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Desmoglein 2, but not desmocollin 2, protects intestinal
epithelia from injury
Annika Gross1, Lotta A. P. Pack1, Gabriel M. Schacht1, Sebastian Kant2, Hanna Ungewiss3, Michael Meir4, Nicolas Schlegel4,
Christian Preisinger5, Peter Boor6, Nurdan Guldiken1, Claudia A. Krusche2, Gernot Sellge1, Christian Trautwein1, Jens Waschke4,
Arnd Heuser7, Rudolf E. Leube2 and Pavel Strnad1

Desmosomes are the least understood intercellular junctions in the intestinal epithelia and provide cell–cell adhesion via the
cadherins desmoglein (Dsg)2 and desmocollin (Dsc)2. We studied these cadherins in Crohn’s disease (CD) patients and in newly
generated conditional villin-Cre DSG2 and DSC2 knockout mice (DSG2ΔIEC; DSC2ΔIEC). CD patients exhibited altered desmosomes
and reduced Dsg2/Dsc2 levels. The intestines of both transgenic animal lines were histopathologically inconspicuous. However,
DSG2ΔIEC, but not DSC2ΔIEC mice displayed an increased intestinal permeability, a wider desmosomal space as well as alterations in
desmosomal and tight junction components. After dextran sodium sulfate (DSS) treatment and Citrobacter rodentium exposure,
DSG2ΔIEC mice developed a more-pronounced colitis, an enhanced intestinal epithelial barrier disruption, leading to a stronger
inflammation and activation of epithelial pSTAT3 signaling. No susceptibility to DSS-induced intestinal injury was noted in DSC2ΔIEC

animals. Dsg2 interacted with the cytoprotective chaperone Hsp70. Accordingly, DSG2ΔIEC mice had lower Hsp70 levels in the
plasma membrane compartment, whereas DSC2ΔIEC mice displayed a compensatory recruitment of galectin 3, a junction-tightening
protein. Our results demonstrate that Dsg2, but not Dsc2 is required for the integrity of the intestinal epithelial barrier in vivo.
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INTRODUCTION
Epithelial cell layers in general provide an efficient barrier against
the hostile environment. The intestinal epithelium has to facilitate
both, protection of the underlying tissue from invading micro-
organisms and efficient uptake of nutrients and solutes. Inter-
cellular junctions constitute a crucial part of this barrier and
consist of tight junctions (TJs), adherens junctions (AJs), and
desmosomes that together form the apical junctional complex
(AJC).1 TJ are the primary structures sealing the intercellular space.
However, pro-inflammatory signaling in epithelial cells alters the
TJ composition leading to reduced barrier function, thereby
contributing to the pathogenesis of multiple prevalent intestinal
disorders such as inflammatory bowel disease, celiac disease, or
infectious gastroenteritis.2,3 This process is driven by molecular
remodeling that results in decreased levels of claudin 1 and
occludin and increased amounts of claudins 2 and 15.1,4 AJs are
established mediators of cell–cell adhesion and play an important
role in cell polarization and differentiation via the associated Wnt/
β-catenin pathway.1

Desmosomes represent the least-studied AJC component. They
are, similar to AJs, important for cell adhesion and cytoskeletal
anchorage.5 Their importance becomes evident in inherited
cardiomyopathies that are caused by mutation in desmosomal
genes and blistering skin disorders elicited by desmosomal
autoantibodies. Desmosomes are also altered in microbial

infections in that their constituents are cleaved by bacterial toxins
and become targeted in adenoviral respiratory infections.6–8

Desmosomes bear structural similarities with hemidesmosomes
that with the help of integrins connect the cells to the extracellular
matrix. The crucial importance of hemidesmosomes was recently
demonstrated in mice with intestinal epithelial cell-specific α6
integrin ablation that develop colitis with spontaneous progres-
sion into high-grade intestinal carcinoma.9

To connect the cells, desmosomes comprise transmembrane
proteins termed desmosomal cadherins. These are subdivided
into the desmoglein and desmocollin type (gene names: DSGs/
DSCs, protein names: Dsgs/Dscs). Although homo- and hetero-
philic interactions between the extracellular Dsg and Dsc
domains have been described, the latter are preferred and
accordingly, both protein types are needed for cellular adhe-
sion.5,10 Dsgs/Dscs are expressed in a cell type-specific pattern
with Dsc2 and Dsg2 being the most widespread family members
and the major desmosomal cadherins of digestive epithelia.6 On
the cytoplasmic side, Dsg2/Dsc2 are connected to the armadillo
proteins plakoglobin (PG) and plakophilin 2 (Pkp2), which,
together with desmoplakin (Dsp), facilitate the attachment to
the keratin cytoskeleton.5,6

Despite their presumed biological importance, only in vitro
studies addressed the role of desmosomal cadherins in the
intestine so far. The data available up to date suggest that
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although they are both functionally and structurally similar, they
also display unique properties.6,11–13 For example, DSG2 knock-
down resulted in a compensatory upregulation of Dsc2, whereas
DSC2 loss did not lead to alterations in Dsg2 protein levels.14

Moreover, Dsg2 but not Dsc2 was cleaved during intestinal
epithelial cell apoptosis and DSG2 downregulation inhibited this
cell death pathway.15 In addition to experimental data pointing
toward a functional importance of desmosomes, a selective
decrease of Dsg2 was reported in patients with Crohn's disease.16

In cultured epithelial cells, this downregulation was associated
with increased permeability that was prevented by stabilization of
desmosomal adhesion.16 These disease-related changes coupled
with their established in vitro biological function as well as the
crucial importance of intercellular junctions1,9 prompted us to
analyze the in vivo properties of desmosomal cadherins in the
intestine. To that end, we generated conditional villin-Cre-
mediated DSG2 knockout and DSC2 knockout (DSG2ΔIEC/DSC2ΔIEC)
mice and analyzed desmosomal alterations in Crohn's disease
patients.
In summary, we demonstrate that intestinal DSG2 but not DSC2

is required for the integrity of the intestinal epithelial barrier
in vivo. These data might be of human relevance, as Crohn's

disease patients display altered desmosomes as well as reduced
desmosomal cadherin levels.

RESULTS
As patients with Crohn’s disease (CD) were reported to have
reduced intestinal Dsg2 levels,16 we performed transmission
electron microscopy that revealed an altered ultrastructure of
the apical junctional complex (Suppl. Fig. 1A). In particular, TJs
lacked proper membrane annealing, whereas desmosomes were
sometimes missing and/or exhibited irregular or asymmetric
plaques with reduced intermediate filament insertion. In contrast,
AJ were largely unaltered (Suppl. Fig. 1A). In line with that and
previous findings,16 a significant reduction in both desmosomal
cadherins, i.e., Dsg2 and Dsc2, was seen, whereas no obvious
alterations were detected in E-cadherin (Suppl. Fig. 1B, C).
Next, we directly addressed the biological relevance of

desmosomal cadherins in the newly generated intestinal-specific
knockouts. In agreement with previous reports,6 Dsg2 and Dsc2
were the only desmosomal cadherins expressed in the mouse
intestine (Fig. 1a). Both cadherins were abundantly expressed in
the intestine, whereas lower amounts were seen in other organs
such as the kidney (Fig. 1b). The newly generated intestine-
specific Dsg2 knockout (DSG2ΔIEC) displayed a selective and
efficient deletion of Dsg2 in both small and large intestine (Fig. 1c,
Suppl. Fig. 2A–D) and no upregulation of other desmoglein and
desmocollin isoforms was observed (Suppl. Fig. 3A). Immuno-
fluorescence staining confirmed the loss of Dsg2, whereas Dsc2/
PG staining was retained and demonstrated an unaltered
desmosome distribution (Fig. 2a). DSG2ΔIEC mice developed
normally, displayed normal weight gain and colon length (Suppl.
Fig. 4). No diarrhea was observed. Histological examination
revealed a morphologically inconspicuous small and large
intestine with correctly differentiated and localized cell types
(Fig. 2b, Suppl. Fig. 5A, B and data not shown). Unaltered levels of
the stem cell markers LGR5 and R-spondin and no changes in the
basal cell proliferation were noted (Suppl. Fig. 5C, D Suppl. Fig. 6).
No inflammation was observed at any analyzed time point (Suppl.
Fig. 7 and not shown). Electron microscopy revealed largely
normal desmosomal plaques, whereas the intercellular space
between the junctions was significantly wider in the small and
large intestine (Fig. 2c, Suppl. Fig. 8). Biochemical analysis
illustrated profound changes in other desmosomal components
with upregulation of Dsc2 and downregulation of Dsp and PG,
whereas the levels of Pkp2 and keratin 8 (K8) were not altered
(Fig. 2d, Suppl. Fig. 9). The same alterations were observed in small
and large intestine and the changes likely occurred at the
posttranscriptional level, as the mRNA expression of all analyzed
desmosomal genes was unaltered (Fig. 2e and data not shown).
Immunoblotting revealed decreased levels of occludin and
claudin 1 that are often reduced in situations leading to barrier
dysfunction, whereas no differences were observed in the TJ
proteins claudin 7 and 15 and the AJ protein E-cadherin (Suppl.
Fig. 10A). Immunofluorescence staining revealed a normal
distribution of tight and AJ proteins (Suppl. Fig. 10B). Myosin II
regulatory light chain (MLC) phosphorylation, that constitutes a
key regulator of TJ permeability, did not differ between DSG2ΔIEC

and DSG2fl/fl control mice (Suppl. Fig. 10C). In line with the
described changes in epithelial junctions, DSG2ΔIEC mice had an
increased intestinal permeability (Fig. 2f).
Given that DSG2ΔIEC mice did not show a spontaneous

intestinal injury, we tested their susceptibility to dextran sodium
sulfate (DSS) colitis. Even at low DSS doses, DSG2ΔIEC animals
developed a profound weight loss with bloody diarrhea and
intestinal lesions (Fig. 3a–c). As an additional sign of tissue
destruction, DSS-treated DSG2ΔIEC mice had shorter colons
(Fig. 3c). The histological examination revealed a marked
epithelial loss with an edema, inflammatory reaction, and goblet

Fig. 1 Dsg2 and Dsc2 are the major cadherins expressed in the
intestine and the generated DSG2-deficient animals (DSG2ΔIEC)
display an intestine-specific Dsg2 loss. a, b Expression levels of
DSG2, DSC2 as well as the other desmoglein and desmocollin family
members were assessed by real time RT-PCR in the indicated mouse
organs (n= 4–5). c DSG2 mRNA expression was quantified in the
highlighted mouse organs of DSG2ΔIEC (ΔIEC) and DSG2fl/fl (fl/fl)
mice (n= 4) by real time RT-PCR. Colonic desmoglein 2 (Dsg2)
protein levels were assessed in both groups by immunoblotting
(n= 5). L7 (mouse ribosomal protein) gene and β-tubulin (βTub)
were used as an internal and a loading control, respectively. Dsg,
desmoglein; Dsc, desmocollin; Liv, liver; B. duct, common bile duct;
G.bl, gallbladder; Kid, kidney; Stom, stomach; Duo, duodenum; Jeju,
jejunum; Ile, ileum; Col, colon. Two-tailed Student’s t test was used
for statistical analyses. **p < 0.01, ***p < 0.001

Desmoglein 2, but not desmocollin 2, protects intestinal epithelia from. . .
A Gross et al.

1631

Mucosal Immunology (2018) 11:1630 – 1639

1
2
3
4
5
6
7
8
9
0
()
;,:



cell loss that resulted in significantly higher injury scores (Fig. 3d).
The pronounced inflammation was confirmed by increased
intestinal myeloperoxidase activity as well as by higher pro-
inflammatory cytokine levels (Fig. 3e, f). Analysis of mesenteric
lymph nodes demonstrated increased bacterial translocation
(Fig. 3e).
To further delineate the mechanisms underlying the observed

phenotype, we analyzed the effects of short-term DSS adminis-
tration that led to modest histological changes (Fig. 4a).
Compared with controls, DSG2ΔIEC animals displayed a more-

profound epithelial cell loss into the intestinal lumen as
demonstrated by higher levels of the epithelial marker K8 in the
luminal content of the colon and by histological observation
(Fig. 4a). In DSG2ΔIEC mice, DSS treatment resulted in a marked
increase in intestinal permeability, whereas only a moderate DSS
effect was seen in DSG2fl/fl mice (Figs. 2f, 4b). In line with the
more-pronounced epithelial leakiness, molecular analyses demon-
strated an increased mRNA expression of pro-inflammatory
cytokines and an activated IL-22-STAT3 signaling (Fig. 4c–e).
Immunostaining revealed that STAT3 was phosphorylated in the

Fig. 2 DSG2-deficient animals (DSG2ΔIEC) display an altered desmosomal protein composition, a wider desmosomal space width and
increased intestinal permeability. a The distribution of Dsc2, plakoglobin (PG) and Dsg2 in the colon of DSG2ΔIEC (ΔIEC) and DSG2fl/fl (fl/fl) mice
was visualized by immunofluorescence. Scale bar= 20 μm. b Hematoxylin and eosin (H&E) staining revealed an unperturbed overall colon
architecture. c Desmosomal ultrastructure of colon samples was assessed by electron microscopy with subsequent quantification of the
desmosomal intercellular space (IS) width and length of the desmosomal plaque (n= 5). Scale bar= 200 nm. AJ, adherens junctions; De,
desmosomes; TJ, tight junctions d, e Immunoblotting and RT-PCR were employed to study the impact of Dsg2 loss on desmosomal
composition in the colon (n= 5). Dsc2, desmocollin 2; Dsp, desmoplakin; Pkp2, plakophilin 2; K8, keratin 8. f Administration of 4kD FITC-
dextran with subsequent quantification of serum FITC levels was utilized as a measurement of intestinal permeability (n= 5). Average mRNA
expression in DSG2fl/fl mice was arbitrarily set as 1 and levels in DSG2ΔIEC mice are presented as ratio. L7 (mouse ribosomal protein) gene and
β-tubulin (βTub) were used as an internal and a loading control, respectively. Data in c, f are shown as dot plots. Two-tailed Student’s t test was
used for statistical analyses. *p < 0.05
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epithelial cells and is most likely responsible for the increased
production of the antimicrobial peptide RegIIIβ (Fig. 4d, f). As
another consequence of the increased intestinal leakiness, we
detected elevated levels of cleaved caspase 1 in DSS-treated
DSG2ΔIEC mice suggesting enhanced inflammasome activation
(Fig. 4e).
To test the susceptibility of DSG2ΔIEC animals to infectious

colitis, we exposed mice to the murine pathogen Citrobacter
rodentium. In line with previous reports, the treatment did not lead
to weight loss (Suppl. Fig. 11A).17 During the peak of infection,

DSG2ΔIEC animals displayed higher fecal C. rodentium colony-
forming units (CFU) counts, however, both genotypes successfully
cleared the infection around day 18 (Suppl. Fig. 11B). Histological
analysis demonstrated characteristic epithelial detachment, crypt
elongation, and hyperproliferation that were more pronounced in
DSG2ΔIEC mice (Fig. 5a, b). The latter was confirmed by increased
amounts of Ki-67-positive epithelial cells and higher PCNA
expression (Fig. 5b, d, Suppl. Fig. 11C). No significant alterations
in the amount of goblet cells were seen (Suppl. Fig. 11D). Among
the C. rodentium-treated animals, DSG2ΔIEC mice displayed a

Fig. 3 DSG2-deficient animals (DSG2ΔIEC) exhibit an enhanced susceptibility to dextran sodium sulfate (DSS)-induced colitis. a Relative body
weights of DSG2ΔIEC (ΔIEC) mice (gray rectangles) and their floxed littermates (black circles, DSG2fl/fl, fl/fl, n= 7 each) were determined daily
starting at the time of first DSS administration. b–d Macroscopic images of the colon mucosa obtained by colonoscopy, stool guaiac test with
semi-quantitative scoring (n= 6), colonic length, and hematoxylin and eosin (H&E) staining of colon sections with morphometric
quantification were used to assess the severity of colitis at day 7 after DSS administration (n= 6). e, f The extent of colonic inflammation 7 days
after DSS exposure was evaluated by myeloperoxidase (MPO) activity and real time RT-PCR for TNFα and IL-1β (n= 3–6). The low cytokine
expression in non-treated animals (ctrl) was arbitrarily set as 1. L7 (mouse ribosomal protein) gene was used as an internal control. Bacterial
translocation into mesenteric lymph nodes (MLN) was quantified as the amount of colonies grown from total MLN homogenates on blood
agar plates (n= 7–8). Data in c, d, e are presented as dot plots. Two-tailed Student’s t test was used for statistical analyses of DSS-treated
animals. *p < 0.05, ***p < 0.001
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stronger inflammatory reaction, higher expression of pro-
inflammatory cytokines and a higher epithelial cell stress response
with activation of the STAT3 signaling pathway and its anti-
microbial product RegIIIβ (Fig. 5c, d). Immunostaining revealed
that STAT3 was phosphorylated to a large extent in epithelial cells
(Fig. 5d). In contrast to previous in vitro studies,18,19 untreated
DSG2ΔIEC mice displayed no obvious alteration in EGFR and p38
pathways (not shown). On the other hand, exposure of DSG2ΔIEC

mice to DSS or C. rodentium resulted in diminished EGFR and p38
levels (Suppl. Fig. 12A,B).
To better understand the biological significance of desmosomal

cadherins, we also assessed the role of Dsc2. Similarly to DSG2ΔIEC

mice, DSC2ΔIEC mice developed normally (Suppl. Figs. 13). Unlike
in DSG2-deficient mice, no profound changes in other

desmosomal or TJ components were observed (Fig. 6a, b, Suppl.
Figs. 14) and PG immunofluorescence revealed an unaltered
desmosomal distribution (Fig. 6b). In addition, no upregulation of
other desmocollin and desmoglein isoforms was noticed (Suppl.
Fig. 15). Electron microscopy indicated a normal desmosomal
ultrastructure (Fig. 6c). In line with that, DSC2ΔIEC mice showed no
alteration in intestinal permeability (Fig. 6d). A morphologically
inconspicuous small and large intestine with properly localized
cell types was noted (Fig. 7a, Suppl. Fig. 16). In particular, the
amount of goblet cells did not differ between DSC2ΔIEC and
DSC2fl/fl mice (Suppl. Fig. 16). Moreover, in both genotypes,
treatment with 2.4% DSS resulted in a comparable weight loss and
a similar histological injury (Fig. 7a, b). In line with that,
comparable levels of pro-inflammatory cytokines and antimicro-
bial peptides were noted (Fig. 7c and data not shown). To identify
the mechanisms responsible for the different biological impact of
DSG2 vs. DSC2 loss, we collected plasma membrane protein
fractions. These identified reduced amounts of the cytoprotective
chaperone Hsp70 in DSG2ΔIEC but not DSC2ΔIEC animals, whereas
the established Dsg2-interacting protein Galectin 320 was enriched
in the plasma membrane fractions of Dsc2-deficient, but not Dsg2-
deficient animals (Fig. 7d). As a potential molecular explanation,
Hsp70 co-immunoprecipitated with Dsg2 but not with Dsc2
(Fig. 7e and data not shown).
To further understand the ability of Dsg2/Dsc2 to compensate

for the loss of its counterpart, we examined colorectal adeno-
carcinoma DLD1 cells lacking either one or both desmosomal
cadherins.18,21 Immunofluorescence and immunoblotting con-
firmed the knockout of both cadherins as well as a complete re-
expression of full-length Dsc2 (FL Dsc2) in the double-knockout
line (Suppl. Fig. 17A, C). A simultaneous knockout of both
cadherins resulted in a marked loss of membranous Dsp/PG
staining, that was maintained in the lines lacking only one
cadherin (Suppl. Fig. 17B). Immunoblotting demonstrated that the
altered Dsp staining pattern is not due to changes in the protein
levels (Suppl. Fig. 17C). With regard to functional properties, a
knockdown of both cadherins resulted in a stronger decrease in
the transepithelial electrical resistance (TER) than the loss of Dsc2
only, while a re-expression of Dsc2 was not sufficient to rescue the
TER phenotype of double-knockout cells (Suppl. Fig. 17D).
In summary, our findings uncover the differential biological

relevance of the desmosomal cadherins Dsg2 and Dsc2 that are
both reduced in the human intestinal injury (Suppl. Fig. 1B, Fig. 7f).

DISCUSSION
Our study analyzed the in vivo biological role of desmosomal
cadherins in the intestine. We showed that desmosomal altera-
tions as well as loss of Dsg2/Dsc2 occur in patients with Crohn's
disease. As these patients display a strong activation of TNFα
signaling,22 our data are in line with previous findings implicating
TNFα in the loss of Dsg2 signal.16 In that respect, the regulation of
Dsg2 is reminiscent of the regulation of TJ proteins, which
undergo a strong inflammation-induced remodeling.1,3,4 On the
other hand, E-cadherin as a key component of AJs remained
unaltered in all conditions.
With regard to the biological importance of the desmosomal

cadherins, DSG2ΔIEC and DSC2ΔIEC mice displayed morphologically
normal desmosomes. In case of DSG2ΔIEC animals, this is not
surprising since previous reports demonstrated that Dsg2 is not
essential for desmosomal assembly.23,24 On the other hand, the
previous data on Dsc2 were somewhat contradictory. It was
reported to be indispensable for desmosomal assembly in an
in vitro study,24 however, Dsc2 knockdown in cancer cell lines did
not result in altered Dsg2 levels.14 In addition to normal appearing
desmosomes, neither DSG2ΔIEC nor DSC2ΔIEC animals show an
obvious epithelial injury under basal conditions. This is in line with
the intestinal Dsp KOs, that do not exhibit an obvious pathology

Fig. 4 DSG2-deficient animals (DSG2ΔIEC) subjected to dextran
sodium sulfate (DSS) for 4 days display higher intestinal permeability
and enhanced STAT3 signaling. a Hematoxylin and eosin (H&E)
staining of colon sections from DSG2ΔIEC (ΔIEC) mice and their
floxed littermates (DSG2fl/fl or fl/fl) was performed. Western Blot
depicts the epithelial cell marker keratin 8 (K8) in the colonic luminal
content. b Serum FITC levels were measured following gavage of
4kD FITC-dextran and presented as dot plots (n= 6). c–e RT-PCR for
TNFα, IL-1β and IL-22 as well as the antimicrobial peptide REGIIIβ was
performed (n= 4–9). Activation of selected signaling pathways was
assessed by immunoblotting. The low cytokine expression in non-
treated animals (ctrl) was arbitrarily set as 1. All other values are
presented as ratio. L7 (mouse ribosomal protein) gene and β-tubulin
(βTub) were used as an internal and a loading control, respectively.
f Immunohistochemistry visualizes phosphorylated STAT3 in colon
sections of DSS-treated mice. Scale bar a, f= 100 μm. Two-tailed
Student’s t test was used for statistical analysis of DSS-treated
animals.*p < 0.05, **p < 0.01, ***p < 0.001
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either.25 In contrast, cardiomyocyte-specific DSG2 ablation
resulted in spontaneous arrhythmogenic cardiomyopathy,23

whereas deletion/mutation of other desmosomal cadherins led
to defects in oral epithelia, skin and hair follicles.26 Collectively,
these data suggest that desmosomal cadherins are essential for
integrity of mechanically challenged tissues, but are more
dispensable in single-layered epithelia.
Although untreated mice displayed no obvious phenotype,

altered desmosomal and TJ protein composition, wider desmoso-
mal space and increased intercellular permeability were noted in
DSG2ΔIEC but not DSC2ΔIEC mice (Fig. 7f). With regard to the
desmosomal composition and permeability, our data are consis-
tent with Dsg2/Dsc2 knockdowns performed in cancer cell lines
and suggest that Dsg2 loss has a more-profound impact on
intercellular junctions than Dsc2 ablation.18,19,23 A potential
explanation is that homophilic Dsg2 bonds, but not Dsc2 bonds
are able to at least partially compensate the ablation of the
partner protein. In support of the latter, cell lines that lacked both
Dsg2 and Dsc2 displayed similar TER as cells lacking Dsg2 only
(Suppl. Fig. 17D). Notably, although homophilic interactions of
cadherins occur in epithelial cells, formation of heterophilic Dsg-
Dsc interactions is preferred.10,27 In addition to the strength of
homophilic complexes, interactions with associated proteins
might be also responsible for the differences between DSG2ΔIEC

and DSC2ΔIEC mice. In particular, Hsp70 was found to interact with
Dsg2 but not Dsc2 and accordingly, Dsg2ΔIEC mice displayed lower
Hsp70 levels in their plasma membrane protein fractions. This

finding is intriguing as Hsp70 is an established stress-protective
protein that ameliorates the development of intestinal injury28,29

and is known to interact with keratins, i.e., structures that are
functionally tightly linked to desmosomes.30,31 However, further
studies are needed to delineate the functional importance of the
diminished Hsp70 levels in Dsg2ΔIEC mice.
On the other hand, DSC2ΔIEC mice (but not DSG2ΔIEC mice)

displayed an accumulation of galectin 3 in their plasma
membrane fractions. Of note, galectin 3 constitutes an established
Dsg2-binding protein and an important mediator of adhesive
strength.20 Therefore, a perturbation in Hsp70 might account for
the phenotype seen in DSG2ΔIEC mice, whereas galectin 3 may
functionally compensate for the Dsc2 loss (Fig. 7f). The reduced
p38 levels seen in DSG2ΔIEC mice exposed to DSS or C. rodentium
might be also of importance, since p38 in intestinal epithelia
protects from colitis development.32

Although the moderate impairment of intestinal barrier seen in
untreated DSG2ΔIEC mice is not sufficient to induce epithelial injury,
it becomes more evident in the analyzed stress models. Two key
events likely contribute to this finding: (i) inflammatory cytokines, in
particularly TNFα, that are induced in the stress models,33,34 further
weaken the desmosomal adhesion,16 (ii) the injuries increase the
leakiness of TJs that are known to constitute the major component
of the intestinal barrier. The weakening of TJs is both a direct effect
of an exposure to DSS/C. rodentium as well as a consequence of the
resulting inflammatory reaction.1,3,4,35–37 Moreover, our findings
indicate that Dsg2 ablation promotes TJ leakiness by decreasing the

Fig. 5 DSG2-deficient (DSG2ΔIEC) mice exhibit enhanced susceptibility to Citrobacter rodentium (C. rod.)-induced colitis. a Hematoxylin and
eosin (H&E) staining of colon sections with quantification of epithelial hyperplasia (Hypl), detachment (Detachm) and inflammatory immune
cell infiltration (Inflm) as well as colon crypt length determination was performed in DSG2ΔIEC mice and their floxed littermates (DSG2fl/fl or fl/
fl) 14 days after oral infection with C. rod. (n= 7). Scale bar= 200 μm. Data are shown as dot plots. b Ki-67 immunohistochemistry with
morphometric quantification visualize the proliferation in colon sections 14 days post infection with C. rod. (n= 7). c, d Real time RT-PCR for
the highlighted cytokines and the antimicrobial product REGIIIβ as well as immunoblotting for the indicated signaling molecules were
conducted in untreated and in C. rod.-infected mice (n= 4–7). L7 (mouse ribosomal protein) gene and β-tubulin (βTub) were used as an
internal and a loading control, respectively. mRNA expression in untreated fl/fl mice was arbitrarily set as 1 and other levels are presented as
ratio. Immunohistochemistry illustrates phosphorylated STAT3 in colon sections of C. rod.- infected mice. Scale bar b, d= 100 μm. Two-tailed
Student’s t test (a, b upper panels in c) or Mann–Whitney test (lower panels in c) were used for statistical analyses of C.rod.-exposed mice.*p <
0.05, **p < 0.01
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levels of tightening TJ components. This is supported by previous
in vitro studies in which loss of Dsg2-mediated adhesion led to
disruption of TJ integrity.15,38 Consequently, peptides strengthening
desmosomal adhesion may present a viable therapeutic strategy
in situations with impaired desmosomes.16

The above-described loss of epithelial barrier resulted in
stronger bacterial translocation that induced the observed
intestinal inflammation (Fig. 7f). Two classic inflammatory
pathways have been prominently activated: (i) production of
pro-inflammatory cytokines IL-1β and TNFα; (ii) activation of IL-
22-pSTAT3 signaling. IL-1β/TNFα are known to be produced as a
direct reaction to microbial components.39,40 The increased
levels of the former likely contribute to the stronger epithelial
loss seen after DSS treatment thereby leading to a vicious cycle
of inflammation and epithelial injury (Fig. 7f).40,41 On the other
hand, IL-22 belongs to anti-inflammatory cytokines that protect
from development of colitis in several models.40,42,43 It
stimulates, via STAT3 activation, epithelial cell proliferation,
and regeneration and likely contributes to the hyperplasia that
was observed in the C. rodentium model. As both signaling
pathways become activated as a consequence of increased
epithelial permeability after Dsg2 loss, the balance between IL-
1β/TNFα and IL-22-pSTAT3 activation presumably dictates,
whether DSG2ΔIEC animals will display increased epithelial loss
(as seen in the DSS model) or increased regeneration
(Citrobacter model).
In summary, our findings reveal desmosomal alterations in

patients with Crohn's disease and demonstrate the differential
importance of the desmosomal cadherins Dsg2/Dsc2 for the

desmosomal structure and susceptibility to intestinal injury (Fig. 7f).
Given that a TJ-stabilizing agent showed promise in a clinical trial
of celiac disease,44 further studies are warranted to explore the
therapeutic potential of desmosome-stabilizing peptides.16

MATERIALS AND METHODS
Mouse experiments
Mice with conditional (intestine-specific) Desmoglein 2 (Dsg2) or
Desmocollin 2 deletion were generated by crossing previously
described DSG2 exon4/5 floxed (DSG2fl/fl) and DSC2 exon2 floxed
(DSC2fl/fl) mice with mice expressing Cre under the control of the
villin promotor (DSG2ΔIEC/DSC2ΔIEC).23,45–47 All mice were on
C57BL/6 background and kept under standardized conditions
(12 h day/night cycle, 21–24 °C, humidity ~ 50%) with free access
to food and water. To induce colitis, 10-week-old sex-matched
mice were exposed to dextran sodium sulfate (DSS, MP
Biochemicals, Heidelberg, Germany) in the drinking water and
killed after 4 days (short-term DSS). Alternatively, DSS was
administered for 5 days with a change to normal water afterwards
and killing of animals at day 7 (long-term DSS). For DSG2ΔIEC and
DSC2ΔIEC mice, we used 1.6% and 2.4% DSS, respectively. For an
infectious model, C. rodentium strain DBS10048 was grown in
Luria-Bertani medium at 37 °C overnight by shaking (200 rpm).
9–10 weeks old sex-matched mice were infected by oral gavage
with 1 × 109 C. rodentium and analyzed 14 or 21 days thereafter. At
indicated time points, stool was collected, homogenized in sterile
phosphate buffered saline (PBS) (Digital Disruptor Genie, Scientific
industries, New York, US) and plated in serial dilutions on

Fig. 6 DSC2-deficient animals (DSC2ΔIEC) show an unaltered desmosomal plaque and no increased intestinal permeability. a Immunoblotting
was performed on total colon lysates from DSC2ΔIEC (ΔIEC) mice and their floxed littermates (DSC2fl/fl, fl/fl) (n= 5). β-tubulin (βTub) was used as
a loading control. b Immunofluorescence depicts the distribution of Dsc2 and plakoglobin (PG) in the colons of both genotypes. Scale bar=
20 μm. c Desmosomal ultrastructure was assessed on colon samples by electron microscopy with subsequent quantification of the
desmosomal intercellular space width and desmosomal length (n= 3). Scale bar= 200 nm. IS= intercellular space. d 4kD FITC-dextran was
administered and serum FITC levels were quantified as a measurement of intestinal permeability (n= 4). Data in c, d are shown as dot plots.
Cldn1, claudin 1; Dsp, desmoplakin; E-cad, E-cadherin; K8, keratin 8; PG, plakoglobin; Pkp2, plakophilin 2
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MacConkey agar plates (Roth, Karlsruhe, Germany) to count CFU of
C. rodentium. Untreated, age- and sex-matched littermates were
used as controls.
To examine intestinal permeability, mice were fasted for 3 h and

gavaged with 0.6 mg/g of body weight 4 kD fluorescein
isothiocyanate-labeled dextran (Sigma-Aldrich, Steinheim,
Germany). After 4 h, blood was collected retroorbitally and the
fluorescence intensity in serum was measured (excitation: 492 nm;
emission: 525 nm, Cytation3 imaging reader, BioTek, Bad Frie-
drichshall, Germany). The samples were prepared in duplicates
and the results calculated according to the standard curve. All
animals were weighted and killed by an isoflurane overdose with
a subsequent cervical dislocation. In selected animals, the distal
colon was analyzed via a mini-endoscope (Karl Storz, Tuttlingen,
Germany). Rectal bleeding was examined using commercial
hemoCARE fecal occult blood Guajak test using a semi-
quantitative scoring from 0 to 3 (0: no bleeding, 1: mild bleeding,
2: moderate bleeding, 3: severe bleeding). Mesenteric lymph
nodes were dissected and homogenates were plated on Columbia
sheep blood agar plates (Oxoid/Thermo Scientific, Munich,
Germany) to evaluate the translocation of bacteria into the lymph
nodes. Proximal intestinal parts were washed and stored as Swiss
rolls in 4% formaldehyde for histological evaluation or embedded
in O.C.T. compound (Tissue-Tek, Sakura, Staufen, Germany) for
cryosectioning. Distal parts were washed and snap frozen in liquid
nitrogen for biochemical and RNA analysis.

Human samples
As described in detail previously,38 human specimens were
obtained from terminal ileum of patients who suffered from
refractory CD and/or had a complication that required surgical
resection, such as stenosis, fistula, or abscesses. Control tissue
samples of the terminal ileum were from patients that required
right hemicolectomy in which the surgical resection routinely
involves a part of the healthy small intestine (for further
information see Suppl. Table 1). For western blot analyses, mucosa
was mechanically dissected from the tissue immediately after the
resection and transferred into lysis buffer containing 25mmol/L 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2 mmol/L ethy-
lenediaminetetraacetic acid (EDTA), 25 mmol/L NaF, and 1% SDS.
Specimens were homogenized with TissueLyzer (Qiagen, Hilden,
Germany) and normalized with BCA assay (Thermo Fisher,
Waltham, MA). Anti-Dsg2 (Invitrogen, Carlsbad, CA), anti-Dsc2
(Abcam, Cambridge, UK) and anti-E-cadherin (BD Biosciences,
Franklin Lakes, NJ) primary antibodies were combined with a
horseradish peroxidase-labeled goat anti-mouse antibody (Dia-
nova, Hamburg, Germany).
A second part of the tissue samples was fixed in 4%

paraformaldehyde, embedded in paraffin and cut into 1-μm-
thick sections. Immunostaining was performed as described
previously49 using rabbit anti-Dsg2 (Invitrogen), anti-Dsc2
(Abcam), and mouse anti-E-cadherin (BD Biosciences) antibodies
in combination with a Cy3-labeled goat anti-mouse- and a Cy2-

Fig. 7 DSG2ΔIEC and DSC2ΔIEC mice display differential phenotypes as well as alterations in their plasma membrane proteome. a Overall colon
architecture of DSC2ΔIEC mice and corresponding floxed mice (DSC2fl/fl) was evaluated prior to (ctrl) and 7 days after DSS exposure by
hematoxylin and eosin (H&E) staining. Scale bar= 200 µm. b The relative body weight of DSC2ΔIEC mice (red rectangles, ΔIEC) and their floxed
littermates (blue circles, fl/fl) was measured daily starting at the day of the first DSS administration (n= 7). c The mRNA levels of the pro-
inflammatory cytokine TNFα and the antimicrobial peptide REGIIIβ were evaluated prior to (ctrl) and 7 days after DSS exposure by real time RT-
PCR. The cytokine expression in ctrl animals was arbitrarily set as 1. L7 (mouse ribosomal protein) gene was used as an internal control.
d Plasma membrane protein fractions were isolated from colons of both genotypes and subjected to immunoblotting. Coomassie blue
staining of blots was used as loading control. Gal3, Galectin 3; Hsp70, heat shock protein 70. e Colonic mucosa lysates from fl/fl animals were
used for co-immunoprecipitation with Dsg2 (left panel) and Dsc2 (right panel), that was followed by immunoblotting. IgG-conjugated beads
(IgG) and total lysates (Total) were used as a control and an input, respectively. f Schematic illustrates the molecular changes seen in DSG2ΔIEC

and DSC2ΔIEC mice
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labeled goat anti-rabbit antibody (Both Dianova, Hamburg,
Germany). To analyze the tissue architecture, all specimens were
stained with Hematoxylin and Eosin (H&E).

Cell culture experiments
For the described experiments, we used previously published
DLD1 cells with CRISPR/Cas9-mediated knockdown of Dsc2
(ΔDsc2) or both desmosomal cadherins (ΔDsg2 ΔDsc2), as well
as a cell line in that the knockout of both cadherins was followed
by a re-expression of Dsc2 (ΔDsg2 ΔDsc2+ FL Dsc2).21 The cells
were cultured in Dulbecco’s modified Eagle’s medium (Life
Technologies, Carlsbad, CA) containing 10% fetal bovine serum
(Biochrom, Berlin, Germany), 50 U/ml penicillin and 50 U/ml
streptomycin (AppliChem, Darmstadt, Germany) in 5% CO2

atmosphere at 37 °C until they reached confluence.18

Biochemical methods
Total tissue lysates were prepared by homogenization of tissues in
3% sodium dodecyl sulphate (SDS)-containing buffer with
protease and phosphatase inhibitors. To determine luminal
protein composition, colon was removed, opened longitudinally,
and vigorously inverted 15 times in PBS. The solution containing
epithelial cells was centrifuged at 5000 rpm for 10 min at 4 °C and
the pellet was used for homogenization. DLD1 cells were grown in
24-well plates and lysed using 1% SDS lysis buffer supplemented
with a protease-inhibitor cocktail (Roche, Mannheim, Germany).
Same amounts of proteins were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by transfer to PVDF/
nitrocellulose membranes or staining with 0.1% Coomassie
Brilliant Blue G-250. The membranes were incubated with specific
primary and horseradish peroxidase-coupled secondary antibo-
dies, which were then visualized by an enhanced chemilumines-
cence detection kit (GE Healthcare/Amersham Biosciences, UK).
The antibodies used in this study are summarized in Suppl.
Table 3.
To determine myeloperoxidase activity, colonic tissue was

homogenized in ice-cold 50 mM potassium phosphate buffer
containing 0.5% hexadecyltrimethylammonium bromide. Equal
volume of cell lysis buffer was added and the homogenates were
freeze-thawed twice. After centrifugation, supernatant was
removed and supplemented with reaction buffer (with o-
dianisidine hydrochloride and 0.001% H2O2) or standard solution.
After 3 min of reaction time, the absorbance was spectro-
photometrically measured at 450 nm (Cytation3 imaging reader).
The samples were prepared in duplicates and the results were
calculated according to the standards.
Plasma membrane protein fractions from colon scrapings were

extracted according to the manufacturer’s protocol (Abcam,
ab65400). In brief, scrapings were homogenized in an appropriate
volume of homogenization buffer containing protease-inhibitor
cocktail. Following centrifugation, the pellet that contains plasma
membrane proteins was re-suspended in the provided upper
phase solution. Plasma membrane proteins were purified by
repeated addition of lower phase solution that was later on
removed by centrifugation at low speed. Finally, the plasma
membrane proteins were pelleted via high-speed centrifugation
at + 4 °C. The membrane fraction was dissolved in 0.5% Triton-X-
100/PBS that was supplemented with Laemmli buffer (0.2 M Tris
pH 6.8, 40% glycerol, 8% SDS, 7.2% β-mercaptoethanol, 0.02%
bromophenol blue).

Immunoprecipitation
Total lysates were prepared by homogenization of colon scrapings
in radioimmunoprecipitation assay buffer (2.5 mM Tris-HCl pH 7.4,
0.025% sodium deoxycholate, 150mM NaCl, 2 mM EDTA, 0.01%
NP-40). After conjugation of Dsc2 or Dsg2 antibody to Protein G
Dynabeads (Thermo Fisher) for 10 min, the lysates were added to
the beads-antibody complex and the solution was incubated upon

a gentle rotation for 2 h at + 4 °C. A magnet was used to collect
the beads that were washed three times with a supplied washing
buffer. The supernatant was discarded, the proteins were eluted
via heating in SDS-containing Laemmli buffer for 5 min at 95 °C
and further analyzed by SDS-PAGE.

Histological analysis
The formaldehyde-fixed tissues were paraffin-embedded, cut into
3 µm-thick sections and stained with H&E or periodic acid-Schiff
(PAS). For the latter, deparaffinized slides were oxidized in 2%
periodic acid solution for 5 min. After washing in distilled water, a
staining with Schiff reagent for 15 min was performed and
followed by hematoxylin counterstaining. Finally, the sections
were blued in 1 M Tris buffer (pH 8). Images were recorded with a
Zeiss light microscope (Zeiss, Germany) and AxioVision Rel
4.8 software (Zeiss, Germany). PAS-positive cells were counted
as a mean from at least thirty different crypts by ImageJ software.
A previously described, semi-quantitative histopathological

score50 with minor modifications was used for evaluation of
DSS-treated samples. The following parameters were assessed: (i)
submucosa thickening/edema, (ii) inflammatory cell infiltration,
(iii) goblet cell loss (each parameter with a score 0–3: 0: normal; 1:
mild; 2: moderate; 3: severe), (iv) epithelial damage/erosion (0:
normal; 2: < 1/3 of total area with altered epithelial cell
morphology; 4: > 1/3 of total area with altered epithelial cell
morphology and/or mild erosions; 6: < 10% of ulcerative areas; 8:
10–20% of ulcerative areas, 10: > 20% of ulcerative areas).
The C. rodentium exposed colons were semi-quantitatively

scored. Following criteria were assessed: (i) epithelial detachment
(0: normal, 0,5: low, 1: high); (ii) hyperplasia (0: normal, 1: low
hyperplasia, 2: high hyperplasia); (iii) inflammation (0: normal, 1:
moderate, 2: severe). Lengths of colonic crypts were measured in
longitudinal orientation. At least 10 crypts per mouse were
analyzed and the results are presented as means. All analyses
were performed in a blinded manner by AG and an experienced
pathologist (PB).

Study approval
The animal experiments were approved by the state of North
Rhine-Westphalia in Germany and the University of Aachen animal
care committee and were conducted in compliance with the
German Law for Welfare of Laboratory Animals. All CD patients
had given their informed consent before surgery, and the study
was approved by the Ethical Board of the University of Würzburg
(proposal numbers 113/13 and 46/11).

Data analysis and statistical methods
Image quantifications were performed with ImageJ (National
Institutes of Health, Bethesda, USA). Data were analyzed with an
unpaired two-tailed Student's t test, Mann–Whitney test or one-
way analysis of variance where appropriate. P values below 0.05
were considered as statistically significant.
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Supplementary Materials and Methods  

Immunohistochemistry 

Deparaffinized sections were boiled in either citrate-based antigen unmasking solution pH 6 

(Vector laboratories, Burlingame, USA) or EDTA-based retrieval solution pH 9 (DAKO, 

Hamburg, Germany). To reduce the endogenous peroxidase activity, slides were incubated with 

3% H2O2 for 10 minutes. Based on supplier recommendations, the sections were blocked either 

with 2% BSA (bovine serum albumin) in Tris Base Saline Buffer with 0.1% Tween-20 (TBST) 

or 5% normal goat serum in PBS for 30 minutes. Afterwards, sections were incubated with anti-

pSTAT3 (Tyr705, #9131, Cell Signalling, Leiden, Netherlands), anti-Ki-67 (M7249, Dako, 

Hamburg, Germany) or anti-Lysozyme (sc27958 (C-19), Santa Cruz, Heidelberg, Germany) 

antibody overnight at 4°C. After washing, biotinylated secondary antibodies (Vector 

laboratories) were applied for 30 minutes followed by incubation with the Vectastain working 

solutions as recommended by the manufacturer (Vectastain ABC Kit, Vector laboratories). 

Staining was developed with 3,3’-diaminobenzidine (DAB, Vector laboratories) and 

hematoxylin was used as a counterstain. Lysozyme-positive cells were counted as a mean in at 

least twenty different crypts. 

 

Immunofluorescence staining 

Immunofluorescence staining was performed on frozen, O.C.T.-embedded tissues, that were 

cut into 2-3 µm and 5 µm thick sections, respectively and DLD1 cells that were seeded on  

12 mm glass cover slides and grown for 4 days after reaching full confluence. Tissue specimen 

and cells were fixed in pre-cooled acetone or 2% paraformaldehyde in PBST for  

10 minutes, respectively. Paraformaldehyde-fixed samples were permeabilized with 0.5% 

Triton X-100 in PBST for another 10 minutes. Blocking was performed for 30 minutes at room 

temperature in 2% normal goat serum, 1% BSA, 0.1% cold fish skin gelatine, 0.1% Triton X-

100, 0.05% Tween 20 in 1x PBS (tissue) or 2% BSA in PBST (cells). Afterwards, slides were 



exposed to following primary antibodies: anti-Desmoglein 2 (tissue),1 anti-Desmoglein 2 (cells,  

#610121 (rb5), Progen, Heidelberg, Germany), anti-Desmocollin 2 (see below for details), anti-

Desmocollin 2/3 (#326200, clone 7G6, Thermo Scientific, Munich, Germany), anti-

Desmoplakin (NW6, gift from Kathleen J. Green, Chicago, USA), anti-Plakoglobin (#61005 

(PG 5.1.), Progen, Hamburg, Germany), anti-ZO-1(Mid) (#402200, Life technologies, USA) 

and anti-E-cadherin (#3195, Cell signaling, Leiden, Netherlands) overnight at 4°C. After 

washing and incubation with Cy3 or Alexa-Fluor 488/568-conjugated secondary antibodies 

(Dianova, Hamburg, Germany and Invitrogen, Molecular Probes, Eugene, OR, USA) for 1 hour 

in the dark, slides were washed and mounted. The immunofluorescence for γ-catenin (PG) was 

performed on paraffin-embedded colon sections. In brief, the sections were deparaffinized, 

washed and boiled in citrate-based antigen unmasking solution pH 6 (Vector laboratories). 

Anti-γ-catenin (PG) (sc30997 K-20, Santa Cruz, Heidelberg, Germany) and anti-goat Alexa-

Fluor 568 (Invitrogen) were used as primary and secondary antibodies, respectively. The 

sections were covered with ProLong antifade reagent containing DAPI (Invitrogen). DLD1 

cells were mounted with 60% glycerol in PBS containing 1.5% N-propyl gallate (Serva, 

Heidelberg, Germany). Fluorescence images were acquired with Zeiss microscope Axio Imager 

Z1 (Zeiss, Jena) or a Leica SP5 confocal microscope with a 63 x NA 1.4 PL APO objective 

(Leica, Wetzlar, Germany). 

 

Transmission electron microscopy  

Murine samples were cut into ~1 mm³ pieces and fixed by a three step process with the 

following fixatives: (i) 3.7% formaldehyde, 1% glutaraldehyde, 11.6 g NaH2PO4xH2O and 2.7 

g NaOH per liter ddH2O for two hours; (ii) 1% OsO4 for one hour; (iii) 0.5% uranylacetate/0.05 

N sodium hydrogen maleate buffer (pH 5.2) for 2 hours (all at room temperature). 

Subsequently, tissues were dehydrated, embedded in araldite for 48 hours at 60°C and cut into 

75 nm ultrathin sections that were treated with 3% uranylacetate for four minutes and with 80 



mM lead citrate for three minutes to enhance the contrast. Images were acquired with an EM 

10 (Zeiss) plus digital camera (Olympus) and iTEM software (Olympus). The intercellular 

space width and length were determined as a mean from at least ten different desmosomes per 

mouse.  

Human samples were fixed with 2.5% glutaraldehyde and cut into ~1 mm³ pieces. After three 

washing steps with PBS, samples were incubated with 2% osmium tetroxide solution for 1 hour 

at 4°C and subsequently dehydrated through an ascending ethanol series from 20 to 100%. 

Samples were embedded with epon for 24 hours at 80°C and ultrathin sections (60 - 80 nm) 

were cut with a diamond knife. Staining was performed with a saturated solution of uranyl 

acetate for 40 minutes and lead citrate for 5 minutes. Images were acquired with the 

transmission electron microscope Libra 120 (Zeiss, Oberkochen, Germany). 

 

Quantitative real-time PCR  

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions and 1 µg was reverse-transcribed into cDNA using M-MLV 

Reverse Transcriptase Kit (Promega, Mannheim, Germany). Quantitative real-time PCR was 

performed with the 7300 Fast Real-Time PCR System (Applied Biosystems). Samples were 

analyzed in duplicates with the ΔΔCt method relative to L7 ribosomal protein as an internal 

control. All levels are reported as means +/- SEM. The primers used in this study are 

summarized in Suppl. table 2.  

 

Transepithelial Resistance Measurements (TER) 

Cells were grown on 8-well electrode arrays (Ibidi, 8W10E) and baseline TER was measured 

with an ECIS model Z theta (Applied Biophysics, Troy, NY) at 800 Hz as described 

previously.2 

 



Desmocollin 2 antibody generation 

To generate a peptide-specific anti-Dsc2 antibody, an antigen was obtained by conjugation of 

the synthetic peptide with sequence SRRGAGYHHHTLDPC to ovalbumin. Guinea pigs were 

immunized by subcutaneous injection of 240 μg of the peptide diluted in complete Freund’s 

adjuvant followed by three boostings with the same amount of antigen diluted in incomplete 

Freund’s adjuvant being performed every two weeks. Serum was collected 14 days after the 

last immunization. To purify the Dsc2-specific antibodies, the serum was purified over a 

column that was adsorbed with the immunogenic peptide. After washing with 10 mM sodium 

phosphate (pH 6.8), the antibodies were retrieved with IgG Elution Buffer (Thermo Scientific, 

#21004). At the end, the solution was neutralized with 2 M K2HP04. 

Suppl. table 1: Overview of the analyzed human samples 

Identification Sex Age  Medication Disease history 

control 1 M 62 no Schwannoma coecum 

control 2 F 77 no Colon ascendens carcinoma 

control 3 F 69 no Colon ascendens carcinoma 

control 4 F 56 no Adenomatous polyposis 

control 5 M 45 no Non resectable coecum polyp 

control 6 M 74 no Colon ascendens carcinoma 

control 7 M 72 no Non resectable ascendens polyp 

control 8 M 71 no Non resectable coecum polyp 

control 9 F 50 no Neuroendocrine tumor ileum 

control 10 F 66 no Colon ascendens carcinoma 

patient 1 M 26 Budesonide Crohn’s disease (terminal ileum) 

patient 2 F 23 Prednisolone + AZT Crohn’s disease (Ileocoecal) 

patient 3 M 46 AZT + Prednisolone Crohn’s disease (terminal ileum) 

patient 4 F 43 Adalimumab + MTX Crohn’s disease (Ileocoecal) 

patient 5 F 46 Budesonide Crohn’s disease (terminal ileum) 

patient 6 F 32 Adalimumab Crohn’s disease (small intestine) 

patient 7 M 25 Adalimumab Crohn’s disease (terminal ileum) 

patient 8 M 55 Prednisolone Crohn’s disease (terminal ileum) 

patient 9 F 24 Infliximab+ Mesalazine + 

Prednisolone 

Crohn’s disease (terminal ileum) 

patient 10 F 41 Budesonide + Infliximab + 

AZT 

Crohn’s disease (small intestine) 

patient 11 M 61 Prednisolone + 

Adalimumab 

Crohn’s disease (Ileocoecal) 

patient 12 F 34 Prednisolone Crohn’s disease (terminal ileum) 

AZT=Azathioprin, MTX=Methotrexate 



Suppl. table 2: Primers used for genotyping and quantitative Real Time PCR 

Genotyping PCR Primer 

mDsg2 Forward GGTAAATGCAGACGGATCAG 

Reverse TGGGCTACACTCATAGGAAG 

mDsc2 Forward CCCTCCCAGTCAGTGAAGTTA 

Reverse TTTGATACCCAGCACACCTTT 

mVillin-Cre Forward CCACGACCAAGTGACAGCAAT 

Reverse TTCGGATCATCAGCTACACCA 

Quantitative Real Time PCR Primer 

mDsg1a Forward GGCACTCGCCCTAACACTAA 

Reverse AGGACCGAAGTGAACGTTGT 

mDsg1b Forward GGGAATATAAAGGAACAGTGCTATC 

Reverse CACCACCATCTGAACCTGGTA 

mutE4/E5-mDsg2 Forward ACCGGGAAGAAACACCATATT 

Reverse AGGGCTTTTCCAGGTTGTTT 

mDsg3 Forward TGTTGCTATTGGCCCCACTT 

Reverse ATCGGGCACTGGGATAAAGC 

mDsg4 Forward GGTACACTGGAGAAGTCCGC 

Reverse TGAGCCCCTCACCAGTAGAT 

mDsc1 

 

Forward CTCGGCTTGGTGAAAAGGTG 

Reverse ATGGGCGAACGTAGTCTTCAC 

mDsc2 Forward GCACTGGTCGTGTAGATCGT 

Reverse CTCTGGCGTATACCCATCTG 

mDsc3 Reverse GTGGAGTTGTTACTGCCCGA 

Reverse CCCCAGGTGCTTCGGTATTT 

mPG/JUP Forward TCCTGCACAACCTCTCTCAC 

Reverse ACTGAGCATTCGGACTAGGG 

mDSP Forward CTGGCAAACGAGACAAATCA 

Reverse GATGCCAGCTGCAGTTCATA 

mPkp2 Forward TCAGCATACACGGAAGATGC 

Reverse GGGAAAGATTCCGTGACAAA 

mLGR5 Forward CAGGCCGTCTGTGATCAGTT 

Reverse GCAGCCTGACAAACTGGGTA 

mRspo1 Forward GCTCGCCCAAGCTCTTCATT 

Reverse CGGGCATCAAAGTATCCAGGT 

mMuc2 Forward GCTGACGAGTGGTTCGTGAATG 

Reverse GATGAGGTGGCAGACAGGAGAC 

mTNFa Forward TCAGCCTCTTCTCATTCCTGCTT 

Reverse AGGCCATTTGGGAACTTCTCATC 

mIL1b Forward TGAAGCAGCTATGGCAACTG 

Reverse GGGTCCGTCAACTTCAAAGA 

mIL6 Forward ACAAAGCCAGAGTCCTTCAGAGAGA 

Reverse TGGTCTTGGTCCTTAGCCACTCC 

mIL22 Forward CAACTGTTGACACTTGTGCGAT 

Reverse GCGGCCAAAGTCCCCATAAG 

mReg3ß Forward TGCCTTAGACCGTGCTTTCT 

Reverse AGGGCAACTTCACCTCACAT 



mPCNA 

 

 

Forward TACAGCTTACTCTGCGCTCC 

Reverse TTGGACATGCTGGTGAGGTT 

mL7 Forward GAAAGGCAAGGAGGAAGCTCATCT 

Reverse AATCTCAGTGCGGTACATCTGCCT 

 

Suppl. table 3: Antibodies used for Western Blotting 

Antibody Host Company 

Claudin 1  rabbit ab15098, Abcam, Cambridge, UK 

Claudin 15 rabbit 389200, Life technologies, California, US 

Claudin 2 mouse 325600, Life technologies, California, US 

cleaved Caspase 1 mouse IMG-5028, IMGENEX, San Diego, US 

Desmocollin 2 guinea-pig Institute of Molecular and Cellular 

Anatomy, RWTH Aachen, Germany 

Desmocollin 2/3 mouse 326200 (7G6), Thermo Scientific,  

Munich, Germany 

Desmoglein 2 rabbit Institute of Molecular and Cellular 

Anatomy, RWTH Aachen, Germany 

Desmoglein 2 rabbit 610121 (rb5), Progen, Heidelberg, 

Germany 

Desmoplakin I/II rabbit sc33555 (H-300) Santa Cruz, Heidelberg, 

Germany 

E-cadherin (CDH1) rabbit #3195, Cell signaling, Leiden, Netherlands 

EGFR Rabbit #8690 (D13E1,XP), Cell signaling, Leiden, 

Netherlands 

Galectin 3 Mouse NB300-538 (A3A12), Novus Biologicals, 

Littleton, USA 

Hsp70/Hsp72 Rabbit ADI-SPA-812, Enzo Life Sciences, 

Lörrach, Germany 

Keratin 8  

(Clone Ks.8.7) 

mouse 61038, Progen, Heidelberg, Germany 

Occludin rabbit 389200,  Life technologies, California, US 

p38 (MAPK) Rabbit #2646 (C74B9), Cell signaling, Leiden, 

Netherlands 

PCNA mouse MS-106, Thermo Scientific, Munich, 

Germany 

pEGFR (Y845) rabbit #2231, Cell signaling, Leiden, Netherlands 

Plakophilin 2 goat ab189323, Abcam, Cambridge, UK 



pMLC2 (S19) rabbit #3671, Cell signaling, Leiden, Netherlands 

pp38 MAPK 

(Thr180/Tyr182) 

rabbit #9211, Cell signaling, Leiden, Netherlands 

pSTAT3 (Tyr705) rabbit #9131, Cell signaling, Leiden, Netherlands 

STAT3 rabbit sc7179 (H-190), Santa Cruz, Heidelberg, 

Germany 

αTubulin mouse ab4074, Abcam, Cambridge, UK 

βTubulin mouse T8328, Sigma-Aldrich, Steinheim, 

Germany 

γ-catenin (PG) goat sc30997 (K-20) Santa Cruz, Heidelberg, 

Germany 

 

  



Supplementary References 

1. Schlegel N, Meir M, Heupel WM, Holthofer B, Leube RE, Waschke J. Desmoglein 2-mediated 
adhesion is required for intestinal epithelial barrier integrity. American journal of physiology 
Gastrointestinal and liver physiology 2010; 298(5): G774-783. 

2. Ungewiss H, Vielmuth F, Suzuki ST, Maiser A, Harz H, Leonhardt H et al. Desmoglein 2 regulates 
the intestinal epithelial barrier via p38 mitogen-activated protein kinase. Scientific reports 
2017; 7(1): 6329. 

 

Supplementary Figure legends 

Supplementary Figure 1. Desmosomes are altered and desmosomal cadherins are reduced 

in patients with Crohn’s disease. (A) Transmission electron microscopy images of terminal 

ileum specimens from patients with Crohn’s disease (CD) and from a healthy control individual 

(ctrl). Scale bar = 500 nm (left panels) and 250 nm (right panels). (B,C) Terminal ileum 

specimens from patients with Crohn´s disease (CD) (n=12) as well as from control individuals 

(ctrl) (n=10) were stained with antibodies against Dsg2, Dsc2 and E-cadherin. The 

corresponding protein lysates were subjected to immunoblotting with subsequent morphometric 

quantification. Hematoxylin and eosin (H&E) staining highlights the overall intestinal 

architecture. Scale bar immunofluorescence = 20 μm, scale bar H&E = 50 µm.  

Two-tailed Student’s t test was used for statistical analyses. *p<0.05 

Supplementary Figure 2. DSG2-deficient animals (DSG2ΔIEC) reveal an intestine-

specific Dsg2 loss. (A-D) Desmoglein 2 (Dsg2) protein levels were assessed in the indicated 

mouse organs of DSG2ΔIEC (ΔIEC) and DSG2fl/fl (fl/fl) mice by immunoblotting. βActin was 

used as a loading control. 

Supplementary Figure 3. Knockout of DSG2 does not alter the expression of other 

desmoglein and desmocollin isoforms. Expression levels of the desmoglein family members 

DSG1A, DSG1B and DSG3 (A) as well as the desmocollin members DSC1 and DSC3 (B) were 

assessed in the colon of DSG2ΔIEC (ΔIEC) and DSG2fl/fl (fl/fl) mice by real time RT-PCR (n=3-

4). Skin was used as a positive control (PC). L7 (mouse ribosomal protein) gene was used as 



an internal control. Average mRNA expression in fl/fl mice was arbitrarily set as 1 and levels 

in ΔIEC mice as well as the skin represent a ratio. 

Supplementary Figure 4. DSG2-deficient animals (DSG2ΔIEC) display normal body weight 

and colon length. The body weights and the colon lengths of 11 weeks (11w),  

6 months (6M) and 11 months (11M) old DSG2ΔIEC (ΔIEC) mice and their floxed littermates 

(fl/fl) are displayed in form of dot plots (n=6-20).  

Supplementary Figure 5. Small and large intestine of DSG2-deficient animals (DSG2ΔIEC) 

show no obvious defects in tissue morphology and differentiation.  

(A) Periodic acid-Schiff (PAS) staining demonstrated a similar amount of goblet cells in colons 

from DSG2ΔIEC (ΔIEC) mice and their floxed littermates (DSG2fl/fl or fl/fl). The results were 

confirmed by real time RT-PCR for mucin 2, a major goblet cell product (n=6).  

(B) Hematoxylin and eosin (H&E) staining demonstrates a regular architecture of the small 

intestine (SI). Immunohistochemistry for the small intestinal Paneth cell marker lysozyme with 

quantification of lysozyme-positive cells/crypt revealed no differences between both genotypes 

(n=4). Scale bar (A,B) = 100 μm (C,D) Real time RT-PCR demonstrated similar expression 

levels of the stem cell markers LGR5 and R-spondin 1 (Rspo1) in the transgenic animals. Small 

(SI) and large intestine (LI) were analysed (n=6-7). L7 (mouse ribosomal protein) gene was 

used as an internal control, respectively. Average mRNA expression in fl/fl mice was arbitrarily 

set as 1 and levels in ΔIEC mice represent a ratio.  

Supplementary Figure 6. DSG2-deficient animals (DSG2ΔIEC) show no changes in basal 

cell proliferation. To evaluate the proliferation grade in the small intestine (SI) and large 

intestine (LI) of DSG2ΔIEC (ΔIEC) mice and their floxed littermates (fl/fl), the S-phase marker 

PCNA was assessed by real time RT-PCR (n=7) and immunoblotting. L7 (mouse ribosomal 

protein) gene and β-tubulin (βTub) were used as an internal and a loading control, respectively. 

Average mRNA expression in fl/fl mice was arbitrarily set as 1 and levels in ΔIEC mice were 

presented as ratio.  



Supplementary Figure 7. DSG2-deficient animals (DSG2ΔIEC) display no obvious 

inflammation under basal conditions. The inflammatory markers TNFα, IL-1β and IL-6 were 

evaluated in the small (SI; A) and large intestine (LI; B) of 11 weeks old DSG2ΔIEC (ΔIEC) 

mice and their floxed littermates (fl/fl) by real time RT-PCR (n=4-6). L7 (mouse ribosomal 

protein) gene was used as an internal control. Average mRNA expression in fl/fl mice was 

arbitrarily set as 1 and levels in ΔIEC mice were presented as ratio.  

Supplementary Figure 8. DSG2-deficient animals (DSG2ΔIEC) exhibit a wider desmosomal 

intercellular space in the small intestine. The desmosomal ultrastructure of small intestine 

samples from DSG2ΔIEC (ΔIEC) and DSG2fl/fl (fl/fl) mice was assessed by electron microscopy 

with quantification of the desmosomal intercellular space (IS) and the length of the desmosome 

(n=4). Data are shown as dot plots. Two-tailed Student’s t test was used for statistical analysis. 

*p<0.05 

Supplementary Figure 9. DSG2-deficient animals (DSG2ΔIEC) display an altered 

desmosomal protein composition. The OD (optical density) values from the immunoblots of 

colonic tissues from DSG2ΔIEC (ΔIEC) mice and their floxed littermates (fl/fl) were normalized 

to the OD values of β-tubulin (n=3) (for representative pictures see Figure 2D).  

Average levels in fl/fl mice were arbitrarily set as 1 and the amounts in ΔIEC mice were 

presented as ratio. Dsp, desmoplakin; PG, plakoglobin; Pkp2, plakophilin 2; K8, keratin 8; Tub, 

β-tubulin. Two-tailed Student’s t test was used for statistical analyses. *p<0.05, **p<0.01, 

***p<0.001.  

Supplementary Figure 10. DSG2-deficient animals (DSG2ΔIEC) have altered levels of the 

tight junction proteins claudin 1 and occludin. (A,C) Immunoblotting was used to study the 

impact of Dsg2 deficiency on the composition of key tight/adherens junction proteins in the 

colons of DSG2ΔIEC mice and their floxed littermates (DSG2fl/fl). The activation of myosin II 

regulatory light chain (MLC) signalling as the regulator of tight junction permeability was also 

assessed. β-tubulin was used as a loading control. (B) The distribution of tight and adherens 



junctions in the colonic sections was visualized with antibodies against E-cadherin, ZO-1, 

Claudin 1 and Claudin 15, respectively. Scale bar = 20 μm. ZO-1, zonula occludens-1. 

Supplementary Figure 11. DSG2-deficient animals (DSG2ΔIEC) infected with  

C. rodentium display higher PCNA levels. (A) The relative body weight of DSG2ΔIEC mice 

(red rectangles, ΔIEC) and their floxed littermates (blue circles, fl/fl) was measured (n=7).  

(B) Citrobacter rodentium colonization in the stool was quantified as the amount of colony 

forming units (CFUs) on MacConkey agar plates at the indicated days (n=5). (C) Colonic 

PCNA mRNA expression was assessed by real time RT-PCR (n=4-7). (D) Periodic acid-Schiff 

(PAS) staining with subsequent quantification of PAS-positive cells/crypt indicated a similar 

amount of goblet cells in colons from both genotypes (n=8). Real time RT-PCR and histological 

analysis were performed 14 days after oral infection with C. rodentium. L7 (mouse ribosomal 

protein) gene was used as an internal control. Average mRNA expression in fl/fl mice was 

arbitrarily set as 1 and levels in ΔIEC mice were presented as ratio. Two-tailed Student’s t test 

were used for statistical analyses.*p<0.05 

Supplementary Figure 12. DSG2-deficient animals (DSG2ΔIEC) do not show an activation 

of the analyzed signaling pathways. Immunoblotting revealed no obvious activation of EGFR 

and p38 signaling pathways in colons of DSG2-deficient (ΔIEC) mice compared to their floxed 

littermates (fl/fl). Mice were analysed after 4 days of DSS treatment or 14 days after exposure 

to C. rodentium. β-tubulin (βTub) was used as a loading control. p, phospho. 

Supplementary Figure 13. DSC2-deficient animals (DSC2ΔIEC) demonstrate normal body 

weight and small and large intestinal lengths. (A) The body weights of 11 weeks old 

DSC2ΔIEC (ΔIEC) mice and their floxed littermates (fl/fl) were analysed (n=12). (B) The large 

(LI) and small intestinal (SI) lengths were measured in both genotypes (n=8). Data are shown 

as dot plots. 

Supplementary Figure 14. DSC2-deficient animals (DSC2ΔIEC) show no obvious 

alterations in the desmosomal and tight junction protein composition. (A,B) The OD 



(optical density) values were determined from the immunoblots of colonic tissues from 

DSC2ΔIEC (ΔIEC) mice and control littermates (fl/fl). The values were normalized to the OD 

values of β-tubulin (n=5) (for representative pictures see Fig. 6A,B). The values in fl/fl mice 

were arbitrarily set as 1 and levels in ΔIEC mice were presented as ratio. Cldn1, claudin 1; Dsp, 

desmoplakin; PG, plakoglobin; Pkp2, plakophilin 2; K8, keratin 8. Two-tailed Student’s t test 

was used for statistical analyses. ***p<0.001. 

Supplementary Figure 15. Knockout of DSC2 does not alter the expression of other 

desmoglein and desmocollin isoforms. mRNA levels of the desmoglein family members 

DSG1A, DSG1B, DSG2 and DSG3 (A) as well as the desmocollin members DSC1 and DSC3 

(B) were analyzed in the colon of DSC2ΔIEC (ΔIEC) and DSC2fl/fl (fl/fl) mice by real time RT-

PCR (n=4). Skin was used as a positive control (PC) and L7 (mouse ribosomal protein) as an 

internal control. Average mRNA expression in fl/fl mice was arbitrarily set as 1 and levels in 

ΔIEC mice as well as the skin represent a ratio. 

Supplementary Figure 16. DSC2-deficient animals (DSC2ΔIEC) display no alteration in the 

goblet cell amount. Periodic acid-Schiff (PAS) staining with subsequent quantification of 

PAS-positive cells/crypt showed a similar amount of goblet cells in colons of DSC2ΔIEC (ΔIEC) 

and floxed control mice (DSG2fl/fl or fl/fl) (n=4). Scale bar = 200 μm.  

Supplementary Figure 17. Knockout DLD1 cells lacking both desmoglein 2 (Dsg2) and 

desmocollin 2 (Dsc2) display a loss of membranous desmoplakin (Dsp) and plakoglobin 

(PG) staining and exhibit a decreased transepithelial electrical resistance (TER).  

(A, B) The distribution of Dsc2, Dsg2, plakoglobin (PG) and desmoplakin (Dsp) in DLD1 

wildtype (WT) and knockout cell lines was visualized by immunofluorescence.  

Scale bar = 10 μm. ΔDsg2 ΔDsc2 = knockout of both Dsg2/Dsc2, ΔDsg2 ΔDsc2 + FL  

Dsc2 = Dsg2/Dsc2 knockout + re-expression of full length Dsc2, ΔDsc2 = Dsc2 knockout.   

(B) Immunoblotting was employed to study the impact of desmosomal cadherin loss on 

desmosomal protein levels. α-tubulin (αTub) was used as a loading control. (C) TER values 



were assessed in DLD1 WT and the corresponding knockout cells (n ≥ 10). One-way ANOVA 

was used for statistical analyses. **p < 0.01, ***p < 0.001 compared to control.  
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