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Introduction
Pemphigus vulgaris (PV) is a life-threatening autoimmune disease characterized by suprabasal blistering of  
the skin and mucous membranes. PV autoantibodies target the keratinocyte adhesion protein desmoglein 
3 (DSG3), causing DSG3 endocytosis and desmosomal DSG3 depletion (1–3), resulting in the loss of  
intercellular adhesion (acantholysis). Most PV therapies suppress the immune system to decrease antibody 
production. Glucocorticoids are first-line therapy in PV because, in addition to their immunosuppressive 
function, they upregulate DSG3 gene transcription (4), which rapidly counteracts the PV IgG–induced 
loss of  DSG3 from desmosomes. However, the mechanism by which glucocorticoids upregulate DSG3 
transcription remains poorly defined.

Rapamycin, an mTOR inhibitor, was reported to induce rapid remission of  PV (5), leading us to specu-
late that rapamycin also upregulates DSG3 transcription. Although the DSG3 promoter has been cloned (6), 
no prior studies have identified transcription factors that bind the DSG3 promoter. In this work, we aimed to 
identify the molecular mechanisms regulating DSG3 gene expression. We find that glucocorticoids and rapa-
mycin upregulate DSG3 transcription through inhibition of  the transcription factor Stat3. These findings have 
biologic significance not only for the mechanism of rapid disease control in PV, but also for the physiologic 
regulation of  DSG3 expression in the epidermis and its dysregulation in various disease states.

Results
Glucocorticoids and rapamycin promote DSG3 gene transcription in keratinocytes, resulting in increased desmo-
some number and length. To determine whether rapamycin, like glucocorticoids, increases DSG3 expres-
sion at the transcriptional level, we performed quantitative PCR (qPCR) using DSG3-specific primers 
on primary human keratinocyte (PHK) cDNA. Treatment of  PHKs with 25 nM rapamycin and 100 
μg/ml hydrocortisone results in a 2.1-fold and 1.6-fold increase in DSG3 mRNA expression compared 
with DMSO control (P < 0.05), whereas the p38 MAPK inhibitor SB202190 (SB) (5 μM) does not 

Pemphigus vulgaris (PV) is an epithelial blistering disease caused by autoantibodies to the 
desmosomal cadherin desmoglein 3 (DSG3). Glucocorticoids improve disease within days by 
increasing DSG3 gene transcription, although the mechanism for this observation remains 
unknown. Here, we show that DSG3 transcription in keratinocytes is regulated by Stat3. Treatment 
of primary human keratinocytes (PHKs) with hydrocortisone or rapamycin, but not the p38 MAPK 
inhibitor SB202190, significantly increases DSG3 mRNA and protein expression and correspondingly 
reduces phospho-S727 Stat3. Stat3 inhibition or shRNA-knockdown also significantly increases 
DSG3 mRNA and protein levels. Hydrocortisone- or rapamycin-treated PHKs demonstrate increased 
number and length of desmosomes by electron microscopy and are resistant to PV IgG–induced loss 
of cell adhesion, whereas constitutive activation of Stat3 in PHKs abrogates DSG3 upregulation and 
inhibits hydrocortisone and rapamycin’s therapeutic effects. Topical hydrocortisone, rapamycin, 
or Stat3 inhibitor XVIII prevents autoantibody-induced blistering in the PV passive transfer mouse 
model, correlating with increased epidermal DSG3 expression and decreased phospho-S727 Stat3. 
Our data indicate that glucocorticoids and rapamycin upregulate DSG3 transcription through 
inhibition of Stat3. These studies explain how glucocorticoids rapidly improve pemphigus and 
may also offer novel insights into the physiologic and pathophysiologic regulation of desmosomal 
cadherin expression in normal epidermis and epithelial carcinomas.
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significantly affect DSG3 expression (Figure 1A). Both hydrocortisone (0–100 μg/ml) and rapamycin 
(0–25 nM) cause dose-dependent increases in DSG3 protein levels, concomitant with a dose-dependent 
decrease in phopho-S727 Stat3 (pStat3), but slight decreases in Dsg3 protein levels were observed at 
higher hydrocortisone and rapamycin doses (Figure 1B).

Electron microscopy (Figure 1C) revealed that rapamycin and hydrocortisone significantly increase aver-
age desmosome length in PHKs to 324 nm and 340 nm, respectively, compared with controls (213–243 nm) 
(Figure 1D) and also cause a 1.6-fold increase in relative desmosome number (Figure 1E) (P < 0.05). Consis-
tent with these observations, hydrocortisone and rapamycin protect PHKs against acantholysis induced by 
PV serum IgG (Figure 1F), evidenced by significantly reduced cell sheet fragmentation (Figure 1G).

Glucocorticoids and rapamycin increase DSG3 transcription in a Stat3-dependent manner. Analysis of  pub-
lished ChIP-seq data revealed several transcription factors that demonstrate high signal strength for occu-
pancy at the DSG3 promoter (Figure 2). We focused on Stat3, as it is known to be a direct downstream 
target of  mTOR (7) and also synergizes with the glucocorticoid receptor for transcription regulation (8). 

Figure 1. Glucocorticoids and rapamycin increase desmoglein 3 (DSG3) transcription and bolster desmosomal adhesion through increased desmo-
some length and number. (A) qPCR indicates a significant increase in DSG3 transcription after treatment of primary human keratinocytes (PHKs) with 
hydrocortisone (Hydro) and rapamycin (Rapa) but not the p38 inhibitor SB202190. *P < 0.05 (one-way ANOVA). (B) Hydrocortisone and rapamycin cause 
a dose-dependent increase in DSG3 protein levels and a decrease in phospho-S727 Stat3 (pStat3), shown by immunoblot. Results are representative of 
2–3 different experiments. Electron microscopic analysis of PHKs (C, scale bar: 500 nm) indicates increased desmosome length (D) and number (E) after 
treatment with hydrocortisone and rapamycin (*P < 0.05, Wilcoxon rank-sum and 2 tailed Student’s t test, respectively), corresponding to significantly 
decreased PHK cell sheet fragmentation by PV IgG (F and G, results are representative of 3 different experiments). *P < 0.05 (one-way ANOVA).
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Treatment of  PHKs with 25 μM Stat3 inhibitor XVIII causes a 3.5-fold increase in DSG3 expression (Fig-
ure 3A) and a dose-dependent increase in DSG3 protein level (Figure 3B). Stat3 inhibition in PHKs was 
also associated with increased protein levels of  the desmosomal adhesion molecules DSG1 and DSG2, 
as well as the adherens junction molecule E-cadherin, whereas levels of  pan-keratin and desmocollin 3 
(DSC3) were unchanged to decreased (Supplemental Figure 1; supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.92253DS1). Stat3 inhibition correspondingly prevents PV 
IgG–induced keratinocyte cell sheet fragmentation (Figure 3, C and D). Confirming the specificity of  the 
inhibitor studies, shRNA-mediated knockdown of  Stat3 increases DSG3 protein levels in PHKs (Figure 
3E). To determine whether Stat3 occupies the DSG3 promoter in PHKs, we performed ChIP-PCR. DSG3 
promoter amplification occurs after chromatin immunoprecipitation with antibodies specific for mRNA 
polymerase and Stat3, but not Stat1 or antibody isotype controls (Figure 3F).

Figure 2. Bioinformatic analysis of the desmoglein 3 (DSG3) promoter identifies Stat3 as a putative DSG3 transcription factor. ChIP-seq data from the 
Encyclopedia of DNA Elements (ENCODE) database are shown.

Figure 3. Glucocorticoids and rapa-
mycin increase desmoglein 3 (DSG3) 
transcription in a Stat3-dependent 
manner. (A) Stat3 inhibition signifi-
cantly increases DSG3 transcription in 
primary human keratinocytes (PHKs), 
as shown by qPCR. *P < 0.05 (2 tailed 
Student’s t test). (B) Immunoblot analy-
sis indicates a dose-dependent increase 
in DSG3 protein after Stat3 inhibition 
in PHKs. Results are representative of 
3 different experiments. (C) Stat3 inhibi-
tion prevents pemphigus vulgaris (PV) 
IgG–induced loss of keratinocyte adhe-
sion. Two PV IgG samples shown; results 
are representative of 3 and 2 different 
experiments, respectively. (D) Stat3 
inhibition significantly reduces PHK cell 
sheet fragmentation (C, PV IgG-1). *P < 
0.05 (one-way ANOVA). (E) Stat3 shRNA 
knockdown increases DSG3 protein 
levels. Results are representative of 2 
different experiments. (F) ChIP-PCR 
indicates that Stat3 occupies the DSG3 
promoter in PHKs. Results are represen-
tative of 2 different experiments. (G) 
Expression of constitutively activated 
Stat3 (Stat3C) reduces basal DSG3 
protein expression levels and blocks the 
hydrocortisone- and rapamycin-induced 
upregulation of DSG3. Results are repre-
sentative of 3 different experiments.
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We next investigated whether Stat3 activa-
tion can block the glucocorticoid- and rapamy-
cin-induced increase in DSG3 protein levels. In 
control GFP-expressing PHKs, both rapamycin 
and hydrocortisone cause a 1.9-fold increase in 
DSG3 protein level (Figure 3G). In contrast, 
constitutively active Stat3 (Stat3C) (9) not only 
abrogates the rapamycin- and hydrocortisone-in-
duced upregulation of DSG3, but also reduces 

basal levels of DSG3 protein in PHKs by 74%, indicating that Stat3 governs DSG3 expression in keratinocytes.
Constitutive activation of  Stat3 inhibits the protective therapeutic effects of  hydrocortisone and rapamycin 

on PV IgG–induced loss of  keratinocyte adhesion. We next determined whether constitutive activation of  
Stat3 in PHKs has functional consequences on cell adhesion. Preliminary experiments indicated that 
PHK transduction efficiency with lentiviral GFP particles was approximately 75% (data not shown). 
Consistent with the reduction in basal Dsg3 expression by Stat3C observed in Figure 3G, Stat3C caused 
increased cell sheet fragmentation even in the absence of  PV IgG, indicating a weakened adhesive state. 
Addition of  PV IgG to Stat3C-expressing PHKs caused a minimal increase in total cell sheet fragmen-
tation (Figure 4, A and B). Additionally, consistent with the lack of  Dsg3 upregulation observed in 
Stat3C-expressing PHKs after hydrocortisone and rapamycin treatment, constitutive activation of  Stat3 
inhibits the protective effects of  hydrocortisone and rapamycin on PV IgG–induced loss of  cell adhe-
sion in PHKs (Figure 4, C and D).

Topical Stat3 inhibition prevents PV IgG and anti-DSG3 mAb–induced skin blistering in a PV mouse model, 
phenocopying the protective effects of  topical glucocorticoids and rapamycin. Application of  topical hydrocortisone 
and rapamycin daily for 3 days on the back skin of  mice causes increased DSG3 protein levels in epidermis, 
concomitant with decreased phospho-S727 Stat3 (Figure 5A). Topical hydrocortisone and rapamycin pro-
tect against skin blisters induced by passive transfer of  PV IgG by both gross and histologic analysis (Figure 
5, B and C), resulting in a significant decrease in the extent of  skin blistering (Figure 5D) despite equivalent 
binding of  PV IgG to the keratinocyte cell surface by direct immunofluorescence analysis (Figure 5E).

Similarly, topical application of  Stat3 inhibitor XVIII decreases phospho-S727 Stat3 in mouse 
epidermis, concomitant with an upregulation of  DSG3 protein expression (Figure 6A). Topical Stat3 
inhibition significantly decreases PV IgG–induced blistering despite equivalent binding of  PV IgG to 
mouse skin (Figure 6, B–D). Topical Stat3 inhibitor also protects from pathogenic PV anti-DSG3/1 
mAb–induced (Px43-induced) skin blisters (Supplemental Figure 2).

Discussion
Using targeted bioinformatic analysis, ChIP-PCR, qPCR, and functional studies in primary keratinocyte 
culture and in mouse models, our studies have identified the first transcription factor that binds to the 
promoter of  DSG3 to regulate its transcription in keratinocytes. Our studies indicate that Stat3 inhibition 

Figure 4. Constitutive activation of Stat3 (Stat3C) 
inhibits the protective therapeutic effects of 
hydrocortisone and rapamycin on pemphigus 
vulgaris (PV) IgG–induced loss of cell adhesion. 
(A) Constitutive activation of Stat3 (Stat3C) in 
primary human keratinocytes (PHKs) reduces basal 
keratinocyte adhesion. Results are representative 
of 3 different experiments. (B) Constitutive acti-
vation of Stat3 as shown in A significantly reduces 
PHK adhesion; no significant increase in cell sheet 
fragmentation is observed with addition of PV 
IgG. *P < 0.05 (one-way ANOVA). (C) Constitutive 
activation of Stat3 in PHKs inhibits the protective 
effects of hydrocortisone (Hydro) and rapamycin 
(Rapa) against PV IgG. Results are representative 
of 2 different experiments. (D) Quantitation of C. 
*P < 0.05 (one-way ANOVA).
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by glucocorticoids and rapamycin is sufficient for Dsg3 upregulation and that this protective effect on 
cell adhesion can be overridden through constitutive activation of  Stat3. However, these findings do not 
exclude that other signaling pathways may contribute to the regulation of  DSG3 transcription or that 
other cellular mechanisms regulating DSG3 protein levels at the posttranscriptional level could addition-
ally be affected by Stat3 inhibition.

Physiologic DSG3 expression is limited to stratified squamous epithelia (10) and thymic epithelia, 
the latter of  which is controlled by the autoimmune regulator transcription factor AIRE (11). An Oct-like 
motif  between –200 and –170 in the DSG3 promoter was previously implicated in conferring basal DSG3 
transcription in human keratinocytes (6). However, this sequence region — while not a perfect match for an 
Oct domain — exactly matches the C/EBPβ consensus site 5′-T[TG]NNGNAA[TG]-3′ (12). Thus, we pre-
dict that C/EBPβ promotes basal DSG3 transcription in epidermal keratinocytes and that Stat3 activation 
can reduce DSG3 expression both in keratinocytes and other cell types.

Stat3 binds to the palindromic sequence 5′-TTCNNNGAA-3′ (13, 14), but the mere presence of  a 
Stat3 binding site does not predict Stat3 promoter occupancy or the transcriptional response to Stat3 
binding. Computational analysis of  ChIP-seq data has revealed that the majority of  Stat3 promoter occu-
pancy sites are cell type–specific. Myriad factors affect Stat3’s transcriptional regulatory ability, including 

Figure 5. Topical hydrocortisone and rapamycin inhibit Stat3 and increase desmoglein 3 (DSG3) protein expression in vivo, resulting in protection from 
pemphigus vulgaris (PV) IgG–induced skin blistering. (A) Immunoblot analysis of mouse skin after topical application of hydrocortisone and rapamycin 
indicates increased DSG3 protein levels and decrease in phospho-S727 Stat3 (pStat3). Results are representative of 2 different experiments. (B) Topical 
hydrocortisone and rapamycin prevent gross and (C) histologic blisters after passive transfer of PV IgG to neonatal mice. Scale bar: 100 μm. Results are 
representative of 2 different experiments. (D) Skin blister scores are significantly decreased in hydrocortisone- and rapamycin-treated mice compared with 
control mice. *P < 0.05 (Kruskal–Wallis test). (E) Direct immunofluorescence analysis of mouse skin indicates equal binding of PV IgG to the keratinocyte 
cell surface in all mice. Scale bar: 20 μm.
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phosphorylation, acetylation, epigenetic influences on DNA binding site accessibility, and interaction 
with different protein cofactors that modulate DNA binding site preferences (15). Tyrosine phosphor-
ylation of  Stat3 by Janus kinases promotes Stat3 dimerization, nuclear translocation, and DNA bind-
ing. Serine kinases play a more nuanced role in regulating Stat3 due to direct Stat3 activation through 
S727 phosphorylation (16) by kinases such as mTOR (7) and others, which also have the potential for 
competing inhibitory effects from parallel downregulation of  Stat3 tyrosine phosphorylation pathways 
(17). Stat3 also interacts with the histone acetyltransferase p300, which acetylates Stat3 on lysine 685 
to stabilize Stat3 dimerization (18). p300 binding causes epigenetic remodeling through histone acetyl-
ation, which promotes local gene expression, or recruitment of  DNA methyltransferase 1 to acetylated 
Stat3 to downregulate transcription (19). Our studies suggest that there may be a dose optimum for 
Dsg3 upregulation by glucocorticoids and rapamycin, underscoring the complexity of  the regulatory 
pathways. Future studies will be necessary to determine the network of  Stat3 cofactors that collectively 
regulate DSG3 expression.

Loss of  Stat3 is embryonic lethal (20). Keratinocyte-specific deficiency of  Stat3 leads to impaired 
keratinocyte migration (21) and resistance to epithelial carcinogenesis (22). Conversely, constitutive 
activation of  Stat3 in skin (K5.Stat3C) induces psoriasis-like skin inflammation (23) and enhanced 
initiation, promotion, and invasion of  squamous cell carcinoma (SCC) (24). Although no epithelial 

Figure 6. Stat3 inhibition prevents skin blistering in a pemphigus vulgaris (PV) mouse model. (A) Topical Stat3 inhibition 
results in increased desmoglein 3 (DSG3) protein levels and decreased phospho-S727 Stat3 (pStat3) in mouse epidermis. 
Results are representative of 2 different experiments. Stat3 inhibitor XVIII abrogates skin blisters induced by passive transfer 
of PV IgG at the gross (B) and histologic levels (C, left panels), despite equivalent binding of PV IgG to the keratinocyte cell 
surface (C, right panels). Scale bars: 100 μm. Results are representative of 2 different experiments. (D) A significant decrease 
in skin blister scores is observed in PV model mice treated with topical Stat3 inhibitors. *P < 0.05 (Kruskal–Wallis test).
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blistering was observed in the K5.Stat3C mouse model, we speculate that acantholytic SCCs — which 
show loss of  intercellular adhesion, loss of  DSG3 staining, and potentially poorer prognosis (25, 26) 
— may demonstrate Stat3 activation. Poor prognosis in head and neck SCC is also associated with loss 
of  DSG3 expression (27), suggesting that these poorly differentiated tumors may also be more likely 
to demonstrate Stat3 activation. Altered expression of  desmosomal cadherins has also been noted in 
colorectal carcinoma, where switching from desmocollin 2 to desmocollin 1 and -3 is related to onco-
genesis (28), although the cause-effect relationship remains uncertain. Our studies, to our knowledge, 
provide a novel framework to better understand desmosomal cadherins as biomarkers in epithelial car-
cinomas and further investigate transitions in desmosomal cadherin expression as a result of  altered 
transcriptional signaling pathways.

Finally, our data have direct medical relevance to how glucocorticoids work rapidly to control dis-
ease in PV by upregulating the expression of  the target autoantigen to combat its destruction by anti-
DSG3 antibodies. Stat3 inhibition and rapamycin would similarly be predicted to have rapid therapeutic 
effect in PV, thus providing an alternative strategy to corticosteroids as first-line treatment. Consistent 
with this model, 2 prior cases of  PV treated with systemic rapamycin reported rapid disease improve-
ment (5, 29). However, a case series of  3 patients with oral PV noted no effect of  topical rapamycin (30). 
The variability of  rapamycin’s reported efficacy in PV may be due to suboptimal topical dosing or limits 
on topical versus systemic efficacy, as is also observed with the use of  topical versus systemic glucocor-
ticoids in PV, particularly in more severe cases with high titer autoantibodies. Nevertheless, our data 
suggest that topical Stat3 inhibition may provide a valuable therapy for control of  PV blistering (Figure 
3). Glucocorticoids were previously shown to upregulate expression of  not only DSG3, but also DSG1 
and E-cadherin (4), which may also explain their therapeutic efficacy in the related autoimmune disorder 
pemphigus foliaceus, characterized by autoantibodies to the homologous desmosomal cadherin DSG1. 
Similarly, Stat3 inhibition in PHKs causes upregulation of  other adhesion molecules — including DSG1, 
DSG2, and E-cadherin (Supplemental Figure 1) — suggesting that Stat3 inhibition is likely to have a 
therapeutic effect for pemphigus foliaceus in addition to PV.

Phase I clinical trials in cancer have provided insight into the potential efficacy and toxicities of  Stat3 
inhibition as a therapeutic approach. Small molecule Stat3 inhibitor OPB-51602 has shown therapeutic 
promise, with tolerable gastrointestinal and peripheral neuropathy side effects (31). A Stat3 antisense oli-
gonucleotide AZD9150 showed preliminary efficacy, with side effects of  thrombocytopenia attributed to 
Stat3’s role in megakaryopoiesis and transaminase elevation likely secondary to the delivery system (32). 
An intratumorally injected Stat3 oligonucletide decoy, which sequesters Stat3 to prevent it from binding 
its genomic targets, showed mild therapeutic responses with no dose-limiting toxicity (33), suggesting that 
local application may provide targeted efficacy without systemic side effects.

In summary, this report, to our knowledge, identifies Stat3 as a novel regulator of  DSG3 expression 
in human keratinocytes. Future studies will help to elucidate the physiologic patterns of  desmosomal cad-
herin expression in the epidermis and their aberrant expression in different disease states, and they may 
ultimately lead to novel adjunctive strategies for pemphigus therapy.

Methods
Antibodies and reagents. Antibodies against Stat3 (catalog 4904), phospho-S727 Stat3 (catalog 9134), and actin 
were purchased from Cell Signaling Technology ; DSG3 antibody (5G11, catalog 32-6300) were purchased 
from Thermo Scientific; antibodies against DSP (catalog A303-355A-T), Stat1 (catalog A302-752A-T), and 
mRNA polymerase (catalog A300-654A-T) were purchased from Bethyl Laboratories; antibody against pla-
koglobin (catalog MAB2038) was purchased from Chemicon; and antibodies against histone H3 (catalog 
sc-8654) and DSG2 (catalog sc-80663) were purchased from Santa Cruz Biotechnology Inc.

Rapamycin and SB were purchased from Cell Signaling Technology; Stat3 inhibitor XVIII (BP-1-102) 
was purchased from Calbiochem; and hydrocortisone was purchased from Sigma-Aldrich. Stat3C lentiviral 
plasmid (EF.STAT3C.Ubc.GFP, catalog 24983) and control GFP plasmid (catalog 52581) were purchased 
from Addgene.

PV IgG-1 was purified using Melon Gel (Thermo Fisher Scientific) from the serum of  a patient with 
severe mucocutaneous PV, who demonstrated a Dsg3 index value of  191 and Dsg1 index value of  240. PV 
IgG-2 was similarly isolated from a patient with severe mucocutaneous PV, demonstrating a Dsg3 index 
value of  183 and Dsg1 index value of  158. All studies utilized PV IgG-1 unless otherwise indicated.
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Cell culture and treatments. PHKs isolated from neonatal foreskin were obtained from the Penn Skin 
Biology and Diseases Resource-based Center and were cultured in defined keratinocyte serum–free media 
(DK-SFM) (Invitrogen) containing 0.07 mM CaCl2 and penicillin/streptomycin (Invitrogen) and main-
tained in a humidified incubator with 5% CO2 at 37 °C. For all in vitro experiments, concentrations of  25 
nM rapamycin, 100 μg/ml hydrocortisone, 5 μM SB202190, and 25 μM Stat3 inhibitor XVIII were tested, 
unless otherwise indicated.

RNA purification and qPCR. Following treatments, total RNA was extracted from PHKs using the 
RNeasy Mini Kit (Qiagen). First-strand cDNA was generated by reverse transcription using the Super-
script First-Strand synthesis system (Invitrogen). For quantification of  DSG3 mRNA levels, the fol-
lowing primers were used for PCR: forward primer 5′-TTCCTGATCACATGTCGGGC-3′ and reverse 
primer 5′-CACCAGTGAGTTTGAGGCACT-3′, with SYBR Green Master Mix (Thermo Fisher Scien-
tific) or SYBR GreenER SuperMix (Invitrogen). The expression of  β-actin was used as an internal con-
trol. All qPCR reactions were carried out on the ViiA 7 Real-Time PCR system (Applied Biosystems).

Bioinformatic analysis. Putative transcription factor binding sites were identified by ChIP-seq data 
according to the UCSC Genome Browser using the human assembly Feb.2009 (GRCh37/hg19) at 
https://genome.ucsc.edu (34).

Direct immunofluorescence studies. Skin tissue samples were obtained from mice after passive trans-
fer with PV IgG with or without topical treatments of  hydrocortisone or rapamycin. Frozen skin sec-
tions were prepared and blocked in PBS containing 2% BSA for 60 minutes, followed by incubation 
with primary antibodies in blocking solution for 1 hour at room temperature. After washing with PBS, 
cells were incubated with anti–human IgG secondary antibodies (Molecular Probes) diluted 1:200 in 
blocking solution for 30–60 minutes at room temperature. Binding of  PV IgG was visualized with an 
Olympus BX61 microscope, and images were acquired using Slidebook 4.2 software (Olympus) and a 
Hamamatsu Orca ER camera.

Histology and IHC. Formalin-fixed, paraffin-embedded mouse skin sections were stained with H&E 
according to standard procedures. Mouse skin sections were obtained after treatments, followed by fixa-
tion in 10% formalin in PBS. Immunohistochemical analysis was performed to evaluate kinase activation, 
incubating a rabbit anti–phospho-Stat3 Ser727 or phospho-mTOR antibody (Cell Signaling Technologies) 
(1:200) with sections overnight at 4 °C, followed by peroxidase-conjugated donkey anti–rabbit IgG for 1 
hour at room temperature.

Electron microscopy. PHKs were seeded onto gold-coated coverslips and grown to confluence in 
DK-SFM, followed by 0.4 mM CaCl2 for 16 hours and DMSO, hydrocortisone, or rapamycin as indicat-
ed. Cells were washed in PBS and fixed with 2.5% glutaraldehyde (Sigma-Aldrich) and 2% paraformal-
dehyde (Affymetrix) in 0.1 M sodium cacodylate buffer for 1 hour. The cells were post-fixed with 1% 
osmium tetroxide (Sigma-Aldrich) and dehydrated with ethanol. After infiltration, selected areas of  the 
slide were selected for flat embedding with premade blank epoxy blocks and polymerized at 68oC for 
48 hours. One surface semithin section was cut and stained with toluidine blue to screen the cell popu-
lation, and ultrathin sections were cut parallel to the culture surface. After staining with uranyl acetate 
and lead citrate, the sections were examined with a FEI Tecnai-T12 transmission electron microcope 
operated at 80 kv. To evaluate intercellular contacts, digital images (×1,100) were taken from multi-
ple mesh holes with a Gatan 2K digital camera using image acquisition software (DigitalMicrograph) 
from the same vendor. Relative desmosome density was measured as the number of  desmosomes per 
high-powered field relative to DMSO-treated cultures.

Immunoblotting. PHKs were cultured to 90%–100% confluence in DK-SFM with 5% CO2 at 37°C 
before experiments. After appropriate treatments, cells were chilled on ice and washed with ice cold PBS 
containing calcium and magnesium (Mediatech Inc.). The cells were collected in Laemmli sample buffer 
containing 5% β-mercaptoethanol (Bio-Rad). Approximately 50 μg of  each sample fraction was separated 
by SDS-PAGE (Bio-Rad). The gels were transferred to nitrocellulose, and membranes were incubated with 
primary antibodies for immunoblotting according to standard procedures.

RNA interference. STAT3 or control shRNA lentiviral particles (Santa Cruz Biotechnology Inc.) were 
used to infect PHK according to the manufacturers’ protocols. Seventy-two hours after transduction, cells 
transduced with MK2 or control shRNA lentiviral particles were selected with media containing 5 μg/ml 
puromycin (Sigma-Aldrich). Expression levels of  Stat3 and its effect on DSG3 in transduced PHK cells 
were examined after transduction with immunoblotting.
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Dispase assay. PHKs were seeded into 12-well tissue culture plates in DK-SFM media (Thermo Fisher 
Scientific) with DMSO, 100 μg/ml hydrocortisone, 25 nM rapamycin, or 25 μM Stat3 inhibitor pretreat-
ment as indicated. Confluent wells were incubated with PV IgG diluted in DK-SFM media supplemented 
with 1.2 mM CaCl2 (Sigma-Aldrich) for 6 hours at 37°C. Wells were washed with PBS containing calci-
um and magnesium and incubated with dispase (Roche Diagnostics) at 37°C for 30 minutes. Cell mono-
layers were washed with PBS containing calcium and magnesium and subjected to 5 rounds of  pipetting 
with a 1 ml pipettor. Cell monolayers were stained with 0.04% crystal violet (Sigma-Aldrich), and cell 
fragments were counted using ImageJ (NIH).

Chromatin immunoprecipitation assay. Chromatin immunoprecipitations to detect Stat3 binding was per-
formed using the MAGnify Chromatin Immunoprecipitation System (Invitrogen) according to the man-
ufacturer’s protocol. Briefly, PHKs were fixed in 1% formaldhyde in DK-SFM for 10 minutes at room 
temperature following treatments. The cells were harvested in lysis buffer containing protease inhibitors, 
followed by sonication to obtain 200–500 bp genomic DNA fragments. Immunoprecipitation was carried 
out by using control or specific antibodies coupled to Dynabeads (Invitrogen). The precipitated DNA frag-
ments were purified and used for PCR analysis. Primers were designed for analysis of  binding of  DSG3 
promoter: forward primer 5′-TCCGGACTAGCTTTTGCACT-3′ and reverse primer 5′-GCTGCTTTC-
CGAAGGAGTCT-3′.

Passive transfer PV mouse model. Neonatal C57Bl/6J mice (The Jackson Laboratory, 2–3 days old, weigh-
ing between 1.2–2.5 g) were topically treated with DMSO, 5% hydrocortisone, 12.5 nM rapamycin, or 25 
μM Stat3 inhibitor XVIII on the back for 3 days, followed by s.c. injection of  0.5–1 mg PV IgG. Blister 
formation was evaluated at 16–18 hours; back skin samples were obtained for histopathology, and frozen 
sections were obtained for direct immunofluorescence analysis to detect autoantibody binding.

Statistics. Statistical analysis of  DSG3 mRNA expression and cell sheet fragmentation was performed 
by 2-tailed Student’s t test or one-way ANOVA. Comparison of  desmosome number and length was per-
formed using Wilcoxon rank-sum test and t test. Evaluation of  gross blister formation in mice was per-
formed using Kruskal–Wallis test with Dunn’s post hoc multiple comparisons analysis. P values less than 
0.05 were considered significant. In all bar graphs, error bars indicate standard deviation. For blister histol-
ogy scores, the mean is indicated by a horizontal line, with the 95% CI bracketed.
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human PV IgG samples, as these samples were not primarily collected for research purposes.
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