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Abstract
Rapidly renewing epithelial tissues such as the intestinal epithelium require precise tuning of intercellular adhesion and 
proliferation to preserve barrier integrity. Here, we provide evidence that desmoglein 2 (Dsg2), an adhesion molecule of des-
mosomes, controls cell adhesion and proliferation via epidermal growth factor receptor (EGFR) signaling. Dsg2 is required 
for EGFR localization at intercellular junctions as well as for Src-mediated EGFR activation. Src binds to EGFR and is 
required for localization of EGFR and Dsg2 to cell–cell contacts. EGFR is critical for cell adhesion and barrier recovery. In 
line with this, Dsg2-deficient enterocytes display impaired barrier properties and increased cell proliferation. Mechanisti-
cally, Dsg2 directly interacts with EGFR and undergoes heterotypic-binding events on the surface of living enterocytes via 
its extracellular domain as revealed by atomic force microscopy. Thus, our study reveals a new mechanism by which Dsg2 
via Src shapes EGFR function towards cell adhesion.
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Abbreviations
AFM	� Atomic force microscopy
AJ	� Adherens junction
Cld4	� Claudin 4
Dsc2	� Desmocollin 2
Dsg2	� Desmoglein
DP	� Desmoplakin

Ecad	� E-cadherin
EGFR	� Epidermal growth factor receptor
MAPK	� Mitogen-activated protein kinase
PG	� Plakoglobin
Pkp	� Plakophilin
RTK	� Receptor tyrosine kinase
STED	� Stimulated emission depletion microscopy
TER	� Transepithelial resistance
TJ	� Tight junction
WT	� Wild type

Introduction

Epithelial tissues represent the interface between the 
organism and the environment, and thus, maintenance of 
epithelial barrier function is indispensable to prevent entry 
of pathogens or harmful macromolecules. This is, in par-
ticular, crucial for the gastrointestinal epithelium, which 
comprises a huge surface and faces a plethora of bacteria 
present in the gut but simultaneously needs to stay perme-
able to enable the uptake of nutrients and essential macro-
molecules [1, 2]. Aggravating this situation, the intestinal 
epithelial tissue shows the highest turnover rate in adult 
mammals and is exposed to notable mechanical stress 
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resulting from gastrointestinal motility [3, 4]. Hence, pre-
cise regulation of intercellular adhesion and proliferation 
is required to preserve barrier integrity. This function is 
achieved by a set of adhesion complexes including tight 
junctions (TJ), adherens junctions (AJ), and desmosomes 
that tightly connect the polarized enterocytes within the 
simple columnar epithelium, thereby sealing the paracel-
lular space [5, 6]. Initially, desmosomes were considered 
to primarily provide the mechanical strength in intercel-
lular cohesion [7]. However, growing evidence suggests 
that desmosomal cadherins beside their adhesive function 
actively coordinate signaling pathways, hence mediat-
ing proliferation, differentiation, and apoptosis [8–11]. 
Desmosomal cadherins are transmembrane glycoproteins 
which interact via their extracellular domains (ED) in a 
homo- and heterophilic manner, while their tails associ-
ate with the plaque proteins plakoglobin (PG), plakophilin 
(Pkp), and desmoplakin (DP), thereby anchoring the des-
mosomal complex to the intermediate filament cytoskel-
eton. Thus, these components constitute the adhesive core 
of desmosomes [12]. Seven isoforms of desmosomal cad-
herins are expressed in human epithelial tissues, of which 
the intestinal epithelium contains Desmoglein 2 (Dsg2) 

and Desmocollin 2 (Dsc2) only [13–15]. A recent study 
reports that Dsc2 alone is sufficient to form a functional 
desmosomal plaque in enterocytes [16]. However, Dsg2 
is required for intestinal epithelial barrier properties and 
abnormal expression of Dsg2 is implicated in colon can-
cer and inflammatory disorders such as Crohn’s disease 
[17–20]. In addition, it was shown that Dsg2 besides its 
role in cellular adhesion has an essential signaling func-
tion in regulating p38 mitogen-activated protein kinase 
(MAPK) signaling in enterocytes [20].

The mechanism by which desmosomal cadherins regu-
late signaling pathways is an emerging focus of research. 
Given that the intracellular tail of desmogleins has no 
enzymatic activity, transduction of signaling requires 
interaction with signaling components such as kinases. 
In this context, several molecular mechanisms have been 
proposed such as matrix metalloprotease-mediated shed-
ding of Dsg2 external domain fragments which may act 
as ligands for receptor tyrosine kinases (RTK) [21] or 
displacing kinases from lipid rafts, thereby promoting 
their activation [22]. The common denominator in both 
scenarios is the involvement of RTK which are already 
known to associate with classical cadherins, and thus, both 
molecules are modulated mutually [23, 24]. Depending on 
the phosphorylation site, specific signaling molecules can 
be recruited which, in turn, modulate a variety of down-
stream signaling cascades [25–29]. Of particular inter-
est to this study is the epidermal growth factor receptor 
(EGFR) which has been shown to modulate function of 
desmogleins [30, 31] as well as to be modulated by des-
mogleins [9, 22, 32]. Furthermore, EGFR is suggested to 
regulate cell migration, wound healing, and cell extrusion 
in intestinal epithelial cells [33–35]. Albeit, all these pro-
cesses require regulation of intercellular junctions; the role 
of desmosomal cadherins in this context has only been 
marginally explored.

In this study, we examined how Dsg2 and EGFR cooper-
ate in regulating intestinal epithelial homeostasis to assure 
barrier integrity. We show that Dsg2 modulates EGFR 
localization as well as protein level and Src-dependent acti-
vation, which both were reduced in Dsg2-deficient DLD1 
and Caco2 cells. Here, we demonstrate, for the first time, 
that Dsg2 and EGFR interact directly using atomic force 
microscopy (AFM) both on living enterocytes as well as in 
a cell-free setup. Moreover, these binding events were inhib-
ited by ligand binding to EGFR and depend on EGFR tyros-
ine kinase activity. In addition, inhibition of EGFR tyrosine 
kinase activity impaired barrier formation and intercellular 
adhesion. Furthermore, loss of Dsg2 increased cell prolif-
eration, which was restored after inhibition of EGFR activ-
ity. Collectively, our data suggest a new signaling complex 
consisting of Dsg2 and EGFR which stabilizes the adhesive 
state of intestinal epithelial cells.

Fig. 1   Dsg2 knockout results in mislocalization and reduced pro-
tein levels of EGFR in intestinal epithelial cells. a Immunostaining 
for Dsg2 (green) and EGFR (red) in patient tissue sections of the 
colon revealed co-localization of both proteins. Four independent 
patient tissue samples were analyzed. Shown is representative image 
of a section from the colon. Bar 10 µm. b Immunostaining for Dsg2 
(green) and EGFR (red) in human enteroids revealed co-localization 
of both proteins along the cell borders as well as on the surface fac-
ing the lumen. Shown is representative image for ten enteroids. Bar 
10  µm. c Confluent cell monolayer of DLD1 cells grown on cover-
slips were immunostained for EGFR, Dsg2, and Dsc2/3. Loss of 
Dsg2 but not Dsc2/3 results in a major loss of EGFR staining at cell 
borders. Bar 10 µm. d Merged images of immunofluorescence stain-
ing of Dsg2, EGFR, and Dsc2/3 show co-localization of Dsg2 and 
EGFR but not Dsc2/3 and EGFR. Bar 10 µm (left panel) and 5 µm 
(right panel). e Evaluation of the Pearson correlation coefficient of 
EGFR confirms a co-localization of EGFR with Dsg2 but not Dsc2. 
Shown are boxplots with each point representing one analyzed area 
along the cell border. *p < 0.05. f STED super resolution microscopy 
analysis of Dsg2 and EGFR co-immunostaining shows co-localiza-
tion. Bar 5 µm. g x–z image of Dsg2 and EGFR co-immunostaining 
shows specific co-localization at the apical site of cell contacts. Bar 
10 µm (left panel) and 5 µm (right panel). h EGFR is absent in the 
Triton X-100 insoluble fraction when Dsg2 is missing in contrast to 
Ecad that is not affected by Dsg2 knockout. GAPDH served as load-
ing control. i Band intensity of detected EGFR was measured from 
five independent experiments, showing a significant reduction of 
EGFR in the insoluble fraction in Dsg2-deficient DLD1 cells. Results 
are shown as mean ± SE. *p < 0.05. j Total protein level of EGFR in 
DLD1 cells were assessed by western blotting that revealed reduced 
EGFR levels in Dsg2-deficient cells. GAPDH served as loading 
control. k Band intensity of detected EGFR was quantified from at 
least ten independent experiments, demonstrating a significant reduc-
tion of total EGFR protein levels upon Dsg2 knockout. Shown are 
mean ± SE. *p < 0.05

◂
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Results

Loss of Dsg2 reduces EGFR levels and prevents its 
localization to cell borders

Increasing evidence suggests that desmosomal cadherins 
beyond their adhesive function are actively involved in reg-
ulating signaling cascades. Previously, we demonstrated 
that Dsg2 regulates barrier integrity in human intestinal 
cells via p38MAPK signaling [20]. In addition, several 
studies on keratinocytes linked desmogleins to differentia-
tion and proliferation through regulation of growth factor 
signaling cascades [8, 9]. We, therefore, asked how des-
mosomal cadherins influence EGFR signaling in human 
intestinal cells. First, we performed immunostaining for 
Dsg2 and EGFR in human colon samples to investigate 
whether these proteins can be found in close proximity. 
EGFR is assumed to be located primarily in the basolat-
eral membrane of enterocytes, whereas Dsg2 was shown 
to be present as part of desmosomes in the basolateral 
membrane but also outside of desmosomes in the apical 
membrane, at least in cultured enterocytes [20, 36, 37]. 
Interestingly, we observed EGFR staining at the basolat-
eral membrane as well as at the apical surface and distinct 
spots of Dsg2 staining all along the cell borders (Fig. 1a). 
Besides, a small fraction of apical EGFR staining was 
overlapping with immunostaining for Dsg2 resulting in 
yellow spots. Similarly, we observed overlapping stain-
ing for EGFR and Dsg2 in human enteroids with an even 
more pronounced EGFR staining at the apical cell mem-
brane facing the enteroid lumen (Fig. 1b). Using human 
colon carcinoma DLD1 cells deficient for Dsg2 and/or 
Dsc2 [16], we next investigated whether localization and 
protein levels of EGFR are controlled by desmosomal cad-
herins. DLD1 wild-type (WT) cells in immunostaining 
displayed linear localization of EGFR along cell borders 
similar to Dsg2 (Fig. 1c, upper panels) and Dsc2 (Fig. 1c, 
lower panels). To examine whether desmosomal cadher-
ins affect the localization of EGFR, we immunostained 
DLD1 cells deficient for Dsg2, Dsc2, or both cadherins. 
Cells deficient for both, Dsg2 and Dsc2, showed almost 
complete loss of EGFR staining at cell borders (Fig. 1c, 
second column). Similar results were obtained using WT 
and Dsg2-deficient Caco2 cells (Fig. S1A). Reconstitu-
tion of Dsc2 was not sufficient to restore this phenotype 
(Fig. 1c, third column), suggesting that Dsg2 is required 
for recruiting EGFR to cell borders. In line with this, 
loss of Dsc2 did not affect EGFR localization (Fig. 1c, 
fourth column). Moreover, merged images of Dsg2 (green) 
and EGFR (red) staining revealed co-localization at cell 
borders with a Pearson correlation coefficient of around 
0.4 pointing towards positive correlation of overlapping 

staining (Fig. 1d, e). In contrast, no correlation between 
EGFR and Dsc2 staining was observed, as indicated by 
a correlation coefficient of 0 (Fig. 1d, e). Using STED 
super resolution microscopy, we analyzed EGFR and Dsg2 
localization more closely and found overlapping stain-
ing for EGFR and Dsg2 even at high resolution (Fig. 1f) 
confirming their close co-localization. Furthermore, we 
observed co-localization all along the cell border but more 
pronounced at the most apical part of the intercellular cleft 
(Fig. 1g). In accordance to the immunostaining, triton 
extraction resulted in a significant reduction of EGFR in 
the insoluble fraction when Dsg2 was absent (Fig. 1h, i) 
raising the possibility of a putative signaling complex con-
sisting of Dsg2 and EGFR maybe at sites of desmosomes. 
Importantly, immunoblotting for Ecad did not result in 
any changes upon loss of Dsg2 or of Dsc2 (Fig. 1h), sug-
gesting that AJ stay unaffected. Moreover, total protein 
expression levels of EGFR were reduced significantly in 
cells deficient for Dsg2 but not Dsc2 (Fig. 1j, k), indicating 
that Dsg2 might be important for EGFR stability. Simi-
larly, EGFR protein levels were reduced in Dsg2-deficient 
Caco2 cells (Fig. S1 B–E).

Dsg2 and EGFR interact directly via their 
extracellular domains

Given the first hints pointing towards a signaling complex 
consisting of Dsg2 and EGFR, we next investigated whether 
there is direct interaction. To this end, we conducted AFM 
on living DLD1 cells using an AFM cantilever coated with 
recombinant Dsg2-Fc containing the complete extracellu-
lar domain of Dsg2 similar as shown recently [20]. First, 
AFM topography images were created to select specific 
areas at cell borders for further adhesion measurements 
(Fig. 2a, upper panel). For interaction studies, the function-
alized AFM tip was repetitively lowered on the cell sur-
face, thereby creating an adhesion map consisting of 1000 
force–distance curves for each selected area, with each white 
pixel representing one positive-binding event (Fig. 2a, lower 
panel). Intriguingly, these binding events were blocked sig-
nificantly when applying an inhibitory antibody against the 
extracellular domain of EGFR (Fig. 2a, b), indicating that 
measured binding events under control conditions partly 
reflect heterophilic Dsg2–EGFR interaction. To verify that 
measured binding events were Dsg2-specific, an inhibi-
tory antibody against the extracellular domain of Dsg2 was 
applied, which reduced the binding events to a similar extent 
(Fig. 2b), similar as published previously [20]. In addition, 
we performed cell-free AFM experiments with Dsg2-coated 
AFM tips on mica sheets functionalized with either recom-
binant Dsg2-Fc or recombinant EGFR-Fc containing the 
complete extracellular domain to validate homophilic or het-
erophilic interactions. Binding frequency was similar when 
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measured Dsg2–Dsg2 or Dsg2–EGFR interaction under the 
same conditions (Fig. 2b), suggesting that both interactions 
can occur. Application of the inhibitory EGFR-specific anti-
body did not reduce homophilic Dsg2 interactions (Fig. 2b), 
demonstrating that it does not bind un-specifically to Dsg2. 
In contrast, heterophilic Dsg2–EGFR binding was signifi-
cantly reduced similar to AFM measurements on living cells 
(Fig. 2b) underlining the specificity of measured binding 
events. Bearing in mind that the inhibitory EGFR-specific 
antibody blocks the ligand-binding site of EGFR, these data 
further raise the possibility that this binding site might be 
important for heterophilic EGFR–Dsg2 binding. Applica-
tion of the inhibitory Dsg2-specific antibody reduced both 
homophilic Dsg2–Dsg2 as well as heterophilic Dsg2–EGFR 
interactions (Fig. 2b). Given that the antibody is directed 
against the extracellular domains 3 and 4 of Dsg2, this 
result indicates that these subdomains may be required for 
EGFR–Dsg2 interaction. In addition, we also examined 
endogenous association between EGFR and Dsg2 in DLD1 
cells using co-immunoprecipitation studies. In line with the 
AFM-based adhesion studies, interaction of EGFR and Dsg2 

was detected in DLD1 cells (Fig. 2c). Moreover, we per-
formed a pull-down assay using the recombinant Dsg2-Fc, 
which also resulted in co-precipitation of EGFR and thus 
further indicates an interaction of EGFR with the extracel-
lular domain of Dsg2 (Fig. 2d).

Ligand binding to EGFR prevents its interaction 
with Dsg2 at the cell surface

The canonical EGFR signaling pathway involves binding of 
growth factors to EGFR resulting in receptor dimerization 
and subsequent cross-phosphorylation of cytoplasmic recep-
tor domains [25, 26, 28, 29]. Therefore, we applied EGF 
during AFM measurements on living DLD1 cells result-
ing in a significant reduction of binding frequency (Fig. 3a, 
b). This prompted us to ask whether EGF-mediated recep-
tor dimerization reduced binding to Dsg2 maybe through 
masking the binding site. Alternatively, the subsequent 
auto-phosphorylation might induce decreased Dsg2–EGFR 
interaction. Hence, we treated the cells with erlotinib, a spe-
cific EGFR tyrosine kinase inhibitor to assess whether the 

Fig. 2   Dsg2 and EGFR form heterophilic interactions via their extra-
cellular domains. a AFM cell topography image was created to select 
specific areas along the cell borders for Dsg2 adhesion measure-
ments (upper panel). Adhesion measurements using a Dsg2-coated 
AFM tip generated adhesion maps with each white pixel represent-
ing one binding event (lower panel). b Treatment with an inhibitory 
EGFR-specific antibody significantly reduced the amount of Dsg2 
binding events on living cells similar to an inhibitory anti-Dsg2 
antibody. Cell-free AFM measurements using a Dsg2 coated tip and 
mica sheets coated either with Dsg2 or with EGFR revealed a similar 

binding frequency of homophilic Dsg2–Dsg2 and heterophilic Dsg2–
EGFR interactions, which were significantly blocked by respective 
antibodies applied to the mica sheet. Graph shows fold-change val-
ues from at least three independent experiments ± SE. *p < 0.05. c 
Co-immunoprecipitation was performed with DLD1 cell lysates and 
an anti-Dsg2 antibody for immunoprecipitation (IP) of endogenous 
Dsg2. Immunoblotting for EGFR revealed co-IP of both proteins. 
FT flow through. d Pull-down assay was performed with DLD1 cell 
lysates and a Dsg2-Fc fusion protein. Immunoblotting for EGFR 
revealed co-IP of Dsg2-Fc and EGFR
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tyrosine kinase activity of EGFR affects its binding to Dsg2. 
Indeed, the inhibitor resulted in reduced binding frequency 
(Fig. 3a, b), indicating that EGFR kinase activity is impor-
tant. However, EGF also reduced the binding frequency in 
cell-free AFM measurements with a Dsg2-coated cantilever 
on EGFR-coated mica sheets (Fig. 3b), which raises the pos-
sibility that Dsg2–EGFR interaction might be also inhib-
ited through steric hindrance upon EGF binding to EGFR. 
Results from hanging drop bead aggregation assays that 
revealed a similar inhibitory effect of EGF on interaction 
of Dsg2- and EGFR-coated beads support this hypothesis 
(Fig. 3c, d). Next, we analyzed the measured interactions 
with regard to their unbinding forces to gain insight into 

the molecular interaction mechanism. Peak fit analysis of 
measured unbinding force curves under control conditions 
revealed a distribution peak at 31.56 pN (Fig. 3e) which is 
in accordance with previously measured unbinding forces 
using a Dsg2-coated AFM tip on living enterocytes [20]. 
Interestingly, unbinding forces were similar after applica-
tion of EGF, the inhibitory EGFR-specific antibody or erlo-
tinib (Fig. 3f). Given that, EGFR is internalized following 
ligand binding [38, 39], we hypothesized that reduced bind-
ing frequency might be due to less available EGFR at the 
cell surface. Therefore, we performed surface biotinylation 
assays. As expected, incubation with EGF reduced EGFR 
levels at the cell surface (IP) as well as in total lysate (Input) 

Fig. 3   EGF reduces Dsg2-specific binding events on the cell sur-
face of living DLD1 cells. a Dsg2 adhesion measurements were 
performed on living DLD1 cells under control conditions and after 
incubation with EGF or erlotinib. Shown are topography images of 
selected areas at cell borders and adhesion maps with each white 
pixel representing one binding event. b Quantification shows a sig-
nificant reduction of binding events on living DLD1 cells after incu-
bation with both, EGF or erlotinib. Application of EGF also reduced 
the amount of binding events in the cell-free AFM setup with a 
Dsg2-coated tip and EGFR-coated mica sheets. Graph bars represent 
fold-change values ± SE from at least four independent experiments. 
*p < 0.05. c Peak fit analysis of measured unbinding forces revealed 
a distribution peak of 31.56 pN under control conditions. d Distri-

bution-peak values of unbinding forces measured on DLD1 cells 
under control conditions and after incubation with EGF, anti-EGFR 
antibody, or erlotinib were compared and revealed similar values for 
all conditions. Graph shows distribution-peak values normalized to 
control. e, f Hanging drop bead aggregation assay confirms blockade 
of interaction between Dsg2 and EGFR through EGF. Beads coated 
with a human IgG Fc fragment served as control. *p < 0.05; n.s. not 
significant. g Western blot analysis of surface biotinylation assay 
revealed reduced Dsg2 and EGFR levels on the surface of DLD1 cells 
after incubation with EGF. h Quantification of Dsg2 and EGFR band 
intensity from at least seven independent experiments shows a sig-
nificant reduction of surface protein levels only after incubation with 
EGF. Graph bars represent fold-change values ± SE. *p < 0.05
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(Fig. 3g, h). Interestingly, Dsg2 cell surface levels were also 
reduced after EGF treatment (Fig. 3g, h), indicating that 
EGFR and Dsg2 might stabilize one another at the cell sur-
face. In contrast, the inhibitory EGFR-specific antibody as 
well as Erlotinib had no significant effect on cell surface 
protein levels of Dsg2 and EGFR (Fig. 3g, h), suggesting 
that reduced AFM-binding frequency is attributable to inhi-
bition of direct binding. In summary, our data demonstrate 
that interaction of Dsg2 and EGFR is disrupted upon ligand 
binding to EGFR as well as after inhibition of the tyrosine 
kinase activity, suggesting that both direct binding via their 
extracellular domains as well as ligand-independent activa-
tion of EGFR might be involved in this interaction.

Loss of Dsg2 reduces Src‑dependent 
phosphorylation of EGFR

Inhibition of EGFR kinase activity reduced EGFR binding to 
Dsg2. Hence, we asked whether loss of Dsg2 might reduce 
phosphorylation of EGFR. As we hypothesized that ligand-
independent activation of EGFR is involved in Dsg2–EGFR 
complex formation and it has been shown that EGFR is 
phosphorylated on Y845 in an EGF-independent man-
ner [40], we focused on this phosphorylation site. Indeed, 
DLD1 cells deficient for Dsg2 displayed lower levels of 

Y845 phosphorylation (Fig. 4a, b). Similarly, loss of Dsg2 
in Caco2 cells reduced phosphorylation of EGFR at this site 
(Fig. S2A and B). Reconstitution of Dsc2 in DLD1 cells 
deficient for both desmosomal cadherins did not restore the 
level of phosphorylation. Moreover, loss of Dsc2 alone had 
no significant effect on phosphorylation levels (Fig. 4a, b), 
suggesting that Dsg2 and not Dsc2 is required for phospho-
rylation. Usually, the phosphorylation at Y845 is catalyzed 
by the tyrosine kinase Src [41–43], which has already been 
reported to play a role in cell adhesion signaling [40, 44, 
45]. Interestingly, Src localization to cell borders remained 
unchanged upon loss of Dsg2 (Fig. S2C). Furthermore, also 
protein levels of total and phosphorylated Src as well as dis-
tribution in the triton-soluble and -insoluble fractions were 
not affected (Figs. S2D and S2E). However, inhibition of Src 
activity using the Src-specific inhibitors PP2 and KX2-391 
resulted in reduced and fragmented EGFR and Dsg2 immu-
nostaining at cell borders in DLD1 cells (Fig. 4c). Intrigu-
ingly, where remaining both proteins were still co-localizing. 
Since Src is reported to associate with Dsg3 [45], we next 
performed immunoprecipitation to investigate whether it 
also forms a complex with Dsg2 and EGFR. Surprisingly, 
we found Src only associated with EGFR but not Dsg2 in 
DLD1 cells (Fig. 4d). Altogether, these data indicate that Src 
acts upstream of Dsg2 and EGFR; Src activity is required 

Fig. 4   Dsg2 knockout reduces Src-dependent phosphorylation of 
EGFR. a Level of phosphorylated EGFR at Y845 in DLD1 cells defi-
cient for Dsg2 and Dsc2 was analyzed via Western blot. Loss of Dsg2 
resulted in reduced level of pEGFR, which was not rescued by recon-
stitution of Dsc2. b Intensity of bands detected by a pEGFR-specific 
antibody was quantified using ImageJ and normalized to total EGFR. 
Shown are fold-change values ± SE of six independent experiments. 

*p < 0.05; n.s. not significant. c Immunostaining of Dsg2 and EGFR 
in DLD1 cells showed reduced and fragmented staining of both pro-
teins at the cell border after application of the Src inhibitors PP2 and 
KX2-391. Bar 10 µm. d DLD1 cell lysates were used for immunopre-
cipitation of EGFR (upper panels) or Dsg2 (lower panels) and sub-
jected to western blot analysis for Src, revealing a co-IP of Src with 
EGFR but not with Dsg2
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for proper localization of Dsg2 and EGFR to the cell bor-
ders and Src-mediated phosphorylation at Y845 stabilizes 
Dsg2–EGFR interaction.

Dsg2 via EGFR regulates the switch 
between adhesive and proliferative states 
in enterocytes

Finally, we were interested in the functional relevance of 
this new signaling complex. We have previously shown that 
loss of Dsg2 affects barrier properties via impaired down-
stream signaling of p38MAPK [20]. Here, we investigated 
whether EGFR signaling is involved in maintenance of bar-
rier properties in intestinal cells. To explore its role during 
barrier recovery, we performed Ca2+-switch experiments 
and applied several EGFR-modulating agents at initiation 
of repletion. Treatment of DLD1 WT cells with EGF as well 
as the inhibitory EGFR-specific antibody did not disturb bar-
rier recovery, resulting in similar TER values compared to 
Ca2+-switch alone (Fig. 5a, b). In contrast, application of 
erlotinib abolished barrier recovery significantly (Fig. 5a, b). 
Since we assume that Src activity is required for localization 
of EGFR to cell borders, we next tested whether inhibition 

of Src using the inhibitor PP2 affects barrier recovery after 
Ca2+ switch. Similar to the effect of erlotinib, also Src inhi-
bition prevented barrier reformation significantly (Fig. 5a, 
b). Furthermore, inhibition of p38MAPK with the inhibitor 
SB202190 hampered barrier recovery (Fig. 5a, b), similar 
as published previously [20], which led us to the assump-
tion that p38MAPK might be regulated downstream of the 
Dsg2–EGFR signaling complex. We obtained similar results 
using Caco2 cells (Fig. S3A and B). Moreover, Ca2+-switch 
experiments with DLD1 WT cells grown on filter inserts 
revealed no difference when applying EGF from apical side 
to basolateral side with both behaving similar to control 
conditions (Fig. S3C and D). Treatment with erlotinib in 
the trans-well system also disturbed barrier under both con-
ditions, but recovery was even more affected by applica-
tion from basolateral side (Fig. S3C and D). Furthermore, 
Ca2+-switch experiments with DLD1 cells deficient for both 
Dsg2 and Dsc2 also revealed significantly impaired barrier 
recovery after inhibition of EGFR, Src, or p38MAPK, indi-
cating that desmosomal cadherins are not the only target of 
these signaling pathways in the process of barrier recovery 
(Fig. S3E and F). Since barrier properties are maintained 
by TJ, effects on claudins may also be possible. Therefore, 
we performed immunostaining for Claudin 4 (Cld4) after 
2 h repletion together with the respective mediator, which 
revealed linear staining along cell borders similar to control 
condition after repletion without any inhibitor or when sup-
plemented with EGF or a-EGFR, whereas staining appeared 
irregular after repletion in the presence of erlotinib, PP2, 
or SB202190 (Fig. S3G). Next, we analyzed whether the 
stability of newly formed cell junctions differs after reple-
tion with EGFR-modulating agents compared to control, 
using a dispase-based cell dissociation assay. Application 
of EGF and the inhibitory EGFR-specific antibody had no 
effect on cell adhesion after Ca2+ switch (Fig. 5c) as well as 
when applied on a confluent monolayer (Fig. 5d). However, 
inhibition of EGFR tyrosine kinase activity using erlotinib 
increased the number of fragments significantly after Ca2+ 
switch (Fig. 5c) and disrupted cell adhesion of a conflu-
ent cell monolayer (Fig. 5d). Similar, inhibition of Dsg2 
binding using the Dsg2-specific antibody and inhibition of 
p38MAPK with SB202190 increased cell monolayer frag-
mentation after Ca2+ switch as well as under normal condi-
tions (Fig. 5c, d), further indicating that the Dsg2–EGFR 
complex might regulate a downstream signaling cascade 
that includes p38MAPK. Several studies implicate a role 
for Dsg2 in regulating downstream signaling cascades linked 
to proliferation [8, 22, 32]. In addition, the pivotal function 
of the EGFR is to drive cell growth and survival [46–48]. 
Therefore, we investigated whether loss of Dsg2 and, as a 
consequence, disruption of the Dsg2–EGFR complex affect 
cell proliferation. Indeed, DLD1 cells deficient for Dsg2 
and Dsc2 showed significantly increased cell proliferation 

Fig. 5   Dsg2 regulates EGFR activity, thereby suppressing prolifera-
tion and supporting an adhesive state in enterocytes. a Barrier recov-
ery of DLD1 WT cells after Ca2+ switch was monitored via TER 
measurements showing impaired barrier recovery after inhibition of 
EGFR, Src and p38MAPK activity with respective inhibitors. Inhibi-
tors were applied together with CaCl2 after 1 h depletion with EGTA. 
b TER values were quantified after 10 h of repletion with respective 
inhibitors and normalized to control repletion with respective vehicle. 
Repletion with erlotinib, PP2, and SB202190 resulted in significantly 
reduced TER values compared to control. Shown are fold-change 
values ± SE of 4–6 independent experiments. *p < 0.05; n.s. not sig-
nificant. c Cell adhesion of DLD1 cells was analyzed in a dispase-
based dissociation assay after Ca2+ switch and treatment with sev-
eral inhibitors. Treatment with erlotinib, PP2, and SB202190 during 
repletion significantly increased monolayer fragmentation compared 
to control repletion with respective vehicle. Shown is mean ± SE of 
six independent experiments. *p < 0.05; n.s. not significant. d Con-
fluent DLD1 cell monolayer were treated with EGF, a-EGFR, erlo-
tinib, or SB202190, and analyzed for cell adhesion in a dispase-based 
cell dissociation assay. Inhibition of EGFR and p38MAPK activity 
significantly increased number of fragments in contrast to EGF and 
the EGFR-specific antibody. Shown is mean ± SE of five independ-
ent experiments. *p < 0.05; n.s. not significant. e Cell proliferation 
was determined by cell counting. 50,000 cells were seeded for each 
cell line with or without erlotinib and cells were counted after 24, 
48, 72, and 96 h. f Number of cells after 96 h was quantified. Shown 
is mean ± SE of at least five independent experiments. *p < 0.05. g 
Cell proliferation was determined after Dsg2 reconstitution in DLD1 
cells deficient for Dsg2 and Dsc2, 48 h after transfection. Shown is 
mean ± SE of four independent experiments. GFP-ev empty vector, 
*p < 0.05. h Model of Dsg2-mediated regulation of EGFR. Dsg2 
recruits EGFR to cell borders where it is phosphorylated by Src and 
induces downstream signaling, thereby strengthening adhesion maybe 
via p38MAPK. Loss of Dsg2 results in activation of the canonical 
EGFR signaling pathway resulting in proliferation

◂
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compared to WT cells (Fig. 5e, f). Stable reconstitution 
of Dsc2 in cells deficient for both desmosomal cadherins 
did not revert proliferation rate and loss of Dsc2 only did 
not result in increased proliferation compared to WT cells 
(Fig. 5e, f), suggesting that Dsg2 and not Dsc2 mediates this 
effect. Treatment with the EGFR tyrosine kinase inhibitor 
erlotinib diminished cell proliferation under all conditions 
resulting in values similar to WT cells (Fig. 5e, f). A similar 
result was obtained using WT and Dsg2-deficient Caco2 
cells (Fig. S3 H). These data suggest that increased cell 
proliferation caused by loss of Dsg2 was mediated through 
EGFR tyrosine kinase activity. In addition, we performed 
Dsg2 rescue experiments with transient re-expression of 
Dsg2–GFP to corroborate the effect on proliferation upon 
loss of Dsg2. Using confocal microscopy, we confirmed the 
successful expression of Dsg2–GFP that was found linearly 
along cell borders in DLD1 double knockout as well as 
Dsg2-deficient Caco2 cells (Fig. S3I). Analysis of prolif-
eration revealed that transient re-expression of Dsg2 was 
sufficient to reduce the increased proliferation rate in Dsg2-
deficient DLD1 and Caco2 cells (Fig. 5g; Fig. S3J).

Altogether, our study has identified a new role for Dsg2 
in regulating EGFR activity in intestinal epithelial cells via 
a novel signaling complex consisting of Dsg2, EGFR, and 
Src. In this model, EGFR binds to Dsg2 and is phosphoryl-
ated by Src, which results in increased adhesion maybe via 
modulating p38MAPK signaling. In cells deficient for Dsg2, 
unbound EGFR is activated by ligand binding that leads to 
dimerization and cross-phosphorylation, thereby inducing 
pro-proliferative signaling pathways (Fig. 5h).

Discussion

Although many cellular processes regulated by EGFR 
require a break-up of intercellular junctions and desmosomes 
are considered to play the leading role in intercellular cohe-
sion, only little is known about the functional interplay of 
EGFR and desmosomal cadherins. In this study, we propose 
a new mechanism of EGFR regulation in intestinal epithelial 
cells via a signaling complex consisting of Dsg2, EGFR, 
and Src. We demonstrate, for the first time, that Dsg2 and 
EGFR interact directly via their extracellular domains and 
that ligand binding as well as inhibition of EGFR tyros-
ine kinase activity prevent this interaction in AFM meas-
urements. In addition, inhibition of EGFR tyrosine kinase 
activity significantly reduced cell adhesion, suggesting that 
the Dsg2–EGFR complex stabilizes desmosomal adhesion. 
Dsg2 is required for EGFR to localize to cell borders where 
it binds to Src. In line with this, we detected reduced level 
of Src-mediated phosphorylation of EGFR at Y845 in Dsg2-
deficient cells. Moreover, inhibition of Src activity impaired 
barrier formation, which was accompanied by fragmented 

immunostaining of Dsg2 and EGFR at cell borders. Fur-
thermore, loss of Dsg2 enhanced cell proliferation that was 
restored by inhibition of EGFR kinase activity, indicating 
that Dsg2 modulates EGFR activity, thereby regulating the 
switch between adhesive and proliferative states in intestinal 
epithelial cells.

Our data are in line with the previous studies reporting 
reduced phosphorylation of EGFR on Y845 upon loss of 
Dsg2 [22, 32]. EGFR phosphorylation at Y845 is usually 
catalyzed by Src and regulates a variety of cellular functions 
through the activation of several downstream events [41–43]. 
Increased levels of Src and EGFR can be found in various 
cancer cells, and Y845 phosphorylation-mediated signal-
ing is linked to higher cancer malignancy due to enhanced 
cell transformation, motility, and invasion [42, 49–52]. 
Moreover, Src-mediated phosphorylation at Y845 has been 
reported to promote anti-apoptotic and pro-proliferative 
cell functions [53–56]. In accordance, recently published 
data show that reduced level of EGFR Y845 phosphoryla-
tion after Dsg2 downregulation suppresses cell proliferation 
[22, 32]. However, our study provides evidence that loss of 
Dsg2 and corresponding reduction of EGFR Y845 phospho-
rylation enhanced cell proliferation of intestinal epithelial 
DLD1 cells as well as of Caco2 cells. One has to consider 
that EGFR signaling highly depends on its spatial compart-
mentalization that determines the biological outcome [57]. 
After ligand-mediated activation at the cell surface, EGFR 
molecules are internalized and traverse different routes of 
the endosome network, while signaling continues [58–61]. 
EGFR is also known to act as transcription factor in the 
nucleus [62, 63]. Our data indicate a new mechanism by 
which EGFR directly interacts with Dsg2 at cell borders, 
thereby signaling towards adhesion and suppressing prolif-
eration. We observed that this direct interaction is blocked 
using specific antibodies directed against the extracellular 
domains of EGFR or Dsg2 in cell-free AFM measurements. 
A previous study reported that Dsg2 ectodomains, which are 
capable of binding to the same region as the Dsg2-specific 
antibody used in this study, inhibit intercellular adhesion 
and, in addition, increase intestinal epithelial cell prolifera-
tion [21], which fits well to our proposed model. Particu-
lar attention should be given to the close co-localization of 
Dsg2 and EGFR which we found not only in cell culture, but 
similarly in human enteroids as well as in human samples 
which supports the physiological relevance of direct inter-
action between Dsg2 and EGFR. Several studies reporting 
the presence of EGFR in the apical membrane in intestinal 
cells [64–66] where Dsg2 is located support these obser-
vations. Another study suggests EGFR activation through 
Dsg2-mediated disruption of EGFR association with lipid 
rafts without direct interaction of EGFR and Dsg2 [22]. 
Thus, presumably, a different signaling complex is formed, 
resulting in a different biological function. However, this 
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study was performed in keratinocytes which express more 
than one desmoglein isoform. This is in contrast to intestinal 
epithelial cells with only Dsg2 and Dsc2 being expressed 
[67, 68]. Hence, it is conceivable that desmosomal cadherins 
exert distinct functions in different tissues. In line with this, 
in keratinocytes, EGFR was shown to co-localize with Dsg1 
that suppressed EGFR activity to promote differentiation 
[9]. A recent study demonstrated a similar mechanism, by 
which the classical cadherin Ecad recruits EGFR to AJ and 
suppresses its activity to foster barrier stability [69]. This 
is in line with our proposed model, where Dsg2 localizes 
EGFR to cell borders, thereby suppressing its proliferative 
activity and strengthening cell adhesion. Similarly, Dsg2 has 
been reported to support differentiation and thus to act as 
tumor suppressor gene in gastric cancer [70]. Furthermore, 
our data indicate that this effect is mediated by increased 
EGFR phosphorylation at Y845 which appears to be impor-
tant for the formation of the Dsg2–EGFR signaling complex. 
Studies from the literature, demonstrating that Y845 phos-
phorylation induces cell cycle arrest and inhibits growth, 
also support our hypothesis [71, 72]. Interestingly, another 
group demonstrated that downregulation of Dsc2 increases 
proliferation in colon cancer cells, while downregulation of 
Dsg2 reduces proliferation, which is in contrast to our study 
[32, 73]. However, this study was conducted in cancer cells 
harboring a mutation that results in deregulated β-catenin 
signaling and increased expression of pro-proliferative genes 
[74, 75]. Given that the EGFR and β-catenin pathways are 
known to interact at multiple levels ranging from transcrip-
tional to posttranscriptional regulation [76–81], deregulated 
signaling events downstream of these pathways may account 
for the different impact on proliferation after Dsg2 downreg-
ulation. Similar to our study, EGFR Y845 phosphorylation 
was reduced upon loss of Dsg2, which points toward compa-
rable EGFR regulation but different downstream signaling. 
We observed increased proliferation rate in both DLD1 and 
Caco2 cells upon loss of Dsg2.

Previously, we have shown that Dsg2 regulates intesti-
nal barrier properties via p38MAPK that is activated upon 
loss of Dsg2 [20]. However, it is still an open question how 
Dsg2 regulates this signaling pathway. MAPK cascades are 
known to be downstream targets of the EGFR and increased 
p38MAPK phosphorylation after EGF stimulation has been 
reported previously [82, 83]. Furthermore, Src-dependent 
p38MAPK activation has been shown to modulate the EGF-
stimulated response towards migration instead of prolifera-
tion during wound closure in intestinal epithelial cells [84]. 
Hence, a signaling cascade consisting of Src being upstream 
of the Dsg2–EGFR complex and p38MAPK being regulated 
downstream of this complex, thereby supporting the adhe-
sive state of intestinal epithelial cells, is conceivable. How-
ever, our data do not rule out the possibility that other tar-
gets including adhesion molecules as well as other signaling 

cascades may be coordinated by Dsg2 together with EGFR. 
For instance, EGFR regulation has recently been linked to 
AJ [69] and we observed irregular staining of the TJ pro-
tein Cld4 after EGFR inhibition. Furthermore, it has been 
reported that the apical and basolateral fractions of EGFR 
exert differential signaling functions [85]. Although we 
observed no difference in outcome when applying EGFR-
modulating agents from apical side to basolateral side in this 
study, future studies may gain more insight into the molecu-
lar mechanism underlying the EGFR-mediated regulation of 
intestinal barrier properties.

Taken together, we propose a new mechanism of EGFR 
regulation that is important for intestinal epithelial cell 
homeostasis. Deregulation of any of the involved proteins 
has potential to induce intestinal disorders such as inflam-
matory bowel disease (IBD) or cancer. Thus, EGFR signal-
ing has been shown to be reduced in IBD patients, while 
upregulated levels are often found in various types of can-
cers, indicating that a precise regulation of EGFR activity 
is crucial to maintain intestinal barrier integrity [42, 86]. In 
line with this, growth factors such as EGF promote wound 
healing in IBD but are also involved in the formation of 
neoplasia [87–89]. Likewise, Dsg2 is reduced in the mucosa 
of patients suffering from Crohn’s disease and is implicated 
in oncogenesis [17, 19]. In addition, tumor necrosis fac-
tor α (TNFα), a cytokine implicated in the pathogenesis 
of Crohn’s disease, has been reported to modulate EGFR 
activity, as well [90, 91]. Hence, understanding the molecu-
lar mechanism of EGFR regulation in intestinal cells might 
provide the molecular basis for new therapeutic approaches 
for the treatment of IBD or cancer in the future.

Materials and methods

Cell culture

DLD1 and Caco2 cells were cultured in Dulbecco’s modi-
fied Eagle medium (Life Technologies, Carlsbad, CA, USA) 
supplemented by 10% fetal bovine serum (Biochrom, Berlin, 
Germany), 50 U/mL penicillin, and 50 U/mL streptomycin 
(both AppliChem, Darmstadt, Germany), and cultivated 
in a humidified atmosphere containing 5% CO2 at 37 °C. 
Experiments were performed 4 days after reaching full con-
fluence. DLD1 knockout cells were generated in the lab of 
Suzuki (Kwansei Gakuin University, Japan) [16] using the 
CRISPR/Cas9 system with the pX330 vector (Addgene, 
Cambridge, MA, USA) according to the method described 
by Cong et al. [92]. Briefly, human cDNAs for Dsg2 and 
Dsc2 were obtained by polymerase chain reaction (PCR) 
with nucleotide sequences that are published in the Gen-
Bank, and amplified and cloned into the expression vector 
pEF1 (Invitrogen, Carlsbad, CA, USA) accompanied with 
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the introduction of an HA tag at the C-terminus. DLD1 cells 
were co-transfected with the CRISPR/Cas9 construct and the 
expression vector pCAG-Flag-IRESpuro (Addgene, Cam-
bridge, MA, USA) using the lipofectamine LTX protocol. 
Puromycin was used for screening, resultant colonies were 
picked and cultured, and the expression of target protein was 
analyzed by immunoblotting. In addition, deletion of the 
target gene was confirmed by amplification of genomic DNA 
by PCR and subsequent sequencing. For stable expression of 
full-length Dsc2, cells were transfected with the DNA con-
struct using the Lipofectamine LTX protocol and screened 
in the presence of G418 (400 µg/mL) for about 2 weeks, 
followed by immunoblot analysis.

Human tissue samples

Colon samples were obtained from patients who required 
right or left hemi-colectomy due to colon carcinoma in 
which the surgical resection routinely involves a part of the 
healthy small intestine or colon, respectively. All patients 
gave their written informed consent prior surgery to inclu-
sion in the study and ethical approval was given by the Ethi-
cal Board of the University of Würzburg (proposal numbers 
113/13, 46/11, 42/16). Tissue samples were collected in a 
standardized procedure via the Interdisciplinary Bank of 
Biomaterials and Data Würzburg (IBDW) as described in 
detail previously [93]. For immunostaining, tissue samples 
were fixed in 4% paraformaldehyde, embedded in paraffin, 
and sectioned (1 μm).

Enteroids

Intestinal epithelial cells (IECs) were isolated from healthy 
human full-wall gut resections, 1 cm2 in size as described 
previously [94]. Briefly, villi were scraped off the muscle-
free mucosa using a sterile glass slide. The remaining tis-
sue was transferred into a 50 mL falcon tube with 20 mL 
4 °C cold HBSS (Sigma-Aldrich, St. Louis, MO, USA) and 
vortexed for 5 s, and the supernatant discarded. This wash-
ing step was repeated until the supernatant was completely 
cleared of cell debris. Afterward, the tissue was incubated 
in 4 °C cold 2 mM EDTA/HBSS solution (Sigma-Aldrich, 
St. Louis, MO, USA) for 30 min at 4 °C under gentle rota-
tion on a shaker. Subsequently, the tissue was washed once 
in 20 mL HBSS by manually inverting the tube five times. 
The mucosa was transferred in a new tube with 10 mL HBSS 
and manually shaken five times. This shaking procedure was 
repeated four times always using a new tube. Each cell frac-
tion was checked for the amount and size of crypts within 
small drops under the microscope. The supernatants contain-
ing the most vital appearing crypts were pooled and centri-
fuged at 350g for 3 min at room temperature (RT). Pellet was 
resuspended in 10 mL basal medium, DMEM-F12 Advanced 

(Invitrogen, Carlsbad, CA, USA) supplemented with N2, 
B27, Anti–Anti, 10 mM HEPES, 2 mM GlutaMAX-I (all 
from Invitrogen, Carlsbad, CA, USA), and 1 mM N-ace-
tylcysteine (Sigma-Aldrich, St. Louis, MO, USA), and the 
crypt number was estimated in a 10 µL drop by microscopy. 
Crypts were centrifuged in a nonstick 1.5 mL tube at 350g 
for 3 min at RT and the supernatant was removed. The tube 
with the cell pellet was placed on ice until further use. The 
pellet was resuspended in an appropriate amount of cold 
Matrigel (Corning, Hickory, NC, USA), that is, 5000 crypts/
mL. Drops of 50 µL per well were seeded in a 24-well plate 
and incubated for 10–20 min until the Matrigel was well 
solidified. The culture medium contained a mixture of 50% 
fresh basal medium and 50% Wnt3A-conditioned medium.

Furthermore, the following growth factors were added: 
500 ng/mL hR-Spondin 1 (PeproTech, Rocky Hill, NY, 
USA). 100 ng/mL IECs were isolated from human small 
intestinal tissue and expanded as organoid culture for 
3–4 weeks.

Test reagents

Epidermal growth factor receptor activity was inhibited 
using either a specific mouse anti-EGFR antibody (C225, 
sodium azide free, Merck Millipore, Darmstadt, Germany) 
at 0.5 µg/mL for 1 h or the tyrosine kinase activity inhibi-
tor erlotinib (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) at 2.5 µM for 1 h. For positive stimulation of EGFR 
activity, the growth factor EGF (Sigma-Aldrich, Munich, 
Germany) was used at 20 ng/mL for 1 h. Cells were cul-
tured in serum-free medium for 1 h prior to treatment with 
EGFR-modulating agents. PP2 (Calbiochem, Darmstadt, 
Germany) and KX2-391 (Biozol, Germany) were used at 
10 µM for 1 h to inhibit Src activity and SB202190 (Cal-
biochem, Darmstadt, Germany) was used at 30 µM for 1 h 
to inhibit p38 MAPK. Dsg2 binding was inhibited using 
a specific monoclonal mouse antibody directed against the 
second and third extracellular repeat domains of Dsg2 (clone 
10G11, sodium azide free, Progen, Heidelberg, Germany) 
applied 1:50. For western blot analysis and immunofluo-
rescence staining, following primary antibodies were used: 
mouse anti-Dsg2 (clone 10G11) and rabbit anti-Dsg2 (rb5, 
both Progen, Heidelberg, Germany), mouse anti-Dsc2/3 
(clone 7G6) and rabbit anti Claudin-4 (both Life Technolo-
gies, Carlsbad, CA, USA), rabbit anti-DP I/II (H-300), rabbit 
anti-EGFR (clone 1005-G), mouse anti-EGFR (clone A-10) 
and mouse anti-GAPDH (all from Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), mouse anti-α-tubulin (Abcam, 
Cambridge, UK), and rabbit anti-phospho-EGFR Tyr845 
and rabbit anti-Src (both from Cell Signaling, Danvers, MA, 
USA). HRP-conjugated goat anti-mouse or goat anti-rabbit 
(Dianova, Hamburg, Germany) secondary antibodies were 
used for western blot analysis. Cy3- or Alexa488-labeled 
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goat anti-mouse or goat anti-rabbit antibodies (Dianova, 
Hamburg, Germany) were used for confocal microscopy, 
and Star580- and Star635P-labeled antibodies (Abberior) 
were used for STED. F-actin was visualized using Alexa488-
labeled phalloidin (Life Technologies, Carlsbad, CA, USA) 
and nuclei were counterstained with DAPI (Sigma-Aldrich, 
Munich, Germany).

Immunofluorescence

Cells were grown on 12 mm glass cover slides, fixed with 
2% paraformaldehyde in PBS for 10 min and, subsequently, 
permeabilized with 0.5% TritonX-100 in PBS containing 
0.02% Tween20 (PBS-T) for 10 min following 1 h of block-
ing in 2% BSA in PBS-T. Human tissue samples embedded 
in paraffin were sectioned in 1 µm slices and immunostaining 
was performed after removal of paraffin using 100% Xylol 
followed by an ethanol series from 100 to 70% and sera dest 
at the end. Then, samples were permeabilized with 0.1% 
TritonX-100 in PBS-T for 30 min followed by blocking in 
2% BSA in PBS-T. Primary and secondary antibodies were 
incubated for 1 h at room temperature each. Paraffin sections 
were incubated with primary antibodies at 4 °C over night. 
For confocal microscopy, coverslips were placed on glass 
slides with 60% glycerol in PBS, containing 1.5% N-propyl 
gallate (Serva, Heidelberg, Germany). Image acquisition was 
performed using a Leica SP5 confocal microscope with a 
63× NA 1.4 PL APO objective (both Leica, Wetzlar, Ger-
many. Co-localization analysis was performed by generating 
an intensity plot profile for each channel using the ImageJ 
software and calculating the Pearson’s correlation coefficient 
between the intensity distributions of two molecules of inter-
est. To this end, 35 cell borders from 7 independent experi-
ments were selected.

Stimulated emission depletion microscopy (STED)

After immunostaining, cells were mounted in 2.5% DABCO 
in MOWIOL/HEPES (self-made solution). Images were 
acquired with an Abberior 3D STED confocal microscope. 
Star580 and Star635P (both from Abberior) were excited 
at 594 and 638 nm, respectively, using pulsed diode lasers 
(PDL 594, Abberior Instruments; PiL063X, Advanced 
Laser Diode Systems). Depletion of fluorescent molecules 
was conducted at 775 nm with a pulsed fibre laser (PFL-
P-30-775B1R, MPB Communications) and emission was 
detected with an avalanche photodiode detector at 605–625 
and 650–720 nm range.

Western blot

Cells were lysed with SDS lysis buffer (25 mM HEPES, 
2 mM EDTA, 25 mM NaF, and 1% SDS) supplemented 

with a protease-inhibitor cocktail (Roche, Mannheim, 
Germany) followed by sonication and heating to 95 °C 
for 10 min in Laemmli buffer with 50 mM dithiothreitol 
(Applichem). Protein amount was determined using a BCA 
Protein Assay Kit (Pierce/Thermo Scientific, Waltham, 
MA, USA) and equivalent protein concentrations were 
resolved by reducing SDS-PAGE. After protein transfer to 
a nitrocellulose membrane (Life Technologies, Carlsbad, 
CA, USA) according to the standard protocols, membranes 
were probed with primary antibodies overnight at 4 °C 
followed by incubation with secondary antibodies for 2 h 
at room temperature. Bands were detected with an ECL 
reaction system (self-made solution) using the Amersham 
Imager 600 (GE Healthcare Life Sciences, Germany).

TritonX‑100 protein extraction

Cells were washed with ice-cold PBS and incubated in a 
Triton buffer (0.5% Triton X-100, 50 mM MES, 25 mM 
EGTA, and 5 mM MgCl2) supplemented with 1 mM PMSF 
(Roth, Germany), Aprotinin, Pepstatin A (both Applichem, 
Germany), and Leupeptin (VWR, Germany) for 15 min on 
ice under gentle shaking. Subsequently, cell lysates were 
centrifuged at 13,000 rpm for 5 min to separate the insolu-
ble from the soluble fraction and pellets were resuspended 
in SDS lysis buffer followed by sonication. Protein con-
centration of both fractions was calculated as described 
above and equivalent amounts of protein were used for 
western blot analysis.

Cell surface biotinylation

Cells grown in six-well plates were treated with test rea-
gents, washed with ice-cold HBSS, and incubated with 
0.25 mM membrane-impermeable EZ-Link Sulfo-NHS-
Biotin (Thermo Fischer Scientific, Waltham, USA) for 
1 h on ice to prevent internalization. Excess biotin was 
quenched by washing three times with ice-cold 100 mM 
Glycin followed by three times washing with ice-cold 
HBSS. Cells were lysed in lysis buffer (50 mM NaCl, 
10  mM PIPES, 3  mM MgCl2, and 1% Triton X-100) 
for 15 min on ice followed by 5 min centrifugation at 
13,000 rpm and measurement of protein concentration 
of the recovered cell lysate supernatants as described 
above. For precipitation of biotin-labeled proteins, a pro-
tein amount of 500 µg was incubated with NeutrAvidin 
(High Capacity)-agarose beads (Thermo Fischer Scientific, 
Waltham, USA) over night at 4 °C. After four times wash-
ing with lysis buffer, cell surface proteins were eluted in 
Laemmli buffer containing 50 mM dithiothreitol at 95 °C 
and subjected to Western blot analysis.
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Co‑immunoprecipitation

Cell monolayers were washed with ice-cold HBSS and incu-
bated with RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 
0.1% SDS, 1% NP-40, and 0.1 mM EDTA) supplemented 
with a protease-inhibitor cocktail (Roche, Mannheim, Ger-
many) for 30 min on ice while shaking. Cells were scraped 
and centrifuged at 13,000 rpm for 5 min at 4 °C, and pro-
tein concentration of the lysate was determined as described 
above. Cell lysates were precleared with protein-G beads 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h 
at 4 °C, followed by incubation with 1 µg of respective anti-
body or IgG control for 3 h at 4 °C with gentle rotation. 
Subsequently, protein-G beads were added and incubated 
over night at 4 °C. For pull-down assays with Dsg2-Fc, 
beads were incubated with 0.15 mg/mL Dsg2-Fc in HBSS 
at 4 °C over night, washed three times with RIPA buffer to 
remove unbound protein, and incubated with cell lysates at 
4 °C again over night. After three times washing with RIPA 
buffer, immunocomplexes were boiled in 20 µL Laemmli 
buffer containing 50 mM dithiothreitol at 95 °C for 10 min 
and subjected to Western blot analysis.

Atomic force microscopy (AFM)

Atomic force microscopy measurements were performed 
with a Nanowizard III AFM (JPK Instruments, Berlin, Ger-
many) mounted on an optical microscopy (Carl Zeiss, Jena, 
Germany). The whole setup was placed on a Halcyonics i4 
anti-vibration table (Accurion, Goettingen, Germany) in a 
closed hood to protect measurements from environmental 
noise. The application of AFM force microscopy on living 
cells was described in detail before [95]. All measurements 
were conducted in cell culture medium at 37 °C. For Dsg2 
adhesion studies, recombinant Dsg2-Fc (self-made) contain-
ing the complete extracellular domain (ED) of Dsg2 was 
linked to flexible Si3N4 AFM cantilevers (MLCT probes, 
Bruker, Calle Tecate, CA, USA) via a flexible bifunctional 
polyethylene glycol linker (Gruber Lab, Institute of Bio-
physics, Linz, Austria) as described elsewhere [96]. Prior 
to adhesion measurements on living cells, AFM topogra-
phy images of 50 × 50 µm and 128 × 128 pixels were cre-
ated using a force curve-based imaging mode (QI-mode) 
with a setpoint adjusted to 0.5 nN, a z length of 1500 nm, 
and a pulling speed of 50 µm/s. Adhesion measurements 
were performed in the force spectroscopy mode with a rela-
tive setpoint of 0.5 nN, a z length of 2 µm, and a pulling 
speed of 4 µm/s. The same cantilever was used under con-
trol conditions and after incubation for 1 h with inhibitory 
antibodies or EGFR-modulating agents. For each condition, 
several areas of 2 × 5 µm were selected with 1000 recorded 
force–distance curves per area. Cell-free AFM measure-
ments were carried out with mica sheets (SPI Supplies, West 

Chester, USA) instead of cell monolayers, functionalized 
with either Dsg2-Fc or EGFR-Fc (Sino Biological). To pro-
duce comparable results, setpoint was adjusted to the same 
value as for cell-based experiments. For each condition, sev-
eral areas of 25 µm × 25 µm with 400 force–distance curves 
per area were measured using a z length of 0.3 µm and a 
pulling speed of 1 µm/s. Acquired AFM data were processed 
using the JPK processing software. Analysis of unbinding 
force distribution was performed with Origin Pro 2016, 93G 
(Northampton, MA, USA).

Hanging drop bead aggregation assay

Protein-G-coated polystyrene microbeads (Dynabeads, 
diameter 2.8 µm; Thermo Fisher Scientific) were coated 
with recombinant Dsg2- or EGFR-Fc and aggregation assays 
were carried out as described previously [95]. Briefly, beads 
were washed with 100 mM sodium phosphate buffer (pH 
8.1), blocked with 5% BSA for 1 h at RT, and incubated with 
0.15 mg/mL Dsg2-, EGFR-Fc or control-Fc part of human 
IgGs (Merck Millipore, Darmstadt, Germany) over night at 
4 °C under slow overhead rotation. Following washing steps, 
beads were incubated with 500 mM dimethyl adipimidate·2 
HCl (DMA, Thermo Fisher Scientific) for 45 min at RT to 
covalently cross-link protein-G with Fc parts. After incuba-
tion with 200 mM ethanolamine (pH 8.0) for 2 h at RT and 
several washing steps, about 0.3 µg beads were resuspended 
in 10 µL HBSS containing 1.8 mM Ca2+. Then, beads were 
allowed to aggregate in a hanging drop on the underside of 
a culture dish lid at 37 °C for 1 h, followed by 1 h incubation 
with EGF. After shaking on an orbital shaker at 1000 rpm 
for 3 min, a ratio was calculated from of the area covered 
with beads and the area of total bead extent and expressed 
as density of bead colonies in percentage.

Calcium switch assay

Cells were incubated with 4 mM EGTA for 1 h, thereby 
inducing disruption of Ca2+-dependent cell junctions. Ref-
ormation of cell junctions was induced by addition of 8 mM 
CaCl2 supplemented with test reagents or the respective 
vehicle. Time course of junctional disassembly and reas-
sembly was monitored by measuring the transepithelial 
resistance (TER) of cells grown on eight-well electrode 
arrays (Ibidi, 8W10E) with an ECIS model Z theta (Applied 
Biophysics, Troy, NY, USA) at 800 Hz for DLD1 cells and 
400 Hz for Caco2 cells. In addition, cells were grown on fil-
ter inserts (Corning, PET membrane, pore size 0.4 µm) and 
measured with the ECIS 8W Trans-Filter Adapter. Stability 
of reformed cell junctions was analyzed using a dispase-
based cell dissociation assay.
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Dispase‑based dissociation assay

Dissociation assays were performed in 24-well plates. After 
treatment with test reagents, cell monolayer were washed 
with Hank’s buffered saline solution (HBSS; Sigma-Aldrich) 
and incubated with 150 µL dispase II (2.4 U/mL in HBSS, 
Sigma-Aldrich) at 37 °C for 25 min. Reaction was stopped 
by adding 200 µL HBSS and a defined shear stress was 
applied by pipetting three times with an electrical pipet. 
Resulting fragments were counted using a binocular micro-
scope (Leica). Every condition was performed in duplicates 
and each experiment was repeated at least four times.

Proliferation assay

Cellular proliferation was ascertained by counting the num-
ber of cells using a Neubauer chamber (Laboroptik, Lancing, 
UK). 50,000 cells were seeded in 24-well plates in complete 
DMEM with erlotinib (2.5 µM) or DMSO and counted after 
24, 48, 72, and 96 h. Medium was changed every day.

Transfection with Dsg2–GFP

The plasmid encoding for human wild-type Dsg2 with a 
C-terminal eGFP tag [97] was kindly provided by Katja 
Gehmlich (University of Oxford, UK). 50,000 cells were 
seeded and transfected right away with 1 µg endotoxin-free 
Dsg2–GFP plasmid DNA or the GFP empty vector [98] 
(pDEST-eGFP-N1, Addgene plasmid # 31796, gift from 
Robin Shaw, Cedars-Sinai Heart Institute, Los Angeles, 
USA) using TurboFect™ (Life Technologies) according to 
the manufacturer’s protocol and incubated for 48 h. Medium 
was changed 8 h after transfection.

Statistics

All experiments were repeated at least three times. Band 
intensity was quantified using ImageJ (National Institutes of 
Health, Bethesda, MD, USA). For statistical analysis, two-
tailed Student’s t test was used to analyze two-sample groups 
and one-way ANOVA followed by Bonferroni correction 
was used for multiple sample groups. Results are shown as 
mean ± SE. A p value of < 0.05 was considered significant.
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