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Arrhythmogenic right ventricular cardiomyopathy is a heritable cardiac disease causing severe ventricular ar-
rhythmias, heart failure and sudden cardiac death. It is mainly caused by mutations in genes encoding several
structural proteins of the cardiac desmosomes including the DSG2 gene encoding the desmosomal cadherin
desmoglein-2.

Although the molecular structure of the extracellular domain of desmoglein-2 is known, it remains an open
question, how mutations in DSG2 contribute to the pathogenesis of arrhythmogenic right ventricular cardio-
myopathy. In the present study, we analyzed the impact of different DSG2 mutations on the glycosylation pattern
using de-glycosylation assays, lectin blot analysis and genetic inhibition studies. Remarkably, wildtype and
mutant desmoglein-2 displayed different glycosylation patterns, although the investigated DSG2 mutations do

not directly affect the consensus sequences of the N-glycosylation sites.

Our study reveals complex molecular interactions between DSG2 mutations and N-glycosylations of desmo-
glein-2, which may contribute to the molecular understanding of the patho-mechanisms associated with ar-
rhythmogenic right ventricular cardiomyopathy.

1. Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a
heritable cardiac disease associated with ventricular arrhythmias, heart
failure and sudden cardiac death especially in young athletes [1,2].
ARVC is pathologically characterized by a progressive loss of cardio-
myocytes and fibro-fatty tissue replacement predominantly in the right
ventricle [3,4]. About 50% of the ARVC patients present one or more
mutations in genes encoding structural proteins especially of the car-
diac desmosomes [5-10] including mutations in DSG2, encoding des-
moglein-2 (DSG2) [11-13]. Desmosomes are adhesive cell-cell junc-
tions that anchor the intermediate filament system to the plasma
membrane in adjacent cells contributing to the nano-mechanical in-
tegrity of the myocardium and the epidermis [14].

DSG2 and desmocollin-2 (DSC2) are members of the cadherin fa-
mily and connect neighboring cardiomyocytes via interaction of their
extracellular domains [15,16]. The homo- and heterophilic protein-
protein interactions between the desmosomal cadherins are Ca®*
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dependent [17,18]. However, the molecular patho-mechanisms of
DSG2 mutations contributing to the pathogenesis of ARVC are widely
unknown. Harrison et al. 2016 determined the molecular structure of
the extracellular DSG2 domains revealing five N-glycosylation sites at
N112, N182, N309, N462 and N514 and three O-mannosylation sites at
T480, T482 and T484 [16]. However, to the best of our knowledge the
impact of ARVC associated DSG2 mutations on the glycosylation pat-
tern has not been investigated before. Therefore, four different genetic
DSG2 mutations localized within each extracellular cadherin domain
(ECD) were selected to investigate their putative influence on glyco-
sylation.

In the present study, we analyzed the impact of different ARVC
associated DSG2 mutations on the glycosylation patterns using enzy-
matic and chemical de-glycosylation assays, lectin blot analysis and by
genetic engineered glycosylation deficient mutants. Remarkably, wild-
type (WT) and mutant DSG2 displayed different glycosylation patterns,
although the ARVC associated mutations do not directly affect the
consensus sequences of the N-glycosylation sites. Our study reveals a
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molecular interplay between ARVC associated DSG2 mutations and the
N-glycosylation state of DSG2, which may contribute to the under-
standing of the ARVC associated patho-mechanisms.

2. Materials and methods
2.1. Cell culture

Stably transfected HT1080 cells [19] were cultivated in Dulbecco's
Modified Eagle Medium (DMEM, 4.5g/L bp-glucose, Thermo Fisher
Scientific) supplemented with 10% FCS Gold (PAA), 100 U/mL Peni-
cillin/100 pg/mL Streptomycin and 2,5 pg/mL Amphotericin B (Bio-
chrom) and 600 ng/mL Puromycin (Invivogen) (37 °C, 5% CO»).

2.2. Differentiation of human induced pluripotent stem cells into
cardiomyocytes

Human induced pluripotent stem cells (hiPSC, NP0040-8, UKKi011-
A) were kindly provided by Dr. Tomo Saric (University of Cologne,
Germany) and were cultured in Essential E8 Medium (Thermo Fisher
Scientific) on Vitronectin (#A14700, Thermo Fisher Scientific) coated
cell culture dishes. The medium was changed every day. When the
hiPSC reached about 85% confluence, the differentiation into cardio-
myocytes was initiated. The medium was changed against RPMI1640
(#72400047, Thermo Fisher Scientific) supplemented with human al-
bumin (500mg/L, Sigma-Aldrich), t-ascorbic acid-2-phosphate
(100 mg/L, Sigma-Aldrich) and the GSK3 inhibitor CHIR99021 (4 uM,
Sigma-Aldrich) for two days. Afterwards, the medium was changed
against RPMI1640 (500 mg/L human albumin; 100 mg/L tr-ascorbic
acid-2-phosphate) supplemented with IWP2 (5 uM, Sigma-Aldrich). At
day 4 and 6 of the differentiation process, the medium was changed
against RPMI1640 (500 mg/L human albumin; 100 mg/L tr-ascorbic
acid-2-phosphate). Starting from day 8 after initiation, the medium was
changed every two days against RPMI1640 supplemented with B27
Supplement (#17504044, Thermo Fisher Scientific) and the cells were
daily observed for contractility. All media used for the differentiation
were supplemented with penicillin/streptomycin.

2.3. Construction of plasmids

The human c-terminally RGS/Hg tagged DSG2-extracellular cad-
herin domains 1-4 (DSG2-ECD) of WT and mutants were cloned in
PLPCX expression plasmid (Clontech) and the cDNAs of full length WT
and mutant DSG2 were generated accordingly from pEYFP-N1 plasmids
(Clontech) as described before [19]. The N-glycosylation sites N112,
N182, N309, N462 and N514 were mutated to Q using Quick Change
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies).

2.4. Purification of recombinant DSG2

WT and mutant DSG2-ECDs were stably expressed in HT1080 cells
as previously reported [19]. Recombinant DSG2-ECDs were purified
from cell culture supernatants by immobilized metal affinity chroma-
tography (IMAC) on HisTrap excel columns (GE Healthcare) according
to the manufacturer's instructions. The protein solutions were con-
centrated with Amicon Ultra-15 Centrifugal Filter Units (30,000
MWCO, Millipore) and dialyzed against 10 mM HEPES, 150 mM NacCl,
pH 7.4. Purified DSG2-ECDs were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in combination with
Coomassie brilliant blue staining or Western blot analysis.

2.5. Peptide N-glycosidase F (PNGase F) digest
Purified DSG2-ECDs were treated with PNGase F (New England

Biolabs) according to the manufacturer's protocol under denaturing
conditions at 37 °C for 20 h. Proteins were analyzed before and after
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enzymatic deglycosylation using SDS-PAGE and Coomassie brilliant
blue staining.

2.6. Sugar staining with Pro-Q® Emerald 300 glycoprotein gel and blot stain

For glycoprotein detection in gels the Pro-Q® Emerald 300
Glycoprotein Gel and blot stain kit (Thermo Fisher Scientific) was used
according to the manufacturer's instructions. Purified DSG2-ECDs were
analyzed before and after enzymatic deglycosylation with PNGase F
using SDS-PAGE and subsequent Pro-Q® Emerald 300 Glycoprotein Gel
and blot stain.

2.7. Lectin blotting

Lectin blot analyses were performed to determine carbohydrate
moieties using DIG Glycan Differentiation Kit (Roche). Purified DSG2-
ECDs were analyzed before and after enzymatic deglycosylation with
PNGase F using SDS-PAGE and Western blotting. After treatment with
blocking reagent, the membranes were incubated with digoxigenin la-
beled lectins according to the manufacturer's instructions.

2.8. Transfection of HT1080 cells

Lipofectamine LTX (Thermo Fisher Scientific) was used according to
the manufacturer's protocol for cell transfections. Transfected cells were
selected with 600 ng/mL puromycin (Invivogen).

2.9. Transfection of hiPSC derived cardiomyocytes

HiPSC were transfected according to the Amaxa® 4D-Nucleofector®
Basic Protocol for Human Stem Cells. Briefly 2 x 10 cells were trans-
fected with 400ng plasmid DNA using the P3 Primary Cell 4D-
Nucleofector® X Kit. For electroporation with the 4D-Nucleofector™
(Lonza) program CA-137 was used. After electroporation cells were
incubated at 37 °C for 10 min and seeded on fibronectin-coated Nunc™
Lab-Tek Permanox Chamber Slides. After 48h transfected cells were
fixed with 4% (w/v) PFA/PBS-solution, permeabilized with 0.25%
Triton X-100 solution, blocked with 1% (w/v) BSA in PBS and in-
cubated with a mouse anti a-actinin antibody as cardiomyocyte marker
(1:100; A7732, Sigma-Aldrich) over night. As a secondary antibody a
Cy3-labeled goat anti mouse antibody (1:100; 115-165-068 Jackson
ImmunoResearch) was used. Fixed cells were additionally labeled with
DAPI. As mounting medium Mowiol 4-88 was used.

2.10. Detection of secreted DSG2-ECD N-glycosylation mutants

1 X 10° stably transfected cells were seeded in six well plates and
cultured in serum-containing media for 24 h. The cells were washed
twice with phosphate buffered saline (PBS, Thermo Fisher Scientific).
Afterwards, the cells were cultured in DMEM without serum for 48 h
and the supernatants were collected, centrifuged at 21,000 xg for
10 min and analyzed by SDS-PAGE.

2.11. Tunicamycin treatment

1 x 10° stably transfected cells were cultured in six well plates in
DMEM supplemented with FCS and tunicamycin (10 pg/mL; solved in
dimethyl sulfoxide, DMSO; Sigma-Aldrich) for 24h. As a negative
control, cells were treated with the corresponding amount of DMSO.
The cells were washed twice with PBS and were cultured for additional
24h in DMEM without serum containing 10 pg/mL tunicamycin or
DMSO. Afterwards the supernatants were collected, centrifuged at
21,000 x g for 10 min and analyzed by SDS-PAGE.
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2.12. Immunoblotting

Purified recombinant DSG2-ECD or cell culture supernatants were
denatured in SDS sample buffer at 95 °C for 5min and separated by
SDS-PAGE. Afterwards, the proteins were transferred to nitrocellulose
membranes as previously described [19]. After blocking with 5%
skimmed milk in Tris buffered saline (TBS) containing 0.05% Tween 20
(TTBS), the membranes were incubated with anti-DSG2 antibodies
(Acris, BM5016), anti-He-tag antibodies (Abcam, ab18184) (1:1000) or
anti-ubiquitinated protein antibodies (Abcam, ab137025) in TTBS over
night at 4 °C. The membranes were washed three times with TTBS and
were incubated with horseradish peroxidase (HRP)-conjugated anti-
mouse immunoglobuline antibodies (BD Pharmingen, 554,002, 1:1000)
or HRP-conjugated anti-rabbit antibodies (GE-Healthcare, NA934) for
1 h at room temperature. After the membranes were washed with TTBS
and were incubated with WesternBright Quantum HRP substrate (Ad-
vansta), the luminescence signals of the proteins bands were docu-
mented with a charge coupled device system (Alpha-Innotec).

2.13. Confocal microscopy

Cells were culture and transfected in Lab-Tek II chambers (Thermo
Fischer Scientific). 48 h after transfection the cells were analyzed using
the TCS SP8 confocal microscope (Leica). EYFP was excited at 488 nm
and the emission was detected in the range between 510 and 563 nm.

2.14. Dispase based dissociation assay

Cell-cell adhesion was investigated using a dispase based cell dis-
sociation assay. Stably transfected full-length-DSG2 WT and mutant-
PEYFP/DSC2b-pLPCX HT1080 cells were seeded in 12-well plates and
grown to confluence in the presence of 2mM CaCl,. After two washes
with phosphate-buffered saline, the adherent cells were incubated at
37 °C for 20min with 0.3mL dispase II (2.4 U/mL, Sigma Aldrich) re-
sulting in a non-adherent cell monolayer. Released monolayers were
rotated on an orbital shaker (150 rpm) for 20min. Finally, cell dis-
sociation was calculated by counting monolayer fragments. Every ex-
perimental condition was performed in quadruplicate and repeated five
times.

2.15. Molecular modeling

For molecular modeling PyMOL 2.1.1 (Schrodinger, LCC) was used
and the mutant amino acid was selected using the mutagenesis tool of
the software. For all mutants the rotamer with the highest frequency of
occurrence in proteins was chosen. The structure was cleaned within
5A. The polar contacts to other atoms in the object were calculated for
wild type and mutant proteins, respectively.

2.16. Statistical analyses

Statistical analyses have been performed with one-way ANOVA with
Dunnett's posttest using Prism v5.01 (GraphPad Software). All indicated
values are presented as means = standard derivation (SD).

3. Results

3.1. The recombinantly expressed DSG2-ECD of WT and ARVC associated
mutants are differentially modified

Four previously described ARVC associated DSG2 mutations
(p.D154E [11], p.D187G [20], p.K294E [13] and p.V392I [11]) located
within each ECD were selected to investigate their influence on the
glycosylation pattern (Fig. 1). The pathogenetic potential of the DSG2
mutations was classified according to ACMG criteria. The DSG2 muta-
tions p.D154E, p.D187G and p.K294E were classified as variants with
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uncertain significance whereas DSG2 p.V392I was categorized as likely
benign (Table S1, Supplements). Molecular modeling using PyMOL
(Fig. 1B) revealed that polar contacts to two calcium ions were abol-
ished by the mutations DSG2 p.D154E and p.D187G, respectively. Polar
interaction with T329 was reversed by the mutation DSG2 p.K294E.
There were no polar contacts for valine at position 392 according to
PyMOL modeling. Therefore, there was no evidence that the mutation
p-V392I leads to changes in the molecular structure.

The recombinant ECD of WT and mutant DSG2 were purified by
IMAC. Although the mutants differ from DSG2-ECD WT protein by only
one amino acid, DSG2-ECD p.D154E and p.K294E displayed a sig-
nificantly different apparent molecular mass in the SDS-PAGE (Fig. 2A).
In contrast to DSG2-ECD WT (apparent molecular mass of 66 kDa) the
two mutants DSG2-ECD p.D154E and p.K294E had significantly larger
apparent molecular masses of 69 and 70 kDa, respectively (Fig. 2A).
These data suggest that the mutants and WT DSG2-ECDs are differen-
tially modified.

3.2. The mutant DSG2-ECD p.D154E is differently N-glycosylated

Recently, the determination of the molecular structure of the ex-
tracellular DSG2 domains revealed five N-glycosylation sites [16]. In
silico prediction tools were used to calculate the N-glycosylation of
DSG2-ECD WT and mutants (NetNGlyc 1.0 Server; http://www.cbs.dtu.
dk/services/NetNGlyc/). Although the score between WT and mutant
DSG2-ECDs differed for some N-glycosylation sites, the in silico analysis
indicates that WT and mutant DSG2-ECDs are probably glycosylated at
the same N-residues (Table S2, Supplements).

We used tunicamycin to inhibit the N-glycosylation of DSG2. These
experiments revealed a significantly reduced molecular mass of WT and
mutant DSG2-ECD after treatment with tunicamycin (Fig. 2B). Enzy-
matic N-deglycosylation by PNGase F demonstrated comparable effects
(Fig. 2C/D). After treatment with PNGase F, which removes N-linked
oligosaccharids from glycoproteins, the apparent molecular masses of
DSG2-ECD WT and the mutants p.D154E, p.D187G and p.V392I were
not significantly different (=54 kDa) (Fig. 2C/D). Of note, DSG2-ECD
p.K294E had a significantly different molecular mass of 58kDa
(Fig. 2C/D).

N-deglycosylation with PNGase F in combination with Pro-Q®
Emerald 300 glycoprotein staining resulted in a loss of fluorescence
signal (Fig. 2E), demonstrating the absence of carbohydrates. This
suggests that O-mannosylation might not be present in DSG2-ECD WT
and mutants or was below the detection limits, respectively.

In summary, our data consistently showed that the mutant DSG2-
ECD p.D154E was differentially N-glycosylated in comparison to the
WT. The mutant DSG2-ECD p.K294E was not differentially N-glycosy-
lated, as this mutant exhibited no detectable carbohydrate groups after
cleavage with PNGase F in combination with Pro-Q® Emerald 300
glycoprotein staining, but still displayed a 4 kDa higher apparent mo-
lecular mass in comparison to the other deglycosylated DSG2-ECDs.
Thus, the mutant DSG2-ECD p.K294E might be otherwise differently
post-translationally modified. Ubiquitination as post-translational
modification (PTM) was also excluded for this mutant (Fig. S1,
Supplements).

3.3. Mutant DSG2-ECDs p.K294E and p.V392I display differential lectin
binding

To determine the sugar moieties of DSG2-ECD WT and mutants,
lectin blots were performed. Lectins are carbohydrate-binding proteins
from plants recognizing specific sugar moieties [21]. WT and mutant
DSG2-ECDs were bound by DSA (Datura stramonium agglutinin) and
MAA (Maackia amurensis agglutinin) indicating the presence of Gal-(1-
4) GlcNAc and sialic acid linked (2-3) to galactose in complex N-gly-
cans, respectively (Fig. 3A-B). DSG2-ECD WT and the mutants p.D154E
and p.D187G exhibited an interaction with SNA (Sambuccus nigra
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Fig. 1. Molecular structure of the extracellular domains of DSG2.

(A) Schematic overview on the missense mutations in the extracellular domains of DSG2 associated with cardiomyopathy and registered by May 2018 in the Human
Gene Mutation Database (HGMD; www.hgmd.cf.ac.uk) or ARVC Database www.arvcdatabase.info Selected missense mutations are given in red, N-glycosylations in
yellow, O-mannosylations in blue and position of Ca®>* ions in purple (SS = signal sequence; Pro = prodomain, EC1-4 = extracellular cadherin domain 1-4;
EA = extracellular anchor domain). Protein domain positions are taken from UniProt (www.uniprot.org). (B) Molecular modeling of ARVC associated DSG2 variants.
The structure of the extracellular domains of DSG2 (5ERD, https://www.rcsb.org/) has been previously determined by Harrison et al. [16]. The protein backbone is
shown in green, the Ca®™ ions in purple, the sugar residues in yellow and the amino acids carrying the sugar residues are shown in blue. The influence of DSG2
variants (red) on the molecular structure of the extracellular domains was investigated using PyMOL (version 5.1.1, Schrodinger LLC). Amino acids or ions, which are
in close proximity to the amino acids D154 (a), D187 (b), K294 (c) and V392 (d) of DSG2 are shown. For D154 and D187 polar contacts exist to two Ca? *-Ions
(magenta), which are abolished by the mutations p.D154E and p.D187G, respectively. Polar interaction with T329 (blue) is reversed by the mutation p.K294E. There
are no polar contacts for valine at position 392 according to PyMOL. Therefore, there was no evidence from molecular modeling that the mutation p.V392I leads to
changes in the molecular conformation.

agglutinin), which recognizes sialic acid linked (2-6) to galactose, Therefore, N-glycosylation consensus sequences were changed by sub-
whereas the mutants p.K294E and p.V392I were not bound by SNA stituting asparagine against glutamine residues (p.N112Q, p.N182Q,
(Fig. 3C). GNA (Galanthus nivalis agglutinin) binding was not detectable p-N309Q, p.N462Q). These constructs were recombinantly expressed
(Fig. 3D), suggesting the absence of highly mannosylated oligo- and the apparent molecular masses of the proteins were determined by
saccharides. SDS-PAGE in combination with Western blot analysis. Completely

After PNGase F treatment of DSG2-ECD WT and mutants no lectin glycosylated DSG2-ECD WT, its mutants and a construct deficient for all
binding was observed (Fig. S2, Supplements), suggesting that potential four N-glycosylations were used as a control.

O-mannosylated glycans would probably not be further elongated. Our Each of the N-glycosylation deficient DSG2-ECD WT and mutants
data show that WT and mutant DSG2-ECDs do not contain high man- with one substitution at p.N112Q, p.N182Q, p.N309Q or p.N462Q
nose N-glycans but carry complex N-glycans with varying terminal showed consistently and significantly decreased apparent molecular
sialic acid linkage. Of note, the ARVC associated DSG2 mutations masses compared to their completely glycosylated controls. This con-
p-K294E and p.V392I cause an altered glycosylation pattern. firms that N-glycosylation was present at all four positions in DSG2-ECD

WT as well as in all ARVC associated mutants (Fig. 4A-E). Interestingly,
3.4. Mutant DSG2-ECD p.D154E is differentially glycosylated at p.N182 the constructs without N-glycosylation at p.N462 displayed the lowest

molecular masses for WT and mutant DSG2 (Fig. 4A-E), suggesting that
the largest N-glycosylation is found at this position.

The N-glycosylation deficient DSG2-ECD mutant p.D154E without
N-glycosylation at p.N112, p.N309 or p.N462 (Fig. 4F, H, I, J, L, M)

To determine if one or more specific N-glycosylation sites are al-
tered in the ARVC associated mutants, we used site-directed mutagen-
esis to inhibit genetically N-glycosylation at specific positions.
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Fig. 2. DSG2-ECD WT and mutants are differently modified.
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(A) Coomassie blue staining and Western blot analysis using anti DSG2 antibodies revealed an altered molecular mass of mutant DSG2-ECDs in comparison to the WT.
(B) Treatment with N-glycosylation inhibitor tunicamycin in combination with Western blot analysis using anti-He-tag antibodies decreased the molecular mass of
DSG2-ECD WT and mutants indicating a diverse N-glycosylation of DSG2-ECD p.D154E. (C) Enzymatic N-deglycosylation using PNGase F resulted in a size reduction
for DSG2-ECD WT and mutants revealing diverse N-glycosylation of DSG2-ECD p.D154E. (D) Statistical analysis indicates significantly different apparent molecular

+

masses for DSG2-ECD p.D154E and p.K294E. Data are shown as means

SD. After PNGase F digest DSG2-ECD p.K294E still displays a significantly increased

apparent molecular mass suggesting another yet unknown PTM. (E). Treatment with PNGase F in combination with Pro-Q® Emerald 300 glycoprotein staining

indicates the complete loss of sugar residues.

displayed significantly larger masses compared to the WT, whereas the
mass of the mutant without N-glycosylation at p.N182 was not different
from the WT (Fig. 4G, K). This suggests a larger N-glycosylation of the
mutation DSG2-ECD p.D154E at p.N182 and may explain the observed
differences in SDS-PAGE of the completely-glycosylated proteins. The
N-glycosylation deficient DSG2-ECD mutant p.K294E without N-gly-
cosylation at p.N112, p.N182, p.N309 or p.N462 (Fig. 4F-M) always
displayed significantly larger masses compared to the WT indicating a
further PTM.

3.5. Removal of multiple N-glycosylation sites abolishes the transport of
DSG2 to the cell membrane

We used confocal microscopy to investigate if genetic deletion of the
N-glycosylation sites is affecting the subcellular distribution of DSG2.
We generated mutants missing single N-glycosylation sites and con-
structs without all N-glycosylation sites. In addition, we constructed
mutants with only one remaining N-glycosylation site (Fig. 5A-D).
Completely glycosylated DSG2 WT and mutants were found within the

HT1080 cells and at the plasma membrane. In contrast, N-glycosylation
deficient DSG2 WT and mutants without any N-glycosylation were
mainly localized in intracellular structures (Fig. 5A), which are pre-
sumably part of the endoplasmic reticulum or the Golgi apparatus, re-
spectively. These findings were consistently found also in hiPSC derived
cardiomyocytes (B). Each of the DSG2 WT and mutants without N-
glycosylation at p.N112, p.N182, p.N309, p.N462 or p.N514 were
found within the cells and at the plasma membrane (Fig. 5C), which
was not different from the completely glycosylated proteins. DSG2
mutants lacking all but one N-glycosylation site were still transported to
the cell surface (Fig. 5D).

3.6. Cell-cell adhesion strength is affected by DSG2 mutation

To investigate the influence of ARVC associated DSG2 mutations on
cell-cell adhesion strength a dispase based cell dissociation assay was
performed. The mutant DSG2-ECD p.D187G monolayer could be frag-
mented into less pieces (8.9 *+ 3.8) than the WT (17.5 + 6.3 [15])
suggesting a stronger cellular interaction. Of note, the number of
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Fig. 3. DIG-labeled lectin blot analysis reveals that DSG2-ECD WT and mutants
possess different sugar moieties.

DSG2-ECD WT and mutants show an interaction with DIG-labeled DSA (A) and
MAA (B) recognizing Gall-4GlcNAc in complex N-glycans and sialic acid linked
a2-3 to Gal, respectively. WT, p.D154E and p.D187G exhibit an interaction
with SNA (C), which recognizes sialic acid linked a2—-6 to Gal, whereas p.K294E
and p.V392I were not bound by SNA. WT as well as all variants do not interact
with GNA (D) recognizing highly mannosylated glycans. As expected, all lectins
interact with their appropriate control protein (PC) and do not interact with
deglycosylated control protein (NC).

fragments in the dispase assay of the mutant p.K294E (14.8 + 5.6) was
not significantly different from DSG2 WT (Table 1, for a summary of the
results see Fig. 6)

4. Discussion

Since the first characterization of ARVC associated DSG2 mutations
in 2006, numerous mutations in DSG2 and other genes encoding des-
mosomal proteins have been linked to ARVC [5,9-11]. In public disease
databases > 130 different missense, splice site, nonsense or frameshift
mutations in DSG2 are listed (Human Gene Mutation Databank, http://
www.hgmd.cf.ac.uk/ac/index.php, [22]; ARVC Database,
arvedatabase.info, [23]). However, the pathogenic evidence of the
majority of these missense mutations remains unknown, challenging
genetic counseling of affected families. Nevertheless different mouse
models targeting Dsg2 suggest the general pathogenic impact of DSG2
mutations for the development of ARVC: The global Dsg2 deletion is
embryonically lethal in mice [24], whereas the cardiac specific deletion
causes cardiomyopathy associated with fibrosis and calcification [25].
Interestingly the deletion of a fragment within the first and second
ECDs of murine Dsg2 causes a similar cardiomyopathy phenotype [26].
Pilichou et al. generated a transgenic mouse overexpressing Dsg2
p-N2718S corresponding to the human DSG2 p.N266S, which is located
within the Ca®* -binding site between EC2-ECS3 and resulting in a severe
cardiomyopathy [13]. However, the biventricular phenotype of the
murine models does not perfectly fit to the human clinics, since i.e.
fibro-fatty replacement, which is a hallmark of human ARVC [3,4] is
not present. Moreover, the molecular and cellular patho-mechanisms
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caused by DSG2 mutations remain also widely unknown in these mouse
models.

In clinical setting the vast majority of the mutations in DSG2, have
to be classified as variants of uncertain significance due to the lack of
co-segregation and/or experimental data. Therefore, we decided to
analyze these mutations, since they are registered in the ARVC-muta-
tion- and the HGMD-database, which are both frequently used for di-
agnostic purposes (see also Table S1, Supplements).

Recently, the molecular structure of the complete extracellular do-
mains of DSG2 was unraveled in detail by X-ray diffraction analysis
[16]. This molecular structure does not directly deliver data on the
DSG2 mutants but provides further structural data on the localization of
ARVC mutations. Interestingly, five different N-glycosylation sites and
three O-mannosylation sites were identified in the extracellular part of
DSG2. The amino acids carrying these PTMs are highly conserved be-
tween different vertebrate species suggesting the functional impact of
these PTMs (Fig. S3, Supplements). In addition, the pattern of PTMs is
also similar in different members of the desmoglein family supporting
their biological impact [16]. Glycosylation is relevant in many biolo-
gical processes including cell adhesion, molecular trafficking and signal
transduction [27]. Remarkably, one of the human ARVC mutations
(p.N182S) is affecting the second N-glycosylation site of DSG2 [28].
However, this mutation was also identified in unaffected controls
(minor allele frequency: 0.0000577; http://gnomad.broadinstitute.org/
variant/18-29102067-A-G, June 2018, [29]). Although the re-
combinantly expressed mutants do not directly affect the N-glycosyla-
tion consensus sites in DSG2-ECDs, our in vitro analysis reveals re-
markably differential glycosylation patterns, which were not predicted
from the in silico analysis.

Our analysis showed that the total number of glycosylation sites was
not changed between WT and mutant DSG2-ECDs, whereas composi-
tion and size of the sugar structures were different. We also did not find
evidence for an O-glycosylation of the mucin type in the WT and mu-
tant DSG2-ECDs, which is in good agreement with the data from
Harrison et al. 2016 [16].

The recombinantly expressed human ECDs of the ARVC associated
DSG2 mutants p.D154E and p.K294E had significantly larger apparent
molecular masses in comparison to the WT. After enzymatic N-degly-
cosylation with PNGase F, the apparent molecular masses of all but the
mutation p.K294E were not different from the WT. Treatment with
tunicamycin revealed that the N-glycosylation of the DSG2-ECDs can be
blocked. After digestion with PNGase F, glycosylation was below the
detection level of Emerald green labelling suggesting an almost com-
plete deglycosylation of p.K294E. The mass difference of the deglyco-
sylated DSG2-ECD p.K294E was about 4 kDa suggesting that a non-
glycosylation PTM is present in this mutant. Over 200 different types of
PTMs have been identified so far [30]. We excluded for this mutant also
an ubiquitination (Fig. S2, Supplements). We finally could not identify
which PTM was present in the mutant p.K294E, which might be part of
future studies.

We also analyzed the sugar composition of the DSG2-ECDs by lectin
blots. We found that lectin binding was different from the WT in the
mutants p.K294E and p.V392l, when SNA was used. However, lectin
binding cannot determine the size of the sugar side chains. Since we did
not find a differential lectin binding of p.D154E, but a larger molecular
mass, we suggest that the mass difference is caused due to the size of the
sugar side chains.

N-glycosylation site inhibition revealed a larger N-glycosylation at
position p.N182 for DSG2-ECD p.D154E. Using atomic force spectro-
scopy we have recently demonstrated that the ARVC associated DSG2
mutant p.D154E changes the kinetics of the homophilic DSG2 dimer-
ization [15]. The sugar residues at p.N182 are localized in the second
extracellular cadherin domain in close proximity to the Ca®* co-
ordination site (compare Fig. 1). This site is important for the Ca®*
dependent trans-interaction of DSG2 molecules with opposing cadherin
molecules of neighboring cells [17,31]. Altered N-glycosylation may
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Fig. 4. DSG2-ECD p.D154E is differentially glycosylated at p.N182.
(A-E) N-glycosylation deficient DSG2-ECD WT and mutants without (—) N-glycosylation at N112, N182, N309 or N462 show a consistently and significantly
decreased apparent molecular mass compared to their completely glycosylated controls (+all N) confirming N-glycosylation at all four positions in DSG2-ECD WT as
well as in all ARVC associated mutants. (F-M) N-glycosylation deficient DSG2-ECD mutants p.D154E and p.K294E without (—) N-glycosylation at N112, N309 or
N462 display significantly different molecular masses compared to the WT. The mutant DSG2-ECD p.D154E without N-glycosylation at p.N182 had no significantly
different mass in comparison to the WT (G, K), suggesting a larger N-glycosylation at this position. N-glycosylation deficient DSG2-ECD p.K294E showed a sig-
nificantly diverse apparent molecular mass suggesting another PTM.

disturb the molecular architecture contributing to nano-mechanical

binding defects.
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mannosylations are rare sugar modifications, which have been recently
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Fig. 5. Mutation of multiple N-glycosylation sites blocks the efficient transport of DSG2 to the plasma membrane.

Representative fluorescence images of transfected living HT1080 cells and fixed hiPSC derived cardiomyocytes were shown. (A-B) In contrast to completely gly-
cosylated (+all N) WT and mutant DSG2, N-glycosylation deficient DSG2 WT and mutants without any N-glycosylations (—all N) were primarily localized in
intracellular structures in HT1080 cells (A) and hiPSC derived cardiomyocytes (B). (C) Similar to completely glycosylated WT and mutant DSG2, N-glycosylation
deficient DSG2 WT and mutants without (—) N-glycosylation at N112, N182, N309, N462 or N514 were localized at the plasma membrane in HT1080 cells. (D) N-
glycosylation deficient DSG2 WT and mutants with single (+) N-glycosylation at N112, N182, N309, N462 or N514 were localized at the plasma membrane in
HT1080 cells. DSG2 is shown in green, nuclear staining (DAPI) in blue and anti a-actinin staining as cardiomyocyte marker in red. Scale bars represent 10 pm.

identified in several members of the cadherin family [32-34]. In our
study, no carbohydrates were detectable after enzymatic digestion
using PNGase F suggesting that O-mannosylation was not present or
below the limit of detection of Pro-Q® Emerald 300 glycoprotein

staining, respectively. Similar effects were observed by lectin binding
analysis. After PNGase F treatment of DSG2-ECD WT and mutants no
lectin binding was observed at all, suggesting that potential O-manno-
sylated glycans would probably not be further elongated. These
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Table 1

Dispase based cell dissociation assay.
DSG2 genotype Number of fragments (means *= SD) ANOVA'®
WT 17.5 + 6.3° -
p.D154E 8.7 * 4.3°
p.D187G 89 + 3.8
p.-K294E 14.8 = 5.6 ns
p.V392I 18.04 + 12.32° ns

§ ANOVA with Dunnett's Multiple Comparison Test.
=+ P < 0.001 for pairs WT/p.D154E and WT/p.D187G.
$ Data given for comparison and previously published in [15].

observations are consistent with findings from other groups indicating
that O-mannosylated glycans of cadherins are not further elongated
[32,33].

Up to now, no knock-in mice of human cardiomyopathy associated
DSG2 mutations have been reported and only little functional data on
the mutant proteins are available. We previously found that the mu-
tants DSG2 p.R46Q, p.D154E and p.V392I revealed in vitro aberrant
binding properties when compared to the WT [15,19]. Although we
used different assays to characterize the binding properties we found
conclusively that the protein-protein binding of these mutants appeared
to be more stable than for the WT form. In this study, we used a dispase
based assay and found that p.D187G also leads to a stronger interaction
in the cell based test system, whereas the mutation p.K294E did not
show differences to the controls. This is remarkable since this mutant
revealed a differential PTM. We also analyzed if the transport of DSG2
might be affected by the mutation. We tested single glycosylated mu-
tants or mutants lacking only one N-glycosylation site. Surprisingly, we
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found that even one glycosylated N-residue is sufficient to direct DSG2
to the cell surface. We used in our study HT1080 cells, which were
previously used as model systems for the investigation of desmosomal
proteins [17,35,36]. We also tested hiPSC derived cardiomyocytes
which confirmed the findings of the corresponding experiment with
HT1080 cells. Although we did not evaluate DGS2-surface expression in
a quantitative manner, the data may provide evidence that both cell
types handle DSG2 expression in a comparable way.

Changes in the glycosylation pattern were recently found in a model
of rat hypertrophic cardiomyopathy [37,38]. Thus, differential glyco-
sylation patterns in cardiac disease might also be of more general im-
pact. However, to the best of our knowledge the aberrant glycosylation
patterns of proteins were not shown before in arrhythmogenic right
ventricular cardiomyopathies.

Thus, here we provide evidence in vitro insights into behavior of
mutant DSG2 can unfortunately not be directly translated into genetic
counseling. The pathogenic interpretation of DSG2 missense mutations
remains therefore challenging and is more complex than previously
anticipated.

5. Conclusions

In summary, we present here data, which indicate that ARVC as-
sociated DSG2 mutations affect the glycosylation stage of the protein
although these mutations do not directly change the N-glycosylation
consensus sequences. Our analyses showed that the total number of
glycosylation sites was not changed in the mutant DSG2-ECDs, whereas
the composition and size of the sugar structures are different.
Surprisingly, we found that even one glycosylated N-residue is
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Schematic graphic of the extracellular cadherin domains (EC1-4) of DSG2 with N-glycosylations (N112, N182, N309, N462) and complexed Ca* -ions (purple). For
the ARVC-associated mutations analyzed in the study (D154E, D187G, K294E, V392I) the experimental results are illustrated by pictograms and deviations from
wildtype conditions are displayed (for further explanation see legend). For generation of the scheme Adobe Illustrator CC (v.22.1) and ChemDraw Professional (v.

16.0.1.4, Perkin Elmer) was used.
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sufficient to direct DSG2 to the cell surface. Our study reveals complex
molecular interactions between DSG2 mutations and N-glycosylations
of DSG2, which may contribute to the molecular understanding of the
patho-mechanisms associated with ARVC.
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