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Proteomic analysis of desmosomes reveals novel 
components required for epidermal integrity

ABSTRACT Desmosomes are cell–cell adhesions necessary for the maintenance of tissue in-
tegrity in the skin and heart. While the core components of desmosomes have been identi-
fied, peripheral components that modulate canonical or noncanonical desmosome functions 
still remain largely unexplored. Here we used targeted proximity labeling approaches to 
further elaborate the desmosome proteome in epidermal keratinocytes. Quantitative mass 
spectrometry analysis identified all core desmosomal proteins while uncovering a diverse ar-
ray of new constituents with broad molecular functions. By individually targeting the inner 
and outer dense plaques, we defined proteins enriched within these subcompartments. We 
validated a number of these novel desmosome-associated proteins and find that many are 
membrane proximal proteins that show a dependence on functional desmosomes for their 
cortical localization. We further explored the mechanism of localization and function of two 
novel desmosome-associated adaptor proteins enriched in the desmosome proteome, Crk 
and Crk-like (CrkL). These proteins interacted with Dsg1 and rely on Dsg1 and desmoplakin 
for robust cortical localization. Epidermal deletion of both Crk and CrkL resulted in perinatal 
lethality with defects in desmosome morphology and keratin organization, thus demonstrat-
ing the utility of this dataset in identifying novel proteins required for desmosome-depen-
dent epidermal integrity.

INTRODUCTION
Desmosomes are cell–cell adhesion complexes essential for estab-
lishing the mechanical integrity of organs (Garrod and Chidgey, 
2008; Kowalczyk and Green, 2013). They are most abundant in tis-
sues that are regularly subjected to mechanical stress such as the 

epidermis and cardiac muscle (Green and Simpson, 2007; Patel and 
Green, 2014). Ultrastructurally, desmosomes are highly organized 
protein complexes with electron-dense plaques whose structural 
features can be regionalized into nanometer-scale subcompart-
ments (He et al., 2003). The transmembrane core extends across the 
interface between two cells and contains the extracellular domains 
of desmosome cadherins, desmocollins, and desmogleins, that form 
stable calcium-dependent trans dimers with cognate cadherins from 
neighboring cells. Immediately below the plasma membrane is the 
outer dense plaque region (ODP), where the cytoplasmic domains 
of these receptors interact with armadillo-domain containing pro-
teins, plakophillins 1–4 (Pkp1,2,3,4) and plakoglobin, which are nec-
essary for efficient formation, clustering, and segregation of desmo-
some plaques (Kowalczyk et al., 1997, 1999; Hatzfeld, 2007). Further 
inward is the inner dense plaque (IDP) where desmosome attach-
ment to intermediate filaments (IFs) is facilitated by the core desmo-
some protein desmoplakin. Desmoplakin is composed of globular 
head and tail domains connected by coiled-coils that direct forma-
tion of parallel homodimers (Green et al., 1990). In mature desmo-
some plaques, the amino terminus of desmoplakin associates with 
plakoglobin and PKPs in the ODP, while the carboxy-terminus 
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anchors cortical IFs in the IDP. Therefore, desmoplakin represents a 
molecular bridge that couples desmosomes to IFs (Green et al., 
1992; Bornslaeger et al., 1996; Kowalczyk et al., 1997). These core 
components represent the canonical functional unit of desmosomes 
necessary for cell–cell adhesion and tethering of IFs to the cell cor-
tex. However, while traditional biochemical fractionation methods 
(Skerrow and Matoltsy, 1974; Franke et al., 1981; Mueller and Franke, 
1983; Cowin et al., 1986; Heid et al., 1994), cell reconstitution assays 
(Kowalczyk et al., 1997; Bornslaeger et al., 2001), and genetic mod-
els (Allen et al., 1996; Bierkamp et al., 1996; Ruiz et al., 1996; 
McGrath et al., 1997; Vasioukhin et al., 2001; Samuelov et al., 2013) 
were fundamental for functionally establishing this molecular core, 
other studies have identified additional components that either reg-
ulate desmosome adhesion/turnover or mediate noncanonical bio-
logical functions at desmosomes. For example, in addition to being 
stable tethers to IFs, unexpected roles for desmosomes in microtu-
bule (Lechler and Fuchs, 2007; Sumigray et al., 2011, 2012) and actin 
cytoskeleton (Nekrasova et al., 2018) organization have been docu-
mented. It is possible that many of these novel components were 
not previously identified in early fractionation experiments because 
they are either peripheral, transient, or biochemically labile compo-
nents that rapidly dissociate upon cell lysis. Therefore, proximity-
dependent approaches capable of capturing both stable and tran-
siently localized proteins are necessary to efficiently expand the 
desmosome proteome.

With the goal of building a complete parts list of desmosomes, 
we turned to proximity proteomic analysis of desmoplakin’s interac-
tome in keratinocytes. Using label-free quantitative mass spectrom-
etry-based analysis, we identified desmosomal proteins enriched 
within ODP and IDP regions. We validated the localization of novel 
desmosome-associated proteins and used mouse genetics to de-
fine functional roles for two such proteins, Crk and Crk-like (CrkL). 
Together, proximity-dependent biotinylation combined with label-
free quantitative proteomics broadened the compositional land-
scape of desmosomes, and provided novel insights into biological 
roles of desmosomes that are essential for the maintenance of epi-
dermal integrity.

RESULTS
BioID strategy for targeting desmosome subdomains
To target desmosome-associated proteins, we turned to BioID, a 
technique that enables local protein biotinylation by mutant variants 
of the bacterial biotin ligase, BirA (Roux et al., 2012). During matura-
tion, desmosomes become dense, highly insoluble protein struc-
tures (Pasdar and Nelson, 1988a,b). While these properties have 
facilitated purification of core desmosomal proteins, the required 
extraction conditions are unsuitable for isolating peripheral and/or 
transiently associated components. BioID circumvents this problem 
by allowing us to biotinylate proteins localized at desmosomes, 
thereby making them accessible for purification under harsh condi-
tions and as they transit the soluble fraction. The cytoplasmic face of 
desmosomes contains two ultrastructurally resolvable units, the 
IDPs and ODPs (Stahley et al., 2016). To target each of these re-
gions, we constructed fusions of the mutant biotin ligase, BirAR118G 
(hereafter called BirA) to truncated versions of the core desmosome 
protein, desmoplakin, which spans these regions. We localized BirA 
to the outer dense plaque by fusing it to the desmoplakin head 
domain truncated at 584a.a (DspN-BirA), and to the inner dense 
plaque region by fusing it to desmoplakin truncated at its coiled-coil 
domain at 1484a.a (DspCC-BirA) (Figure 1A) (North et al., 1999). We 
infected primary mouse keratinocyte cells with lentiviral vectors that 
enabled stable, doxycycline-inducible expression of each construct 

and, in addition, cytoplasmic-BirA (Cyto-BirA) as a negative control 
(Figure 1A; Supplemental Figure S1A). These fusion proteins, 
tagged with HA, stably localized to cortical puncta at cell–cell inter-
faces (Figure 1B). In calcium shift assays, desmosomes in Dsp–BirA 
expressing cells rapidly organized at rates and size distributions 
similar to control cells (Supplemental Figure S1B). Additionally, 
mature desmosomes in Dsp-BirA expressing cells maintained 
functional attachments to keratin fibers (Supplemental Figure 1C). 
Incorporation of biotin was assayed through staining with fluoro-
phore-conjugated streptavidin, revealing close colocalization of 
biotin signal with endogenous desmoplakin (Figure 1C). Line-scan 
analysis revealed a clear correlation of the biotin signal with endog-
enous desmosomes and minimal correlation with adherens junction 
and tight junction markers, E-cadherin and occludin, respectively 
(Figure 1C and Supplemental Figure S1D). Under conditions where 
we expressed equivalent levels of BirA fusions, we saw robust bioti-
nylation by Western blot analysis (Figure 1D). Compared with cyto-
plasmic controls, we observed more complex banding patterns in 
cells expressing either Dsp-BirA fusions. Interestingly, we also ob-
served distinct band patterns between DspN-BirA and DspCC–BirA 
expressing keratinocytes, suggesting differential protein interac-
tomes. Initial validation of streptavidin precipitates by Western blot 
analysis of Dsp-BioID lysates revealed specific enrichment of repre-
sentative core desmosome proteins from each subcompartment, 
with minimal enrichment for adherens junction (E-cadherin) and 
tight junction (occludin) receptors (Figure 1E). Collectively, these re-
sults demonstrate desmosome-BioID as a reliable approach for ro-
bust labeling and specific purification of desmosome-associated 
proteins.

Quantitative mass spectrometry analysis of 
desmosome-associated proteins
To identify novel desmosome-associated components, we per-
formed label-free quantitative mass spectrometry analysis on tripli-
cate samples of biotinylated proteins purified from DspN-BirA, 
DspCC-BirA, and Cyto–BirA expressing keratinocytes (Figure 2A). 
We identified hits as significantly enriched at desmosomes if they 
passed three constraints: 1) a cutoff of twofold average intensity 
over Cyto-BirA, 2) a protein teller probability greater than 0.8, and 
3) a p value of enrichment less than 0.01 calculated by Student’s t 
test analysis when comparing abundance values of DspN-BirA or 
DspCC-BirA hits to Cyto-BirA controls. By this criteria, we identified 
628 proteins enriched in DspN-BirA and 387 in DspCC-BirA. Of these 
proteins, 383 were enriched in both samples.

We plotted the intensities of significantly enriched hits for each 
fusion protein and observed extensive coverage of known core des-
mosome components (Supplemental Figure S2, A and B). However, 
our list was not exhaustive, as some previously established desmo-
some-associated proteins, such as Perp and ninein, were not recov-
ered (Ihrie et al., 2005; Lechler and Fuchs, 2007). In addition to core 
desmosome components, Desmosome-BioID identified a surpris-
ingly diverse array of proteins from a variety of functional categories 
(Figure 2, B and C). The most abundant group of hits contained 
many expected cell junction components, keratins, cortical actin, 
microtubule, and intermediate filament regulators as well as pro-
teins from unexpected families such as protein kinases, protein 
phosphatases, and RNA binding proteins; suggesting that the des-
mosome protein network contains components that link desmo-
somes to yet unidentified molecular functions (Figure 2C). Addition-
ally, the analysis identified putative regulators of desmosome 
stability, such as a palmitoyltransferase and thioesterase, which are 
excellent candidates to mediate the palmitoylation of desmosomal 
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FIGURE 1: Development of desmosome-BioID in keratinocytes. (A) Schematic of doxycyline-inducible BioID approach 
for targeting desmosomes. BirA, biotin ligase; TRE-CMV, tet-response element promoter; LTR, Long terminal repeat; 
PGK, 3-phosphoglycerate kinase promoter; rtTA-2A-Puro, reverse tetracycline-controlled transactivator-2A peptide-
Puromycin fusion protein; Dsp, desmoplakin; Dsc, desmocollins; Dsg, desmogleins; Pkg, plakoglobin. (B) Validation of 
Dsp-BirA constructs in mouse keratinocytes immunolabeled for HA-tagged-BirA and Dsp. HA, Hemagglutinin fusion 
tag; Scale bar, 5 μm. (C) Immunofluorescent labeling of DspCC-BirA expressing keratinocytes after overnight incubation 
in Ca2+ and exogenous biotin (50 μM). Scale bar, 5μm. Note that the anti-desmoplakin antibody used is to the 
C-terminus of the protein and does not bind to the BirA fusion proteins. (D) Western blot analysis displays construct 
expression and biotinylated fraction in biotin-fed, Ca2+ induced Dsp-BirA keratinocyte lysates. Membranes were probed 
with anti-HA and streptavidin-HRP in order to identify Dsp-BirA expression and biotinylation spectrum, respectively. 
(E) Western blot analysis of junctional components after enrichment of biotinylated fractions from Dsp-BirA lysates. This 
is representative of three independent experiments.
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proteins (Roberts et al., 2014, 2016). To categorize these links, we 
utilized GO term analysis to identify major biological processes as-
sociated with Desmosome-BioID hits. Interestingly, significant cate-
gories were not limited to regulators of IFs but also included a num-
ber of both microtubule and F-actin interacting proteins, which is 
consistent with recent work demonstrating that desmosomes can 
integrate with both cytoskeletal networks (Sumigray et al., 2011, 
2012; Godsel et al., 2010; Nekrasova et al., 2018). There was also an 

enrichment of noncanonical processes such as receptor-mediated 
endocytosis, cell migration, mRNA transport, and cytoplasmic trans-
lation. Lastly, GO term analysis also revealed surprising associations 
with mRNA:miRNA-binding proteins, an observation previously 
seen at zonula adherens (Kourtidis et al., 2017), further highlighting 
that desmosomes may share ancillary molecular functions with ad-
herens junctions in addition to their traditional roles in stabilizing 
cell–cell attachment and cortical cytoskeleton organization.

FIGURE 2: Network graph of the desmosome proteome. (A) Outline of desmosome-BioID protocol for proteomic 
evaluation of desmosomes in keratinocytes. (B) String diagram of top hits from desmosome BioID analyses. Node titles, 
sizes, and colors represent gene names; total abundances; and DspCC vs. DspN abundance ratios, respectively; edge 
connections indicate protein interactions identified by STRING; edge color highlights predicted interactions with core 
desmosome components. (C) Network topologies of desmosome BioID hits from select protein families.
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Cross-correlation analysis of DspN-BirA versus DspCC-BirA hits 
revealed substantial overlap and positive correlation between both 
proteomes, demonstrating that many desmosome-associated pro-
teins were biotinylated in both conditions (Figure 3B). However, we 
observed a number of proteins that were significantly enriched in 
one compartment versus the other (Figure 3B and Supplemental 
Table S1, A and B). Protein hits that were more highly enriched by 
DspCC-BirA (DspIDP) largely included cytoskeletal regulators, con-
firming previous studies and establishing the IDP as a region where 
desmosome-cytoskeleton interaction is abundant (Figure 3C; Sup-
plemental Figure 2C). In addition to a clear enrichment of known 
ODP proteins in the DspN-BirA (DspODP) dataset (including plako-
philins, plakoglobin, and desmosomal cadherins), proteins highly 
enriched in DspN-BirA were more diverse in molecular functions and 
included a number of signal transduction regulators such as protein 
phosphatases and signal adaptor proteins (Figure 3D; Supplemen-
tal Figure S2C). This suggests that the proteins enriched in DspN 
versus DspCC, illustrated in Supplemental Figure. 2C, may represent 
proteins that are specifically concentrated within each desmosome 
subcompartment. In particular, these data highlight the ODP as a 
hub in desmosomes for molecular signaling.

Desmosomes are essential for cortical localization of novel 
junctional components
In addition to known desmosome constituents, Dsp-BioID analysis 
revealed a substantial number of novel desmosome-associated pro-
teins. Intriguingly, we observed that many of these putative compo-

nents were also identified in previous BioID analyses of adherens 
junctions (Guo et al., 2014; Van Itallie et al., 2014), tight junctions 
(Van Itallie et al., 2013), or both. Comparative analysis of similar 
proximity proteomic studies on adherens junctions and tight junc-
tions reveals significant compositional overlap with the desmosome 
proteome (Supplemental Figure S3). Since many of these proteins 
have not been previously shown to localize to desmosomes, we 
speculated that they may exhibit novel cortical localization in cells 
with high concentrations of desmosomes, such as keratinocytes. 
Therefore, we examined the subcellular localization of highly abun-
dant hits using immunofluorescence analysis or fluorescent-protein 
tagging in calcium-treated mouse keratinocytes. We chose proteins 
with uncharacterized roles in the epidermis as well as those with 
known roles but with unspecified localization patterns. Accordingly, 
immunofluorescence analysis revealed robust cortical localization of 
Junctional protein associated with coronary artery disease (JCAD), 
Shroom 2 (Shrm2), PDZ and LIM domain protein 5 (Pdlim5), Lipoma-
preferred partner (LPP), Fas-associated protein-tyrosine phospha-
tase 1 (PTPN13), Tyrosine-protein phosphatase nonreceptor type 11 
(Shp2), protein phosphatase 1 (PP1a), the glycoprotein Tuftelin 
(TUFT), Gephyrin (GEPH), and Exocyst complex component 4 
(ExoC4) (Figure 4, A–J). While all of these proteins exhibited varying 
levels of desmosome colocalization, we observed some unexpected 
trends. PP1a, PTPN13, and TUFT exhibited high levels of colocaliza-
tion with desmosomes (>0.6) by Pearson’s correlation analysis; 
ExoC4, GEPH, JCAD, Pdlim5, Shp2, and Shrm2 exhibited mild co-
localization (0.3–0.6); and LPP exhibited low colocalization (<0.3). 

FIGURE 3: Characterization and quantitative proteomic analysis of desmosome-BioID. (A) Revigo plot highlighting 
functional categorization of biological processes enriched by desmosome BioID. Node size represents relative number 
of proteins while edge width indicates degree of similarity between connecting GO term nodes. (B) Cross-correlation 
plot compares statistical fold enrichment of protein hits from DspIDP vs. DspODP analyses. Each point represents a 
protein with an associated p value indicating enrichment in either DspIDP or DspODP conditions, or neither. (C) GO term 
graph of molecular functions for proteins enriched in DspIDP. (D) GO term graph of molecular functions for proteins 
enriched in DspODP.
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Surprisingly, in spite of their respective levels of desmosome colo-
calization, we observed that cortical localization of ExoC4, GEPH, 
JCAD, Pdlim5, and Shp2 was lost in Dsp-null keratinocytes, whereas 
cortical localization of Shroom2, TUFT, and LPP was independent of 
desmoplakin (Figure 4, A’–J’). These results are summarized in 
Table 1. To test whether this was specific to desmosomes, we per-
formed immunofluorescent analysis on p120 catenin-null mouse 
keratinocytes in which AJs are disrupted (Xiao et al., 2003b; Perez-
Moreno et al., 2006). Unlike in Dsp null mouse keratinocytes, in all 
cases cortical localization was maintained upon loss of p120-catenin 
(Supplemental Figure S4, A–J). These observations suggest that 
desmosomes may have uniquely broad influences on cortical pro-
tein composition in keratinocytes. Thus, desmosomes may play 
roles in organizing the cell cortex composition in keratinocytes that 
are not fully dependent on stable associations with target proteins.

Functional validation of Crk/CrkL as desmosomal regulators
While validating novel desmosome components identified by Dsp-
BioID, we observed an abundance of soluble adapter proteins im-
portant for signal transduction. To profile this correlation, we 
turned to SMART analysis which verified that Src Homology 2 (SH2) 
and Src Homology 3 (SH3) domains were among the most signifi-
cantly enriched protein domains of the Dsp-BioID proteome 
(Figure 5A). We compiled a list of SH3 domain-containing desmo-
some-associated proteins and noticed many proteins essential for 
organizing cortical protein complexes at adherens junctions 
(Fredriksson-Lidman et al., 2017) and focal adhesions (Thomas 
et al., 1998) (Supplemental Table S2). We focused on Crk and CrkL, 
paralogous adaptor proteins each composed of one SH2 and two 
SH3 domains (Figure 5B). Crk and CrkL have been shown to be 

important mediators of membrane-associated protein complex 
signaling (Lamorte et al., 2002; Iwahara et al., 2004; Fukuyama 
et al., 2005) and to regulate clustering of neuromuscular synapses 
(Hallock et al., 2016), functions that could be relevant in the con-
text of desmosomes. Crk and CrkL were identified in both Dsp-
BirA proteomes, with both ∼4 times more concentrated in DspN-
BirA over DspCC-BirA lysates (Figure 5B). Immunofluorescence 
analysis of endogenous CrkL in mouse keratinocytes revealed 
punctate cortical localization and robust colocalization with endog-
enous desmoplakin Figure 5C. Colocalization analyses for CrkL re-
vealed a Pearson coefficient of 0.56 with desmoplakin, as opposed 
to 0.20 with β-catenin (Figure 5D), demonstrating an enrichment at 
desmosomes over other adhesions. A similar localization was seen 
with a Crk-GFP fusion protein, suggesting that both proteins may 
have redundant functions at desmosomes (Figure 5E). While CrkL 
pools were largely cytoplasmic in keratinocytes grown in low Ca2+, 
after Ca2+ induction we observed robust desmosome recruitment 
of CrkL 3 h after accumulation of cortical desmoplakin (Figure 5F). 
In Dsp-null keratinoyctes, cortical localization of CrkL was lost 
(Figure 5C). However, desmosome localization was unaltered in 
keratin type II null keratinocytes which lack all keratin filaments, 
suggesting that desmosome localization of CrkL occurs indepen-
dently of keratin attachment (Figure 5C). Lastly, cortical loss ap-
peared to be specifically sensitive to disruption of desmosome 
adhesions, as cortical levels of CrkL were similar between control 
and p120-catenin null keratinocytes where adherens junction com-
plexes are largely reduced (Figure 5C) (Xiao et al., 2003a; Perez-
Moreno et al., 2006). These results indicate that cortical recruit-
ment and stabilization of Crk and CrkL in keratinocytes specifically 
require assembly of mature desmosomes.

FIGURE 4: Validation of select desmosome BioID protein targets identify novel desmosome-associated proteins. 
Wild-type (A–J) and Dsp –/– (A’–J’) keratinocytes were fixed and costained for desmosomes (red) and candidate 
proteins, either endogenous or GFP tagged, as indicated. Line scan analyses across desmosomes, depicted in the inset, 
were used to profile relative enrichment of selected proteins near desmosomes verses the cytoplasm. Corresponding 
colocalization analyses of these hits are shown in Table 1 which also lists the protein names associated with each gene. 
Scale bars, 5 μm.
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To understand interactions that may promote Crk/CrkL recruit-
ment to the cell cortex, we performed pull-down analysis using re-
combinant, glutathione-S-transferase (GST)-tagged constructs of 
either full-length Crk or Crk containing only N-terminal SH2 (CrkSH2) 
or both SH3 domains(CrkSH3N/C). We found that full-length Crk and 
CrkSH3N/C each efficiently pulled down Dsg1 from lysates, while the 
SH2 domain did not (Figure 5G). To gain further evidence for the 
requirements of this interaction, we examined cortical accumulation 
of CrkL in human keratinocytes using two approaches: 1) compari-
son of CrkL localization between HACAT cells, which express Dsg1, 
to SCC12 cells, a carcinoma line with limited Dsg1 expression (Sup-
plemental Figure S5A) (Denning et al., 1998); and 2) siRNA-medi-
ated knockdown of Dsg1 (Supp. Fig S5C). Consistent with Dsg1 
promoting cortical localization of CrkL, we observed a decrease of 
desmosome localization of Crkl both in SCC12 cells (Supplemental 
Figure S5B) and in Dsg1 KD HACAT cells (Supplemental Figure 
S5D). Western blot analysis validated the siRNA knockdown effi-
ciency (Supplemental Figure S5C).

Interestingly, Crkl’s enrichment at the cortex increased upon tyro-
sine phosphatase inhibition by orthovanadate treatment (Supple-
mental Figure 5, E and F), suggesting a role for the SH2 domain in 
desmosomal localization as well. Thus, Crk/Crkl may have multiple 
interactions with desmosomal proteins that are regulated by signal-
ing pathways.

To determine the physiological roles of Crk and CrkL in vivo, we 
obtained Crk and CrkL floxed mice (Park and Curran, 2008) and 
mated them to Keratin 14-Cre mice (Vasioukhin et al., 1999), allow-
ing for efficient recombination in the epidermis and subsequent 
loss of Crk/CrkL (Figure 6, A and B). Homozygous loss of either Crk 
or CrkL alone did not result in any gross observable phenotype. 
However, homozygous loss of both Crk and CrkL together (Crk/
LdKO) resulted in neonatal lethality with greater than 50% pene-
trance. Mutant neonatal pups displayed a compromised epidermis 
indicative of a significant loss of intercellular cohesion (Figure 6C). 
These observations are in agreement with previous studies show-
ing that Crk and CrkL have overlapping functions in vivo (Park and 
Curran, 2008).

Histologic examination of newborn epidermis in Crk/LdKO mice 
revealed small intercellular separations dispersed throughout the 
mutant epidermis, consistent with phenotypes associated with mild 

desmosome disruption (Figure 6, D and E). Transmission electron 
microscopy (TEM) of Crk/LdKO skin revealed frequent cell–cell sepa-
rations throughout the epidermis that were particularly prevalent 
among differentiated keratinocytes in spinous and granular layers 
(Figure 6, D and E). Evaluation of EM micrographs revealed that 
desmosome morphologies were significantly disrupted in Crk/LdKO 
skin (Figure 6F). Most frequently we noted lack of density in the 
ODP and particularly in desmosomes adjacent to cell-cell separa-
tions (Figure 6, E and F). These morphological defects were not as-
sociated with increased proliferation or apoptosis (unpublished 
data), nor were they accompanied by changes in the expression 
patterns of differentiation markers including keratin 5/14 (basal cell 
marker), keratin 10 (spinous and granular cell marker), and loricrin 
(granular cell marker) (Figure 6H; Supplemental Figure S6A).

We next analyzed the localization of desmosomal proteins in 
Crk/LdKO epidermis by immunofluorescence. While desmoplakin 
and desmoglein 1 localization appeared largely normal, we ob-
served a decrease in cortical plakoglobin levels scattered through-
out mutant epidermis (Figure 6G). Line scan analyses validated a 
defect in cortical enrichment of plakoglobin in the mutant skin 
(Figure 6G). In contrast, no defects were noted in either E-cadherin 
or cortical F-actin localization or levels (Supplemental Figure S6B). 
Interestingly, while keratin organization within the basal layer ap-
peared largely normal, keratin 10 in subrabasal layers was often col-
lapsed around the nucleus (Figure 6H, inset). These data demon-
strate a physiological role for Crk/Crkl in epidermal integrity and in 
desmosome morphology. Further analysis will be required to deter-
mine whether Crk/Crkl has additional roles outside of the desmo-
some in the epidermis. Together, this demonstrates a proof of prin-
ciple that Dsp-BioID analysis increased not only the complexity of 
the desmosome proteome but also revealed functional regulators 
of keratinocyte structure and epidermal integrity.

DISCUSSION
In this study, we used BioID to evaluate the desmosome proteome 
in epidermal keratinocytes and identify novel desmosome-associ-
ated proteins. Newly identified components contained a surpris-
ingly varied array of molecular functions that only partly overlapped 
with known molecular roles at desmosomes. Of these were numer-
ous scaffolding proteins that harbor adapter domains seemingly 

Uniprot 
ID Protein name DspNBioID* DspCCBioID* Colocalization**

Cortical 
localization 
in Dsp-null 

cells

EXOC4 Exocyst complex component Sec8 77 67 0.39 N

GEPH Gephryin 32 32 0.44 N

JCAD Junctional protein associated with coronary artery disease 67 32 0.44 N

LPP Lipoma-preferred partner homolog 149 81 0.27 Y

PDLI5 PDZ and LIM domain protein 5 90 70 0.45 N

PP1A Protein phosphatase PP1-a 1125 387 0.85 N

PTN11 Tyrosine-protein phosphatase nonreceptor type 11 171 224 0.43 N

PTN13 Tyrosine-protein phosphatase nonreceptor type 13 61 37 0.66 N

SHRM2 Shroom 2 75 46 0.48 Y

TUFT Tuftelin 12 41 0.66 Y

*Fold change enrichment over Cyto-BirA.
**Pearson correlation coefficient values.

TABLE 1: Validation of abundant desmosome-BioID hits.
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important for stabilizing protein interactions necessary for down-
stream signal transduction. We were able to validate the localization 
of novel desmosome scaffold proteins and additionally used mouse 
genetics to identify essential functions in epidermal integrity for the 
adaptor proteins Crk and CrkL.

Proximity proteomics has now been performed for all major cell–
cell junction complexes of vertebrates (Van Itallie et al., 2013; Guo 

et al., 2014). Here we report a surprisingly high degree of composi-
tional overlap with BioID analyses of AJs and TJs. While it is possible 
that some of this overlap is due to labeling promiscuity of BirA, 
an intriguing alternative is that this overlap indicates junctional 
cross-talk driven by direct interactions, compositional sharing, and/
or functional proximity between distinct junction complexes. A 
classic example of compositional sharing between desmosomes 

FIGURE 5: Adapter molecules Crk and CrkL are novel desmosome constituents. (A) Domain enrichment analysis of 
desmosome BioID using SMART. (B) Schematic representation of domains in Crk and CrkL and graphs displaying fold 
enrichment of Crk and CrkL in Dsp-BirA proteomes over Cyto-BirA. (C) Desmosome (Dsp, red) and CrkL (green) staining 
in Wt, Dsp –/–, Keratin –/–, and p120-catenin –/– keratinocytes after 24hr Ca2+ incubation. (D) Staining for Crkl (green) 
and β-catenin (red) in cultured keratinocytes after 24h Ca2+ incubation. (E) Immunofluorescent staining of desmosomes 
(Dsp, red) and GFP (green) in Ca2+ induced mouse keratinocytes transfected with full length Crk-GFP. (F) Time course of 
localization after calcium-induced desmosome formation. Immunofluorescent staining of desmosomes (Dsp, red) and 
CrkL (green) in mouse keratinocytes before and after Ca2+ induction. (G) Pull-down assays from mouse keratinocyte 
lysates using recombinant Crk constructs reveal associations between Crk and desmoglein 1. This is representative of 
two independent replicates.
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and adherens junctions is in vascular endothelial cells that harbor 
hybrid junctions containing plakoglobin and desmoplakin along 
with p120-catenin, among other adherens junction proteins (Schmelz 

et al., 1994; Kowalczyk et al., 1998; Hammerling et al., 2006). The 
overlap between AJ (performed in simple epithelial cells) and des-
mosome (performed in keratinoyctes from stratified epidermis) 

FIGURE 6: Tissue-specific loss of Crk and CrkL results in acantholysis and altered desmosome morphologies in the 
epidermis. (A) Genetic strategy for epidermal targeting of Crk and CrkL. (B) Western blot analysis of isolated epidermis 
from control and dKO mice. Arrow points to band representing loss of CrkL protein. (C) Representative images of 
control and dKO newborn pups. Note compromised patches of epidermal tissues designated by arrow. (D) H&E (left) 
and transmission electron microscopy (right) images of control and mutant skin. Note intercellular detachments 
designated by arrows. Scale bars, left, 30 μm; right, 500 nm. (E) Quantitative analysis of intercellular separations from 
(left) H&E (n=4 mice) and (right) transmission electron microscopy (n = 15 regions, 2 mice). (F) Left: high magnification 
transmission electron micrographs of control and Crk/CrkL dKO epidermis. Right: quantitation of disrupted desmosome 
organization in the control and Crk/CrkL dKO skin. Scale bars, 100 nm (n = 15 regions, 2 mice). (G) Top: representative 
immunofluorescent stains of desmoglein 1, desmoplakin, and plakoglobin in control and mutant epidermis. Dashed line 
delineates cell membrane area. Scale bars, 20 μm. Bottom: line scan analysis of plakoglobin stains across cell–cell 
interfaces, Shaded regions represent standard deviation from mean. (n = 20 scans, 3 mice). (H) Representative 
immunofluorescent stains of differentiation related markers keratin 10 (red) and keratin 5/14 (green) in control and dKO 
epidermis. Inset: Note the perinuclear accumulation of keratin in suprabasal cells of mutant mice. Scale bars, 20 μm.
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proteomes may reflect a switch from an AJ-dominant localization 
often found in simple epithelia to high levels of desmosome-depen-
dent localization in stratified epithelia, where desmosomes are a 
predominant cell adhesion structure. Such a view is consistent with 
the conserved molecular architecture of desmosomes and adherens 
junctions, with paralogous armadillo repeat proteins in each.

An emerging view is that desmosomes integrate many aspects 
of cell physiology in addition to IF attachment (Kowalczyk and 
Green, 2013). In this study, Desmosome-BioID analysis hinted that 
functional desmosomes are permissive for a stable cortical protein 
environment in keratinocytes. This is particularly pertinent for un-
derstanding the differentiated epidermis where desmosomes may 
provide a means to communicate the status of cell cohesion by 
integrating cell–cell attachment to the activity of cortical signaling 
complexes.

We found a large number of both SH2/SH3 adaptor proteins and 
protein tyrosine phosphatases in our desmosome BioID analysis. 
This raises a question of the role of desmosomes in regulating and 
being regulated by phospho-tyrosine signaling, which has not been 
well studied. SH2/SH3 proteins have also been shown to regulate 
many cortical complexes including focal adhesions (O’Neill et al., 
2000), synapses (Okada et al., 2011), and other cell–cell adhesions 
(Mandai et al., 1999; Nomme et al., 2011b). Previous reports have 
identified SH2/SH3 domain-containing proteins in tight junctions 
and adherens junctions that are essential for maintaining proper 
junctional structure (McNeil et al., 2006; Nomme et al., 2011a) and 
junctional stability (Woodcock et al., 2009). It is also possible that 
these signaling pathways do not directly control adhesion but are 
downstream of sensors of the adhesion state that respond to loss of 
epidermal integrity.

We demonstrated a functional role for Crk and CrkL at desmo-
somes in the epidermis. Notably, Crk and CrkL are required for the 
clustering of receptors at neuromuscular synapses (Hallock et al., 
2016). This function requires their association with Sorbin1/2, 
adaptor proteins containing SH3 domains, which were also identi-
fied in our proteomic analysis of desmosomes. While the detailed 
mechanism of action of these proteins at either neuromuscular 
junctions or desmosomes is not yet clear, these data raise the in-
triguing possibility that Crk/CrkL/Sorbin1/2 may form a modular 
unit that promotes clustering of membrane complexes and is regu-
lated by signal transduction pathways. Crk and CrkL have also 
been proposed to promote adherens junction integrity through 
actin cytoskeleton regulation downstream of Rho GTPases in 
MDCK cells (Zandy et al., 2007). However, in keratinocytes, CrkL 
colocalizes more strongly with desmosomes than adherens junc-
tions and requires desmosomal proteins but not adherens junction 
proteins for its cortical localization. While we did not note a steady 
state difference in F-actin localization, we cannot rule out that Crk/
Crkl may affect this cytoskeletal network. We also report a novel 
association between Crk/CrkL and Dsg1, therefore providing the 
first evidence that desmosome complexes may also employ SH2/
SH3 domain adaptor proteins for proper molecular functions. A 
motif scan analysis of core desmosome components reveals vari-
ants of putative proline-rich motifs which are possible substrates 
for SH3 domains. The function of these adapter proteins and how 
they integrate desmosomes with other aspects of cell physiology 
require further investigation.

MATERIALS AND METHODS
Plasmids
Doxycycline-inducible Dsp-BirA fusion constructs were created by 
PCR amplifying HA-BirA (Addgene #36047; Roux et al., 2012) and 

inserting it between Nhe1-Age1 sites in plix402 (Addgene #41394). 
DspN and DspCC truncations were PCR amplified from human cDNA 
(Addgene #32227; Godsel et al., 2005) and inserted into plix402-
HA-BirA between Nhe1-BstB1 sites. Gephryn-GFP was a gift from 
Scott Soderling (Duke University). PP1alpha GFP (Addgene #44224; 
Trinkle-Mulcahy et al., 2001), Crk-GFP(Addgene #50730), and CrkL 
cDNA (Addgene #23354; Johannessen et al., 2010) were all ob-
tained from Addgene. Biotinylated nontargeting siRNA (5’GGGAAC-
CGUAUAGAGUCAGUAAAGU3’) and siRNA against human Dsg1 
using a previously published targeting sequence(Nekrasova et al., 
2018) (5′-CCATTAGAGAGTGGCAATAGGATGA-3′) were synthe-
sized by Integrated DNA Technologies.

Cell culture
All cell culture studies were performed on mouse and human kerati-
nocytes. All keratinocyte cell lines were grown at 37°C and 7.5% 
CO2. Mouse keratinocytes were isolated from the backskin of e18.5 
embryos by dispase treatment and trypsinization. After several pas-
sages on fibroblast feeders, keratinocyte lines were grown in the 
absence of feeders in low calcium keratinocyte media (3∶1 
DMEM:F12 [Invitrogen] with insulin (Sigma, 0.5 µg/ml), cholera toxin 
(ICN Biomedicals, 0.1 nM), transferrin (Sigma, 0.5 µg/ml), hydrocor-
tisone (Calbiochem, 0.4 µg/ml), and T3 (Sigma, 0.2 µM) with 15% 
fetal bovine serum (Hyclone), which was first chelated with Chelex 
(Bio-Rad) to remove calcium and afterward supplemented to a final 
concentration of 0.05 mM with CaCl2). To establish stable Dsp-BirA 
cell lines, we infected mouse keratinocytes overnight with BirA len-
tiviral vectors and subsequent selection 2 µg/ml puromycin. Unless 
otherwise indicated, mouse keratinocytes were cultured in low Ca2+ 
keratinocyte media (0.05 mM) until desmosome induction on which 
cell media were switched to high Ca2+ (1.5 mM) media either 
through the addition of 2M CaCl2 or by switching media with unche-
lated keratinocyte media. Keratinocytes were then kept in high Ca2+ 
(1.5 mM) media for indicated timepoints up through 48 h. SCC cells 
were gifts from the Jennifer Zhang lab (Duke University Medical 
Center, Department of Dermatology). All DNA transfections were 
performed using Mirus- LT1 reagent and siRNA transfections were 
performed using ViroMir Red.

Mice
All animal work was approved by Duke University’s Institutional 
Animal Care and Use Committee. Mice were genotyped by PCR 
amplification of mutant alleles and both males and females were 
analyzed. Mice were maintained in a barrier facility with 12-h light/
dark cycles. Mouse strains used in this study were Crk fl/fl and CrkL 
fl/fl (both gifts from Tom Curran, The Children’s Hospital of Phila-
delphia, C57BL/6J) (Park and Curran, 2008) and Krt14-Cre (a gift 
from Elaine Fuchs, Rockefeller University, CD1) (Vasioukhin et al., 
1999). All control and mutant mice carrying Crk fl/fl, CrkL fl/fl, and 
Krt14-Cre alleles were mixed strains from C57BL/6J and CD1 
parents.

Immunofluorescence
Cells were fixed in either 100% methanol at –20°C for 3 min or 4% 
paraformaldehyde for 5 min. Depending on antibody, cells were 
also pre-extracted in 0.1% Triton at 37°C for 30 s before fixation. All 
epidermal stains were performed on mouse tissue. Mouse skin tis-
sue was collected from postnatal day 0 pups, mounted on paper 
towel, embedded in OCT compound (Sakura 4583), and frozen 
over dry ice. Frozen blocks were stored long term in –80°C before 
being cut into 8-µm sections on a cryostat and mounted on glass 
slides. Sections were postfixed in either 100% methanol at –20°C 
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for 3 min or 4% paraformaldehyde for 7 min before permeabiliza-
tion in 0.1%Triton and subsequent staining. Cells and tissue were 
blocked and stained in blocking buffer (5% normal goat serum, 
3% normal donkey serum, 0.1% Triton). Endogenous desmo-
somes were visualized using a desmoplakin monoclonal antibody 
(Millipore Sigma, MABT1492) that targets desmoplakin’s C-termini 
distal from both Dsp-BirA truncations. Primary antibodies used 
were CrkL (Santa Cruz, sc-319, sc-365092), Crk (BD Bioscience, 
610035), Dsg1 (BD Bioscience, 610273), Desmoplakin (Millipore 
Sigma, MABT1492), E-Cadherin (Invitrogen, 13-1900), GFP (Abcam, 
ab13970), HA tag (Roche, 11867423001), JCAD (Santa Cruz, 
sc-515169), Occludin (Thermo Fisher, 71-1500), Plakoglobin (Santa 
Cruz, sc-7900; Abcam, ab184919), PTPN13 (Santa Cruz, sc-15356), 
Shroom2 (GeneTex, GTX100055), Shroom3 (Santa Cruz, sc-376125), 
Streptavidin-488 (Thermo S11223), and TRITC-Phalloidin (Sigma, 
P1591). Secondary antibodies used were Donkey Alexa Fluor 488– 
and 647–conjugated series (Life Technologies/Thermo Fisher) and 
Donkey Rhodamine Red–conjugated series (Jackson Immuno-
Research). All cell stain analyses were performed three times with 
each independent replicate quantitation representing at least 
40 cells. Line scans for all analyses were collected using Fiji. Fluo-
rescent intensities were measured across 2- to 5-µm lines centered 
on the plasma membrane over multiple fluorescent channels when 
necessary. Intensity data were exported from Fiji to Excel and 
normalized for quantitative analysis. Line graphs were made using 
Matplotlib and Seaborn libraries in Python v3.6.

Hematoxylin and eosin stain
Frozen tissue sections were prepared as above. Sections were post-
fixed in 10% PFA at 4°C for 10 min. Sections were washed and 
stained in Mayers Hematoxylin (Sigma-Aldrich, MHS32-1L) solution 
for 10 min, followed by rinsing under running water, five dips into 
Eosin (Polysciences, 09859), dehydration series into 100% ethanol, 
xylene clearing, and mounting in Permount mounting media. Tis-
sues were coverslipped and sealed using nail polish. Quantitative 
analyses of Crk/CrkL mutant tissue were performed blinded on at 
least five different regions from four independent mouse litters con-
taining both control and mutant pups.

Transmission Electron Microscopy
Whole backskin was isolated from control and mutant newborn 
pups and fixed in 4% glutaraldehyde, 1 mM CaCl2, and 0.05 M 
cacodylic acid (pH 7.4), for 3 h at room temperature and then over-
night at 4°C. Samples were washed in 0.1 M sodium cacodylate 
buffer containing 7.5% sucrose. Samples were postfixed in 1% os-
mium tetroxide in 0.15 M sodium cacodylate buffer for 1 h and then 
washed in two changes of 0.11 M veronal acetate buffer for 15 min 
each. Samples were placed into en bloc stain (0.5% uranyl acetate in 
veronal acetate buffer) for 1 h, washed in veronal acetate buffer, and 
then dehydrated in a series of 70, 95, and 100% ethanol. Finally, 
samples were prepared in 50/50 propylene oxide:Epon resin fol-
lowed subsequently by two 30-min immersions in 100% Epon resin 
for embedding. Skin samples were sectioned and imaged with a 
CM12 transmission electron microscope (Phillips) run at 80 kV with 
an XR60 camera (Advanced Microscopy Techniques, Woburn, MA). 
Image acquisition was done using 2Vu software (Advanced Micros-
copy Techniques). TEM images were visualized using FIJI software. 
Desmosome morphologies and microseperations were examined in 
the spinous and granular layers of suprabasal epidermis for all mice. 
Quantitative analyses of control and mutant epidermis were done 
for least 15 different regions from two independent mouse litters 
containing both control and mutant pups.

Microscopy
Cell stains and tissue sections were imaged on a Zeiss AxioImager 
Z1 microscope with an Apotome 2 attachment using either Plan-
APOCHROMAT 40×/1.3 objective oil objective or Plan-NEOFLUAR 
63×/1.4 oil objective, Axiocam 506 mono camera for fluorescent 
images or AxioCam MRc camera for H&E Stains, and Zen software 
(Zeiss).

Immunoblots
Cells were lysed at 4°C in RIPA buffer (50 mM Tris, pH 8, 1% Triton, 
150 mM NaCl, 0.5% SDS, 50 mM Triton, 1 mM EDTA) + Protease 
Inhibitor Cocktail (Roche, 11697498001), sonicated for 15 s, clarified 
via centrifugation, and stored in –80°C. Lysates were solubilized by 
mixing 1:1 in loading buffer (10% SDS, 40% glycerol, 3% Bromophe-
nyl Blue, and 10% Beta-Mercaptoethanol). Proteins in lysates with 
loading buffer were first denatured by boiling for 5 min and cooled 
on ice for 2 min before being loaded into 10% polyacrylamide gels 
and run for ∼90 min at 125V. Resolved proteins were transferred 
onto nitrocellulose membranes for 1 h at 100V. Membranes were 
then blocked with 5% bovine serum albumin (BSA) for an hour be-
fore incubation with primary antibody, washed three times in PBST 
(2.0% Triton in phosphate-buffered saline [PBS]), and then finally in-
cubated with secondary antibodies (Licor, IRDye 680RD Series, 
CW800 Series). Bands were visualized using a LI-COR Odyssey FC 
system. Primary antibodies used were Dsg1 (BD Bioscience, 
610273), Desmoplakin (Millipore Sigma, MABT1492), E-cadherin 
(Invitrogen, 13-1900), GST (Bethyl Laboratories, A190-122P), HA tag 
(Roche, 11867423001), Occludin (Thermo Fisher, 71-1500), Plako-
globin (Santa Cruz, sc-7900), and Streptavidin-HRP (Thermo Fisher, 
43-4323).

Crk-GST isolation and pull downs
Full-length and subdomains of Crk and CrkL cDNA were PCR ampli-
fied and cloned upstream of GST between NotI and SalI sites in 
pGEX-4T1. Recombinant GST fusion proteins were produced in 
BL21 cells via IPTG induction and isolated from bacterial lysate after 
sonication in buffer PB (PBS, 1 mM EGTA, 1 mM EDTA, phenylmeth-
ylsulfonyl fluoride, 1 mM dithiothreitol [DTT], Protease Inhibitor 
Cocktail). Bacterial lysates were clarified through centrifugation and 
supernatant was incubated in glutathione agarose for 1 h at 4°C. 
Crk–GST-loaded beads were washed twice in PBST (0.1% Tween-20 
+ 1 mM DTT) and fusion proteins were eluted in elution buffer 
(50 mM Tris, pH 8.0, 5 mM reduced gluthathione, 1 mM DTT). 
Samples were dialyzed into PBS overnight and protein concentra-
tions were measured via Bradford assay. Dialyzed samples were 
flash frozen in liquid nitrogen and stored at –80°C.

Crk-GST pull downs were performed as follows: recombinant 
full-length and truncated Crk-GST fusions were incubated in clari-
fied lysates from Ca2+ induced mouse keratinocytes for 2 h at 4°C. 
GST-beads were next incubated with Crk-GST mix for at least 3 h. 
Beads were subsequently washed 3 times in wash buffer, resus-
pended in loading buffer, and eluted via boiling for 5 min before 
loading into protein gel for immunoblot analysis. All published GST-
pulldowns experiments were repeated at least three times.

Purification of biotinylated proteins
Mouse keratinocytes stably expressing DspN-BirA or DspCC-BirA 
were maintained and grown in low Ca2+ until 70% confluence. Cells 
were then incubated overnight with high Ca2+ (1.5 mM) media 
containing 2 µg/ml doxycycline to induce Dsp-BirA expression 
concomitantly with desmosome organization; 100 µM biotin were 
next added to the media and incubated for 24 h before cell lysis 
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(see above). Clarified lysates were incubated with Neutravidin beads 
(Pierce/Thermo, 29200) overnight at 4°C. Beads were washed once 
with 2% SDS buffer, once with DOC wash buffer (50 mM HEPES, 
pH 7.3, 0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM 
EDTA), once with salt buffer (10 mM Tris, pH 8.0, 250 mM LiCl, 1 mM 
EDTA, 0.5% deoxycholate, 0.5% NP40) and twice with wash buffer 
(50 mM Tris, pH 7.5, 50 mM NaCl). For immunoblots, beads were 
resuspended in loading buffer with saturated biotin and for mass 
spectrometry analysis beads were resuspended in Elution buffer 
(250 mM Tris, pH 6.8, 4% SDS, 0.57 M Beta-mercaptoethanol, 10% 
glycerol with saturated biotin). In both cases, bound proteins were 
eluted via boiling at 95°C for 5 min.

Mass spectrometry analysis
BirA, DspN-BirA, and DspCC-BirA samples were each generated and 
analyzed in triplicate. Each sample was briefly run through a 4–12% 
gradient SDS–PAGE gel and subjected to in-gel reduction, alkyla-
tion, and tryptic digestion. Samples were isolated from gel, lyophi-
lized, and resolubilized in 80 µl of 2% acetonitrile/1% TFA supple-
mented with 10 fmol/µl yeast ADH. From each sample, 5 µl was 
removed to create a QC Pool sample which was run periodically 
throughout the acquisition period. Quantitative LC/MS/MS was per-
formed on 1 µl of each sample, using a nanoAcquity UPLC system 
(Waters Corporation) coupled to a Thermo QExactive Plus high-
resolution accurate mass tandem mass spectrometer (Thermo) via a 
nanoelectrospray ionization source. The sample was first trapped on 
a Symmetry C18 trapping column (5 µl/min at 99.9/0.1 water/aceto-
nitrile), after which analytical separation was performed using a 
1.7 µm Acquity BEH130 C18 column (Waters Corporation) with a 
90-min linear gradient of 5–40% acetonitrile with 0.1% formic acid 
at a flow rate of 400 nl/min at 55°C. Data collection on the QExac-
tive Plus mass spectrometer was performed in a data-dependent 
acquisition mode with a r = 70,000 (m/z 200) full MS scan from m/z 
375–1600 with a target AGC value of 106 ions followed by 10 MS/
MS scans at r = 17,500 (m/z 200) at a target AGC value of 54 ions. A 
20-s dynamic exclusion was employed to increase depth of cover-
age. Following 12 total UPLC-MS/MS analyses, data were imported 
into Rosetta Elucidator v 4.0 (Rosetta Biosoftware), and analyses 
were aligned based on the accurate mass and retention time of de-
tected ions using PeakTeller algorithm in Elucidator. Relative pep-
tide abundance was calculated based on area-under-the-curve of 
the selected ion chromatograms of aligned features across all runs. 
The MS/MS data were searched against a custom Swissprot data-
base with Mus musculus taxonomy (circa 2015) with additional pro-
teins, including yeast ADH1, BSA, Escherichia coli BirA, as well as an 
equal number of reversed-sequence “decoys” to assess false dis-
covery rate determination. Mascot Distiller and Mascot Server (v 
2.5, Matrix Sciences) were utilized to perform the database searches. 
After individual peptide scoring using the PeptideProphet algorithm 
in Elucidator, the data were annotated at a 1.3% peptide false dis-
covery rate. Compiled data were stored in Excel files containing raw 
and normalized quantitative values for each peptide/protein, each 
replicate, quality control scores, statistical analysis comparisons be-
tween DspCC-BirA, DspN-BirA, and Cyto-BirA. Enriched gene lists 
were imported into DAVID (https://david.ncifcrf.gov/summary.jsp) 
and REVIGO (Supek et al., 2011) for GO term enrichment analysis. 
All corresponding charts/graphs were made using Matplot lib and 
Seaborn libraries in Python v3.6.

Network analysis
Enriched protein hits in DspCC-BirA and DspN-BirA were determined 
through statistical comparisons to cytoplasmic-BirA. For both overall 

desmosome proteome and junctional comparison networks, the top 
200 most enriched unique proteins in DspCC-BirA and DspN-BirA 
proteomes were used. Predicted interactions between enriched 
proteins were determined in STRINGdb (https://string-db.org/). 
Interaction data, protein symbols with corresponding average inten-
sity readings were imported into Cytoscape v3.4.0 as edges, nodes, 
and node features, respectively, for network visualization. To incor-
porate proteomes of adherens junctions and tight junctions data for 
network visualization, data from separate BioID analyses targeting 
corresponding junctions were used (Van Itallie et al., 2013, 2014; 
Guo et al., 2014).
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