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Background - Canine atopic dermatitis (CAD) is an inflammatory and pruritic allergic skin disease caused by
interactions between genetic and environmental factors. Previously, a genome-wide significant risk locus on
canine chromosome 27 for CAD was identified in German shepherd dogs (GSDs) and Plakophilin-2 (PKP2) was
defined as the top candidate gene. PKP2 constitutes a crucial component of desmosomes and also is important
in signalling, metabolic and transcriptional activities.

Objectives — The main objective was to evaluate the role of PKP2 in CAD by investigating PKP2 expression and
desmosome structure in nonlesional skin from CAD-affected (carrying the top GWAS SNP risk allele) and healthy
GSDs. We also aimed at defining the cell types in the skin that express PKP2 and its intracellular location.

Animals/Methods - Skin biopsies were collected from nine CAD-affected and five control GSDs. The biopsies
were frozen for immunofluorescence and fixed for electron microscopy immunolabelling and morphology.

Results - \We observed the novel finding of PKP2 expression in dendritic cells and T cells in dog skin. Moreover,
we detected that PKP2 was more evenly expressed within keratinocytes compared to its desmosomal binding-
partner plakoglobin. PKP2 protein was located in the nucleus and on keratin filaments attached to desmosomes.
No difference in PKP2 abundance between CAD cases and controls was observed.

Conclusion - Plakophilin-2 protein in dog skin is expressed in both epithelial and immune cells; based on its sub-
cellular location its functional role is implicated in both nuclear and structural processes.

Introduction

In a genome-wide association study (GWAS) we identi-
fied a locus on canine chromosome 27 (CFA 27) associ-
ated with canine atopic dermatitis (CAD) in German
shepherd dogs (GSDs).! The strongest genetic associa-
tion was detected near the PKP2 gene encoding the pro-
tein plakophilin-2. Plakophilin proteins are crucial for the
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proper assembly of desmosomes,? which are intercellular
mechanical junctions that contribute to strength and
integrity in tissues, such as the myocardium and the epi-
dermis, that exhibit mechanical stress.® Plakophilins,
which belong to the armadillo protein family, bind to pla-
koglobins and are essential for recruiting desmoplakins to
the desmosomal plaque, thereby providing an important
linkage to the stabilizing and stress-bearing intermediate
filaments inside the cell.* Plakophilins are also known to
be involved in multiple signalling and metabolic pro-
cesses, and in transcriptional activities.® Fine-mapping of
the risk locus in GSDs identified genetic variants located
in tissue-specific enhancers (e.g. epithelial-specific
enhancers) and suggested the possibility of alterations in
PKP2 gene expression in CAD-affected GSDs.® This sug-
gests that PKP2 expression may be altered in the skin of
GSDs carrying the risk variants compared to dogs without
the risk variants. Expression patterns of the adhesion
molecules corneodesmosin, desmoglein-1, desmocollin-
1, claudin-1 and E-cadherin were compared in dog skin
with acute CAD lesions and healthy skin from the same
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dogs, and the most striking differences were found for
corneodesmosin and claudin-1.” This implies that differ-
ential expression of desmosomal proteins are involved in
the pathogenesis of atopic dermatitis (AD) in dogs and
that PKP2 could also contribute to the pathogenesis of
CAD.

In this present study, we collected skin biopsies from
nine GSDs with CAD, either homozygous or heterozy-
gous for the risk allele at the top GWAS-single nucleotide
polymorphism (SNP), and five healthy control GSDs
homozygous for the control allele. These samples were
submitted to studies using immunofluorescence and
electron microscopy (EM). We aimed at investigating the
role of PKP2 in dog skin and evaluated the overall PKP2
expression in dog skin by defining which cell types and
where in the cell PKP2 is localized. We also examined
dog skin morphology with the focus on desmosomes and
searched for potential differences between CAD cases
and GSD controls in terms of the intensity of PKP2
expression and desmosome structure, with regards to
previous GWAS results.’

Materials and methods

Sampling and ethics statement

Skin biopsies (6 mm in diameter) were collected from 14 GSDs: nine
diagnosed with CAD and five healthy controls (see the inclusion crite-
ria below and Table 1) and also from one greyhound (unaffected by
CAD and euthanized due to unrelated reasons). The GSDs were part
of a previous study of CAD." The genotype at the top-associated
GWAS SNP defined the dogs as either homozygous risk, heterozy-
gous risk or homozygous control. From each dog we collected three
biopsies of skin from the dorsal trunk and three skin biopsies from
the axilla area. The biopsies were collected from nonlesional axilla
and dorsal skin to represent typical atopy affected and nonaffected
skin locations, respectively. The CAD cases were under, or had
recently been receiving, treatment and the skin was therefore
defined as nonlesional. Owner consent was sought and the study
was approved by the Swedish Animal Ethical Committee (no. C138/
12) and the Swedish Animal Welfare Agency (no. 31-1711/10).

CAD phenotype characterization

The CAD cases were between 6 and 11 years old at the time of sam-
pling and fulfilled established criteria,® with clinical signs compatible
with CAD and positive reactions on allergen-specific IgE test (intra-
dermal or IgE serology test), either with or without concurrent cuta-
neous adverse food reactions (CAFR). Clinical diagnoses were
established by first ruling out other causes of pruritus such as

ectoparasite infestation, staphylococcal pyoderma and Malassezia
dermatitis. Moreover, hypoallergenic diet trials (of at least 8 weeks
duration followed by a challenge period) were conducted in order to
evaluate the potential contribution of CAFR to the clinical signs. A
CAD diagnosis was concluded in dogs not adequately controlled on
hypoallergenic diet and with positive reactions on intradermal or IgE
serology tests.

All healthy control dogs were between 9 and 11 years of age, and
had never suffered from pruritus, repeated otic inflammation or skin
lesions compatible with CAD, neither prior to nor at the time of sam-
pling. The information was based on owner questionnaire and clinical
examination.

Skin biopsy samples

Two of the skin biopsies were split in half by a cut perpendicular to
the skin surface. Three pieces per location were used in this study
and were fixed as follows: (i) embedded in OCT cryomount (Histolab;
Gothenburg, Sweden) in a plastic mould and frozen in an isopentane
bath, cooled with dry ice, (i) fixed in 4% paraformaldehyde with
0.2% glutaraldehyde for EM-immunolabelling, and (iii) fixed in 2.5%
glutaraldehyde for EM. The fourth piece, fixed in 4% paraformalde-
hyde and embedded in paraffin, and the third whole biopsy, treated
with RNA-later, were not included in this study.

Immunofluorescence microscopy

Five or 30 um thick sections were cut from frozen skin blocks and
mounted on Super frost plus glass slides (Gerhard Menzel GmbH;
Braunschweig, Germany). Immunofluorescence for 5 pm sections
was carried out as follows: the slides were thawed at room tempera-
ture (RT) for 30 minutes, fixed in pre-cooled acetone for 5 minutes at
4°C and air-dried at RT for 30 minutes. The sections were washed
three times in phosphate buffered saline (PBS, pH 7.4) and then
blocked in Background sniper blocking solution (Biocare Medical,
Concord, CA, USA) for 10-15 minutes at RT. For double staining, a
mix of two primary antibodies diluted in PBS with 1% bovine serum
albumin (BSA, Sigma-Aldrich; St Louis, MO, USA) was added to the
sections and incubated at 4°C overnight. Antibodies and specific dilu-
tions are reported in Table S1, briefly slides were stained for CD3,
CD4, CD11c, Junction plakoglobin (JUP), MHC-II and Plakophilin-2.
Slides were washed three times with PBS. A mix of two fluores-
cently labelled secondary antibodies (Table S2) specific for the pri-
mary antibodies was diluted in PBS with 1% BSA added and
incubated for 30 minutes at RT. The slides were washed three times
in PBS. The sections were then stained with DAPI (4’,6-diamidino-2-
phenylindole) for 5 minutes followed by washing four times in PBS.
The sections were mounted in Fluoromount G anti-fade media
(Southern Biotech; Birmingham, AL, USA) and covered with a cover
glass fastened with nail polish and stored at 4°C until analysed by
using a LSM 700 Confocal Laser Scanning microscope (Zeiss; Ober-
kochen, Germany) and LSM software Zen black (Zeiss).

Table 1. Details of the dogs included in the study of PKP2 expression in the skin

Dog ID Sex CAD Genotype top GWAS SNP' Represented in figure
1 Female Case Homozygote risk 1b-d, S1a, S1c, S3b-d
2 Male Case Homozygote risk

3 Male Case Homozygote risk

4 Female Case Heterozygote risk S1b, S1d

5 Female Case Heterozygote risk

6 Male Case Heterozygote risk

7 Female Case Heterozygote risk

8 Male Case Heterozygote risk 1a

9 Male Case Heterozygote risk

10 Male Control Homozygote control 2b

1 Female Control Homozygote control 3a, 3b, S6a, S6B

12 Male Control Homozygote control S2

13 Male Control Homozygote control 2a, S3a, Sda-c

14 Female Control Homozygote control

CAD canine atopic dermatitis, GWAS genome-wide association study, SNP single nucleotide polymorphism.
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For triple staining, four additional steps were added to the protocol
above. After the step where secondary antibodies had been washed
off, a third primary antibody was added diluted in PBS with 1% BSA
and incubated for 1 h at RT or at 4°C overnight. The slides were
washed three times in PBS. Fluorescently labelled secondary anti-
body, specific for the primary antibody, diluted in PBS with 1% BSA,
was incubated for 30 minutes at RT and the slides were washed
three times in PBS.

For the staining of 30 um sections, slight modifications of the tri-
ple-staining protocol above were applied. The acetone fixation step
was increased to 7 minutes. After the initial wash, a permeabilization
step was added where the sections were incubated for 10 minutes
in PBS with 0.2% Triton X-100 (Sigma-Aldrich) at RT followed by
washing three times in PBS. All subsequent washing steps were
increased to four washes and the two last washes lasted for 10 min-
utes. The primary antibody incubations were performed overnight at
4°C or for 3-4 h at RT. All secondary antibodies were incubated for
2 h at RT. The final wash in PBS after the DAPI staining was per-
formed five times.

Evaluation of the intensity of PKP2 expression in
dendritic cells using immunofluorescence

The intensity of PKP2 protein expression in dendritic cells was
compared between cases homozygous for the top GWAS SNP
27:19,140,837" (n = 3), heterozygote cases (n=6) and controls
homozygous for the control allele at the top GWAS SNP (n = 5) in
skin triple-stained with antibodies specific for PKP2, MHC Il and
CD11c. Dendritic cells were defined as cells with clear dendritic
cell shape (i.e. presence of dendrites) that also expressed CD11c
and MHC I, or cells with moderate to high expression of CD11c
and MHC II. For each sample, four z-stacks of 92.4 x 92.4 pm
spanning a 30 um section were analysed and the 10 dendritic cells
with the strongest PKP2 staining were chosen for further measure-
ments. Using Fiji software,® each cell was outlined by a polygon
selection encompassing only this cell and using a triangle-threshold
within this selection, the area of the PKP2 expression could be
defined and the intensity of PKP2 expression measured in each
0.6 um slice. PKP2 protein is expressed throughout the cell; hence
the area of PKP2 expression equals the area of the cell. The inten-
sity mean per slice x area of the cell was calculated for each slice
and the total intensity of all slices divided by volume of the cell
(area of each slice x 0.6 um) gave a measurement defined as
intensity/um.®

Immuno-electron microscopy for PKP2

Dog skin samples fixed in 4% paraformaldehyde with 0.2%
glutaraldehyde were embedded in Lowicryl® K4M (Polysciences;
Warrington, PA, USA). Immunolabelling was performed as follows:
ultra-thin, 50 nm sections were blocked in 1% BSA (Sigma-Aldrich)
in PBS for 20 minutes, incubated with primary antibody against
PKP2, as shown in the Western blot method given below (Sigma-
Aldrich) in 1:10 dilution in TBS (Tris-buffered saline) pH 7.4 overnight
at 20°C. The sections were washed four times in TBS pH 7.4 and
incubated with goat anti-rabbit antibody conjugated with 20 nm gold
particles (115-205-144, Jackson Immunoresearch; West Grove, PA,
USA) diluted 1:100 in TBS pH 8.3 for 2 h. Next, the sections were
washed four times in TBS pH 7.4 and rapidly rinsed in distilled water
(dH,0). Thereafter, they were incubated in 5% uranyl acetate for
10 minutes, jet-washed in dH,O followed by lead citrate 1-2 min-
utes. After this, the sections were jet-washed in dH,O and air-dried.
In the negative controls, the primary antibody was omitted. Sections
were examined at 80 kV in a Tecnai G2 transmission electron micro-
scope (FEI Company; Eindhoven, Netherlands). Figures were
acquired using an ORIUS™ SC200 CCD camera (Gatan Inc.; Pleasan-
ton, CA, USA) using the Gatan Digital Micrograph software.

Transmission electron microscopy

For transmission electron microscopy (TEM), the tissue sample (half
of a whole biopsy sample g.v.) was fixed in 2.6% glutaraldehyde
within minutes after collection and after maximum 1 h in RT stored

PKP2 in atopic and healthy dog skin

at 4°C at least overnight until further processed. A part of the biopsy
was cut off and used for embedding for TEM. Samples were rinsed
twice with 0.1 M sodium caccodylate buffer for 10 min prior to 1 h
incubation in 1% osmium tetroxide (TAAB Laboratories; Aldermas-
ton, UK) in 0.1 M sodium caccodylate buffer. After a further rinse in
0.1 M sodium caccodylate buffer, samples were dehydrated in
graded ethanol (70-99.9%) for a total of 2 h followed by 10 minutes
incubation in propylene oxide. The tissue samples were then placed
in a mixture of Agar resin (Agar 100 resin kit, Agar Scientific Ltd;
Stansted, UK) and propylene oxide (1:1) for 1 h, followed by two
changes of 100% resin, the first for 2-4 h and the last overnight.
Subsequently, samples were embedded in capsules in newly pre-
pared agar resin and left for 1 h and then polymerized at 60°C for
48 h. Ultrathin sections (60-60 nm) were contrasted in 5% uranyl
acetate and lead citrate for 10 and 2 minutes, respectively. Sections
were examined and figures were acquired as described in the
immuno-electron microscopy section.

Skin samples from the axilla region of CAD affected GSDs,
heterozygote (n = 6) and homozygote (n = 3) for the risk allele at the
GWAS SNP 27:19,140,837," were compared with samples from five
healthy GSDs homozygous for the control allele. The length of all
desmosomes in three keratinocytes per sample, at similar locations
in the epidermis, were evaluated. The percentage of desmosomes
that appeared longer than average (i.e. with a length of more than
0.4 um), was calculated in three cells per sample. The number of
desmosomes with what appeared to be unstructured or unevenly
distributed binding of filaments to the desmosome was counted and
compared to the total number of desmosomes calculated in the three
cells for each dog. The number of desmosomes relative to the length
of the cell membrane per image was also evaluated in three cells per
dog by estimating the number of images that had visibly fewer
desmosomes than the average distribution of desmosomes. The
amount of keratin filaments in the cytoplasm in each image covering
three cells was estimated as either low, medium, moderately high or
high, and the proportion of images representing the levels was calcu-
lated for each sample.

Western blot analysis

For protein extraction, canine skin from the axilla region from the
greyhound and canine left ventricle cardiac muscle from a great dane
dog (supplied by Ingrid Ljungvall and colleagues) were used. Frozen
OCT cryomount was removed from two skin tissue specimens by
dissolving the OCT cryomount in PBS pH 7.2. Skin tissues were
pooled before homogenization. Homogenization was performed
using Precellys Evolution (Bertin Technologies; Montigny le Breton-
neux, France) with Precellys CK14 2 mL tubes. Tissues were homog-
enized 2 x 30 s at 6,500 rpm in a shaker (Precellys 24, Bertin Corp.,
MD, USA) in 0.5 mL (cardiac muscle) or 0.3 mL (skin) PBS pH 7.2
containing 2% n-Octylglucoside (Santa Cruz Biotechnology Inc.; Dal-
las, TX, USA) and 1% Triton X-100 (Sigma-Aldrich) with one Pierce
protease and phosphatase inhibitor mini tablet (Thermo Scientific;
Rockford, IL, USA) dissolved in 10 mL of buffer immediately before
use. Homogenates were centrifuged at 17,000 x g for 30 minutes
at 4°C and supernatant protein concentration was determined using
Bradford method (Bio-Rad protein assay, Bio-Rad Laboratories AB;
Solna, Sweden) with BSA (Merck KGaA; Darmstadt, Germany) as
standard. Homogenates were stored at —20°C until analysis.

Protein extracts from canine skin and heart (left ventricle) tissues
(100 pg/lane) were separated on 12% SDS-polyacrylamide gels
(ClearPAGE precast gels, C.B.S. Scientific Company Inc.; Del Mar,
CA, USA) and transferred to polyvinylidene difluoride membranes
(Immobilon-FL, Millipore Corporation; Bellerica, MA, USA) at 0.24
ampere for 1 h using protein transfer system (Bio-Rad Laboratories
AB). The membranes were blocked in TBST (TBS with 0.1% Tween
20) plus 5% nonfat milk power for 1 h at RT and then incubated with
rabbit anti-human PKP2 antibody (Sigma-Aldrich; Stockholm, Swe-
den) or mouse anti-human JUP (junctional plakoglobin) antibody
(Sigma Aldrich) at 1:200 dilution in TBST plus 5% nonfat milk power
at 4°C O/N. After washing three times with TBST the membranes
were then incubated with anti-rabbit respective anti-mouse IgG,
horseradish peroxidase linked secondary antibodies (GE Healthcare;
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Little Chalfont Buckinghamshire, UK) at 1:5,000 dilution in TBST plus
5% nonfat milk power for 2 h at RT, washed three times in TBST and
detected by the enhanced chemiluminescence immunodetection
system (ECL prime western blotting detection reagent, GE Health-
care). The images were captured by using Chemidoc touch imaging
system (Bio-Rad Laboratories AB).

Statistical analysis

The Mann-Whitney ttest was used for statistical analysis. When
comparing multiple groups the One-way ANOVA Kruskal-Wallis test
with Dunn’s post hoc test was used. P-values lower than 0.05 were
considered significant. All analyses were performed using Graphpad
Prism™ 4.0 software (GraphPad Software Inc.; La Jolla, CA, USA).

Results

Immunofluorescence to study PKP2 expression in
dog skin

In order to detect and evaluate PKP2 protein expression
in dog skin, the sample sections were stained with an
anti-PKP2 antibody. We initially evaluated dorsal and axilla
skin from one control dog (greyhound) for optimization of
permeabilization, incubation times and dilutions of all anti-
bodies (including double and triple staining). We detected
PKP2 expression in keratinocytes as well as T cells and
dendritic cells and concluded that no differences could be
detected between axilla and dorsal skin. Because skin
from the axilla represents the part of the dog'’s body typi-
cally affected by lesions in CAD it was regarded as the
most relevant tissue for detection of potential differences
between CAD-case and control dog skin. The following
studies were therefore carried out in axilla skin from the
14 sampled GSDs.

Plakophilin-2 was expressed in keratinocytes in both
CAD dogs and control GSDs. In some of the ker-
atinocytes, the PKP2 staining was somewhat stronger
close to the plasma membrane but we did not observe an
expression gradient throughout the keratinocyte layers
(Figure S1a). The observed staining was specific for the
keratinocytes as shown by the lack of staining in the neg-
ative control. There was nonspecific staining of the stra-
tum corneum caused by the secondary antibody, but this
was clearly not affecting the staining in the keratinocytes
or the other cells in the skin (Figure S1b). At a higher mag-
nification an increase in expression of PKP2 closer to the
plasma membrane was more evident. However, the dif-
ference in strength compared to the rest of the cytoplasm
was small (Figure S1c). Next, the location of PKP2 pro-
teins was compared to the location of plakoglobins in
axilla skin. Plakoglobin is one of PKP2's binding partners
within the desmosomes. The double staining with anti-
PKP2 and anti-plakoglobin antibodies showed that plako-
globin staining was restricted to the keratinocytes in the
epidermis, whereas PKP2 staining was seen also in other
cells of the epidermis and dermis (Figure 1a). Within the
keratinocytes in the epidermis, PKP2 expression was
more homogenous in the cytoplasm compared to plako-
globin, and the location near the plasma membrane was
more evident and distinct for plakoglobin compared to
PKP2 (Figure 1b—d). The same pattern was seen in skin
samples from all dogs (n = 14).

We detected PKP2 expression also in other cells in the
axilla skin. Some of these cells displayed even higher

expression intensity than keratinocytes, including cells
that appeared to be dendritic cells or melanocytes, and
endothelial cells judging by the cell shapes and locations
(Figure S2), as well as cells that could possibly be T cells
due to their location close to vessels. To further examine
some of these cell types (other than keratinocytes) that
expressed PKP2, we performed triple staining with anti-
bodies against the T-cell markers CD4 and CD3, and the
dendritic cell markers CD11¢c and MHC Il. Both T cells
(Figure 2a and Figure S3) and dendritic cells (Figure 2b
and Figure S4) showed strong PKP2 expression in both
the cytoplasm and in the nuclei. We did not note any
PKP2-positive cells with dendrites in the epidermis that
were not positive for CD11¢/MHC II; however, we cannot
rule out possible PKP2 expression in melanocytes
because we did not use any melanocyte-specific makers.

Intensity of PKP2 expression in skin dendritic cells

In order to further investigate the expression of PKP2 in
dendritic cells and to compare the expression pattern
between CAD cases and controls, we calculated the inten-
sity of PKP2 expression in the ten dendritic cells with the
highest intensity per skin sample. This was performed on
axilla skin samples from all 14 dogs. The cells were cho-
sen from four z-stacks triple stained for PKP2, CD11c and
MHC II. The average intensity per um® for the different
groups were as follows: homozygous cases 16.3 (ranging
from 10.4 to 26.5), heterozygous cases 18.9 (12.7-23.7)
and controls 14.8 (11.3-20.5; Figure Sb). No significant dif-
ferences between group averages were detected using
Mann-Whitney ttest (two tailed with 95% confidence
intervals), for cases versus controls (P = 0.44), for
homozygous cases versus controls (P=0.79) or for
heterozygous cases versus controls (P = 0.18).

PKP2 expression in dog skin using immuno-electron
microscopy

Next, we aimed at further defining the subcellular location
of PKP2 in epidermal tissue from dog skin. For this pur-
pose, ultrathin sections from one healthy control GSD were
immunolabelled with anti-PKP2 antibodies and analysed
using immuno-electron microscopy. Gold particles, indicat-
ing binding of anti-PKP2 antibodies, were detected in the
vicinity of desmosomes on keratin filaments attached to
desmosomes (Figure 3a) and in the majority of the nuclei
(Figure 3b). The negative control, with omission of the pri-
mary antibody, only showed very few gold particles in the
section. A few of these gold particles were located in these
nuclei (Figure S6a) but all other nuclei were negative for
staining. No gold particles were located in or near the
desmosomes in the negative control (Figure S6b).

Skin morphology — electron microscopy

In order to detect possible differences in skin morphology
between cases and controls, we evaluated the skin sam-
ples using TEM. Considering desmosome length and
number of desmosomes in relation to cell membrane
length, we could not detect any significant differences
between the groups. To assess if a defect in binding of
keratin filaments to the desmosomes could result in an
increased risk for developing CAD, we also analysed the
levels of visible keratin filaments in the cytoplasm and the
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Figure 1. Frozen axilla skin, sections from German shepherd dogs with atopic dermatitis from one heterozygote (a, ID = 8) and one homozygote
(b—d, ID = 1) for the top genome-wide association study (GWAS) single nucleotide polymorphism (SNP) risk allele.” (a, b) Immunostaining for
PKP2 (green), plakoglobin (red) and 4’,6-diamidino-2-phenylindole (DAPI) staining (blue) show both cytoplasmic and cell membrane expression of
both PKP2 and plakoglobin in keratinocytes of the epidermis. In addition, PKP2 expression is present in other cell types in both epidermis and der-
mis. (c) The same picture as (b) with red and blue colours omitted, thus showing only PKP2 expression. (d) A negative control with only secondary
antibodies showing nonspecific (green fluorescence) binding to stratum corneum. The protein expression of PKP2 in the keratinocyte cytoplasm is
more homogenous compared with plakoglobin, while the expression at the cell border is more evident and distinct for plakoglobin. Magnification
is x20 (a), and x63 with x3.1 zoom (b—d). The scale bars are 100 um (a) and 10 pm (b—d).

number of desmosomes where the binding of keratin fila-
ments appeared to be uneven or unstructured. In this
analysis, we found no significant differences between
CAD cases (neither separated into either heterozygote or
homozygote cases or considered as one case group) and
controls  using  Kruskal-Wallis  one-way =~ ANOVA
(Figure S7a—g).

Western blot analysis

Because the anti-PKP2 and anti-JUP antibodies were
developed for human proteins, we confirmed specific
binding to canine PKP2 and JUP by performing Western

blot analyses using extracts from canine skin and heart
tissues (left ventricle). The results for anti-PKP2 and anti-
JUP antibodies showed specific binding to target proteins
of the expected sizes (PKP2 93 kDa and JUP 82 kDa) for
both these two canine proteins thus validating the across-
species specificity of both antibodies (Figure S8).

Discussion

The use of EM immunolabelling of ultrathin skin sections
confirmed PKP2 located in the nuclei and on keratin fila-
ments in close vicinity to desmosomes. Previously, EM
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100 pmi

Figure 2. Frozen axilla skin sections from a control German shepherd dog (ID = 13) homozygous for the control allele at the top genome-wide
association study (GWAS) single nucleotide polymorphism (SNP)." (a) Immunostaining for PKP2 (green), CD3 (red), CD4 (purple) and DAPI staining
(blue) show that PKP2 is expressed in T cells in dog skin. (b) Immunostaining for PKP2 (green), CD11c (red), MHC Il (purple) and DAPI staining
(blue) show that PKP2 protein is expressed in CD11¢* and MHC II* dendritic cells in control dog skin (ID = 10). Triple stained cells are indicated
with arrows. The epidermis is present both in the top and bottom of the picture, only a few keratinocytes thick. Magnification is x20 in (a) and x63
in (b). Scale bars are 100 um (a) and 20 pm (b).

Figure 3. Electron microscopy immunohistochemistry with gold particles (20 nm) indicate immunoreactivity to PKP2 in the epidermis in axilla skin
from a control German shepherd dog (ID = 11) homozygous for the control allele at the top genome-wide association study (GWAS) single nucleo-
tide polymorphism (SNP)." (a) Black arrows indicate gold particles binding to PKP2 in the vicinity of desmosomes on keratin filaments attached to
desmosomes (desmosomes are marked with white arrows). (b) Black arrows indicate gold particles binding to PKP2 in the nucleus (the nucleus
border is marked out with white arrows). The magnification is x43,000 and scale bars 400 nm.

analyses of human skin using immunolabelling with anti-
PKP2 antibodies, showed binding near the cytoplasmic
side of the desmosomal plaque in stratified epithelial tis-
sue.’® This suggests that the subcellular expression of
PKP2 in keratinocytes is similar in both human and dog
skin. Previous studies in dogs have shown that there is a

gradient in expression of PKP1, with stronger expression
in the upper layers of the skin compared to the layers clo-
ser to dermis."" This is in concordance with the expres-
sion in human skin. The same human study also showed
that PKP2 expression was higher in the lower layers and
weaker in the top layers of human skin whereas PKP3
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was expressed more evenly in all skin layers.'> We could
not observe any gradient in expression of PKP2 in the
studied dog skin samples using IF. However, the epider-
mis of the axilla skin was very thin, only 1-3 keratinocytes
thick. The expression pattern of PKP2 differed from its
binding-partner plakoglobin, which was more restricted to
cell membranes. This indicates a role for plakoglobin
more limited to desmosomes in contrast to the multiple
functions implicated for PKP2.

We confirmed that CD11¢* and MHC II* cells (i.e. den-
dritic cells) as well as CD4* and CD3* cells (i.e. T cells) in
dog skin express PKP2. Expression of PKP2 in T cells and
dendritic cells in skin is a novel finding. Although, accord-
ing to BioGPS (www.biogps.org) mRNA expression of
PKP2 has been detected in human T cells and CD33* mye-
loid cells in the blood (e.g. myeloid dendritic cells) but not
in epidermal dendritic cells.™ Interestingly, in skin samples
from the Human Protein Atlas (www.proteinatlas.org),
anti-PKP2 antibodies showed reactivity to several non-ker-
atinocyte cells that stained with a higher intensity than the
keratinocytes in the samples presented. This is very simi-
lar to the staining pattern that we observed in dog skin. On
the Protein Atlas website, there is no report of observed
staining with the anti-PKP2 antibody in Langerhans cells
(LCs). However, we studied the CD11c* (ITGAX)-staining
from the Protein Atlas site and detected positive staining
of cells looking very similar to the strongest PKP2-stained
cells (i.e. defined here as dendritic cells) in the skin sam-
ples from our study. This suggests that PKP2 is expressed
in dendritic cells also in human skin. LCs are specialized
dendritic cells in the skin that are activated by perturbation
of the stratum corneum. The activated LCs extend their
dendrites through the tight junction barrier located in the
stratum spinosum of the skin and thereby efficiently cap-
ture allergens, which they present on their MHC mole-
cules to the T cells.’ This initiates an immune response
that can result in AD. Thus, the strong expression by the
CAD-candidate gene PKP2 by both T cells and LCs may be
of high relevance for CAD development.

We did not detect any significant differences in PKP2
protein expression between the CAD cases and controls
used in our study. This is in concordance with mRNA
sequence data from axilla skin biopsies from nine of the
dogs used in the present study. In that data there were
no PKPZ2 expression differences between CAD cases and
controls. Instead, preliminary analyses of mRNA expres-
sion data suggest differences related to treatment effects
(Tengvall et al., unpublished data). Thus, possibly PKPZ2
gene and protein expression differences between CAD
cases and controls may be masked by treatment, or
relate to other functions by this protein, potentially even
in other tissues. It may also be due to other genes being
affected by the genetic risk variants. Nevertheless, both
mRNA and protein expression data are of strong value to
further evaluate the potential role of PKP2 in the patho-
genesis of CAD. The reason for not detecting any differ-
ences may be due to the lack of untreated lesional skin
from CAD cases. All the CAD dogs were in remission by
various treatment protocols and skin biopsies were col-
lected from nonlesional skin. Protein expression in the
skin may also be affected by post-translational mecha-
nisms in relation to skin inflammation in lesional CAD skin

PKP2 in atopic and healthy dog skin

compared to medically treated nonlesional CAD skin. An
altered skin structure may thus only be detectable when
assessing skin morphology in lesional CAD skin. In a pre-
vious study of CAD in various dog breeds (cases, n = 20,
controls n = 17), PKP2 mRNA expression in skin was sig-
nificantly upregulated in CAD skin compared to con-
trols.’® A difference was detected in nonlesional skin
versus control dog skin (P = 0.03) but was more pro-
nounced in lesional skin versus skin from healthy control
dogs (P = 0.001). These data support the role of PKP2 in
CAD skin and that the effect is induced during lesional
stages of CAD.

The lack of detected differences between CAD cases
and controls with respect to desmosome structure may
have been influenced by the fact that TEM captures only a
limited fraction of the total skin sample and thereby a very
low number of desmosomes was actually analysed. Differ-
ences could potentially be related to the fraction of altered
desmosomes per area rather than all desmosomes in CAD
skin being different from control skin. The evaluation was
also subjective although obvious structural alterations
should have been observed with this approach. Ongoing
post-translational compensatory mechanisms may also
contribute to the lack of visible differences between
desmosomes of the skin from CAD-affected and healthy
controls. Truncating mutations located within PKP2 are
known to cause heart disease due to defected heart
desmosomes.'® In PKP2 knock-out mice the effect on
heart desmosomes were so severe that the homozygous
embryos died at mid-gestation, but no alterations in other
PKP2-expressing epithelia was detected in these ani-
mals."” This was likely due to compensatory effects of
other PKP isoforms expressed in many cell types except
for the heart (which express only PKP2).'® Likewise, in the
human skin fragility syndrome, caused by complete or par-
tial absence of PKP1, it was shown that other PKPs were
upregulated, which may partially have compensated for
the loss of PKP1 in unaffected skin areas."®

Apart from the important role as desmosomal cell
adhesion proteins, plakophilins have been implicated in
processes such as cell signalling, cytoskeleton organiza-
tion and protein biosynthesis. For example, PKP2 binds
to B-catenin in the cytoplasm and overexpression of
PKP2 has been suggested to reduce the pool of B-cate-
nin available for E-cadherin binding, which may thereby
affect cell adhesion.”® PKP2 is also known to be present
in the nuclei and involved in gene transcription activi-
ties.© It forms complexes with RNA polymerase Il sub-
units and is generally present in the nuclei of many cell
types. Interestingly, in stratified epithelia PKP2 is
excluded from desmosomes but accumulated in the
nuclei of the keratinocytes.'® We confirmed PKP2
expression in the nuclei of keratinocytes, dendritic cells
and T cells. However, with the current methods used,
we could not evaluate the functional role of PKP2 in the
nuclei or compare CAD cases with controls regarding
PKP2 expression in the nuclei.

We were unable to define any differences between
CAD cases and controls with respect to PKP2 protein
expression pattern and intensity nor desmosomal mor-
phology. Perhaps, an altered PKP2 expression associated
with the defined genetic variants affects other pathways,
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mechanisms and/or cell types, undetectable by the cur-
rently used materials and methods. The strong expres-
sion of PKP2 in LCs and T cells may imply that an altered
expression of PKP2 in these cell types may correlate to
atopic disease. Or possibly, nuclear processes of strati-
fied epithelial cells may be affected rather than structural
properties of the basal epithelial layers. Moreover, intes-
tine integrity and allergen uptake is of high relevance in
atopic skin manifestations?>?" and a rather high mRNA
and protein expression of PKP2 has been detected in the
digestive tract (www.proteinatlas.org). Thus, this may be
a target tissue for this risk locus in CAD development as
GSDs are known to be particularly prone to gastrointesti-
nal problems and are also affected by cutaneous adverse
food reactions. An altered regulation of PKP2 mRNA
expression in the intestinal epithelial cells may lead to
changes in PKP2 protein levels that potentially could dis-
turb desmosome stability and subsequently increase
allergen penetrance and uptake through the intestine.

In conclusion, PKP2 expression was detected in ker-
atinocytes, dendritic cells and T cells in the epidermis and
dermis, and was more evenly expressed within ker-
atinocytes compared to its desmosomal binding-partner
plakoglobin. The expression of PKP2 in T cells and den-
dritic cells in skin is likely to be of relevance for CAD
development and has previously not been reported. PKP2
protein was located in the nucleus as well as on keratin fil-
aments attached to desmosomes. No difference in PKP2
abundance between CAD cases and controls was
observed. We report a wide expression pattern of PKP2
in dog skin that is in accordance with previous reports
suggesting that this protein contributes to multiple func-
tions within the cell including both structural and tran-
scriptional activities.
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Résumé

Contexte — La dermatite atopique canine (CAD) est une dermatose allergique prurigineuse et inflamma-
toire due a des interactions entre les facteurs génétiques et environnementaux. Précédemment, un locus
de risque significatif sur le chromosome 27 de chien du génome sauvage du Berger Allemand (GSD) a été
identifié et la Plakophilin-2 (PKP2) a été défini comme principal gene candidat. PKP2 constitue un compo-
sant crucial des desmosomes et est également important dans les activités signal, métabolique et trans-
cription.

Objectifs — L'objectif principal était d'évaluer le role de PKP2 dans la CAD par étude de |'expression de
PKP2 et de la structure desmosomique dans la peau non lésionnelle de GSDs atteint de CAD (porteurs de
I"allele GWAS SNP majeur de risque) et des GSD sains. Nous voulons aussi définir le type cellulaire qui
exprime PKP2 et sa localisation intracellulaire.

Sujets/Méthodes - Des biopsies cutanées ont été prélevées pour neuf GSDs atteints de CAD et cing con-
troles sains. Les biopsies ont été congelées pour immunofluorescence et fixées pour morphologie et
immunomarguage par microscopie électronique.

Résultats - Nous observons I'expression de PKP2 dans les cellules dendritiques et les cellules T dans la
peau de chien. En outre, nous détectons que PKP2 a été plus intensément exprimé par les kératinocytes
comparé a la plakoglobine. La protéine PKP2 a été localisée dans le noyau et sur des filaments de kératine
attachés aux desmosomes. Aucune différence de quantité de PKP2 entre les cas atopiques et controles
n'a été observée.

Conclusion - La protéine Plakophiline-2 dans la peau de chien est exprimée a la fois par les cellules
épithéliales et par les cellules immunitaires et, basé sur sa localisation subcellulaire, son role fonctionnel
est impligué a la fois dans les processus nucléaires et structurels.

Resumen

Introduccion - La dermatitis atdpica canina (CAD) es una enfermedad inflamatoria y pruriginosa alérgica
de la piel causada por interacciones entre factores genéticos y ambientales. Anteriormente, se identifico
un locus de riesgo significativo en el genoma del cromosoma 27 canino para CAD en perros de Pastor
Aleméan (GSD) vy placofilina-2 (PKP2) se definié como el gen candidato mas posible. PKP2 constituye un
componente crucial de los desmosomas y también es importante actividades de senal, metabdlicas y
transcripcionales.

Objetivos — El objetivo principal fue evaluar el papel de la PKP2 en CAD mediante la investigacion de la
expresion de PKP2 y la estructura desmosdmica en la piel no afectada de perros de raza GSD con CAD
(portadores del alelo GWAS SNP de alto riesgo) y sanos. También se intentd definir los tipos de células en
la piel que expresan PKP2 y su ubicacion intracelular.

Animales/Métodos - Se recolectaron biopsias cutdneas de nueve perros afectados por CAD y cinco con-
troles de raza GSD. Las biopsias se congelaron para realizar inmunofluorescencia y se fijaron para inmuno-
marcaje y estudio morfolégico mediante microscopia electronica.

Resultados — Se observé por vez primera la expresién de PKP2 en células dendriticas y células T en la piel
del perro. Por otra parte, detectamos que PKP2 fue mas uniformemente expresada dentro de queratinoci-
tos en comparacion con su proteina de unién en desmosomas, placoglobina. La proteina PKP2 se localizd
en el ntcleo y en filamentos de queratina unidos a desmosomas. No se observd diferencia en la abundan-
cia de PKP2 entre los casos afectados por CAD y los controles.

Conclusion - La proteina placofilina-2 en la piel de perro se expresa tanto en las células epiteliales como
inmunitarias, y basados en su ubicacién subcelular su papel funcional estaria implicado en procesos nuclea-
resy estructurales.

Zusammenfassung

Hintergrund - Die atopische Dermatitis des Hundes (CAD) ist eine entzlindliche und juckende allergische
Hauterkrankung, die durch Wechselwirkungen von genetischen und Umweltfaktoren verursacht wird. Bis-
her wurde ein Genom-weiter signifikanter Risikolokus am caninen Chromosom 27 bei Deutschen
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Schaferhunden (GSs) fur CAD identifiziert und Plakophilin-2 (PKP2) wurde als Top Kandidatengen definiert.
PKP2 stellt eine wesentliche Komponente der Desmosomen dar und ist auch wichtig bei der Nachrich-
tentbermittlung, dem Stoffwechsel und bei der Transkription.

Ziele — Das Hauptziel war eine Evaluierung der Rolle von PKP2 bei der CAD mittels Untersuchung der
PKP2 Exprimierung und der Desmosomenstruktur in nichtveranderter Haut von Schaferhunden mit CAD
(Trager des Top GWAS SNP Risikoallels) und gesunden Schaferhunden. Wir versuchten auch die Zelltypen
in der Haut, die PKP2 exprimieren zu definieren und ihre intrazellulare Lokalisation zu bestimmen.
Tiere/Methoden - Es wurden Hautbiopsien von neun Schaferhunden mit CAD und fiinf Schaferhunden
als Kontrolle genommen. Die Biopsien wurden fir eine Immunfluoreszenzuntersuchung eingefroren und
fixiert flr die Immunmarkierung und Morphologie-Analyse mittels Elektronenmikroskop.

Ergebnisse - Als neue Beobachtung fanden wir die Exprimierung von PKP2 in denritischen Zellen und in T
Zellen der Hundehaut. Zusatzlich fanden wir, dass PKP2 im Vergleich zum desmosomalen Bindungspartner
Plakoglobin innerhalb der Keratinozyten gleichmafiger exprimiert wurde. PKP2 Protein war im Kern lokali-
siert und durch Keratinfilamente an den Desmosomen fixiert. Es wurde kein Unterschied im Ausmal3s des
PKP2 zwischen den CAD Fallen und den Kontrollen beobachtet.

Schlussfolgerung - Plakophilin-2 Protein in der Hundehaut wird sowohl in epithelialen wie auch in Immun-
zellen exprimiert und aufgrund seiner subzellularen Lokalisation wird seine funktionelle Rolle sowohl in
Vorgangen im Kern wie auch in der Struktur vermutet.
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Resumo

Contexto — A dermatite atdpica canina (DAC) é uma dermatopatia alérgica inflamatdria e pruriginosa cau-
sada por interagoes entre fatores genéticos e ambientais. Anteriormente, um loco no cromossomo canino
27 foi identificado por métodos genomicos como um risco significativo para DAC em pastores alemaes
(PAs), e o gene placofilina-2 (PKP2) foi definido como o principal candidato. PKP2 é um componente crucial
dos desmossomos e também é importante nas atividades metabdlicas, transcricionais e de sinalizagao.
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Objetivos — O principal objetivo foi avaliar o a fungao da PKP2 na DAC a partir da investigagao na expressao
de PKP2 e da estrutura dos desmossomos na pele alesional de caes com DAC (portadores do alelo de risco
GWAS SNP) e PAs saudaveis.

Animais/métodos - Bidpsias cutaneas foram coletadas de nove caes atdpicos e cinco PAs saudaveis
(controle). Os fragmentos foram congelados para imunofluorescéncia e fixados para imunomarcagao e
anélise de morfologia em microscopio eletronico.

Resultados - Observou-se a expressao de PKP2 em células dendriticas e células T em caes, um achado
inédito. Além disto, detectou-se que PKP2 foi expressada mais uniformemente dentro de queratindcitos
guando comparado com a placoglobina, seu complemento de ligagao desmossomico. A proteina PKP2 foi
localizada no ndcleo e nos filamentos de queratina ligados aos desmossomos. Nao foi observada diferenca
na abundancia de PKP2 entre caes atépicos e caes controle.

Conclusao - A placofilina-2 é um proteina expressada tanto em células epiteliais quanto do sistema imu-
noldgico, e, baseado em sua localizagao subcelular, a sua fungao esta relacionada tanto a processos nucle-
ares quanto estruturais.
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