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KRT)5 in-frame deletion in a family of German Shepherd dogs with
split paw pad disease resembling localized epidermolysis bullosa

simplex in human patients

Abstract

Split paw pad disease is a scarcely defined phenotype
characterized by skin lesions on the paw pads of dogs.
Westudied a family of German Shepherd dogs, in which
four dogs developed intermittent paw pad lesions and
lameness. The paw pads of two of the affected dogs
were biopsied and demonstrated cleft formation in the
stratum spinosum and stratum corneum, the outermost
layers of the epidermis. Whole genome sequencing data
from an affected dog revealed a private heterozygous
18 bp in frame deletion in the KRTS5 gene. The deletion
NM_001346035.1:c.988_1005del or NP_001332964.1:p.
(Asn330_Asp335del) is predicted to lead to a loss
of six amino acids in the L12 linker domain of the
encoded keratin 5. KRTS5 variants in human patients
lead to various subtypes of epidermolysis bullosa
simplex (EBS). Localized EBS is the mildest of the
KRT5-related human diseases and may be caused by
variants affecting the L12 linker domain of keratin 5.
We therefore think that the detected KRT5 deletion
in dogs represents a candidate causal variant for the
observed skin lesions in dogs. However, while the
clinical phenotype of KRT5-mutant dogs of this study
closely resembles human patients with localized EBS,
there are differences in the histopathology. EBS is
defined by cleft formation within the basal layer of
the epidermis while the cleft formation in the dogs
described herein occurred in the outermost layers, a
hallmark of split paw pad disease. Our study provides
a basis for further studies into the exact relation of
split paw pad disease and EBS.

Keratins form the largest subgroup of intermediate fil-
aments in vertebrates (Gu & Coulombe, 2007). Humans
and dogs possess 55 and 61 functional keratin genes, re-
spectively. Over half of all keratin genes are expressed in
adult skin (Balmer et al., 2017; Wang et al., 2016). They
are classified into type I for acidic and type II for basic
to neutral keratins (Moll et al., 2008). Intermediate

filaments share common structural elements compris-
ing a central coiled-coil rod domain with a-helical
confirmation and a non-helical head and tail domain.
The central rod is divided into subdomains 1A, 1B, 2A,
and 2B, which are connected by three linkers named
L1, L12, and L2 (Parry et al., 2007). Type I and type II
keratin monomers form a heterodimer by antiparallel
alignment of their central rod domains. The resulting
filaments play a major role in providing mechanical
stability to skin (Gu & Coulombe, 2007). Keratinocytes
in the basal epidermal layers predominantly express
KRTS5 (type I) and KRTI14 (type II). They form a het-
erodimer mainly present in the form of loose filament
bundles (Wang et al., 2016). The resulting keratin fil-
ament network is connected to hemidesmosomes,
which attach the basal keratinocytes to the underly-
ing basement membrane (Walko et al., 2015). Genetic
variants in KRT5 and KRTI4 are known to represent
the most frequent cause of epidermolysis bullosa sim-
plex (EBS) in humans and animals alike (Bergson
et al., 2023; Dettwiler et al., 2020; Kiener et al., 2022;
Lane et al., 1992). EBS is the most widespread type of
epidermolysis bullosa (Has et al., 2020). The disease is
defined by skin blistering within the basal layer of the
epidermis due to a higher skin fragility and reduced re-
silience to mechanical stress. Depending on the severity
and localization of the lesions, three subtypes of EBS
are defined: localized, intermediate, and severe (Has
et al., 2020). EBS is mostly inherited as an autosomal
dominant trait (Coulombe et al., 2009). In dogs, so far
one case of EBS associated with a KRT5:p.E476K mis-
sense variant has been described in a Welsh Corgi with
skin blistering and erosions on the paw pads, lips, and
oral mucosa (Kiener et al., 2022; OMIA 002081-9615).
The objective of this study was to investigate clinically,
pathologically, and genetically four closely related
German Shepherd dogs with skin lesions on their paw
pads (Table S1).

A general and dermatologic case history for cases 1-4
was gathered by contacting the general practitioners and
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owners via phone by a veterinary dermatological spe-
cialist (U.M.) or resident (A.L.).

All affected dogs had their first clinical signs in young
adulthood (age 6-12months) with one or more paws
being affected with intermittent, painful lesions on the
paw pads leading to lameness (Figure la). The clinical
signs resembled descriptions of split paw pad disease in
the literature (Gross et al., 2005; Miller et al., 2012). In
three of the four dogs, the lameness was the first clinical
sign before the skin of the paw pads was macroscopically
affected with visible erosions. Case 2 had to be eutha-
nized due to bad quality of life. The other three affected
dogs showed milder signs of skin detachment on the paw
pads that were often noted after walks.

Biopsies taken from cases 1 and 2 were diagnosed
compatible with ‘split paw pad disease’ by two differ-
ent commercial laboratory pathologists. Recuts were
reviewed by one of the authors (S.S.). Histopathological
examination revealed a focal-extensive to complete split/
cleft in the epidermal stratum spinosum and stratum
corneum, respectively (Figure 1b). In one of the dogs,
the split was associated with coagulative necrosis of the
epidermis, while in the other it was filled with abundant
fibrin, some necrotic debris, and some degenerated neu-
trophils. Prominent epidermal hyperplasia and hyper-
keratosis were also present. One dog presented ulcerated
areas with associated superficial dermal neutrophilic
infiltrates, while the dermis of the other dog presented
in the upper dermis some lymphocytes and plasma cells
and rare neutrophils.

A relative to the four described cases presented with
healing paw pad lesions to one of the authors (N.T.). A
subsequent histopathological examination of a biopsy
showed different findings compared to cases 1 and 2.
This dog presented irregular epidermal hyperplasia with
parakeratotic peaks, and scattered vacuolization and
apoptosis of the keratinocytes in the basal cell layer. We
therefore hypothesized that this dog was affected by a
clinically related, yet different disease.

EDTA blood samples for DNA isolation were ob-
tained from 36 German Shepherd dogs including the
four related cases. The genome of case 1 was sequenced
at 25.3x coverage on an Illumina Novaseq 6000 instru-
ment. Mapping to the UU_Cfam_GSD_1.0 reference
genome assembly and variant calling were performed

as described (Jagannathan et al., 2019). Comparison
to 1498 control genomes yielded 735 heterozygous and
92 homozygous private variants (Tables S2 and S3).
Nine of these variants were predicted to change an en-
coded protein, eight heterozygous and one hemizygous
on the X-chromosome. Only one of these variants was
located in a functional candidate gene for a genoder-
matosis. This was a heterozygous 18-bp deletion in the
coding sequence of KRTS5, a known candidate gene
for EBS (Figure 2a). The variant can be designated as
chr27:44081942_44091959del (UU_Cfam_GSD_1.0) or
NM_001346035.1:c.988_1005del. It is located in the fifth
of the nine exons of KRTS5. The in-frame deletion is pre-
dicted to lead to a loss of six amino acids in the encoded
protein, NP_001332964.1:p.(Asn330_Asp335del), which
are located in the L12 linker domain of the KRTS protein.

Additional dogs were genotyped by fragment
size analysis of PCR amplicons generated with
primers GGTACCAGGACTCAGCTTCC and
GAATGCCTGACTTCAAATCTCC followed by frag-
ment size analysis on a 5200 Fragment Analyzer system
(Figure 2b). All four affected dogs carried the deletion
in a heterozygous state. Unexpectedly, the dam of case
1, which had been reported as unaffected by the owner,
also carried the deletion (Figure 2c). This dog was not
clinically investigated by a veterinarian. This indicates
that the clinical phenotype of dogs carrying one copy of
the deletion allele might be variable. Based on the lim-
ited available data, we cannot rule out incomplete pen-
etrance in some dogs with the heterozygous genotype.
This could explain why an allele potentially causing a
dominant and early-onset hereditary disease has been
propagated over several generations and several litters in
the German Shepherd dog population.

The deletion was absent from another 11 close rela-
tives, the related dog described above with clinically sim-
ilar, but histopathologically different paw pad lesions,
and 15 unrelated German Shepherd dogs.

In human EBS patients, the localization of pathogenic
variants in the KRT5 gene correlates with the clinical
severity of the phenotype. The most severe phenotypes
were described for variants affecting the helix bound-
ary motifs located at the beginning and end of the cen-
tral rod domain. Variants affecting other regions of the
KRTS5 protein tend to result in less severe phenotypes of

FIGURE 1 Clinical and
histopathological phenotype of
investigated German Shepherd dogs.
(a) Ulcerated lesion on the main paw
pad of case 1. (b) The histopathological
examination revealed clefting in the
stratum spinosum of the epidermis.
The cleft is partly filled with fibrin and
neutrophils.
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FIGURE 2 Details of the KRT5:¢c.988_1005del variant. (a) Integrative Genomics Viewer screenshot of the whole genome sequence data
of case 1 showing the heterozygous deletion. Coordinates refer to chromosome 27 of the UU_Cfam_GSD_1.0 assembly. The KRTS5 gene is
transcribed in reverse orientation with respect to the reference genome. (b) Genotyping assay for the 18-bp deletion by fragment size analysis.
The wildtype amplicon is 185bp, the deletion allele is 167 bp. The shorter 167-bp DNA fragment resulting from the KRTS5 deletion is visible in
two heterozygous dogs. The additional third band in heterozygous dogs probably represents heteroduplex molecules. (c) Pedigree of dogs with
split paw pad disease. Dogs with a diagnosis of split paw pad disease are indicated with solid black symbols. One dog with paw pad lesions
that clinically resembled split paw pad disease, but had a different histopathological phenotype, provisionally classified as psorisiaform
pododermatitis, is indicated with a gray symbol. The dam of cases 1 and 2 was reported as clinically unaffected by her owner and is indicated
with a dashed symbol. Archived samples of ancestors were genotyped in order to identify the presumable founder of the mutant KRTYS allele.
Their phenotypes are unknown and indicated with question marks. Genotypes at KR75:c.988_1005del are indicated for all dogs, from which
a DNA sample was available. (d) Multiple species alignment of the L12 linker subdomain of the KRTS5 protein. The six amino acids that are
predicted to be deleted in affected dogs are highlighted. (e) Schematic representation of the rod domain organization in a keratin heterodimer
(modified from Bray et al., 2015). The L12 linker subdomain comprises one of the few non-helical regions of the rod domain, where KRT5 and
KRT14 do not form a coiled coil structure. This region is responsible for introducing a kink in the otherwise linear KRT5/KRT14 heterodimers
(Bray et al., 2015) and may therefore be slightly more tolerant for variants than the rigid coiled-coil regions.

intermediate or localized EBS (Coulombe & Lee, 2012;
Lane & McLean, 2004; Lee et al., 2012). Patients in two
unrelated human families carrying missense variants af-
fecting the L12 domain of KRTS5 have been reported with

mild palmar and plantar blistering (Chan et al., 1994).
This is in accordance with the observed clinical signs
limited to the paw pads of the German Shepherd dogs
described in this study.
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The histopathological features of cases 1 and 2 carry-
ing the deletion confirm the existence of an intraepider-
mal split/cleft, as expected for an EBS. However, the split/
cleft is not located in the epidermal basal layer, as would
be expected for EBS, but in the overlying stratum spi-
nosum/corneum, reminding of the poorly characterized
‘split paw pad disease’, which has been suggested to repre-
sent a cornification disorder (Gross et al., 2005). Although
KRTS5 is typically expressed in the epidermal basal layer
(Wang et al., 2016), the disease phenotype found in these
dogs suggest that a KRTS defect in dogs may also be asso-
ciated with cleft formation in upper parts of the epidermis.

A possible explanation for the histopathological
differences between the dogs described in this study
and human patients with KRT5-related localized EBS
might be that dogs have a less restricted expression of
KRTS, which may extend beyond the basal layer of
the epidermis leading to splitting within outer layers.
Alternatively, the impact of the KRTS5 in-frame dele-
tion on the basal layer of the epidermis may extend to
the superficial layers as a result of a disrupted corni-
fication process. Additional research is required to
clarify the function of KRTS5 in different layers of the
canine epidermis and its role for the integrity and ho-
meostasis of healthy skin.

In conclusion, we identify a KRT5 in-frame deletion
as a candidate causal variant for intermittent paw pad le-
sions in German Shepherd dogs with clinical similarities
to human-localized EBS. Based on the sample archive
of the breed club, we were able to confirm the de novo
mutation event giving rise to the KR75:c.988_1005del al-
lele. The presumed founder animal is a common ances-
tor of all known cases and was born in December 2003.
Our findings enable genetic testing to elucidate the pen-
etrance of the mutant KRTY allele and to determine how
far it is distributed in the German Shepherd dog popula-
tion. The exact relation between split paw pad disease in
dogs, which is characterized by cleft formation in higher
layers of the epidermis and EBS with cleft formation at
the basal layer remains unclear and warrants further
investigation.
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Canis lupus familiaris, dermatology, dog, keratin,
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