 days till the junctions were well-established. Then, cells were subjected to H2O2 treatment for 4 hours. The epithelial sheets
were released by dispase (2.4 units/ml) after approximately 20 minutes. Fragmentation of epithelial sheets was induced by mechanical stress followed by image
acquisition. The number of fragments in each sample was determined with ImageJ (duplicate per experiment, 3 experiments, Mean ± SEM, one-way ANOVA was
used for comparison between groups. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Scale bars, 10µm. Nuc, nucleus; Cyto, cytoplasm.
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FIGURE 6 | Expression of exogenous a-catenin or treatment of keratinocytes with antioxidants can rescue H2O2 inducted YAP nuclear accumulation with
concomitant enhancement of the cell junctional integrity. (A) Analysis of YAP expression and distribution in GFP+ (indicating a-catenin-GFP transfection) and GFP-
cells (a-catenin-GFP un-transfected cells), respectively. Cells transfected with empty vector served as the control. Expression of a-catenin-GFP caused a reduction
of nuclear YAP. (B) Confocal images of a-catenin-GFP plasmid transfected or mock control N/TERTs seeded at 2.5x105 per well to reach ~70% confluent densities.
Next day cells were treated with or without H2O2 (only one dosage was displayed) for 2 hours and doubled labeled for YAP (green) and GFP (red). YAP nuclear
exclusion was evident in cells with a-catenin-GFP expression. (C) Image quantitation in different conditions shown in B (n=5 fields/coverslip, representative of 2
independent experiments, Mean ± SEM, normalized to PBS control nuclear signal that was arbitrarily set as 1). The green line indicates comparison of total
fluorescent intensity between control and a-catenin-GFP transfected cells, whereas the black lines were comparisons for cytoplasmic (Cyto) and nuclear (Nuc)
signals, respectively. (D) YAP expression in cells of ~70% confluence, treated with one dosage of H2O2 in the presence and absence of GSH (10mM) and NAC
(2mM) for 2 hours (n=13, pooled data from 3 independent attempts, Mean ± SEM). Cells were treated with antioxidants 1 hour before H2O2 addition. Confocal
images for YAP and Dsg3 (inserts, stained with 5H10 mAb) were displayed underneath. (E) Dispase assay in different conditions as shown in D. Cells of 100%
confluence grown in KGM were treated with H2O2 in the presence and absence of GSH (10mM) and NAC (2 mM) for 4 hours (n=5, pooled from 3 independent
experiments, with one in triplicate, Mean ± SD),. One-way ANOVA was used to obtain all p values. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, and NS indicates
no significance. Scale bars, 10µm.
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Expression of Exogenous YAP Perturbs
Junction Assembly of the Adhesion
Proteins, While YAP Silencing Causes
Enhanced Expression of Dsg3
and a-Catenin
To determine whether YAP overexpression can perturb junction
formation, we transfected N/TERT cells with two different YAP
plasmids, i.e. pEGFP-C3-hYAP1 (GFP-YAP) and pENTR1A-
Yap S127A (YAP-S127A) alongside empty vector control (Vect
Ct) overnight. The transfected cells were harvested and plated on
coverslips in 24-well plate at ~70% confluence in KSFM. The
next day, the medium was replaced with KGM (contained
normal Ca++ at 1.8 mM). Cells were incubated for various
periods up to 20 hours before fixation and double stained for
a-catenin/GFP in one set and Dsg3/YAP in another (Figures
7A–C). YAP activities in three different conditions were
determined by YAP luciferase assay (Figure 7D). Confocal
microscopy was performed in GFP-YAP transfected cells and
Vect Ct sample, and close inspection indicated disruption of
junctions in GFP positive cells in contrast to adjacent internal
control cells with negative GFP signals as well as Vect Ct cells
(arrows in inserts Figure 7A). Quantitation of a-catenin
expression showed a significant reduction at both 2 and 20
hours’ time points compared to the respective controls
(Figure 7B). A similar finding was also observed in Dsg3
staining in YAP-S127A transfected cells with increased YAP
nuclear signals (Figure 6C). To address whether YAP depletion
results in an inverse effect, we performed YAP knockdown in N/
TERTs using two specific siRNA hits. Significant YAP silencing
was achieved with both hits compared to scrambled siRNA
treated cells, and increased expression of cell adhesion proteins
such as Dsg3, a-catenin and PKP1/3 was detected in YAP
knockdown cells (Figure 7E). Treating cells with AK23
alongside isotype IgG demonstrated that YAP silencing was
able to eliminate the pathogenicity of AK23 mediated Dsg3
depletion (Figure 7F). In this case, the siRNA transfected cells
were seeded at ~70% confluence in a 96-well plate and treated
with AK23 at a concentration of 2µg/ml in calcium-containing
(1.2mM) medium for 24 hours before Dsg3 staining, image
acquisition and processing. These results collectively suggest
that increased YAP expression elicits perturbation or
retardation in cell junction assembly, with its depletion renders
the opposite effect with protection in cell cohesion against the
anti-Dsg3 antibody, with even 2~3-fold increase of Dsg3
expression levels compared to scrambled siRNA transfected
cells treated with isotype IgG.

Inhibition of p38MAPK, JNK and PKC
Alleviates YAP and Its Nuclear
Accumulation Induced by
Hydrogen Peroxide
Activation of several pathways including p38MAPK, JNK and
PKC is triggered by PV-IgG (2, 5, 50, 51). Additionally, other
independent studies indicate that ROS can amplify these
signaling pathways (52–55). To address whether inhibition of
Frontiers in Immunology | www.frontiersin.org 11
these pathways could block YAP accumulation induced by H2O2,
we performed experiments in N/TERT and OKF4 lines that were
subjected to H2O2 exposure in conjunction with various
inhibitors before YAP immunofluorescence. Cells were treated
with H2O2 (200µM) in the presence and absence of inhibitors, i.e.
SB203580 (20mM) for p38MAPK (37), SP600125 (20mM) for
JNK (56), Ro 31-7549 (2mM) and Go6976 (1mM) for PKC (57).
Again, they were treated with inhibitors 1 hour before addition of
H2O2 and incubated for additional 4 hours before fixation. Image
quantitation indicated marked inhibition of YAP, as well as its
nuclear accumulation (especially in N/TERT treated with PKC
inhibitors), as opposed to positive control of H2O2 treated cells,
with the levels being comparable to the baseline of vehicle
control or even lower (Figure 8A, Figure S4)

Antioxidant Treatment of Keratinocytes
Suppresses PV Sera-Induced
YAP Accumulation
Finally, to test whether antioxidants are able to suppress PV sera-
induced YAP accumulation, we treated primary skin
keratinocytes with PV sera in conjunction with one dose of
GSH (10µM) and NAC (2mM), respectively, for 24 hours before
immunostaining for YAP and the resulting data of the image
quantitation indicated a suppression of total YAP by either GSH
or NAC to some extent (Figure 8B).

Collectively, the results in this study suggest that PV-IgG is
capable of inducing excessive ROS production in keratinocytes
that, in turn, causes depletion of Dsg3 and a-catenin at the cell
junctions, resulting in YAP dysregulation with the consequence
of pemphigus acantholysis (Figure 8C). In line with these
findings, knocking down of YAP was capable of abolishing the
negative impact of the anti-Dsg3 antibody AK23 on
Dsg3 depletion.
DISCUSSION

This study provides novel evidence of YAP dysregulation in PV
provoked by oxidative stress, mediated by PV sera/anti-Dsg3 IgG
binding to Dsg3, a recently characterized anti-stress protein (37).
In addition, it demonstrated that antioxidants are capable of
mitigating such effects by suppressing YAP with concomitant
enhancement in cell-cell adhesion. Several lines of evidence are
demonstrated here: 1) elevated YAP was detected in oral tissues
of PV patients in vivo and also recapitulated in oral/skin
keratinocytes treated with PV sera and the pathogenic anti-
Dsg3 antibody in vitro; 2) In parallel, elevated ROS was detected
in these PV-IgG treated cells, indicating oxidative stress of
keratinocytes evoked by PV-IgG targeting Dsg3; 3) Expression
of a-catenin could rescue H2O2 induced YAP accumulation
leading to its nuclear exclusion; 4) Similar effects were found
in antioxidants treated cells exposed to H2O2 or PV sera, with the
antioxidants strengthening cell-cell adhesion, suggesting that
suppression of oxidative stress can inhibit YAP dysregulation
and enhance the interce l lu la r junc t ion in tegr i ty ;
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Oxidative Stress and YAP Dysregulation in Pemphigus
A

B

D E

F

C

FIGURE 7 | Expression of exogenous YAP causes disruption in the junctional assembly of a-catenin and Dsg3. (A) Confocal images of N/TERTs transfected with
GFP-YAP or empty vector plasmid (Vect Ct), double-stained for GFP (green) and a-catenin (red). Cells were seeded at 2.5x105 per well on coverslips in a 24-well
plate in KSFM to reach ~70% confluence. The next day, the mediums were changed to KGM and cells were incubated for various periods before fixation (2
experiments). Inserts showed enlarged fields of the square boxes with GFP positive cells in which disruption of a-catenin at cell junctions was evident. (B) Image
quantitation for a-catenin staining in cells transfected with YAP-S127A plasmid or Vect Ct and cells were treated in the same way as described in (A). A significant
reduction in a-catenin expression was detected at 2 hours and 20 hours, especially at the later time point, compared to controls (n=5 fields/sample, 2 experiments,
**p < 0.01). (C) Image quantitation for Dsg3 (with 5H10) and YAP staining in a parallel set of coverslips that indicated increased nuclear YAP in cells transfected with
YAP-S127A compared to Vect Ct cells (n=5 fields/sample, 2 experiments, *p < 0.05). A reduction of Dsg3 was also detected at 20 hours’ time point in YAP-S127A
transfected cells compared to control (*p < 0.05). (D) YAP luciferase assay indicated a trend of increased luciferase activities in both GFP-YAP and YAP-S127A
transfected cells compared to Vect Ct. (E) Western blotting for the indicated proteins in N/TERTs transfected with either scrambled (Scram) or siRNA-1/2. Increased
expression of cell adhesion proteins was shown in YAP knockdown cells compared to controls (at least 3 experiments, unpublished data in other cell lines).
(F) Image quantitation of Dsg3 staining in N/TERTs transfected with scrambled (Scram) or siRNA-1/2 and treated with isotype IgG control (Iso Ct) and AK23 (2µg/
ml), respectively. 1x105 siRNA transfected cells were seeded in 96-well in KSFM overnight before IgG treatment in calcium-containing (1.2mM) KSFM for 24 hours. It
showed YAP depletion resulted in a 2~3-fold increase of Dsg3 expression compared to Scram control cells treated with Iso Ct IgG, which blunted the effect of AK23
induced Dsg3 reduction (n=8~9 fields/sample, *p < 0.05, ****p < 0.0001). Scale bars, 20µm.
Frontiers in Immunology | www.frontiersin.org April 2021 | Volume 12 | Article 64950212

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Oxidative Stress and YAP Dysregulation in Pemphigus

Frontiers in Immunology | www.frontiersin.org 13
5)Overexpression of YAP elicited perturbation of junction
formation with an inverse effect seen by YAP depletion.
In conclusion, these results indicate that dysregulated YAP,
coupled with aberrant ROS production, are likely contributors
to the pathogenesis of PV (Figure 8C).

Given that YAP is increasingly recognized to play a role in
various disease processes (23, 58), elucidation of altered YAP in
pemphigus is crucial to further our knowledge of PV pathology.
In this study, we have identified aberrant accumulation of YAP
in the oral mucous membrane of 60% of PV patients.
Intriguingly, little YAP was detected in normal tissue
suggesting its degradation controlled by active Hippo signaling
coupled with the maturation of cell-cell junctions. The
heterogeneity of YAP steady-state protein levels in PV patients,
including nuclear YAP detection in non-lesional regions, could
well reflect variations of clinical activities/treatment status of the
disease, surface Dsg3 depletion with different antibody profiles,
and/or the dynamic nature of YAP in response to cellular stress.
In line with this finding, variations of p53 in PV were also
reported in our previous study (37). In vitro study demonstrated
elevated YAP in N/TERT and primary keratinocytes treated with
PV sera and/or AK23 that binds to the extracellular adhesion site
of Dsg3. It is worth noting that the majority of PV sera used in
this study were collected in the dermatology clinic so it is likely
that some sera samples also contained anti-Dsg1 antibodies from
patients with a mucocutaneous form of PV. Thus, the possibility
of some effect caused by anti-Dsg1 is not excluded from this
study. It is possible that disruption of cell junctions by anti-Dsg1
antibodies also evokes YAP alterations due to the adhesive role of
Dsg1 in desmosomes, as we also observed a moderate increase of
YAP in pemphigus foliaceus but little or no changes in lichen
planus, a chronic inflammatory, autoimmune condition in which
cell junctions are much less affected (our unpublished data).
Some variations in YAP distribution were observed between oral
and skin keratinocytes treated with AK23. While elevated YAP
was shown in the cytoplasm of N/TERTs, predominant YAP
nuclear staining was detected in oral OKF4 cells in AK23 dose-
dependent experiment (Figure 2D, Figure S1C). Nevertheless,
pronounced YAP cytoplasmic accumulation was shown
consistently in both lines treated with PV sera. Intriguingly,
some YAP aggregates were found at the borders of keratinocytes
treated with PV sera, especially in cells with the significant loss of
Dsg3. However, such a staining pattern was hardly detected in
cells treated with AK23, the monospecific antibody against Dsg3
(Figure 2), suggesting that the YAP aggregates at the border of
PV sera treated cells may somehow be caused by polyclonal
antibodies targeting Dsg3 and/or Dsg1.

The biological function of YAP accumulation in PV remains
unclear, which may be due to the defect in Hippo-YAP response
to tissue stress and disruption of cell junctions, including
adhesion molecules Dsg3 and a-catenin, both of which have
been identified as the components of epithelial Hippo network
and the upstream regulator of YAP (29, 43). E-cadherin
mediated complex formation with a-catenin during junction
assembly, which also involves Dsg3 (16, 59), is shown to serve as
an upstream regulator of Hippo signaling that negatively
A

B

C

FIGURE 8 | Inhibition of other kinase signaling pathways can also rescue the
H2O2 induced YAP accumulation. (A) YAP expression in cells treated with H2O2 in
the presence and absence of various inhibitors for p38MAPK (SB203580 (SB),
20mM), JNK (SP600125 (SP), 20mM) and PKC (Ro 31-7549 (Ro), 2mM and
Go6976 (Go), 1mM), respectively. Cells seeded at ~70% confluent densities (i.e.
2x105 cells per 24-well) were treated with the inhibitors for 1 hour before addition
of H2O2 and incubated further for 4 hours before fixation and immunostaining for
YAP. Both OKF4 and N/TERT cell lines were analyzed by image quantitation for
total YAP expression (n=5, representative of 2 experiments, Mean ± SEM, one-
way ANOVA was used for statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). The corresponding confocal images of YAP staining are displayed
in Figure S4. Nuc, nucleus; Cyto, cytoplasm. (B) Immunofluorescence analysis of
YAP staining in primary skin keratinocytes treated with PV sera (two cases) in the
presence and absence of one dose of antioxidants, i.e. GSH (10µM) or NAC
(2mM) for 24 hours. Cells seeded in 96-wells at ~70% confluence (i.e. ~1.2x105

cells per 96-well) in KSFM before being exposed to PV sera with -/+ GSH/NAC in
calcium-containing KSFM (Ca++ 1.5mM) (n=5~7 fields/sample, representative of 3
experiments in three cell lines, Mean ± SEM, *p < 0.05, **p < 0.01). Both GSH
and NAC showed to blunt the PV sera-induced YAP levels to some extent
compared to PV sera treated cells. (C) Schematic diagram illustrating that PV-IgG
targeting Dsg3 causes oxidative stress in keratinocytes with ROS overproduction
that, in turn, elicits disruption of cell junction assembly proteins such as Dsg3 and
a-catenin, leading to YAP accumulation (dysregulation) and ultimately, pemphigus
acantholysis. ROS mediated YAP dysregulation may also be triggered by
activations of other signaling pathways such as p38MAPK, JNK and PKC, and
inhibition of these pathways can effectively prevent YAP accumulation. The green
dotted bar-headed line indicates the negative feedback mechanism of YAP
regulation to Dsg3.
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regulates YAP and its nuclear exclusion (44). In support of this,
we show here that the expression of exogenous a-catenin could
facilitate cytoplasmic localization of YAP from the nucleus
induced by H2O2. Our recent report has revealed that Dsg3
plays a role in regulating YAP by forming a complex with and
recruiting YAP from the nucleus (29). This process requires
plakophilins-1/3 that bridge Dsg3 and YAP in junction assembly
(29). Cell-cell adhesion is severely perturbed in PV due to anti-
Dsg3/Dsg1 antibodies. Thus, the defect in cell cohesion can have
an impact on Hippo kinases and this could be a causative factor
for YAP stabilization in PV. The Hippo signaling pathway is
involved in response to a wide range of extracellular and
intracellular signals, including cell-cell contact, cell polarity
and mechanical cues (25). Disruption of cell junctions affects
cell morphology, polarization and the mechanical properties of
epithelia, rendering defective Hippo signaling and therefore
YAP stabilization.

The impact of YAP modulation on the intercellular junction
assembly was investigated in this study that demonstrated its
overexpression evoked perturbation in junction formation
(Figures 7A–D), implying a likelihood in the changes of some
cell proliferation markers such as c-Myc as reported by others
(15, 60). In line with this finding, YAP depletion resulted in
enhanced expression of Dsg3 and a-catenin as well as
desmosomal plaque proteins PKP1/3 (Figure 7E, unpublished
data) that was able to abolish the pathogenicity of AK23 to Dsg3
(Figure 7F), suggesting that PV acantholysis is likely caused by
YAP accumulation and dysregulation. These data further
confirm the reciprocal negative correlation between YAP and
cell-cell adhesion that is in line with Hippo. In addition, YAP
regulation can be mediated by other kinases, including JNK,
p38MAPK, PKC and SRC family tyrosine kinases independent of
Hippo signaling (25). Given that activation of SRC, JNK,
p38MAPK and PKC signaling have been independently
implicated in PV (10, 13, 16, 18, 19, 61, 62), it is not surprising
that YAP dysregulation is detected in PV. Alternatively, this
could be due to the YAP response to stress signals caused by
disruption of cell junctions since both Dsg3 and YAP have been
identified to belong to the cellular stress network (23, 29, 58, 63).
Accordantly, the osmotic stress-induced activation of p38MAPK
was shown to drive cytoplasmic translocation of YAP as an
adaptive response to stress, a process independent of Hippo
kinases (63). In support, we demonstrated that inhibition of
p38MAPK, JNK and PKC had a significant effect on YAP
suppression in both oral and skin keratinocytes, especially with
the PKC inhibitors in N/TERT (Figure 8A, Figure S4). Thus,
YAP upregulation in PV is likely caused by both the Hippo-
dependent and independent activation of various signaling
pathways. Importantly, we also showed that antioxidants such
as GSH and NAC were capable of blocking PV sera induced YAP
expression in primary keratinocytes (Figure 8B).

Our study has also identified oxidative stress evoked by PV-
IgG targeting Dsg3. The interplay between YAP and ROS was
established here and it described a negative impact of elevated
YAP and ROS on Dsg3 and a-catenin. The augmented YAP
might provide a protective role to combat oxidative stress and
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the pre-apoptosis machinery driven by caspase-3 activation
shown in PV (37, 64). ROS are ubiquitous and short-lived
molecules and low sub-cytotoxic concentrations of ROS
function as important physiological signaling molecules at
multiple points mediating necessary cellular activities such as
cell growth and differentiation. However, overproduction of
ROS causes oxidative stress leading to cell death and tissue
damage. In this regard, it was not surprising that we observed
cell loss in some PV serum treated wells. Oxidative stress is
involved in various pathological processes, including DNA
damage, proliferation, cell adhesion, and survival. Our recent
study uncovers Dsg3 acting as the central hub in a signaling
network that controls cell-cell adhesion, polarization, cell fate
decision and survival (38). Thus, its disruption by PV-IgG can
lead to death or alteration in cell proliferation markers (15, 37,
60). Our recent study has uncovered elevated p53 expression in
PV in vivo and in vitro and p53 is known to be capable of
regulating ROS via a collection of target genes with strong pro-
oxidant properties (65). Thus, the increased ROS detected in
PV sera and AK23 treated cells could be due to the enhanced
p53 activity. Nonetheless, oxidative stress in PV has only been
reported in limited studies (30–33) and so far there is little in
vitro evidence implicating oxidative stress. Our study provides
evidence of transient ROS overproduction induced by PV-IgG.
ROS are both downstream as well as upstream signaling
molecules to PKC and provide signal amplification in human
peritoneal mesothelial cells (52). The effect of oxidant stress
on intercellular junctions and cytoskeletal remodeling is
not new and has been shown in multiple systems (46, 66).
Mechanistically, these processes are involved in the inactivation
of protein phosphatases, leading to enhanced activities of
kinases in several signaling pathways, e.g. SRC, PKC, and
Rac. The adherens junction proteins are the primary targets
of SRC signaling, resulting in tyrosine phosphorylation of
proteins, including a-catenin, leading to disruption of cell
junctions with enhanced permeability of cell monolayers (46,
59, 66, 67). Notably, these defects can be blocked by ROS
scavenging, with an effect on YAP expression (Figures 6D, E).
We have previously shown that elevated phospho-SRC is found
in PV accompanied by altered E-cadherin at the cell junctions
(16). The reduced a-catenin in cells treated with anti-Dsg3
antibody or H2O2 indicated that oxidative stress provokes
disruption of both desmosomes and adherens junctions,
highlighting the possibility of oxidative stress being
responsible, at least in part, for pemphigus acantholysis. In
accord, other studies report that H2O2 triggers short-term cell-
cell dissociation and cytoskeletal remodeling accompanied by
temporal cell morphological changes in retinal pigment and
gingival epithelial cells with antioxidants being effective to
inhibit the ROS mediated reduction of E-cadherin and the
epithelial barrier function (45, 46). A recent report indicates
p38MAPK inhibition alone is not sufficient in preventing PV-
IgG induced mucosal blistering in PV (68). Hence, it is likely
that the complex, multiple regulatory mechanisms controlled
by oxidative stress are responsible for the pathogenesis of PV, as
reported by several studies (2, 5, 50, 51).
April 2021 | Volume 12 | Article 649502

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Oxidative Stress and YAP Dysregulation in Pemphigus
Although it could be more complicated in nature, the
simplified explanation could well be that the Hippo-
dependent mechanism involves Dsg3 and a-catenin and the
Hippo-independent process involves activation of the MAPK
signaling pathways. Thus, there are two events in our proposed
model (Figure 8C), i.e. oxidative stress evoked by PV-IgG
targeting Dsg3 and dysregulated YAP induced by ROS, both
of which involves a-catenin that links these two events.
Oxidative stress causes a reduction of a-catenin that leads to
YAP upregulation with concomitant disruption of cell
cohesion. Additionally, YAP accumulation can also, in part,
be mediated via activation of the MAPK pathways. Dsg3 also
plays an essential role here due to its function as a component
in the cell anti-stress network beyond cell adhesion. Since both
Dsg3 and YAP are the components in this network, they likely
are regulated to one another at the gene and protein levels and
are sensitive to regulatory signaling in response to various
stresses. Further study is necessary to delineate the molecular
basis underlying these processes. Our previous study based on
loss of Dsg3 function approach suggests that Dsg3 positively
regulates YAP (Uttagomol et al., 2019, our unpublished data);
paradoxically, increased YAP was detected via antibodies
binding to Dsg3/1 that also render Dsg3 depletion. However,
apparently different mechanisms are involved in these two
scenarios, as discussed above. Regarding the YAP/Dsg3 axis,
this study provided evidence indicating the negative feedback
mechanism, a common principle in signal transduction that
controls the expression levels of Dsg3 and other junctional
proteins, and this mechanism may play an essential role in
maintaining the balance between cell proliferation and
differentiation and beyond. In conclusion, the results of this
study provide new evidence on oxidative stress and YAP
dysregulation that may contribute to the pathogenesis of PV
and submits that antioxidants have therapeutic potential for
use in the treatment of pemphigus vulgaris, a devastating
mucocutaneous blistering disease.
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