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Abstract

Plakophilin-1 (PKP-1) is an armadillo family protein critical for desmosomal adhesion and
epidermal integrity. In the autoimmune skin blistering disease pemphigus vulgaris (PV),
autoantibodies (1gG) target the desmosomal cadherin desmoglein 3 (Dsg3) and compromise
keratinocyte cell-cell adhesion. Here, we report that enhanced expression of PKP-1 protects
keratinocytes from PV 1gG-induced loss of cell-cell adhesion. PKP-1 prevents loss of Dsg3 and
other desmosomal proteins from cell-cell borders and prevents alterations in desmosome
ultrastructure in keratinocytes treated with PV IgG. Using a series of Dsg3 chimeras and deletion
constructs, we find that PKP-1 clusters Dsg3 with the desmosomal plaque protein desmoplakin in
a manner dependent upon the plakoglobin binding domain of the Dsg3 tail. Furthermore, PKP-1
expression transforms desmosome adhesion from a calcium-dependent to a calcium-independent
and hyper-adhesive state. These results demonstrate that manipulating the expression of a single
desmosomal plaque protein can block the pathogenic effects of PV 1gG on keratinocyte adhesion.

INTRODUCTION

Desmosomes are intercellular junctions that provide strong adhesion between keratinocytes
by anchoring keratin intermediate filaments to cell-cell contact sites. Desmosomal adhesion
is critical in tissues that experience mechanical stress, such as in the skin and heart (Getsios
et al., 2004). These highly regulated, complex macromolecular junctions are comprised
mainly of proteins from three major families: the desmosomal cadherins, desmocollins
(Dsc1-3) and desmogleins (Dsg1-4); armadillo proteins, plakoglobin (PG) and the
plakophilins (PKP 1-3); and the plakin family protein, desmoplakin (DP) (Green and
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Simpson, 2007). The transmembrane desmosomal cadherins mediate calcium-sensitive
adhesive interactions between adjacent cells (Saito et al., 2012b). The armadillo and plakin
family members form the desmosomal plaque that tethers the keratin intermediate filament
cytoskeleton to cadherin intracellular domains (Delva et al., 2009). The importance of
desmosomes in regulating tissue integrity, differentiation and morphogenesis is evidenced
by numerous inherited and autoimmune disorders in which desmosome function is
compromised (Brooke et al., 2012; Simpson et al., 2011; Thomason et al., 2010).

Pemphigus vulgaris (PV) is a life-threatening autoimmune disease that presents clinically as
either a mucosal dominant form caused by IgG autoantibodies directed against desmoglein-3
(Dsg3), or as a mucocutaneous form characterized by antibodies directed against both Dsg3
and Dsgl (Amagai et al., 1991; Amagai and Stanley, 2012). PV IgG binding to Dsg3 results
in desmosome disruption and the loss of cell-cell adhesion between cells in the lower layers
of stratified epithelia where Dsg3 is highly expressed (Sharma et al., 2007). In PV patients,
this loss of adhesion, or acantholysis, manifests as severe non-healing erosions of mucous
membranes and blisters in the epidermis (Kottke et al., 2006). Although an extensive
literature has accumulated on the mechanisms by which PV 1gG might disrupt desmosomal
adhesion, the precise pathomechanisms of PV are not fully understood. Studies suggest
distinct, but possibly synergistic pemphigus pathomechanisms which include interference of
extracellular Dsg3 cis or trans interactions (steric hindrance), endocytosis and depletion of
cell surface Dsg3, and activation of cellular signaling pathways (Di Zenzo et al., 2012;
Getsios et al., 2010; Kitajima and Aoyama, 2007). Furthermore, inhibition of various PV
pathomechanisms can reinforce desmosome adhesion and prevent acantholysis in both cell
culture and animal model systems (Waschke, 2008). These findings collectively suggest that
reinforcing desmosomal adhesion, alone or in addition to immune suppression, may hold
promise in the search for better pemphigus therapies. Apart from the potential to discover
alternative disease treatments, these studies contribute to our understanding of the complex
mechanisms that regulate desmosome adhesion.

A fundamental feature of desmosome adhesion not fully understood is the tissue and
differentiation specific expression of desmosomal components (Dusek et al., 2007). Changes
in the molecular composition of desmosomes correlate with distinct structural and functional
differences in desmosomal adhesion (Holthofer et al., 2007). The armadillo family protein
plakophilin-1 (PKP-1) is expressed preferentially in the upper epidermal layers and
contributes to keratinocyte adhesion by promoting desmosome formation (Bornslaeger et
al., 2001; Hatzfeld, 2007; Hatzfeld et al., 2000; Kowalczyk et al., 1999; Smith and Fuchs,
1998). PKP-1 promotes desmosome formation by recruiting and clustering desmosomal
proteins at the plasma membrane and within desmosomes (Bornslaeger et al., 2001;
Kowalczyk et al., 1999; Wahl, 2005). PKP-1 binds to DP, Dsg1, Dsc1, actin and keratin
(Hatzfeld et al., 2000; Hofmann et al., 2000; Kapprell et al., 1988; Smith and Fuchs, 1998).
Mutations in PKP-1 cause the autosomal recessive disorder ectodermal dysplasia-skin
fragility syndrome (EDSF) (McGrath et al., 1997). EDSF patient skin biopsies revealed a
significant reduction in the number and size of desmosomes in the spinous and granular
layers (McMuillan et al., 2003). Similar to PV, these patients suffer from mechanical stress-
induced skin blistering (McGrath and Mellerio, 2010). Finally, PKP-1 has been associated

J Invest Dermatol. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tucker et al.

RESULTS

Page 3

with the formation of calciumin-dependent desmosomes (South et al., 2003), which exhibit
increased intercellular adhesion strength and decreased sensitivity to depletion of
extracellular calcium (Garrod and Kimura, 2008).

The observation that PKP-1 stabilizes and enhances desmosome adhesion raised the
possibility that keratinocytes expressing PKP-1 might assemble desmosomes that are
refractory to PV 1gG. To test this idea, exogenous PKP-1 was expressed in primary
keratinocyte cultures and responses to PV 1gG were tested. Our results demonstrate that
increased expression of a desmosomal plaque protein, PKP-1, can modulate keratinocyte
sensitivity to the pathogenic effects of PV 1gG.

PKP-1 promotes desmosome formation

To determine the role of PKP-1 in modulating keratinocyte adhesion and responsiveness to
PV IgG, we used an adenoviral delivery system to manipulate PKP-1 expression in primary
human epidermal keratinocytes. We first examined the effect of increased PKP-1 expression
on Dsg3 and DP localization in cells cultured in low or high calcium media (Figure 1a—d).
To detect Dsg3, cells were labeled for 30 minutes prior to fixation with AK15, a non-
pathogenic anti-Dsg3 monoclonal antibody (mAb). Total DP and PKP-1.myc were detected
after methanol fixation. In empty vector (EV) control keratinocytes, minimal Dsg3 and DP
localization was observed at cell-cell contacts in low calcium medium (Figure 1a, a’). Upon
the addition of calcium, both proteins localized in punctate patterns at cell-cell contacts
(Figure 1c, c’). Interestingly, in low calcium, PKP-1.myc expression substantially increased
Dsg3 and DP localization at cell-cell contacts (Figure 1e, compare b, b’ to a, a’). Under high
calcium conditions, Dsg3 fluorescence intensity was similar between control and cells with
increased PKP-1 expression, whereas DP localization at cell-cell contacts increased
significantly with increased PKP-1 expression (Figure 1f, compare c, ¢’ to d, d’). Sequential
detergent extractions from keratinocyte cell lysates followed by western blot analysis was
used to compare partitioning of desmosomal proteins between the membrane-associated
pool (Triton X-100 soluble) and the desmosomal, cytoskeleton-associated pool (Triton
X-100 insoluble). In cells with increased PKP-1 expression, Triton-soluble pools of Dsg3
and DP decreased, while Triton-insoluble pools of Dsg3 and DP increased (Figure 1g—i).
Ultrastructural analysis confirmed that PKP-1.myc expression enhanced desmosome
formation. Desmosomes in keratinocytes expressing PKP-1.myc more than doubled in
length compared to control, increasing from a mean of ~0.4 to ~1.0 Hm (Figure 1i, k).
Together, these results demonstrate that PKP-1 expression increases desmosomal protein
accumulation at cell-cell contacts and increases desmosome size in primary basal
keratinocytes.

PKP-1 prevents PV IgG-induced desmosome disruption and loss of cell-cell adhesion

To determine if desmosomes in cells with enhanced PKP-1 expression are responsive to PV
IgG-mediated disruption, we examined desmosomal protein distribution and keratinocyte

adhesion strength in cells expressing EV or PKP-1.myc, treated with NH 1gG or PV 1gG. To
monitor cell surface Dsg3 after 24 hours of PV IgG treatment, cells were labeled with AK15
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just prior to fixation. Similar to previous reports, compared to NH IgG treated cells, PV IgG
disrupted Dsg3 localization and significantly reduced the amount of Dsg3 at cell-cell
contacts (Figure 2a-b, e) (Calkins et al., 2006; Jennings et al., 2011). Interestingly,
expression of PKP-1.myc reduced the loss of Dsg3 border localization in PV IgG treated
cells (Figure 2c—e). Furthermore, PV IgG treatment of control cells disrupted DP
localization and caused Kkeratin filament retraction from cell-cell borders (Figure 2f—g). High
magnification views reveal keratin filaments traversing both in parallel to cell-cell contacts
as well as associating with desmosomal plaques, and PV 1gG treatment causing dissociation
of keratin tonofilament bundles from regions of DP staining (Figure 2f—g enlarged white
boxes). PV IgG treated cells expressing PKP-1.myc displayed prominent DP localization at
cell-cell contacts with extensive keratin associations at desmosomes (Figure 2i). Control
experiments verified that PV 1gG, as well as two well characterized Dsg3 mAbs directed
against the EC1 (AK23) and EC2-3 (AK15) domains of Dsg3 (Tsunoda et al., 2003), bound
to keratinocyte cell surfaces in both control and PKP-1.myc expressing cells (supplementary
Figure 1). These findings suggest that PKP-1 expression results in desmosomes that are
refractory to disruption when Dsg3 is occupied by pathogenic antibodies.

At the ultrastructural level, desmosomes exhibited a variety of severe abnormalities in PV
IgG treated keratinocytes, including desmosomes with disordered electron dense plaques
and few keratin attachments, as well as desmosomes separated at the midline (Figure 3a).
Additionally, PV IgG treatment of control cells caused a substantial decrease in mean
desmosome size, from ~0.4 to ~0.1Hm (Figure 3b). In contrast, PV 1gG treated
keratinocytes expressing PKP-1.myc exhibited elongated desmosomes with well-organized
and electron dense plaques with extensive keratin filament attachments (Figure 3a).
Furthermore, desmosome lengths in keratinocytes expressing PKP-1.myc did not change
with PV IgG treatment (Figure 3b). Lastly, keratinocyte adhesion strength was assessed by
performing cell-dissociation assays (Ishii et al., 2005) on keratinocytes treated with PV IgG
or the pathogenic mAb AK23. PV IgG and AK23 both caused substantial monolayer
fragmentation, indicating the loss of intercellular adhesion strength (Figure 3c, d).
Interestingly, increased expression of plakoglobin, which has been implicated in mediating
PV IgG effects (Caldelari et al., 2001), exacerbated the effects of PV IgG and AK23 (Figure
3c—d). In contrast, PKP-1 expression maintained strong intercellular adhesion and
significantly reduced fragmentation of keratinocytes exposed to pathogenic antibodies
(Figure 3c—d). Collectively, these results demonstrate that increasing PKP-1 expression in
basal keratinocytes protects desmosomes from PV IgG-induced disruption and loss of
keratinocyte adhesion strength.

PKP-1 clusters Dsg3 with DP

To investigate cytoplasmic interactions between PKP-1 and Dsg3 independently of Dsg3
adhesive interactions, we fused either the full length Dsg3 cytoplasmic domain (Dsg3yto),
or truncated versions of the Dsg3 cytoplasmic tail (Dsg3cytonges: DSg3cyton715), to the non-
adhesive extracellular and transmembrane domains of the interleukin-2 receptor alpha-chain
(IL-2R) (Figure 4a). The IL-2R-Dsg3ytonges Chimera lacks the unique desmoglein
sequences including the proline-rich linker (PRL), repeating unit domains (RUD) and the
desmoglein terminal domain (DTD). The IL-2R-Dsg3.ytoa715 chimera lacks these domains
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and the intracellular cadherin-specific domain (ICS), which binds plakoglobin. These
proteins were expressed in keratinocytes, with or without PKP-1.myc, and their localization
at the cell surface was monitored by live cell IL-2R antibody labeling prior to fixation.
Without PKP-1.myc co-expression, all four IL-2R proteins localized to the cell surface and
at cell-cell contacts (Figure 4b—e). However, detergent pre-extraction revealed that only the
IL-2R-Dsg3cyto and IL-2R-Dsg3cytongse Chimeras co-localized with DP (Figure 5a-d
insets). Moreover, the addition of Dsg3 cytoplasmic sequences to the IL-2R conferred
resistance to detergent pre-extraction in both control and PKP-1.myc keratinocytes (Figure 5
compare & to b’-d” and ¢’, to f’-h’). Interestingly, co-expression of PKP-1.myc induced
extensive co-clustering of IL-2R-Dsg3cyto and IL-2R-Dsg3cytongss Chimeras with DP, but
not the IL-2R or the IL-2R-Dsg3¢ytoa715 chimera (Figure 4f-i, Figure 5e-h). These clusters
were present at the cell surface and included the presence of endogenous Dsg3
(Supplemental Figure 2a—d). These results demonstrate that PKP-1 mediates lateral co-
clustering of Dsg3 and DP and this activity requires the plakoglobin binding domain on the
Dsga3 tail.

PKP-1 expression induces the formation of calcium-independent and hyper-adhesive
desmosomes

Previous studies indicate that desmosomes can become resistant to calcium depletion
(Garrod, 2012) and that calcium-independent desmosomes are resistant to PV 1gG (Cirillo et
al., 2010). Therefore, we performed ‘calcium chelation assays’ to determine if expression of
exogenous PKP-1 increases the formation of calcium-independent desmosomes. Sub-
confluent basal keratinocytes pre-incubated in high calcium medium (14-18 hours) were
subjected to calcium chelation for 4 hours (calcium-free medium with 3 mM EGTA). After
calcium chelation, the localization of PKP-1, DP and keratin-14 was examined. Cells were
scored as calcium-independent if cell-cell contacts stained positive for DP. Similar to
previous findings (Kimura et al., 2007), the majority of sub-confluent keratinocytes were
calcium-dependent, with only ~34% being calcium-independent (Figure 6e). Interestingly,
within this subset of calcium-independent keratinocytes, over 90% were positive for
endogenous PKP-1 localization at cell-cell contacts (Figure 6f, b, b’ insets,). Although ~34%
of control keratinocytes were calcium-independent, the entire population exhibited a
rounded morphology, extensive keratin retraction and reduced cell border DP localization
after calcium chelation (Figure 6 compare a-a” to b-b”). Conversely, keratinocytes
expressing exogenous PKP-1.myc exhibited a flattened, cobblestone morphology with
prominent DP localization and keratin attachments at cell-cell contacts (Figure 6 compare d-
d” to b-b”). Remarkably, we observed that 100% of sub-confluent keratinocytes with
increased PKP-1.myc expression possessed calcium-independent desmosomes (Figure 6d,
e). To determine if these desmosomes maintain adhesive strength after calcium chelation,
we performed cell-dissociation assays. Fragmentation of keratinocyte monolayers
expressing PKP-1.myc after calcium chelation was reduced significantly compared to
control monolayers (Figure 6g). These data indicate that PKP-1 induces the formation of
calcium-independent and hyper-adhesive desmosomes that are resistant to PV IgG.
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DISCUSSION

We report here that the armadillo family protein PKP-1 prevents PV IgG-induced
desmosome disruption in primary human keratinocytes. Keratinocytes with increased PKP-1
expression maintained strong intercellular adhesion in the presence of PV 1gG or the
pathogenic Dsg3 antibody AK23. Furthermore, PKP-1 co-clusters Dsg3 with DP, resulting
in the formation of calcium-independent and hyper-adhesive desmosomes. Our findings
raise the interesting possibility that modulating desmosomal plaque protein expression
represents a novel approach to reduce blister formation in PV patients.

Pemphigus and related autoimmune disorders are typically treated using immune
suppressive therapies (Kasperkiewicz et al., 2012). The use of B-cell depleting agents have
proven particularly effective for PV, although these approaches can cause undesirable side
effects (Yeh et al., 2005; Zakka et al., 2012). Therefore, recent efforts in the field have
sought to find approaches that render the skin resistant to an ongoing autoimmune response.
These studies have revealed signaling pathways that regulate desmosome responses to PV
IgG, including p38 MAPK, c-myc, EGFR, among others (Sharma et al., 2007). Here, we
report that enhanced expression of a single desmosomal plaque protein, PKP-1, renders
keratinocytes resistant from PV 1gG-induced loss of adhesion by inducing the formation of
calcium-independent, hyper-adhesive desmosomes. Our work suggests that manipulating
desmosomal plaque protein expression could be considered as an additional approach to
facilitate desmosome resistance to autoimmune attack in pemphigus. Similarly, existing
treatments such as corticosteroids may work in part by modulating the expression of PKP-1
or other desmosomal genes, and thereby stabilize keratinocyte adhesion in addition to
suppressing immune activity (Nguyen et al., 2004).

Previously, we found that desmosome disassembly resulted from disruptive clustering of
Dsg3 and other desmosomal proteins in response to polyclonal PV 1gG (Saito et al., 2012a),
a finding consistent with immunofluorescence results of Dsg3 clustering in the epidermis of
PV patients (Oktarina et al., 2011). In this study, we observed that desmosomes exposed to
PV 1gG exhibited a variety of ultrastructural abnormalities, including disordered electron
dense plaques, reduced keratin filament attachment and reduced desmosome size (Figure 3).
Importantly, we found that increased expression of PKP-1 reduced PV IgG-induced
disruption and loss of Dsg3 at cell-cell borders (Figure 1a—d). Moreover, PKP-1 prevented
desmosome structural abnormalities in response to PV IgG (Figure 3). Together, these
findings suggest that PKP-1 may prevent the disruptive clustering and reorganization of
desmosomal proteins that contribute to desmosome disassembly and loss of adhesion in
response to PV IgG. Interestingly, although PKP-1 is expressed in the upper layers of the
epidermis, pemphigus foliaceus IgG cause blistering in the granular layer of the skin,
(Kneisel and Hertl, 2011) where PKP-1 is expressed at high levels (Hatzfeld, 2007). Thus,
the mechanisms of blistering in different forms of pemphigus may vary, or alternatively,
endogenous levels of PKP-1 in human epidermis may be insufficient to prevent the loss of
desmosomal adhesion caused by pemphigus autoantibodies.

Desmosomes in confluent cell cultures undergo a transition from a calcium-dependent to a
calcium-independent state over time (Garrod, 2010). Although the mechanism of
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desmosome transition to hyper-adhesion is not fully understood, one model proposed to
explain hyper-adhesion suggests that calcium-independent desmosomes exhibit a more
highly ordered arrangement of cadherin extracellular domains (Garrod et al., 2005). Because
PKC signaling has been shown to modulate desmosome hyper-adhesion (Thomason et al.,
2010), it has been suggested that an 'inside-out' transmembrane signal is responsible for the
transition of desmosomes to a hyper-adhesive, calcium-independent state (Garrod, 2010;
Garrod et al., 2005). Importantly, our immunofluorescence analysis revealed that the small
percentage of calcium-independent desmosomes that exist in sub-confluent keratinocytes
stain positive for PKP-1. Furthermore, in sub-confluent cultures, exogenous PKP-1
expression resulted in a complete transition of desmosomes to a calcium-independent state.
These data and others (Hobbs and Green, 2012) suggest that the composition of the
desmosomal plaque, along with intracellular signaling pathways (Garrod, 2010), mediate
'inside-out' transitions between various desmosome adhesion states (Garrod, 2010; Garrod et
al., 2005).

Previous studies demonstrate that PKP-1 enhances DP recruitment to desmosomes
(Hatzfeld, 2007). Another mechanism by which PKP-1 stabilizes and increases desmosome
formation is likely to involve increased adhesion mediated by Dsg3 or other desmosomal
cadherins (Bornslaeger et al., 2001; South et al., 2003). Our results indicate that while
desmosome size increases upon PKP-1 expression (Figure 1j—k), the overall amount of
desmosomal proteins expressed does not appear to increase dramatically (Figure 1g). Rather,
we observed that upon PKP-1 expression, the non-desmosomal, membrane-associated pool
of Dsg3 decreased, while the desmosomal, Triton-insoluble pool increased (Figure 1g—i),
suggesting increased Dsg3 incorporation into desmosomes. We also demonstrate that PKP-1
co-clusters Dsg3 with DP through interactions dependent upon the plakoglobin binding
domain in the cadherin tail (Figure 4,5). These findings suggest that, along with enhancing
DP recruitment, PKP-1 increases desmosome size by clustering and incorporating cell
surface desmosomal protein complexes into desmosomes.

Considering that PKP-1 co-clusters Dsg3 with DP, PKP-1 may act to stabilize lateral
interactions between desmosomal cadherins and desmosomal plaque proteins. In addition to
cytoplasmic associations, lateral cadherin clustering is also mediated by cis-binding
interactions in the cadherin extracellular domain (Al-Amoudi et al., 2007; Brasch et al.,
2012). A recent study demonstrated that PV 1gG bind to putative Dsg3 cis-interacting
sequences in the cadherin extracellular domain (Di Zenzo et al., 2012). An intriguing
possibility is that PKP-1 clustering of the Dsg3 tail stabilizes cis-interactions between Dsg3
extracellular domains and thereby protects desmosomes from PV 1gG mediated disruption.
Further studies using structural and biophysical approaches will be needed to test these
possibilities, and to fully understand the basis for the transition of desmosomes to a calcium-
independent and PV IgG resistant state. Such studies are likely to yield insights into the
fundamental mechanisms that govern desmosome assembly as well as new therapeutic
approaches to treat PV and related disorders.
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MATERIALS AND METHODS

Cell culture

Antibodies

Normal human epidermal keratinocytes (NHEKS) isolated from neonatal foreskin were
propagated in low calcium (0.1mM) keratinocyte growth media (KBM-Gold 00192151
withKGM-GoldSingleQuot 00192152, Lonza, Walkersville, MD) as previously described
(Calkins et al., 2006). Sub-confluent (50-80%) NHEKS, passages 2—4, were switched into
KGM containing 0.6mM CaCl 14-18 hours prior to experimentation.

PV patient sera were kind gifts from M. Amagai (Keio University, Tokyo), J. Stanley
(University of Pennsylvania, Philadelphia, PA), and R. Swerlick (Emory University,
Atlanta, GA). PV sera recognized Dsg3, but not Dsg1, determined by ELISA. PV IgG was
purified using a Melon Gel IgG Purification Kit (45212, ThermoFisher Scientific, Rockford,
IL). Mouse mAb AK15 and AK23 were generated as previously described (Tsunoda et al.,
2003). NH and PV 1gG were used at 100-150Hg/ml, while AK23, AK15 and IL-2R were
added at 10-15Hg/ml. Other antibodies: NH IgG (Invitrogen), rabbit anti-DP (NW6; gift KJ
Green, Northwestern University), rabbit anti-gamma catenin (plakoglobin, H-80) and rabbit
anti-GAPDH (25778) (Santa Cruz Biotechnology, Santa Cruz, CA), chicken (5560) and
rabbit anti-keratin 14 (gift J. Segre, NIH, Bethesda, MD), polyclonal chicken anti-c-myc
(A190-103A,; Bethyl Laboratories, Montgomery, TX), mouse anti-Dsg2 (AH12.2; gift A.
Nusrat, Emory University (Nava et al., 2007)), mouse anti-1L-2R 1gG2a alpha (7G7B6;
American Type Culture Collection, Manasssas, VA), mouse anti-E-cadherin (61081; BD
Transduction Laboratories), mouse anti-PKP-1 (14B11; gift J. Wahl 111, University of
Nebraska (Sobolik-Delmaire et al., 2006)), mouse anti-cytokeratin (Immunotech, Marseille,
France). Secondary antibodies: AlexaFluor 647, 555, 488 and HRP-conjugated goat 1gGs
(Invitrogen).

Adenoviruses

Myc-tagged full length PKP-1 was subcloned into pAd-Track and adenoviruses made from
pAdEeasy adenovirus-packaging system that co-expresses GFP with the cDNA of interest
(Delva et al., 2008). The full-length “a” form of PKP-1 originally cloned into pCMV-Script
was described previously (Hatzfeld et al., 1994; Kowalczyk et al., 1999). The IL-2R and
IL-2R-Dsg3 chimeras were generated as described previously (Saito et al., 2012a). NHEKs
were infected with adenoviruses 24-36 hours prior to experimentation for adenoviral protein
expression. All constructs and their expression were verified by DNA sequencing, western
blotting, and immunohistochemistry. High titers were generated as described previously
(Setzer et al., 2004; Xiao et al., 2003). Infection rates (70-90%) were determined visually
by GFP and immunofluorescence of the protein of interest.

Immunofluorescence and cell-cell border quantification

NHEKS on glass coverslips were washed 3x with phosphate-buffered saline (PBS+), fixed
on ice using either —20°C methanol (2 minutes) or were pre-extracted with 0.2%
TritonX-100 + 3mM sucrose (45 seconds) and fixed with 4% paraformaldehyde (10
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minutes) followed by extraction with 0.2% TritonX-100 (5 minutes). To detect only surface
proteins, cells were fixed with 4% paraformaldehyde (10 minutes) without permeabilization.
Live cell labeling with mAb AK15, AK23 or IL-2R was performed for 30 minutes prior to
fixation at 37°C. To remove surface bound antibody (supplemental Figure 1), cells were
incubated on ice with a low pH wash (PBS+ with 100 mM glycine, 20 mM magnesium
acetate, and 50 mM potassium chloride, pH 2.2) for 30 minutes prior to fixation. Image
acquisition, deconvolution and quantification was conducted with Simple PCI software
(version 6.6, Hamamatsu Corporation, Sewickley, PA) on a wide-field fluorescence
microscope (DMRXAZ2; Leica) equipped with 63x/1.32 NA, and 100x/1.40 NA oil
immersion objectives, and a CCD camera (ORCA; Hamamatsu Photonics). Images shown
are deconvolved z-stack projections. For quantification, exposure times and fluorescence
intensity thresholds were consistent between experimental data sets. Images were
thresholded, and the average intensity above threshold was calculated within 4.5HmMx4.5Hm
region of interests (ROISs) selecting cell borders from individual images.

Calcium chelation assays

NHEKS on glass coverslips, infected with the appropriate adenoviruses in 0.1mM calcium
KGM, were switched to high calcium media (0.6mM) for 14-18 hours prior to three, one-
minute washes in calcium and magnesium-free PBS supplemented with 3mM Methylene
glycol-bis(2-aminoethylether)-N,N,N" N “tetraacetic acid (EGTA). Cells were incubated in
calcium free KBM with 3mM EGTA for 4 hours and processed for immunofluorescence.
Images were captured at random (63x oil objective), the total number of cells counted and
scored as calcium-independent if cell-cell contact sites were positive for DP staining (8
images per group, per experiment (~ 40 cells per image)). This number, a proportion of the
total cell count, is displayed as the percentage of cells that are calcium-independent.

Cell-Dissociation assays

Dispase based cell-dissociation assays were performed as described previously (Saito et al.,
2012a). Briefly, 100% confluent NHEKS in 1.9cm? culture dishes were switched to high
calcium medium ~16 hours before addition of the appropriate antibodies. Recombinant
exfoliative toxin A (ETA, 0.25Hg/ml) cleaves Dsgl and was added 2 hours prior to the
assay. After overnight incubation with antibodies, monolayers were released (1U/ml dispase,
Roche) and subjected to mechanical stress (pipetting 25x with a 1ml micropipette tip).
Monolayers were fixed, stained and fragments counted using a dissecting microscope. In
assays with calcium chelation, monolayers were released from the culture dish prior to
calcium chelation.

Electron microscopy

NHEKS on coverslips, infected with the appropriate adenovirus, were treated with NH or PV
IgG as described above. Cells were fixed (2.5% glutaraldehyde in 0.1M cacodylate) and
processed for conventional electron microscopy (Robert P. Apkarian Integrated Electron
Microscopy Core, Emory University).
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Sequential detergent extraction and western blot analysis

NHEKS were extracted sequentially in Triton buffer (1% TritonX-100, 10mM Tris-pH 7.5,
140mM NaCl, 5mM EDTA, 2mM EGTA, (cOmplete, Mini, EDTA-free Protease Inhibitor
Tablets)) followed by extraction with urea—SDS buffer (1% SDS, 8M urea, 10mM Tris-
HCL-pH 7.5, 5mM EDTA, 2mM EGTA, 70 mM NacCl) as described previously (Calkins et
al., 2006). The triton-soluble samples were 2x the insoluble samples for visualization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PKP-1 promotes desmosome formation
(a—d) Immunofluorescence images and (e, f) quantification of cell-cell border fluorescence

intensity from keratinocytes expressing empty vector (EV) or PKP-1.myc in low (0.1mM) or
high calcium media (0.6mM) for 24 hours and immunostained for surface Dsg3, total
desmoplakin (DP) and myc (PKP-1.myc). Scale bar: 20Hm. (e, f) Mean + SEM (n= 50
borders per group); *** p < 0.001 compared with EV (Mann Whitney). (g,h,i) Sequential
detergent extraction and western blot analysis of Triton X-100 soluble (sol) and insoluble
(insol) proteins. Quantification represents the mean of three independent experiments. (j)
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Electron micrographs and (k) quantification of desmosome lengths (n= 25 desmosomes per
group); *** p < 0.001 compared with EV (Mann Whitney). Scale bars 1Hm.
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Figure 2. PKP-1 protects desmosomal components from disruption by PV 1gG
Keratinocytes expressing empty vector (EV) or PKP-1.myc were treated with NH or PV 1gG

for 24 hours. (a—d) The mAb AK15 was used live to detect cell surface Dsg3 and total myc
was detected after methanol fixation (a’-d’). (e) Quantification of Dsg3 fluorescence
intensity at cell-cell borders. Data are mean percentages normalized to EV and PKP-1 NH
IgG controls. Mean = SEM (n= 50 borders per group); *** p < 0.001 compared with EV-NH
1gG, ¢ compared with EV-PV IgG and PKP-1.myc-NH IgG (Two-way ANOVA, Holm-
Sidak method). (f-i) Cells were briefly pre-extracted prior to fixation and immunostained for
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DP (green, f'—i"), cytokeratin (keratin, red, f”=i”) and myc (f”—i’”). Data represent four
independent experiments. Scale bars, 20Hm.
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Figure 3.
PKP-1 protects desmosome ultrastructure and keratinocyte adhesion strength from

disruption by PV IgG

(a) Electron micrographs and (b) quantification of desmosome lengths from keratinocytes
expressing empty vector (EV) or PKP-1.myc treated with NH or PV 1gG for 24 hours (n=
25-50 desmosomes per group); *** p < 0.001 compared with EV-NH IgG (Mann Whitney).
(c, d) Quantification of monolayer fragmentation after cell dissociation assays using control
keratinocytes (no virus, EV, and plakoglobin (PG)) or keratinocytes expressing PKP-1.myc
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exposed for 24 hours to (¢) NH or PV IgG or (d) mAb IL-2R or AK23, a pathogenic Dsg3
mAb. Mean number of fragments + SEM;*** p < 0.001 compared with no virus and EV
(Two-way ANOVA, Holm-Sidak method). Scale bars, 0.2 or 1 Hm as indicated.
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Figure 4. PKP-1 clusters the cytoplasmic tail of Dsg3 with DP
(a) Portions of the Dsg3 cytoplasmic tail (grey) were fused to the extracellular and

transmembrane domains of the interleukin-2 receptor alpha chain (IL-2R, black) to create
chimeric IL-2R-Dsg3 proteins. IA, intracellular anchor; ICS, intracellular cadherin-specific;
IPL, proline-rich linker; RUD, repeating unit domain; DTD; desmoglein terminal domain;
cyto, entire Dsg3 cytoplasmic tail; cytoA866 and cytoA715, Dsg3 cytoplasmic tail truncated
at residues 866 and 715. (b—e) IL-2R and IL-2R-Dsg3 chimeras expressed in keratinocytes,
methanol fixed and immunostained for cell-surface IL-2R (red, b’-¢’) and total DP (green, b
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7—e"). (f-i) IL-2R and IL-2R-Dsg3 chimeras were co-expressed with PKP-1.myc and
immunostained for cell surface IL-2R (red, f'-i’), total desmoplakin (DP) (green, f"-i”) and
myc (f”7-i’”). Scale bars 20Hm.
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Figure 5. Dsg3 cytoplasmic sequences mediate co-localization with DP and differential sensitivity
to detergent pre-extraction

(a—h) Images of IL-2R and IL-2RDsg3 chimeras expressed in keratinocytes, with and
without PKP-1.myc co-expression. Cells were labeled live with a mAb IL-2R (red and a’-h’)
for 30 minutes and then immediately subjected to a 45 second detergent pre-extraction with
0.2% Triton-X100. Following fixation, the cells were immunostained for total DP (green
and a”’-h") and myc (blue and e¢’”-h""). Scale bars 20Hm.
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Figure 6. PKP-1 induces the formation of calcium-independent, hyper-adhesive desmosomes
(a—d) Keratinocytes expressing empty vector (EV) or PKP-1.myc in high calcium (ca**)

medium or after 4 hours calcium chelation, immunostained for desmoplakin (DP), PKP-1
and keratin-14 (K14), bar 20Hm. (e) Percent calcium-independent cells per microscope
field. Cells were scored as calcium-independent if cell-cell contact sites were positive for
DP. Means £ SEM (n=24 fields);*** p < 0.001 compared with EV (Mann Whitney). (f)
Percent cells with PKP-1 localization at cell-cell contacts among calcium-independent cells
per microscope field. Means £ SEM (n=24 fields). (g) Quantification of cell dissociation
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assays using monolayers subjected to 4 hours calcium chelation. Means £ SEM;*** p <
0.001 compared with EV (Two-way ANOVA, Holm-Sidak).
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