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ABSTRACT
Previous data provided evidence for a critical role of desmosomes to stabilize intestinal epithelial 
barrier (IEB) function. These studies suggest that desmosomes not only contribute to intercellular 
adhesion but also play a role as signaling hubs. The contribution of desmosomal plaque proteins 
plakophilins (PKP) in the intestinal epithelium remains unexplored. The intestinal expression of 
PKP2 and PKP3 was verified in human gut specimens, human intestinal organoids as well as in 
Caco2 cells whereas PKP1 was not detected. Knock-down of PKP2 using siRNA in Caco2 cells 
resulted in loss of intercellular adhesion and attenuated epithelial barrier. This was paralleled by 
changes of the whole desmosomal complex, including loss of desmoglein2, desmocollin2, plako-
globin and desmoplakin. In addition, tight junction proteins claudin1 and claudin4 were reduced 
following the loss of PKP2. Interestingly, siRNA-induced loss of PKP3 did not change intercellular 
adhesion and barrier function in Caco2 cells, while siRNA-induced loss of both PKP2 and PKP3 
augmented the changes observed for reduced PKP2 alone. Moreover, loss of PKP2 and PKP2/3, but 
not PKP3, resulted in reduced activity levels of protein kinase C (PKC). Restoration of PKC activity 
using Phorbol 12-myristate 13-acetate (PMA) rescued loss of intestinal barrier function and atte-
nuated the reduced expression patterns of claudin1 and claudin4. Immunostaining, proximity 
ligation assays and co-immunoprecipitation revealed a direct interaction between PKP2 and PKC. 
In summary, our in vitro data suggest that PKP2 plays a critical role for intestinal barrier function by 
providing a signaling hub for PKC-mediated expression of tight junction proteins claudin1 and 
claudin4.
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Introduction

The gastrointestinal tract is lined by a single layer of 
epithelial cells that provide a critical interface 
between the inner part of the body and the gut 
lumen which contains nutrients, microbiota and 
pathogens.1,2 One of the pivotal tasks of the intest-
inal epithelium is its selective barrier function to 
prevent bacterial and pathogen translocation.3

The paracellular space is sealed by the apical 
junctional complex.1,2 Within this complex, tight 
junctions (TJ) regulate permeability by the presence 
of different transmembrane proteins, known as 
claudins and occludin, in the cell lateral 
membrane.1,4 Furthermore, adherens junctions 
(AJ) containing the transmembrane protein 
E-cadherin contribute to the mechanical stability 

of the intestinal barrier. A comparable role has been 
attributed to the desmosomes. Previous data indi-
cate that the integrity of desmosomes is crucial to 
maintain intestinal barrier function, both under 
basal and inflammatory states, as observed in 
IBD.5–8 Interestingly, there is increasing evidence 
that desmosomes not only stabilize intercellular 
adhesion but provide signaling hubs to regulate 
cellular behavior and TJs.9

Desmosomes in the intestine consist of the adhe-
sion molecules desmoglein 2 (DSG2) and desmocol-
lin 2 (DSC2). They bind in either homo- or 
heterophilic manner in the intercellular space and 
mediate intercellular adhesion between neighboring 
enterocytes. At their intracellular domains, DSG2 
and DSC2 are linked to plaque proteins known as 
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plakoglobin (PG), plakophilins (PKP) and desmopla-
kin (DP), which, in turn, tethers the desmosome 
complex to the intermediate filament system.1

There is evidence especially in keratinocytes and 
cardiomyocytes, that plakophilins are critical to 
regulate desmosome function and cell 
adhesion.10–12 Plakophilins belong to the armadillo 
protein family which are characterized by 
a repetitive series of 45 amino acids, named arm 
repeats. This conserved domain is flanked by 
a carboxyl-terminal tail and an amino-terminal 
head that interacts with numerous binding 
partners.13 As a result of alternative splicing, 
PKP1 and PKP2 exist in a long a and a shorter 
b isoform whereas there were no reports on iso-
forms for PKP3. In the heart, the genetic disease 
arrhythmogenic right ventricular dysplasia/cardio-
myopathy (ARVC) is partly caused by PKP2 muta-
tions leading to vulnerable cell contacts and 
ultimately to heart failure especially in young adults 
and athletes.14 In lung carcinomas, PKP3 overex-
pression was correlated with poor prognosis, sug-
gesting that PKP3 functions as an oncogene.15 

Moreover, reduced levels of PKP3 lead to the sti-
mulation of neoplastic progression and metastasis 
in poorly differentiated tumors, underlining the 
essential roles of PKPs in cancer.16 All these find-
ings clearly indicate that the role of PKPs is strongly 
dependent on the cellular context. However, when 
focusing on the gut, the specific role of PKPs 
remains almost entirely unexplored.

Therefore, the aim of the present study was to 
characterize the presence of PKPs in the human 
intestine and in different in vitro models to assess 
the basic contribution of PKPs in the context of 
intestinal epithelial barrier regulation.

Methods

Test reagents

For PKC activation, we used 100 nM Phorbol 12- 
myristate 13-acetate (PMA; Sigma-Aldrich, Munich, 
Germany) as has been reported previously.17

Human tissue samples

Control human tissue samples were obtained from 
patients diagnosed with colon carcinoma in which 

the surgical procedure involved resection from 
a healthy part of the intestine. Prior to surgery, 
a written informed consent form to be included in 
the study, was signed by all patients. The ethical 
approval was given by the ethical board of the 
University of Wuerzburg (proposal numbers 113/ 
13, 46/11, 42/16).

Human intestinal organoids

Organoids derived from healthy human small 
intestines were obtained from gut resections as 
described previously.18 In brief, the villi were 
extracted, the residual tissue was washed with 
HBSS solution (Sigma-Aldrich) and incubated 
with 20 mL 2 mM EDTA/HBSS solution (Sigma- 
Aldrich) on a shaker for 30 minutes at 4°C. 
Thereafter, the tissue was washed with HBSS once 
more and shaken manually to capture cell fractions. 
These were controlled under the microscope to 
ensure the proper quantity of crypts. 
Subsequently, the supernatants containing the 
crypts were centrifuged at 300 g for 3 minutes. 
The pellet was then resuspended in 10 mL basal 
medium, which consists of DMEM-F12 Advanced 
(Invitrogen) with N2, B27, antibiotic-antimycotics, 
Hepes, 2 mM GlutaMAX (all Invitrogen, Carlsbad, 
USA), 1 mM N-acetylcysteine (Sigma-Aldrich, 
Munich, Germany). The prepared mixture was 
finally centrifuged at 300 g for 3 minutes and the 
supernatant was extracted. The pellet was resus-
pended in 5000 crypts/ml cold embedding mixture, 
consisting of 50% Matrigel (Corning, New York, 
USA) and 50% basal medium. Three droplets at 
10 µl per well of the mixture was seeded in a 24- 
well plate and incubated for ca. 30 minutes until 
solidified. The following growth factors and inhibi-
tors were added to the culture medium: 500 ng/ml 
hR-Spondin 1, 100 ng/ml mNoggin, 50 ng/ml 
mEGF (all from PeproTech, Hamburg, Germany), 
10 μM Y-27632 (ROCK inhibitor; Tocris 
Bioscience, R&D Systems), 10 nM Gastrin 
([Leu15]-Gastrin I; Sigma-Aldrich), 10 mM 
Nicotinamide (Sigma-Aldrich), 500 nM A83-01 
(Tocris Bioscience, R&D Systems), 10 μM 
SB202190 (Sigma-Aldrich), and 500 nM 
LY2157299 (Axon MedChem, Groningen, 
Niederlande). Intestinal epithelial cells were 
expanded as organoids for 3–4 weeks by adding 
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300 μl of this medium per well. The medium was 
changed every third day. Organoids for this study 
were chosen from an existing cryo cell bank, 
defrosted, cultured, and thereafter used for this 
study up to passage 30.7

Cell culture

The well-established human CaCo2 cell line 
(ATCC), which mimics barrier properties repre-
sented in human intestine, was cultured in 
Dulbecco’s Modified Eagle’s Medium (Thermo 
Fisher) containing 10% FCS, 5% pyruvate and 
50 U/ml penicillin-G, 50 μg streptomycin 
(Biochrom). Experiments were carried out after 
cells were grown to a confluent monolayer.7

siRNA-mediated silencing of PKP2/3

After grown in 6-well plates overnight, cells were 
transfected with human PKP2-, PKP3-specific 
siRNA or with a mix of both siRNAs (Thermo 
Fisher Scientific, Waltham, USA) and nontarget 
(n.t.) siRNA as controls (Abcam; Cambridge, 
UK). Transfection was carried out when cells had 
reached 80% of confluence.

Transfection was performed using 
Lipofectamine Transfection LTX Reagent 
(Thermo Fisher Scientific; Waltham, USA) accord-
ing to the manufacturer’s protocol. According to 
preliminary experiments sufficient knockdown of 
PKP2, PKP3 or both was achieved after 48 h, so that 
all experiments using knockdown conditions were 
started after 48 h.

Overexpression of PKP2 and PKP3

PKP2-wt-pCMV5a-Flag and PKP3-wt-pCMV5 
plasmids were kindly supplied by Mechthild 
Hatzfeld (Institute for Molecular Medicine, 
University of Halle; Germany). First, the plasmids 
were amplified using MaxiPrep protocol according 
to manufacturer’s recommendation (Macherey- 
Nagel, Düren, Germany; Cat.No.740414). 
Thereafter, 2.5 µg of the plasmids were used for 
transfection into Caco2 grown to 80% confluency 
using Lipofectamine LTX Transfection Reagent 
(Thermo Fisher Scientific; Waltham, USA) accord-
ing to the manufacturer’s protocol. Experiments 

were carried out after 24–48 h following transfec-
tion. For co-transfection experiments of cells with 
PKP2 siRNA and PKP3-wtpCMV5, cells were incu-
bated for the same time. Overexpression or knock-
down was verified by Western blotting.

Western blot

Cells were grown in 6-well plates and harvested 
with lysis buffer containing 25 mM HEPES, 2 mM 
EDTA, 2 mM NaF, and 1% SDS after knockdown 
was achieved, the lysates were then homogenized 
and total amount of protein was measured using 
a BCA assay kit (Thermo Fisher Scientific). After 
SDS gel electrophoresis, proteins were transferred 
onto nitrocellulose membrane and incubated with 
primary antibodies (Table 1) overnight. The sec-
ondary antibodies were then incubated for 1 h at 
room temperature (RT), signals were detected 
using chemiluminescent HRP substrate. The mea-
surement of optical density and normalization to ß- 
actin were performed using ImageLab (ChemiDoc 
Touch Bio-Rad Laboratories).

Immunostaining

The human specimens were embedded in paraffin 
and sectioned as 1-µm slices. The organoids were 
digested from Matrigel with Cell Recovery Solution 
(Thermo Fisher, Waltham, USA) for 1 h on ice, 
washed with phosphate-buffered saline (PBS) 
(Sigma Aldrich) and fixed with 4% formaldehyde 
solution in PBD prepared from PFA. After embed-
ding in histogel (Thermo Fisher) the organoids 
were also embedded in paraffin. Immunostaining 
was performed after removal of paraffin as 
described for epithelial monolayers and human 
specimens previously.7,18 For Caco2 immunostain-
ing, the medium of confluent monolayers cells 
grown on coated coverslips were removed with 
several washing steps using PBS. After fixing cells 
with 4% paraformaldehyde and permeabilizing 
them using 0.1% Triton immunostaining was car-
ried out.

Monolayers of Caco2 cells and tissue slides were 
incubated at 4°C overnight using the primary anti-
bodies outlined in Table 1. As secondary antibo-
dies, we used Cy3- or Alexa Fluor 488 labeled goat 
anti-mouse or goat anti-rabbit, respectively (all 
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diluted 1:600; Dianova, Hamburg, Germany). 
Coverslips and filters were mounted on glass slides 
with Vector Shield Mounting Medium as anti- 
fading compound, which included 4′,6-diamidin- 
2-phenylindol (DAPI) to stain cell nuclei addition-
ally (Vector Laboratories; Peterborough, UK).

Representative experiments were documented 
using a confocal microscope (Leica LSM 780; 
Zeiss, Oberkochen, Germany).

TER-measurements

Cells were grown on 8-well electrode arrays 
overnight and transfected with anti 
Plakophilin2/3 siRNA and nontarget (nt) 
siRNA as a control. Transepithelial electrical 
resistance (TER) measurements were carried 
out immediately after transfection at 400 Hz 
(Applied Biophysics, New York USA; Ibidi, 
Gräfelfing, Germany). For measuring the effects 
of PMA activation, cells were treated with PMA 
6 h post transfection. Resistance was then mon-
itored throughout the following 24 h.

Protein kinase C activity measurements

After knockdown of plakophilin, cells were treated 
with PMA for 6 h and harvested with lysis buffer as 
described above. Protein Kinase C activity was 
measured using the PKC Kinase Activity Assay 
Kit (Abcam 139437, Cambridge, UK) according to 
the manufacturer’s recommendation. The assay is 
based on a solid phase enzyme-linked immunosor-
bent assay (ELISA) that utilizes a specific synthetic 
peptide as a substrate for PKC and a polyclonal 
antibody that recognizes the phosphorylated form 
of the substrate. Optical density was measured at 
450 nm and relative Protein Kinase C activity was 
calculated after subtracting the background 
activity.

Cell viability assay

The amount of viable cells were obtained with 
CellTiter-Glo 2.0 assay (Promega; catalog G9241, 
Mannheim, Germany). Cells were grown in 
96well opaque-walled multiwall plates and trans-
fected with siRNA as described previously.7 

Table 1. Primary and secondary antibodies used for this study are shown including the concentrations in Western blot (WB) 
experiments and in immunostaining (IS).

Antibody Source Catalog Number WB IS

Plakophilin1 Santa Cruz Biotechnology, 
Heidelberg, Germany

sc-33636 1:500 1:100

Plakophilin2 BD Transduction Laboratories, 
Heidelberg, Germany

610788 1:500 1:100

Plakophilin3 BD Transduction Laboratories, 
Heidelberg, Germany

Mouse 1:500 1:100

PKC Abcam, Cambridge, UK ab32376 1:500
Desmoglein2 Santa Cruz Biotechnology, 

Heidelberg, Germany
sc-80663 1:1000 1:100

Desmoglein2 Abcam, Cambridge, UK ab150372 1:100
Desmocollin2/3 Thermo Fisher Scientific, Waltham, USA 326200 1:1000 1:100
Desmoplakin2/3 Abcam, Cambridge, UK ab71690 1:500 1:100
Plakoglobin Progen, Heidelberg, Germany 61005 1:1000 1:100
Phospho- Cytokeratin18 Ser33 Thermo Fisher Scientific, Waltham, USA SAB Signalway Antibody, College Park, 

USA
1:1000

Cytokeratin18 Santa Cruz Biotechnology, Heidelberg, 
Germany

sc-8020 1:1000 1:100

Protein Kinase C Abcam, Cambridge, UK 1:100 1:25
Claudin1 Thermo Fisher Scientific, Waltham, USA 51–9000 1:500
Claudin4 Invitrogen; Carlsbad, USA 32–9400 1:500
ß-Actin-Peroxidase Sigma-Aldrich, Munich, Germany A3854 1:10000
Horseradish peroxidaselabelled goat anti-mouse 

IgG
Dianova, Hamburg, Germany 115–035-003 1:3000

Horseradish peroxidase-labelled goat anti-rabbit 
IgG

Dianova, Hamburg, Germany 111–035-003 1:3000

Dam Alexa Fluor 488 Thermo Fisher Scientific, Waltham, USA A-21201 1:200
Darb Alexa Fluor 488 Thermo Fisher Scientific, Waltham, USA A-21206
Goat-anti-mouse Cy3 Dianova, Hamburg, Germany 115–165-003 1:600
Goat-anti-rabbit Cy3 Dianova, Hamburg, Germany 111–165-003 1:600
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CellTiter-Glo® 2.0 Reagent was added and lumi-
nescence signal, which is proportional to the 
present amount of ATP, was measured. After 
subtracting background signal, the present 
amount of ATP is directly proportional to the 
number of viable cells.

Dispase-based enterocyte dissociation assay

As described before9 dispase-based enterocyte dis-
sociation assays were carried to test for changes in 
intercellular adhesion under the different experi-
mental conditions. Cells were seeded in 12-well 
plates and after reaching confluence, cells were 
washed with PBS and incubated with Dispase-II 
(Sigma-Aldrich) at 36°C for 30 minutes to release 
the monolayer from the well bottom. Afterward, 
the cell sheet was exposed to shear stress by con-
stant pipetting 10 times each well. Four pictures 
with a 4x magnification in brightfield with BZ- 
9000 (BioRevo, Keyence, Osaka) were taken and 
the number of fragments/area were counted using 
with ImageJ.19

FITC–dextran flux measurements across monolayers 
of cultured epithelial cells

Caco2 cells were seeded on top of transwell filter 
chambers on 12-well plates (0.4 μm pore size; 
Falcon, Heidelberg, Germany) as described 
previously.19 After reaching confluence, cells 
were rinsed with PBS and incubated with fresh 
DMEM without phenol red (Sigma) containing 
10 mg/ml FITC-dextran (4 kDa). Paracellular 
flux was assessed by taking 100 μl aliquots from 
the outer chamber over 2 h of incubation. 
Fluorescence was measured using a Tecan 
GENios Microplate Reader (MTX Lab systems, 
Bradenton, USA) with excitation and emission at 
485 and 535 nm, respectively. For all experimental 
conditions, permeability coefficients (PE) were cal-
culated by the following formula: PE = (ΔCA/Δt* 
VA)/S* CL where PE = diffusive permeability (cm/ 
s), ΔCA = change of FITC- Dextran concentration, 
Δt = change of time, VA = volume of the abluminal 
medium, S = surface area, and CL = constant lumi-
nal concentration.

Quantitative (q)RT-PCR

RNA from CaCo2 cells was isolated using TRIZOL 
and cDNA was synthesized with iScriptTM cDNA 
Synthesis Kit (Biorad, Munich, Germany). (q)RT- 
PCR was performed using MESA GREEN qPCR 
MasterMix Plus for SYBR® Assay No ROX 
(Eurogentec, Cologne, Germany) on the CFX96 
Touch Real-Time PCR Detection System (Biorad, 
Munich, Germany). Gene expression was analyzed 
via the Bio-Rad CFX Manager software with ß- 
Aatin as a reference gene. All reactions were done 
in duplicates at 60.0°C annealing temperature. 
Primers were applied at concentration of 5 µM. 
The following primer sequences were used:

PKP1 f: 5’- GAC CAG GAC AAC TCC ACG 
TT – 3’; PKP 1 r: 5’ – CTG CTG GTG GTC CCA 
TAG TT- 3’ (Biomol, Hamburg, Germany)

PKP2 f: 5’- GCC TCC AAC AAA GCA AGT 
AA – 3’; PKP2 r: 5’ – GAT TTT TGC AGC CGA 
GAA TA – 3’ (Biomol, Hamburg, Germany)

PKP3 f: 5’ – TGA CTG GCC TCA TCC GAA 
AC-3’; PKP3 r: 5’ – CTC ACC ACC TTC GTG 
GAC ATC-3’ (Eurofins)

Proximity ligation assay (PLA)

Cells were seeded on coverslips and knockdown of 
PKP2 and PKP3 was established as described earlier 
in the text. After blocking of unspecific binding sites, 
slides were incubated with primary antibody PKP2 
(BD biosciences, Heidelberg, Germany, CatNo: 
BD610788), and PKC (Abcam, Berlin, Germany, 
CatNo: ab18746) or PKP3 (thermos Fisher 
Scientific, Germany, CatNO: 35–7600) and PKC 
(Abcam, Berlin, Germany, CatNo: ab18746). Next, 
a pair of oligonucleotide-labeled secondary antibodies 
(PLUS and MINUS Probes) (Merck, Taufkirchen, 
Germany) which bind to the primary antibody were 
applied. When the PLA probes are in close proximity 
connector oligos join the PLA probes and become 
ligated by addition of ligase at a dilution of 1:40. As 
a consequence, a closed circle DNA template is 
formed and acts as a primer for a DNA polymerase. 
Finally, labeled oligos hybridize to the complemen-
tary sequences within the amplicon, which are then 
visualized as discrete spots (PLA signals) by micro-
scopy analysis. As negative controls, the same 
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procedure was carried without application of primary 
antibodies as recommended by the manufacturer.9

Co-immunoprecipitation assay

Cells were seeded on 6-well plates. Monolayer cells 
at confluency were harvested in RIPA-buffer. 
Samples were steamed for 1 min and centrifuged 
for 15 min at 15.000 g and 4°C. Total protein con-
centration was determined by measuring absor-
bance at 280 nm.

The Co-IP experiments were done using the 
immuno- precipitation Starter Pack (GE 
Healthcare, Germany). The amount of 300– 
600 μg protein was used. After an initial pre- 
clearing step of one h at 4°C (500 μl of whole 
cell lysate with respectively 25 μl protein G/A 
sepharose beads), antigens were coupled over-
night at 4°C to 2.5 μg purified antibody rabbit 
anti- PKC (Abcam, Cambridge, UK), anti- 
PKP2, anti-PKP3, or IgG antibodies (all from 
BD Transduction Laboratories, Heidelberg, 
Germany) as negative controls, respectively. 
Protein-antibody complexes were precipitated 
with a mix of 25 μl protein A and 
G sepharose beads for 1 h at 4°C. The beads 
were washed three times with isotonic salt buf-
fer (RIPA-buffer), once with wash-buffer 
(50 mM TRIS, pH 8) and suspended in 50 μl 
Laemmli buffer. After denaturation for 5 min at 
95°C and a following centrifugation step, the 
supernatant was analyzed by Western Blot ana-
lyses as described above. Detection was per-
formed with mouse anti-PKC diluted 1:1000 
(Invitrogen, Carlsbad, CA, USA).

Statistical analysis

Statistical analysis was performed using Prism 
(GraphPad Software, La Jolla, CA, USA). Data are 
presented as means ± SE. Statistical significance 
was assumed for p < .05. Paired Student’s t-test 
was performed for two-sample group analysis 
after checking for a Gaussian distribution. 
Analysis of variance (ANOVA) followed by 
Tukey’s multiple comparisons test and Bonferroni 
correction was used for multiple sample groups.

Results

Plakophilin2 and plakophilin3 are expressed in 
human intestinal tissue

First, we verified which of the plakophilins are 
expressed in human intestinal tissue, human intest-
inal organoids and differentiated Caco2 cells. In 
Western Blot analyses, PKP1 was detected in none 
of the samples, whereas PKP2 and PKP3 were both 
present in human intestinal tissue, organoids and 
Caco2 cells (Figure 1a). Quantitative real-time-PCR 
confirmed the presence of mRNA for PKP2 and 
PKP3, but not PKP1 in Caco2 cells (Figure 1b). In 
immunostaining, both PKP2 and PKP3 were pre-
sent in Caco2 cells. No specific staining pattern was 
observed for PKP1 (Figure 1c). In summary, these 
data confirmed that in intestinal epithelia express 
PKP2 and PKP3 but not PKP1.

Plakophilin2 is required for intercellular adhesion 
and formation of barrier function in intestinal 
epithelial cells

To assess the functional role for PKP2 and PKP3 in 
the intestinal epithelium, we used differentiated 
Caco2 cells following knockdown of PKP2, PKP3 
or both using a siRNA approach. Sufficient knock-
down to 0.31 ± 0.03-fold of controls for PKP2, to 
0.19 ± 0.03-fold of controls for PKP3, and of 
0.25 ± 0.01-fold/0.18 ± 0.05-fold of controls for 
PKP2/3 was induced after 48 h of transfection with 
the various siRNAs (Figure 2a–c). In dispase-based 
enterocyte dissociation assays we found that loss of 
PKP2 induced an increased fragmentation of Caco2 
monolayers whereas loss of PKP3 did not affect 
intercellular adhesion. Simultaneous knockdown of 
PKP2 and PKP3 resulted in even more pronounced 
fragmentation than loss of PKP2 alone (Figure 2d– 
g). Importantly, control experiments using an MTT- 
based cell viability assay demonstrated that the 
number of viable cells was not affected by the 
knockdown of PKP2, PKP3 or both (Figure 2h). In 
measurements of TER, Caco2 cell transfected with 
non-target siRNA (control) showed a continuous 
increase to 2.97 ± 0.28-fold of baseline within 48 h, 
indicating a normal differentiation of epithelial bar-
rier function (Figure 2i). In contrast, in cells trans-
fected with siRNA for PKP2, TER augmented only 
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within the first hours of measurements and then 
remained at a level reaching 1.59 ± 0.11-fold of 
baseline after 48 h. Caco2 monolayers transfected 
with siRNA for PKP3 revealed an increase of TER to 
3.16 ± 0.24-fold of baseline comparable to the 
monolayers transfected with nontarget siRNA. 
Knock down of PKP2/3 even reduced TER to 
0.84 ± 0.02-fold of baseline during the 48 h of 
measurement. Next, permeability measurements of 
4kDa FITC-dextran flux across Caco2 monolayers 
were performed (Figure 2j). In line with the mea-
surements of TER, knockdown of PKP2 and PKP2/ 
3, but not PKP3 alone, resulted in augmented per-
meability to 1.98 ± 0.21-fold and 1.86 ± 0.13-fold 

compared to controls. In summary, these experi-
ments pointed to a predominant role of PKP2 for 
intercellular adhesion and epithelial barrier forma-
tion in intestinal epithelial cells.

PKP2 and PKP2/3 knockdown led to a reduction of 
the desmosome complex and tight junction proteins

Western blot analyses were performed to evaluate 
potential changes on the junctional complex and 
especially of desmosomes following loss of PKP2, 
PKP3 or both (Figure 3A). Loss of PKP2 resulted in 
reduced levels of desmosomal proteins DSG2 
(0.76 ± 0.06-fold of controls), DSC2 (0.75 ± 0.05- 

Figure 1. Plakophilin2 and Plakophilin3 are expressed in human intestinal tissue. (a) Representative Western blots from human colonic 
tissue of healthy donors (left), human intestinal organoids (middle) and Caco2 cells (rights) for PKP1, PKP2 and PKP3 are shown. Cell 
lysates of HaCAT which express PKP1-3 were used as positive controls. The Western blots demonstrate that PKP1 is not expressed in 
intestinal epithelium. PKP2 and PKP3 are both expressed in all samples β-actin is shown as loading control; Western blots shown are 
representative for n > 5. (b) Quantitative (q)real time-PCR was performed for PKP1, PKP2 and PKP3 from RNA of Caco2 cells confirming 
that PKP1 ist not detectable. In contrast PKP2 and PKP3 mRNA is present in Caco2 cells. RNA-levels are normalized relative to b-actin; 
n = 4 (c) In Immunostaining of Caco2 cells of PKP1 is not visible. PKP2 and PKP3 are both regularly distributed along the cell borders in 
in Caco2 monolayers; n > 5; scale bar is 20 micrometer.
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fold of controls), Plakoglobin (PG) (0.46 ± 0.07- 
fold of controls). In contrast, desmoplakin (DP 
(1.09 ± 0.12-fold of controls) and E-cadherin 
(0.92 ± 0.08-fold of controls) levels were not 

affected. Comparable to the observations for 
PKP2, simultaneous knockdown of PKP2/3 resulted 
in a reduction of DSG2 and DSC2 and PG 
(0.78 ± 0.04-fold, 0.75 ± 0.03-fold and 0.62 ± 0.04- 

Figure 2. Effects following knockdown of PKP2, 3 or PKP2/3. (A)- (C) Representative Western Blots of Caco2 cell lysates are shown to 
document the sufficient knockdown of PKP2 (A) PKP3 (B) or both PKP2/PKP3 (C) together; β-actin is shown as loading control (n > 5 for 
each condition.(D)- (F) Images of dispase-based enterocyte dissociation assays are shown for knockdown of PKP2 (D) PKP3 (E) or both 
PKP2/PKP3 (F) in comparison to cells incubated with nontarget siRNA (n.t.); this demonstrated that loss PKP2 but not PKP3 resulted in 
increased cell dissociation. The effect observed in response to PKP2 knockdown is more pronounced when both PKP2 and PKP3 are 
both reduced; n = 5 experiments for each condition(G) Bar graphs of the quantifications of the dispase-based enterocyte dissociation 
assays are shown under different experimental conditions; n.s. = no significant differences; **** p < .0001.(H) Bar graph of cell viability 
assays are shown to demonstrate that cell viability was not affected following loss of PKP2 and PKP3; n.s. = no significant differences; 
n = 11 for each conditions.(I) TER measurements were carried out showing that loss of PKP2 and PKP2/3 but not PKP3 alone affect the 
maturation of intestinal barrier function; *** p < .001 compared to control, **** p < .0001 compared to control; n = 11.(J) Permeability 
measurements using 4 kDa FITC-dextran across Caco2 monolayers are shown for the different experimental conditions. Loss of PKP2 
and PKP2/3 led to augmented permeability across Caco2 monolayers. Knock-down of PKP3 did lead to changes of epithelial 
permeability compared to controls; n.s. = no significant differences; ** p < .01; **** p < .0001; n = 12–14 for each condition.
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fold of controls, respectively). In addition, DP was 
reduced (0.50 ± 0.10-fold of controls) and revealed 
an elevated cytoplasmic localization (Figure 3B). 
Again, changes of E-cadherin were absent 
(0.95 ± 0.09 of controls) following the loss of 
PKP2/3. In line with this, immunostaining showed 
a reduction of the staining patterns at the cell bor-
ders for the desmosomal proteins DSG2, DSC2, DP 
and PG following knock down of PKP2 and PKP2/ 
3, whereas controls showed a regular staining 

pattern of all of these proteins along the cell borders 
(Figure 3B).

Interestingly, levels of barrier-sealing proteins 
Claudin1 (0.81 ± 0.05-fold of controls) and 
Claudin4 (0.84 ± 0.07-fold of controls) were also 
reduced in response to PKP2 knockdown. This was 
also observed in the PKP2/3 knockdown (claudin 1 
0.89 ± 0.03-fold of controls; claudin4 (0.88 ± 0.05- 
fold of controls; Figure 4b). In contrast, changes of 
Claudin1 (0.93 ± 0.05-fold of controls) and Claudin4 

Figure 3. Effects of PKP knockdown on desmosomal proteins in Caco2 cells (a) Western Blot showing potential alterations of PKP2, 
PKP3, plakoglobin (PG), desmoplakin (DP), desmoglein 2 (DSG2), desmocollin 2 (DSC2), E-cadherin (E-cad) in response to PKP2 
knockdown (left) or PKP2/3 (right) knockdown. Following loss of PKP2 reduced levels of PKP3, PG, DSG2 and DSC2 were observed. This 
was also case when PKP2 and 3 were reduced together. Under these conditions DP was also reduced. E-cadherin remained unaltered 
under both experimental conditions. β-actin is shown as loading control; n.t. = nontarget siRNA; OD = optical density normalized to β- 
actin density n = 6(b) Immunostaining for the different desmosomal proteins is shown under control conditions (n.t. = nontarget 
siRNA) and after transfection with PKP2 or PKP2/3 siRNA. The staining patterns of PG, DP, DSG2 and DSC2 were reduced at the cell 
borders following knockdown of PKP2. The changes were more pronounced after PKP2/3 knockdown. Images shown are representa-
tives for n = 6 experiments; scale bar is 25 micrometer
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Figure 4. Protein kinase C is involved in barrier-compromising effects by PKP2. (a) ELISA based measurements of PKC activity are shown 
in Caco2 cells under the different conditions following knockdown of PKP2, PKP3 and PKP2/3. This showed that PKC activity was 
reduced following loss of PKP2 and PKP2/3. Application of PMA restored PKC activity to control levels. * p < .01; ** p < .001; n = 5(b) 
Western blots on the effects of PMA (5 h) on tight junction proteins claudin1 and claudin4 following PKP2 (upper Blots) and PKP2/3 
(lower Blots) knockdown in Caco2 cells are shown; under both conditions Claudin1 and Claudin4 were reduced. The loss of both tight 
junction proteins was abolished when PKC activity was restored using PMA; n = 6(c)+ (D) Measurements of TER under conditions of 
PKP2 knockdown (C) and PKP2/3 (D) knockdown are shown in comparison with controls with and without application of PMA are 
shown. Under both conditions a temporary increase of TER following application of PMA was observed in knockdown monolayers and 
in controls; n = 5(E)- (H) Dispase-based enterocyte dissociation assays after 5 h of PMA treatment (E, F) and 24 h of PMA treatment (G, 
H) are shown under control conditions and following knockdown of PKP2 (E, G) and PKP2/3 (F, H). Loss of intercellular adhesion is 
evident following knock of PKP2 and PKP2/3 after 5 h and 24 h. PMA restored augmented fragmentation of monolayers following loss 
of PKP2 and PKP2/3 after 5 h whereas this effect was no more present 24 h after PKP2/3 knockdown; n = 5 for each condition; ** 
p < .001; **** p < .0001
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(1.02 ± 0.04-fold of controls) were not observed 
following knockdown of PKP3 (not shown).

PKC activity is reduced following loss of PKP2 and 
PKP2/3 in Caco2 cells

A previous study in keratinocytes and squamous 
carcinoma cells has pointed out the potential role of 
PKP2 as a scaffold to regulate PKC-dependent des-
mosome formation.20 Therefore, we hypothesized 
that beside its structural role, PKP2 may affect 
PKC-dependent signaling in intestinal epithelial 
cells. First, we performed measurements of PKC 
activity using an ELISA-based system that utilizes 
a specific synthetic peptide as a substrate for PKC 
and a polyclonal antibody that recognizes the phos-
phorylated form of the substrate. Using this assay, 
we found a reduction of PKC activity to 0.47 ± 0.06- 
fold of controls following knockdown of PKP2 
which was also found in Caco2 cells with PKP2/3 
knockdown to 0.52 ± 0.06-fold (Figure 4a). The 
knockdown of PKP3, however, did not alter PKC 
activity compared to controls. Using the PKC acti-
vator, Phorbol 12-myristate 13-acetate (PMA) at 
100 nM restored PKC activity in Caco2 with 
PKP2 and PKP2/3 knockdown to control levels. 
However, PMA did not augment PKC activity in 
untreated controls, nontarget siRNA or PKP3 
siRNA treated Caco2 cells. This indicates that 
PMA was not used at supraphysiological doses 
under these experimental conditions.

Based on these observations, we tested next 
whether restoration of PKC activity using PMA 
would result in a restoration of the changes we 
had observed in response to PKP2 and PKP2/3 
knockdown. On a protein level, as revealed by 
Western blot analyses, loss of Claudin1 and 
Claudin4 were restored in Caco2 cells with PKP2 
and PKP2/3 knockdown when incubated with 
PMA for 6 h to control levels (Figure 4b). 
Similarly, loss of DSG2 as observed following 
knockdown of PKP2 and PKP2/3 was attenuated 
when cells were treated with PMA (data not 
shown). In functional measurements, application 
of PMA to Caco2 monolayers transfected with 
PKP2 or PKP2/PKP3 siRNA resulted in a rapid 
increase of TER to 1.25 ± 0.08-fold of baseline in 
PKP2 knockdown or 1.42 ± 0.06-fold of baseline 

in PKP2/3 knockdown Caco2 cells after PMA 
treatment which was maintained for 8 h before 
TER declined to baseline levels (Figure 5 c and d). 
Similarly, cells transfected with nontarget siRNA 
showed increased TER to 1.38 ± 0.06-fold of base-
line for 8 h and 0.78 ± 0.05-fold of baseline of 
baseline following application of PMA before TER 
returned to baseline levels. Untreated controls 
transfected with nontarget siRNA showed 
a gradual increase of TER to 1.07 ± 0.02-fold of 
baseline and 1.33 ± 0.09-fold of baseline after 24 h 
whereas TER remained at baseline levels in cells 
transfected with PKP2 siRNA or PKP2/PKP3 
siRNA, respectively. It has to be pointed out that 
measurements started 48 h after transfection, 
which is different to the conditions shown in 
Figure 2.

Application of PMA for 5–8 h restored compro-
mised intercellular adhesion following PKP2- and 
PKP2/3 knockdown as revealed by dispase-based 
enterocyte dissociation assays application of PMA 
(Figure 4e, f). Comparable to the observation made 
in TER measurements, the beneficial effect of PMA 
was not evident after long-term incubation with 
PMA for 24 h in cells transfected with PKP2 
siRNA or PKP2/3 siRNA (Figure 4g, h).

PKP2/PKC association is essential for barrier 
integrity

In order to test for a structural or spatial interaction 
of PKP2 and PKC, we performed immunostaining 
for both proteins. Under basal conditions, PKP2 
and PKC were both present as co-localized proteins 
in form of a dominant ring in the cell periphery at 
the cell borders (Figure 5a). Using PLAs to test for 
a direct interaction demonstrated the presence of 
red spots along the cell borders when PKP2/PKC 
antibodies were applied, indicating a direct interac-
tion between these proteins (Figure 5b). Co- 
staining with PKP2 after PLA confirmed the pre-
sence of PKP2 at sites where the red PLA spots were 
present. In contrast no red spots were visible when 
PKP3/PKC antibodies were applied following PLA 
although PKP3 was clearly present at the cell bor-
ders in immunostaining (Figure 5b). In line with 
these observations, co-immunoprecipitation of 
PKC with PKP2 revealed a direct interaction 
between both proteins, suggesting that PKP2 may 
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serve as a scaffold to control PKC activity under 
basal conditions. This was not observed when co- 
immunoprecipitation was carried out for PKC and 
PKP3 (Figure 5c).

Overexpression of PKP2 and PKP3 does not affect 
barrier integrity in Caco2 cells

Finally, we tested whether overexpression (OX) of 
PKP2 or PKP3 would affect barrier function in 
intestinal epithelial cells. Caco2 cells were trans-
fected with plasmids expressing PKP2 or PKP3 
cDNA. Transfection of the plasmids in Caco2 cells 
resulted in a 5.7 ± 0.6-fold overexpression of PKP2 

and 7.4 ± 1.3-fold overexpression of PKP3 com-
pared to controls (Figure 6a–c). PKC protein levels 
were not affected by overexpression of PKP2 and 
PKP3 (Figure 6d). Measurements of TER starting 
24 h after transfection of the cells with the plasmids 
did not show any differences between controls and 
Caco2 monolayers transfected with PKP2 and 
PKP3 within 48 h.

In view of the results that loss of PKP2 but not 
PKP3 led to reduced barrier function, we tested 
whether overexpression of PKP3 may compensate 
for the siRNA-induced loss of PKP2. PKP2 protein 
expression was reduced after silencing with PKP2 
siRNA (0.4 ± 0.1-fold of control). Unexpectedly, 

Figure 5. PKP2 interacts with protein kinase C. (A) Co-Immunostaining of Caco2 cells stained for PKP2 or PKP3 together with PKC are 
shown. In merge images co-localization of PKP2 with PKC but not PKP3 with PKC can be assumed; DAPI was used to visualize cell 
nuclei; images shown are representative for n = 4; scale bar is 25 micrometer.(B) Immunostaining for PKP2 and PKP3 (left) and 
proximity ligation assays (PLA) for PKP2 and PKC and PKP3 and PKC are shown. The red spots (highlighted in the inset) indicate a direct 
interact between PKP2 and PKC but not between PKP3 and PKC; n = 4; scale bar is 25 micrometer.(C) Co-immunoprecipitation 
experiments demonstrate the interaction between PKP2 and PKC whereas control IgG and PKP3 do not show specific bands for PKC; 
n = 4.
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simultaneous knockdown of PKP2 and PKP3 over-
expression restored protein levels of PKP2 
(1.3 ± 0.2-fold of control (Figure 7a–b). Under the 
same conditions, PKP3 overexpression was vali-
dated by a 3.2 ± 0.6-fold increase in controls 
(Figure 7c). Protein levels of PKC were neither 
affected by knockdown of PKP2 nor by simulta-
neous overexpression of PKP3 (Figure 7d). In TER 
measurements, reduced barrier function observed 
after knockdown of PKP2 alone was restored to 
control levels when cells overexpressed PKP3 
simultaneously (Figure 7e). Taken together, this 
indicates that PKP3 overexpression may compen-
sate for the loss of PKP2 to restore intestinal epithe-
lial barrier integrity.

Discussion

This is the first study that specifically focuses on 
the functional role of plakophilins in intestinal 
barrier regulation. Our data confirm that PKP2 
and PKP3, but not PKP1 are present in the 
intestinal epithelium. As revealed by siRNA- 
induced knockdown of PKP2, PKP3 or PKP2/3, 
we identified the predominant role of PKP2 in 
the contribution to intercellular adhesion and 
intestinal epithelial barrier stabilization. In con-
trast, PKP3 alone appears not to be critically 
involved in either intestinal barrier stabilization 
or intercellular adhesion. This is in agreement 
with data from keratinocytes where PKP1 and 
PKP3 are co-expressed. In these cells, 

Figure 6. PKP2 and PKP3 overexpression had no effect on barrier functions. (A) Representative Western Blots of PKP2, PKP3, PKC 
protein levels under control conditions and after transfection of Caco2 cells with PKP2- or PKP3- Quantitative analyses of all Western 
blot experiments for PKP3 expressing plasmids. OX = overexpression; β-actin was used as loading control.(B) Quantitative analyses of 
all Western blot experiments for PKP2 are shown. PKP2 protein levels were increased in Caco2 cells overexpressing PKP2; n = 5, 
****<0.0001(C) Quantitative analyses of all Western Blot experiments for PKP3 protein levels are shown- n = 6, ***<0.001, ****<0.0001 
(D) PKC protein expression was not changed following overexpression of PKP2 and PKP3 when compared to controls; n = 4, ns(E) 
Measurements of TER under conditions of PKP2 overexpression and PKP3 overexpression showed no significant changes in the time 
course of measurements and in comparison to controls, n = 4.
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intercellular adhesion and barrier formation cri-
tically depends on PKP1 whereas PKP3 did not 
strengthen adhesion but rendered desmosomes 
more dynamic.21,22

Our current data point to a role of PKP2 as 
a scaffold protein to modulate PKC activity, which, 
in turn, controls tight junction integrity. This is 
documented by the experiments showing that 
PKP2 and PKC co-localize in immunostaining and 
in proximity ligation assays which indicate a spatial 
interaction. Moreover, immunoprecipitation assays 
confirm that there is a direct interaction between 
PKP2 and PKC. Since siRNA-induced loss of PKP2 
was associated with decreased PKC activity but did 
not affect PKC protein levels, our current data sug-
gest that PKP2 stabilizes PKC function contributing 
to the regulation of its activity. Furthermore, the 
observation that the reduction of tight junction 

proteins claudin1 and claudin4 is attenuated follow-
ing pharmacological activation of PKC indicates that 
PKP2-dependent PKC activation is required for tight 
junction stabilization. Overexpression of PKP2 and 
PKP3 did not change barrier function while PKP3 
overexpression appeared to compensate for the loss 
of PKP2. This strengthens the current view that 
desmosomes, beside their role for intercellular adhe-
sion, are important signaling hubs to mediate junc-
tional stability in the intestinal epithelium.

The functional role of PKP2 and PKP3 for intestinal 
barrier function remained unexplored

Previous research from different groups provide 
evidence that the integrity of the desmosomes cri-
tically contributes to the stability of the intestinal 
epithelial barrier.1,6,7,9,18,19,23–26 The underlying 

Figure 7. PKP3 overexpression in Caco2 cells attenuated the effect of PKP2 siRNA. (A) Representative Western Blots of Caco2 cells after 
silencing of PKP2 and Co-transfektion with PKP3 overexpressing plasmid (+ PKP3 OX) for PKP2, PKP3 and PKC are shown; β-actin was 
used as a loading control.(B) Quantitative analyses of all Western blot experiments for PKP2 expression are shown. After PKP2 silencing 
PKP2 level were reduced, co-transfection with PKP3 plasmid restored PKP2 levels; OX = overexpression; n = 5, **<0.01, ***<0.001.(C) 
Quantitative analyses of all Western blot experiments for PKP3 expression are shown to verify the overexpression of PKP3. n = 4, 
***<0.001(D) Quantitative analyses of all Western blot experiments for PKC are shown; no differences were observed; n = 6.(E) TER 
measurements were carried out in Caco2 monolayers after PKP2 siRNA and after additional overexpression of PKP3. Loss of TER was 
observed after knockdown of PKP3. This was attenuated by simultaneous application of PKP3 overexpressing plasmid; 
OX = overexpression; n = 4, ***<0.001
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mechanism of how precisely intestinal permeability 
is affected by desmosomes remained unclear 
although it has been repeatedly reported that 
reduced DSG2 and DSC2 levels not only lead to 
loss of intercellular adhesion but also affect tight 
junction integrity in intestinal epithelial cells.5,6,9,19 

Since plakophilins drive critical cellular functions 
in several cell types including keratinocytes, cardi-
omyocytes or cancer cells from different tissues, we 
have decided to test whether PKPs in intestinal 
epithelium are required for intestinal barrier 
regulation.

Data from previous studies revealed that PKP1 
expression is restricted to stratified and complex 
epithelia, whereas PKP2 and PKP3 are found in 
simple epithelia and non-epithelial tissue, such as 
cardiomyocytes and lymphocytes.27 Accordingly, 
our present data confirm that PKP2 and PKP3, 
but not PKP1 are expressed in intestinal epithelium 
in analysis of human tissue specimens, intestinal 
organoids and Caco2 cells using Western blotting. 
This supports previous observations where several 
junctional proteins including PKPs were assessed in 
the context of inflammation. In this study no PKP1 
but PKP2 was detected in the intestinal mucosa and 
PKP2 was reduced in patients with inflammatory 
bowel diseases. However, the presence of PKP3 was 
not assessed.28 In a study that compared the expres-
sion patterns of PKPs in different tissues, the 
expression of PKP3 in intestinal and colonic epithe-
lium but not in hepatic tissue was described.27,29 

The functional implications of the differential 
expression of different PKPs in intestinal tissue 
however remained largely unexplored since then. 
Similar to the situation in intestinal epithelium 
there are no studies available studying plakophilin 
expression and function in other simple epithelia 
such as lung or epididymis in detail. Only PKP1 
was shown to be expressed in squamous cell carci-
noma of the lung.15,30

Limitations and advantages of the Caco2 model to 
test PKP2/3 function

In general, organoid cultures representing pri-
mary intestinal epithelial cells would be desirable 
as a model for functional analysis of PKP2/3 func-
tion in intestinal epithelial cells.23,31 In our pre-
liminary experiments using organoids, this 

remained challenging due to the heterogeneous 
growth patterns, insufficient transfection results 
following knockdown of PKPs as well as the lack 
to carry out reproducible functional measure-
ments by TER or 4 kDa FITC dextran flux in 
this setting. Therefore, we decided to use Caco2 
cells for our experiments. Although they have 
several disadvantages due to their cancer origin, 
Caco2 cells have proven to be an adequate model 
to assess intestinal epithelial functions in the 
past.19 We used these cells to assess PKP function 
by siRNA-induced knockdown since this is 
a suitable approach to observe how the cells 
react to specific changes in a short-time without 
the potential compensatory changes when per-
forming permanent knock-out cell lines.

PKP2 and PKP3 have differential roles in the 
intestinal epithelium

In knockdown experiments, loss of PKP2 but not 
PKP3 had significant effects on intestinal barrier 
function and maturation which indicates a specific 
and differential role for each of these proteins. This 
is supported by the observation that PKP2 and 
PKP2/3 knockdown led to the reduction of proteins 
of the whole desmosome complex and tight junc-
tion proteins, whereas loss of PKP3 alone induced 
only minor changes. Previously, it was shown that 
in MDCK cells most of the desmosomal complex 
remains stable while PKP2 remained highly mobile 
suggesting a regulatory role of PKP2 in desmosome 
formation.32 Following knockdown in DLD1 cells, 
PKP3 was identified to facilitate the recruitment of 
desmosomes into the apical junctional complex.33 

In view of the minor changes following loss PKP3 
in our model, it can be speculated that PKP2, at 
least in part, compensates for loss of PKP3. This 
idea is supported by the observation that knock-
down of both PKP2 and PKP3 led to a phenotype 
with significantly more pronounced changes on 
a functional level and on the overall reduction of 
desmosomal proteins.

The observation that PKP3 is not required for the 
regulation of intestinal barrier function is supported 
by a previous study in PKP3-deficient mice: only 
deficiency for PKP3 in the hematopoietic system, 
but not in enterocytes, resulted in increased suscept-
ibility to dextran sodium sulfate and LPS with 
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consecutively increased intestinal permeability.34 

Since overexpression of PKP3 under conditions of 
PKP2 knockdown restored TER levels on 
a functional level, it could be argued that PKP3 
compensates for loss of PKP2. However, when look-
ing at PKP2 expression in cells treated with PKP2 
siRNA following overexpression of PKP3 it appears 
as if the compensation of PKP3 for PKP2 is due to 
a PKP3-induced upregulation of PKP2. It has been 
reported before, that PKP3 affects the mRNA stabi-
lity and translation of specific mRNAs including 
that of PKP2 and DP.35 Thus, we speculate that 
PKP3 binding to the PKP2 mRNA may protect it 
from siRNA mediated degradation and increase its 
translation in cooperation with FXR1. Beside this, it 
was reported that PKP3 is lost in invasive and meta-
static colon carcinoma, which leads accelerated 
tumor formation and decreased cell-cell adhesion 
followed by metastasis.16

Interestingly, loss of intestinal epithelial DSC2 in 
mice led to reduced PKP3 expression leading to 
reduced activity of Rap1. This, in turn, resulted in 
reduced cell migration and wound closure.36 Based 
on all observations, it may be concluded that PKP2 
is predominately required for intestinal barrier for-
mation and maturation whereas PKP3 may rather 
be involved in regulating intestinal cell migration.

Overexpression of PKP2 and PKP3 did not have 
a functional impact in epithelial barrier measure-
ments. Since the barrier measurement includes the 
stabilization of tight junctions it can be assumed 
that junctions that are already intact do not benefit 
from increased PKP levels.

PKP2/PKC interaction regulates intercellular 
adhesion and tight junction integrity

Our present data show that in intestinal epithe-
lial cells PKP2 and PKC interact with each other 
as revealed by proximity ligation assays and co- 
IP. The interaction between PKP2 and PKC has 
been observed before in skin squamous cancer.20 

Nonetheless, it must be emphasized that it is 
important to look at such interactions in a cell- 
type specific manner because protein interac-
tions are dependent on the cellular context and 
may lead to different and even opposing func-
tional consequences. Previous research has 
shown that PKC modulates the binding capacity 

of DP to intermediate filaments and thereby 
facilitates desmosomal stabilization.37 This also 
appears to be the case in our present study since 
the loss of several desmosomal proteins, includ-
ing DP, DSG2 and DSC2, in response to knock-
down of PKP2 resulted in a reduction of 
intercellular adhesion as revealed by dispase- 
based enterocyte dissociation assays. Since total 
protein levels of PKC were neither affected by 
knockdown nor by overexpression of PKP2 and 
PKP3 it may be concluded that the interaction 
between PKC and PKP2 is required to facilitate 
the activation of PKP2. This is supported by the 
observation that the PKC activator PMA par-
tially restored PKC activity. The exact molecular 
mechanism however remains to be explored. 
Nonetheless, there is a clear link between loss 
of PKP2, reduced PKC activity and reduced pro-
teins levels of tight junction proteins claudin1 
and claudin4. The observation that this could 
be reversed by PMA-induced activation of PKC 
points to an important link between the loss of 
desmosomal integrity and increased intestinal 
epithelial permeability. In general, a direct func-
tional link between desmosomal integrity and 
tight junction regulation has been reported 
recently for the pore forming tight junction pro-
tein claudin2 which was strongly upregulated in 
response to reduced DSG2 levels. This was 
explained by the observation that DSG2 controls 
PI-3-kinase activation which is one of the most 
important regulators for claudin2 expression.9 

The novel observation in the present study is 
that PKP2 and PKC interaction appears to con-
trol the regulation of the sealing tight junction 
proteins claudin1 and claudin4. The critical role 
for PKC activity in the regulation of tight junc-
tions has been recognized in previous studies 
where in kidney cells the PAR/Shank2 complex 
was stabilized by PKC.38,39 This resulted in the 
activation of small GTPase Rap1 and in the 
stabilization of tight junction-associated protein 
ZO1.38,39

In summary, our present data provide novel 
insights how desmosomes and especially PKPs con-
tribute to the stability of intestinal epithelial barrier 
functions. Nonetheless, our data support the view 
that desmosomes are not confined to strengthening 
intercellular adhesion but provide signaling hubs to 
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mediate tight junction stability in the intestinal 
epithelium. The physiological role of PKP2 in 
intestinal barrier function in vivo, however, 
remains to be tested in the future.
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