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Desmoglein 1 Deficiency Causes Lethal
Skin Blistering
Journal of Investigative Dermatology (2019) 139, 1596e1599; doi:10.1016/j.jid.2019.01.002

TO THE EDITOR
Pemphigus is an autoimmune bullous
disorder
affecting
both
mucous
membranes
and
the
epidermis
(Kasperkiewicz et al., 2017). It is widely
accepted that pemphigus is caused by
autoantibodies
primarily
targeting
desmosomal cadherins desmoglein (Dsg)
1 and 3, which are crucial for intercellular
cohesion of keratinocytes. The relevance
of autoantibodies against other antigens
detectable in pemphigus patients is

unclear yet (Spindler et al., 2018). There
are two main forms of pemphigus, which
differ with respect to their clinical
phenotype: in pemphigus vulgaris, skin
blistering affects the deep epidermis
when, in addition to antibodies against
Dsg3, autoantibodies targeting Dsg1 are
detectable (Spindler and Waschke, 2018).
In pemphigus foliaceus, epidermal blistering is also associated with autoantibodies against Dsg1, but is confined to the
superficial epidermis.

Abbreviation: Dsg, desmoglein
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By passive transfer, it has been shown
in mouse models that autoantibodies
against Dsg1 and Dsg3 induce
pemphigus phenotypes similar to
humans (Mahoney et al., 1999). More
recently, it was proposed that different
signaling mechanisms in pemphigus
correlate with different autoantibody titers against Dsg1 and Dsg3 and define,
at least in part, the different clinical
phenotypes in pemphigus (Walter et al.,
2017). However, antibodies against
Dsg1 in contrast to those against Dsg3
where not directly interfering with Dsg
binding (Heupel et al., 2008; Waschke
et al., 2005). Deletion of Dsg3 without
loss of Dsg1 function causes a mild
pemphigus vulgaris-like phenotype in
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Figure 1. Lack of Dsg1 leads to lethal epidermal blister formation. (a) Combination of single- guide
RNAs flanking Dsg1b and c gene were selected (red and green arrows). The DNA damage was repaired
by a nonhomologous end joining mechanism, introducing a deletion resulting in complete Dsg1
knockout. (b) Fertilized oocytes were microinjected with CRISRP/Cas9 expression vector carrying singleguide RNAs and transferred into foster mothers. (c) Genotyping of F1 generation revealed offspring with
depletion of the entire Dsg1 locus. (d) Altogether, 63 mice were analyzed (Supplementary Table S1
online). In contrast to Dsg1þ/e mice with limited neonatal lethality, all newborn Dsg1e/e mice died
within the first 24 hours. (e) Compared to Dsg1þ/þ and Dsg1þ/e mice, lack of Dsg1 induced severe skin
blistering (arrowhead). (f) When embryos were collected ex utero, Dsg1e/e but not WT or Dsg1þ/e
littermates displayed epidermal cleavage (arrowhead). Dsc, desmocollin; Dsg, desmoglein; NHEJ,
non-homologous end joining; NTC, non-template control.

the skin and conjunctiva (Koch et al.,
1997; Vielmuth et al., 2016), whereas
epidermis-specific deletion of desmocollin 3, a desmosomal cadherin also
expressed in basal epidermis, but rarely
targeted by pemphigus autoantibodies,
induces a severe pemphigus vulgaris
phenotype (Chen et al., 2008). On the
other hand, inactivation of Dsg3 with a
specific autoantibody derived from a
pemphigus vulgaris mouse model has
been shown to cause skin blistering

in vivo (Spindler et al., 2013; Tsunoda
et al., 2003) and a monoclonal antibody against Dsg1 also induced superficial epidermal splitting in ex vivo
human skin (Yoshida et al., 2017).
Collectively, these finding indicate that
Dsg1, Dsg3, and desmocollin 3 are
important for keratinocyte cohesion.
However, the fact that deletion of desmocollin 3 alone induces a pemphigus
phenotype in mice (Chen et al., 2008)
challenges
the
hypothesis
that

inactivation of Dsg1 is required and
sufficient to induce skin blistering in
both
pemphigus
vulgaris
and
pemphigus foliaceus. Thus, the role of
Dsg1 for epidermal integrity is not
entirely clear at present.
To address this question, we established a mouse model with deletion of
the Dsg1a-Dsg1c gene locus by
CRISPR/Cas9 technology to delete the
whole Dsg1 gene complex in Dsg1e/e
mice (Figure 1aec). All nine mice
with homologous Dsg1 inactivation
(Dsg1e/e) died within 24 hours after
birth (Figure 1d). Homozygous mice
were substantially smaller and displayed loss of epidermis, whereas wildtype mice appeared macroscopically
normal (Figure 1e). In contrast, most
heterozygous (Dsg1þ/e) mice were unaffected. Nevertheless, 3 out of 33
heterozygous mice also died within 24
hours after birth. When mice were
removed ex utero before birth, Dsg1e/e
displayed epidermal cleavage, but skin
was largely intact, indicating that splitting of the epidermis occurred due to
shear stress during birth (Figure 1f).
Hematoxylin and eosin staining
revealed that in Dsg1e/e, but not in
macroscopically normal Dsg1þ/e and
wild-type
mice,
the
superficial
epidermis was cleaved entirely within
the granular layer (Figure 2a). This
phenotype is closely resembling the
histology of pemphigus foliaceus patients’ lesions, in which antibodies
against Dsg1 are found and believed to
be the primary cause of skin blistering
(Waschke, 2008). The toluidine blue
penetration test showed that Dsg1e/e in
contrast to wild-type and heterozygous
animals completely lacked epidermal
barrier function (Figure 2b). As shown
by immunostaining and immunoblot
analysis, Dsg1 was completely absent
in Dsg1e/e epidermis (Figure 2c,
Supplementary Figure 1b online),
whereas the staining and expression
patterns of other desmosomal cadherins
and desmosomal plaque proteins, as
well as of the adherens junction molecule E-cadherin, remained unaltered in
any genotype analyzed (Figure 2c,
Supplementary Figure S1a, S1b). In line
with a previous study demonstrating the
formation of tight junctions in the superficial epidermal layers of the stratum
granulosum (Furuse et al., 2002;
Rubsam et al., 2017), immunostaining
www.jidonline.org
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Figure 2. Characterization of the epidermis of newborn Dsg1 null mice. (a) Hematoxylin and eosinestained skin cross sections revealed superficial
epidermal splitting only in Dsg1e/e, (asterisks indicate blister cavities), scale bar ¼ 75 mm, n ¼ 3. (b) In toluidine blue penetration assay, the skin of Dsg1e/e, but
not of Dsg1þ/þ and Dsg1þ/e, littermates was stained, demonstrating epidermal barrier loss. n ¼ 3. (c) Immunostaining for Dsg1, Dsg3, and E-cadherin
shows that Dsg1 depletion did not alter expression patterns of Dsg3 or E-cadherin (asterisk displays blister cavity), scale bar ¼ 25 mm, n ¼ 3. (d) When compared
to wild-type mice, occludin immunostaining was largely lost in Dsg1e/e and fragmented in Dsg1þ/e littermates. To visualize skin layers, F-actin was labeled
with phalloidin and nuclei were visualized with DAPI, scale bar ¼ 25 mm, n ¼ 3. Dsg, desmoglein.

analysis in wild-type animals revealed
intensive staining of the TJ-specific
protein occludin in the granular layer
(Figure 2d). In contrast, in Dsg1e/e
mice occludin staining was largely absent (Figure 2d). Interestingly, although
the stratum granulosum was present in
the three Dsg1þ/e mice, which died
within 24 hours after birth, tight junction
integrity was severely altered as indicated
by ragged, discontinuous occludin staining, suggesting that epidermal barrier
function was compromised in these animals as well (Figure 2d). In addition,
except for the slight increase in claudin 1
in knockout mice, the distribution and
expression patterns of other tight junction
proteins resembled those of wild-type
and heterozygous pups (Supplementary
Figure S1a, S1b).
Taken together, these data demonstrate that Dsg1 is crucial for epidermal
1598

integrity and barrier function. Complete
loss of Dsg1 causes a lethal pemphigus
phenotype,
indicating
that
autoantibody-induced inactivation of
Dsg1 in pemphigus is sufficient to
cause skin blistering.
MATERALS AND METHODS
Refer to the Supplementary Materials
online.
All animals were kept under conditions
that conformed to the regulations and the
permission of the Government of Upper
Bavaria, (Az. 55.2-2532.Vet_02-14-139),
Germany. All experiments were performed
in accordance with the relevant guidelines
and regulations.
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Morpholino-Mediated Gene Knockdown in
Zebrafish: It Is All About Dosage and Validation
Journal of Investigative Dermatology (2019) 139, 1599e1600; doi:10.1016/j.jid.2019.01.017

TO THE EDITOR
We read with great interest the commentary by Li and Uitto (2018) on our
recent article describing a mutant, a
morpholino (MO), and a CRISPR/Cas9based zebrafish model of pseudoxanthoma elasticum due to abcc6a
deficiency (Van Gils et al., 2018). We
were, however, surprised to see that in
the comparison the authors made between the phenotype of the different
abcc6a
zebrafish models,
MOmediated knockdown of abcc6a is
mentioned to be associated with pericardial edema, curled tail, and early
demise of the larvae. The experiments
in our article clearly demonstrate that

these rather aspecific findings are not
part of the phenotypic spectrum of
abcc6a knockdown or knockout, but
are likely consequences of the dosage
and the nature of the MO that is used.
Concerns about the reliability of MOinduced knockdown of genes have
risen since Kok et al. (2015) found that
approximately 80% of phenotypes seen
using MO knockdown technology in
zebrafish were not seen in mutants of
the same gene. It made the genetic
community aware of the potential risks
of so-called “off-target effects” leading
to aspecific phenotypes. Indeed, structural abnormalities of the tail and heart,
as well as developmental delay,

Abbreviation: MO, morpholino
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neurotoxicity, and early demise have
been reported for numerous genes after
MO knockdown (Place and Smith,
2017; Robu et al., 2007; SchulteMerker and Stainier, 2014). Often,
these off-target effects were induced by
a variety of factors, necessitating the
implementation of proper controls.
Most commonly, higher dosages of MO
oligonucleotides induce p53-mediated
cell death in morphants through unknown mechanisms. This can be
controlled for by knocking down p53
through co-injection of a p53 MO
(Blum et al., 2015; Morcos et al., 2015;
Moulton, 2017), as was done in our
article (Van Gils et al., 2018). Additionally, low binding affinity of the MO
for its target RNA sequence may
contribute to the occurrence of these
off-target effects (Joris et al., 2017).
Concomitantly, genetic compensation
following gene knockdown has been
www.jidonline.org

1599

D Kugelmann et al.
Dsg1 Deficiency Causes Lethal Skin Blistering

SUPPLEMENTARY MATERIALS
Generation of knock-out Dsg1 a-c
mouse model

The Desmoglein 1 alpha to gamma
(Dsg1a-c) knock-out mouse was generated using a CRISPR/Cas9 system. The
Dsg1a-c cluster consists of three
neighbouring a-c genes located on
mouse chromosome 18 where Dsg1b
and c flank/border the Dsg1a gene region. Deletion of Dsg1a- Dsg1c locus
was achieved by designing single-chain
guide (sg) RNA sequences flanking the
Dsg1c and b form. Each gsRNA was
defined as 20 bp of gene specific
sequence followed by a so called PAM
motive (NGG). A publicly available
algorithm from Institut des Neurosciences (http://crispor.tefor.net/) was utilized to select the desired gene specific
sequences. The sequences picked
up for Dsg1c and Dsg1b were inserted
into a CRISPR expression vector containing also a coding sequence for
Caspase 9 nuclease. The resulting
four constructs were injected into
fertilized mouse oocytes derived from
C57B1/6N mice (Charles River WIGA
Sulzfeld). The surviving oocytes were
transferred into foster mothers. Subsequent genotyping of the F1 generation
identified an offspring with deletion
of the entire Dsg1 locus. The latter
were used for further breeding and
analyses.
Ex utero preparation

The day after mating, female mice were
checked for the presence of a vaginal
plug. This day was counted as embryonic day 0.5 (E0.5). At E20 the uterus
was dissected and the embryos were
collected. Further determination of the
genotype was performed following the
genotyping protocol.
Genotyping protocol

Experimental crosses were performed by
breeding parental male and female
Dsg1a-c -/+ heterozygotes mice. Confirmation of their genotype was achieved
by PCR with DNA extracted from tail or
ear biopsies using hot sodium hydroxide
and Tris, according to the protocol
(Truett et al., 2000). Set of screening
primers FW: GGTTGTTTAACTTTTCC
ATTTTGACAGT and REV: GGATT
CGGGTTTTACTTGTCAATATC generated a product of 793 bp indicative of
the presence of mutant (Dsg1a-Dsg1c

knock-out)
allele.
The
second
primer set (FW: CTTGTGGTGA
GAGGCTCAGAC, REV: CTGGAACAAGAGGCAAAGTATCAGC) was utilized for amplification of 407 bp
product validating the existence of
wild type Dsg1a-Dsg1c allele. The 407
bp DNA fragment is part of the Dsg1
locus deleted during CRISPR/Cas9 targeting. Simultaneous manifestation of
both PCR products reveals the existence of heterozygote animals.
Nested PCRs with both set of primers
was carried out as follow: initial denaturation of 3 min at 95 C, followed by
39 cycles at 95 C for 30 sec, 55 C for
30 sec, and 72 C for 1 min. Final
extension at 72 C for 10 min
completed the PCR.
Antibodies

In the present study, the following
antibodies were used: mouse-anti-Dsg
1+2 antibody (Progen Biotechnology,
Heidelberg, Germany); mouse-antiDsg3 AK18 antibody (MBL International Corporation, Woburn, MA,
USA); mouse E-Cadherin antibody (BD
Transduction, Heidelberg, Germany);
rabbit-anti-occludin antibody (Thermo
Fisher Scientific, (Germering, Germany); rabbit-anti-claudin 1 antibody
(ThermoFisher Scientific); rabbit-anticlaudin 5 antibody (Abcam); rabbitanti-desmoplakin (NW6) antibody
(kindly provided by Kathleen Green
(Northwestern University, Chicago.
IL); (Roberts et al., 2014)); rabbitanti-desmocollin 1 (Dsc 1) antibody
(Abcam); rabbit-anti-desmocollin 3
(Dsc 3) antibody (LifeSpan BioSciences);
mouse-anti-plakoglobin
(PG) antibody (Progene); rabbit-antizonula occludens 1 (ZO 1) antibody
(ThermoFisher Scientific); mouse-anti
Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH) antibody (Aviva
Systems Biology). Filamentous actin
(F-actin) was illuminated using an
Alexa 488 phalloidin dye (Life Technologies, Karlsruhe, Germany). Staining
with
40 .60 -diamidino-2phenylindole (DAPI) provides visualization of the nucleus. All corresponding
secondary
antibodies
were
purchased from Dianova (Hamburg,
Germany). Non-specific binding of the
secondary antibodies were tested (data
not shown).

Western blot analysis

Mouse skin tissue lysates were prepared
by homogenization in SDS-buffer. The
samples were subjected to gel electrophoresis and Western blot according to
standard procedures.
Histology and immunostaining

Whole mounted sample of mice
embryos were embedded in Tissue Tec
(Leica Biosystems, Nussloch, Germany). Thereafter the samples were
serially sectioned at 7mm thickness using a cryostat microtome (Cyrosstar
NX70, Thermo Fisher). Hematoxylin
and esoin (H.E.) staining was performed
according to the standard protocols
(Maria Mulisch, 2015) and mounted in
DEPX (Sigma-Aldrich, St. Louis, MO,
U.S.A). Images were captured using a
Leica DMi8 microscope with a HC PL
APO 40x/0.85 Dry objective. For
immunofluorescence analysis, the
slides were heated for 45 min at 60 C,
washed with PBS and fixed with 2%
paraformaldehyde in PBS for 20 min.
Next, samples were rinsed several times
with PBS, permeabilized with 1%
Triton X-100 for 60 min and after final
washing with PBS, blocked with 3%
bovine serum albumin and 1% normal
goat serum for 60 min. The primary
autoantibodies were incubated overnight at 4 C. After washing with PBS,
respective secondary antibodies were
applied for 60 min at room temperature. Lastly, slides were mounted with
1.5% n-propyl gallate in glycerol. The
images were taken with a Leica SP5
confocal microscope using a 63x/1.40
PL APO oil objective (Leica, Mannheim, Germany).
Toluidine blue assay

To assess epidermal barrier integrity,
the toluidine blue barrier assay was
accomplished as described elsewhere
(Schmitz et al., 2015). Briefly, sacrificed
mice were rinsed in PBS. Subsequently,
by immersion in 25, 50, 75, 100, 75, 50
and 25% methanol, skin penetration
with toluidine blue was permitted. As
next, the pups were rehydrated in PBS,
immersed in 0.1% toluidine blue for 10
minutes and again washed with PBS.
Blue stained embryos are indicative for
the presence of barrier defects, whereas
intact barrier will prevent the staining
of the skin.

www.jidonline.org 1599.e1
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Supplementary Figure S1. Expression pattern of desmosomal and TJ-associated proteins due to lack of Dsg1. (a) Immunostaining of skin sections from mice
with different genotypes revealed no changes in the expression pattern and distribution of desmosomal and TJ-associated proteins, scale bar ¼ 25mm, n¼3.
(b) Immunoblot analysis of TJ and desmosomal components with corresponding GAPDH loading control, n¼3.

Supplementary Table S1. Litters and the ratio of WT (Dsg1+/+),
heterozygous (Dsg1+/-) and Dsg1 null mice (Dsg1-/-)
Litter

Total number of mice

Dsg 1+/+

Dsg 1+/-

Dsg 1-/-

1
2
3
4
5
6
7
8
9
10
Total

7
6
4
4
5
7
6
6
8
10
63

3
2
1
0
1
1
2
1
4
3
18

3
3
3
4
3
5
3
3
4
5
36

1
1
0
0
1
1
1
2
0
2
9

In total 63 mice derived from 10 litters were analyzed.
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