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Abstract 
Desmosomes are a class of cell-cell adhesions whose primary physiological 

function is to maintain the mechanical integrity of tissues. Morphologically, desmosomes 

are very distinct protein complexes. They are dense pairs of plaques that straddle the 

interface between two plasma membranes of adjacent cells. In the extracellular space 

between each plaque are series of desmosome receptors that mediate the cell-cell 

attachment events and drive cellular cohesion throughout tissues. Emanating from the 

intracellular face of desmosomes are networks of intermediate filaments to which 

desmosome plaques are anchored. It is through this molecular chain that desmosomes 

traditionally bear mechanical load and promote tissue integrity. Molecular roles of the 

core components sufficient for completing this chain have been well described. 

However, insights from desmosome pathologies, genetic interactions, and biochemical 

fractionation have introduced perspectives that strongly suggest that desmosome 

composition and function extends beyond what is currently known. It is within this 

general context that I began my exploration into desmosome biology and employed 

global approaches towards uncovering a novel proteome that revealed unexpected 

interactions important for tissue function. 

First, we used targeted proximity labeling approaches to elaborate the 

desmosome proteome in epidermal keratinocytes. Quantitative mass spectrometry 

analysis uncovered a diverse array of new constituents with broad molecular functions. 

We validated a number of novel desmosome-associated proteins and found 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 adaptor proteins enriched in the desmosome proteome, Crk and CrkL. Epidermal 
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deletion of both Crk and CrkL resulted in perinatal lethality with defects in desmosome 

morphology and keratin organization, thus demonstrating the utility of this dataset in 

identifying novel proteins required for desmosome-dependent epidermal integrity. 

 Desmosomes role in mechanical integrity is paramount in the epidermis as skin-

blistering pathologies represent one of the primary hallmarks of diseases caused by 

desmosome disruption. Pemphigus Vulgaris (PV) is a series of autoimmune syndromes 

where patients produce autoantibodies that target desmosome receptors, desmoglein 3 

and desmoglein 1. PV is characterized by weakening cell adhesions that result in 

widespread epidermal cell separations.  While pathologies that characterize PV have 

been long documented, molecular mechanisms that drive initial desmosome disruption 

are still not fully understood. We sought to address initial molecular signaling events 

induced by PV antibodies using targeted proteomic analysis to identify early 

phosphorylation events. We performed time course phosphoproteomic analysis on 

keratinocytes early after exposure to PV antibody, AK23. With this approach we 

observed large coverage of the keratinocyte phosphoproteome that included significant 

shifts of abundant phosphorylation events after AK23 treatment. To identify the 

functional relevance of novel phosphorylation events, we followed the localization of 

constructs containing tagged protein candidates harboring phosphomimetic or non-

phosphorylatable mutations. Altogether, these results provide an initial analysis of global 

phosphorylation events that occur in keratinocytes during the early stages of PV. 

Finally, we sought to understand what was an unusual enrichment of RNA-

binding proteins in our desmosome proteome. Amongst enriched protein classes were 

regulators of protein translation. Using immunofluorescent approaches, we were able to 

visualize distinct desmosome localization of representative members of protein 
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translation machinery as well as assembled ribosomes. Considering this unusual 

abundance, I was interested in finding out the types of RNAs associated with these 

desmosome-associated RBPs. To do this we combined our proteomic approach with 

RNA sequencing and developed new techniques to enrich for specific RNA 

subpopulations localized at desmosomes. By probing for candidates of interest from this 

list I was able to observe enrichment of specific transcripts at desmosomes, suggesting 

an intimate link between RNA regulation and cell-cell adhesion. Taken together, these 

studies represent the first comprehensive proteomic analyses of desmosome adhesions 

and highlight novel desmosome interactions that may broaden mechanistic roles for 

desmosomes in epithelial biology.
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1.1 Desmosome Architecture and Organization 

Intercellular communication between cell neighbors is integral for proper tissue 

function. Cell-cell adhesions are classes of protein complexes with distinct functional 

roles in mediating intercellular communication and are common in diverse tissue 

systems across Metazoans. In vertebrates, there are three main classes of cell-cell 

adhesions: “communicating” junctions comprised of gap junction complexes (GJs), 

“occluding” junctions comprised of tight junctions (TJs), and “anchoring” junctions 

comprised of adherens junctions (AJs) and desmosomes. Desmosome adhesions are 

uniquely specialized by their ability to maintain the integrity of mechanically loaded 

tissues such as the epidermis and the heart. Appearing as high contrast, dense plaques 

confined at cell-cell interfaces, desmosome adhesions were among the first protein 

complexes to be visualized by early compound microscopes in the late 19th century. 

Desmosomes were first described as intercellular bridges by an Italian pathologist 

named Giulio Bizzozero (Bizzozero, 1864) in 1864 and eventually named by Josef 

Schaffer in 1920 after the greek word desmos, meaning “bond” and “some” meaning 

“body”(Schaffer, 1920). Interestingly, these early observations correctly identified 

desmosome plaques as collections of cell-cell adhesions between separable cell units; 

and as a result, these discoveries provided some of the initial evidence that linked 

desmosomes to regulation of intercellular contact and cell-cell communication. The 

revival of analytical biology after World War II heralded the invention of the electron 

microscope, when again, the distinct morphology of desmosome plaques naturally drew 

the attention of many groups to further characterize their structure. These studies finally 

provided an intimate understanding of desmosome organization.  Desmosome plaques 

appear as pairs of ovular, electron-dense discs that span 100nm to 500nm in width and 
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sandwich adjacent cell membranes while being anchored by cytoskeletal fibers called 

intermediate filaments (IFs).  These discs can be partitioned into three main zones 

(Figure 1.1, left): the intercellular space called the extracellular core (EC) and contains 

transmembrane desmosome receptors that mediate cell-cell attachment, a cytoplasmic 

outer-dense plaque (ODP) region located immediately under the plasma membrane, and 

further inward an inner-dense plaque (IDP) region that connects directly to intermediate 

filaments. Molecular interactions within the ODP region are responsible for stabilizing the 

IDP and thereby the anchoring of intermediate filaments to desmosomes. Consequently, 

it is through this general organization that desmosomes fulfill a fundamental structural 

role of anchoring junctions: coupling intercellular adhesion to cytoskeletal attachment.  

As a result of the continuing advancement of light and electron microscopy the 

core molecular composition and architecture of desmosomes are well defined.  

Nevertheless, how desmosomes function as mechanically-loaded molecular tethers is 

still not fully understood and remains as an area of much interest. So far mechanistic 

descriptions of desmosome pathologies have highlighted physiological and molecular 

contexts that validate the importance of many known core desmosome constituents for 

promoting tissue-scale mechanical integrity. However, these studies have identified a 

myriad of additional components that either regulate desmosome adhesion, turnover, or 

mediate non-canonical biological functions at desmosomes(Green and Gaudry, 2000; 

Johnson et al., 2014; Kottke et al., 2006). Therefore, there is a need in the field to further 

elaborate the desmosome interactome in order to understand desmosome dynamics, 

signaling, and emergent physiological functions that integrate with their canonical roles 

in maintaining mechanical integrity and promoting tissue function. It is within this context 

that I started my exploration into desmosome biology and uncovered a novel proteome 
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that revealed emergent mechanisms through which desmosomes regulate mammalian 

physiology. 

 

1.2 Evolutionary Perspective of Anchoring Junctions 

Fundamental to metazoan evolution was the emergence of the ability to 

coordinate external signals to cytoskeletal regulation. The first evolved intercellular 

junction to accomplish this were AJs, and they ultimately provided the molecular and 

architectural framework for the formation of many cell junctions thereafter (Cereijido et 

al., 2004). This event was imperative for multicellular organization as the evolution of 

basic tissue properties necessary for organ function (e.g. barrier formation and tissue 

mechanics) required efficient organization of cell junctions. As tissue systems evolved to 

became more complex and adopted patterned organizations in 3 dimensions, cell-cell 

junctions also diversified and evolutionarily accommodated for this complexity by 

separating individual tissue functions into newly specified cell junction complexes.  AJs 

persisted as the main junctional actin organizer, GJs specialized in forming channels for 

ion transport, TJs provided a water barrier, and finally desmosomes provided robust 

mechanical integrity. Desmosomes are the latest cell-cell junctions to evolve as they are 

mostly found in vertebrates (Broussard et al., 2015). Despite the intimate functional 

interactions junctional receptors have with their cognate cytoskeletal linkers, it is 

important to note that the initial evolution of component gene families within these 

groups may have specified separately. Cadherins, the main class of transmembrane 

receptors for anchoring junctions, have been identified in Capsaspora owczarzaki, 

suggesting that cadherins may have emerged in a common ancestor that predated the 

divergence of metazoans and choanoflagellates (Nichols et al., 2012). The main class of 
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linker proteins that directly interact with cadherins and transmits immediate signals of 

adhesion to the cytoplasm are Armadillo proteins.  While AJs and desmosomes each 

contain their own versions of armadillo proteins, both groups share characteristic 

armadillo repeat domains whose primary function is to stabilize protein-protein 

interactions that link cadherin receptors to various cytoskeletal regulators. Interestingly, 

unlike cadherin receptors, there is an abundance of armadillo protein homologues that 

predate metazoans (Murray and Zaidel-Bar, 2014), suggesting that they may have 

evolved independently from their classical cadherin counterparts. For example, putative 

orthologues of AJ armadillo proteins, a-catenin and b-catenins, can be found in 

Dictyostelium discoidum, despite the fact that they do not have classical cadherins 

(Dickinson et al., 2011). These distant armadillo protein homologues can stabilize at the 

membrane, associate with each other, and engage in cortical actin organization. 

Therefore, Dictyostelium discoidum armadillo protein activities mirror canonical 

molecular functions at AJs of their mammalian homologues (Dickinson et al., 2012). In 

contrast there is a unique group of armadillo proteins, called p120 family proteins, that 

may have coevolved with cadherins. The earliest versions of p120 family proteins were 

found in Poriferan sponges that contain a distant homologue to d-catenin (Carnahan et 

al., 2010). Altogether, it seems that cadherin and armadillo family proteins independently 

evolved after which their activities converged to form initial AJs around the formation of 

the first metazoans. Further evolutionary pressure simultaneously diversified cadherins 

and armadillo proteins to eventually form their desmosome variants as vertebrate tissues 

structures, such as the stratified epidermis or intercalated discs in the heart, became 

more complex.  AJ cadherins diversified into desmosome cadherins, a-catenin and b-

catenins to plakoglobin (Pkg), and p120-catenin to plakophilins 1-4 (Pkp 1-4). The 
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evolution of desmoplakin (Dsp), desmosome’s primary cytoskeletal linker, is still 

underexplored but likely began with the emergence of the spectraplakin-like proteins in 

sponges  (Bosher et al., 2003). Early plakin family proteins, which includes desmoplakin, 

spontaneously arose in early chordates (Huelsmann and Brown, 2014) and were 

characterized by their ability to engage different cytoskeletal systems including 

intermediate filaments. In summary, the fundamental framework of cell-cell adhesions 

was largely determined through the evolution of core AJ components. It was through this 

molecular and structural template that desmosomes emerged in vertebrates and 

conferred molecular roles necessary for proper regulation of tissue shape and function. 

 

1.3 Desmosome Morphology and Ultrastructure 

All anchoring junctions are characterized by prominent dense plaques associated 

with cytoskeletal fibers. This facet of desmosome ultrastructure can be visualized under 

an electron microscope where they appear at cell membrane interfaces as pairs of 

electron-dense plates from which IFs emanate (Figure 1.1, Right). Due to the intimate 

understanding of desmosome structure that arose with the emergence of electron 

microscopy, we now know that this general morphology represents mature and 

functional desmosomes capable of conferring mechanical integrity to tissues (Kelly, 

1966; Odland, 1958). Desmosome plaques can be split into pairs with each side situated 

within an adjacent cell. Each desmosome pair can be partitioned into three zones, each 

containing prominent electron dense structures. First, from outside the cell inwards, is 

the extracellular core region (EC) that are bisected by an electron dense midline where 

the extracellular domains of desmosome cadherin receptors (DCs) interact and cell-cell 

attachment is initiated (Figure 1.1, left and right). The gap between apposing plasma 
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membranes spans ~24nm (Farquhar and Palade, 1963) making it penetrable by water 

and ions. The outer-dense plaque (ODP), located immediately within the plasma 

membrane is where the cytoplasmic tails of DCs interact with one of the main signaling 

hubs in desmosomes. The ODP is often seen as the most electron dense region within 

desmosomes. Considering that this is a major area of intracellular communication with 

DCs, molecular events at the ODP are necessary for the rapid formation and stability of 

desmosomes. The inner dense plaque (IDP) is a convergence point of desmosome-

associated IFs and therefore serves to tether large bundles of these protofilaments. The 

width of both plaque partitions range from 15-20nm wide and are separated by an 8-

20nm gap (Figure 1.1, right). Together, these architectural insights highlight an essential 

property that distinguish desmosomes from other junctions as uniquely large and 

compact protein complexes. 
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Figure 1.1: Ultrastructure of desmosome plaques. 

Left – Electron micrograph of a pair of desmosome plaques straddling a cell-cell 
interface in bovine tongue epithelium. Note the relative positions of desmosome 
subdomains from the extracellular space into each cell. Adapted from (Kowalczyk and 
Green, 2013) 

Right – Molecular organization of desmosome components within approximate 
spatial ranges of each desmosome subdomain. Note that this molecular framework 
describes the core desmosome complex to which previous work has attributed as 
fundamental regulators of most known desmosome functions.  “N”, N-terminus; “C”, C-
terminus. 
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1.4 Core Composition of Desmosomes 

Including IFs, there a four major protein families constitute the array of 

components that make up the core desmosome complex. First, desmosome cadherins 

(DCs) represent the main class of obligate desmosomal adhesion receptors and are 

comprised of two main protein families called desmogleins (Dsgs) and desmocollins 

(Dscs). Consistent with other members of the cadherin superfamily, these two groups of 

transmembrane glycoproteins mediate calcium dependent cell-cell adhesion. These 

molecules connect the extracellular core to the ODP by passing through the plasma 

membrane and interacting with core desmosome ODP proteins. By virtue of this 

localization, DCs are capable of mediating cell-cell adhesions using their extracellular 

domain to associate with cognate desmosomal adhesions presented by apposing cells 

while sensing internal signals using their intracellular domains and interacting with 

members of armadillo and plakin families of proteins (Garrod and Chidgey, 2008a).  

Armadillo proteins are classified by stretches of “arm” motifs (Huber et al., 1997) that 

serve as interaction sites for proteins and enzymes important for desmosome 

maturation, stability, and clustering (Wahl, 2005; Witcher et al., 1996).  This group 

includes plakoglobin (Pkg) and four isoforms of plakophilins (Pkp1-4) that together 

regulates signaling that drives desmosome organization and interestingly enables extra-

desmosomal communication that facilitate many noncanonical roles of desmosome 

biology (Wahl et al., 1996b). Lastly, the major plakin family member in desmosomes, 

desmoplakin, constitutes the only known molecular bridge connecting the signaling 

events in the ODP to the IF organizing events in the IDP. Thus desmoplakin serves as 

the principal core component that confers desmosomes with their main cytoskeletal 

remodeling capabilities.  Given that protein-protein interactions are highly dynamic 
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events and that desmosome components contain competing binding domains, fully 

describing the molecular mechanisms that drive different desmosome functions require 

intimate understanding of the signaling complexity within these adhesive units.  In the 

following sections I will describe the structural and functional characteristics of prominent 

desmosomal components in order to establish roles these components have in 

regulating desmosome biology. 

 

1.4.1 Desmosome Cadherins 

Desmosome cadherins are made up of two multigene families, desmocollins and 

desmogleins. In humans there are three isoforms of desmocollins (Dsc 1-3) and four of 

desmogleins (Dsg 1-4) (Nollet et al., 2000). Interestingly, the genes that produce all 

desmosome cadherins can be found in chromosome 18 in humans and mice (Cowley et 

al., 1997) with opposite directions of transcription between Dsg and Dsc genes. As a 

result, it is very likely that desmosome cadherin genes found in humans came about via 

divergent evolution shortly after a major duplication event (Nollet et al., 2000). 

Consistent with this hypothesis is the great similarity in the structure of the extracellular 

domains located towards the C-termini of the two cadherin families (Figure 1.2). The 

extracellular domains of both desmocollins and desmogleins are made up of 4 canonical 

cadherin homology-repeats and a 5th cadherin repeat-like extracellular anchor. These 

repeats are generally ~110 amino acids long and are separated by calcium binding 

motifs that facilitate calcium dependent adhesion (Pokutta and Weis, 2007). Structural 

analyses of these cadherin ectodomains have revealed that they may adhere in a matter 

similar to classical cadherins found in adherens junctions (Garrod et al., 2005).  Among 

classical cadherins, the defining molecular interaction mediating adhesion culminates 
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with a “strand-swapped dimer” (Tamura et al., 1998) in which a highly conserved N-

terminal tryptophan (Trp-2) on the cadherin ectodomain from one cell becomes buried in 

the hydrophobic pocket of the ectodomain cadherin on the partner cell. Both 

desmosome cadherin families possess this conserved tryptophan in their EC1 domain 

implying that they may associate in a similar manner (Brasch et al., 2012). Lastly, while 

canonical homophilic interactions between classical cadherins represent the most 

dominant interactions, there is new evidence that dynamic heterophilic interactions 

frequently occur at desmosomes and are important during the early stages of 

desmosome maturation (Harrison et al., 2016; Shafraz et al., 2018).   
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Figure 1.2: Desmosome Cadherin Domains. 

  
Desmocollins (Dsc) and Desmogleins (Dsg) both contain four extracellular domains (EC), 
and extracellular anchor domain (EA), a single bypass transmembrane domain (TM), and 
an intracellular anchor (IA). The remaining intracellular domains (ICD) between both 
groups of cadherins are variable. All Dsgs and Dsc a isoforms contain full length 
intracellular cadherin-like sequences (ICS) while the remaining ICD of Dsc b isoforms are 
truncated. Dsg ICDs also contain intracellular polyproline linkers, a series of repeat unit 
domains (RUD), and a desmoglein terminal domain (DTD). 
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The cytoplasmic domains of desmogleins and desmocollins both contain an 

intracellular anchor region and a cadherin-like sequence. However, their sequence 

homology ends here. In particular all three Dsc mRNAs undergo alternative splicing 

generating an “A” variant and a truncated “B” variant for each isoform. In contrast, Dsgs 

harbor a longer intracellular domain that contains an intracellular proline-rich linker (IPL) 

region, a series of repeat unit domains (RUD), and a glycine-rich desmoglein terminal 

domain (DTD). Despite the diversity of motifs in the DC intracellular domains, a full 

interactome has not yet been fully profiled. How DCs manage interactions with 

desmosomal armadillo proteins at the ODP still needs to be fully explored. Additionally, 

what extra-desmosomal proteins interact with DCs and whether they transmit 

desmosome adhesion signals to other protein complexes are also interesting areas for 

future studies. 

 

1.4.2 Armadillo Proteins 

 The first biochemical isolations of desmosomes were described in 1974 

(Skerrow and Matoltsy, 1974a; Skerrow and Matoltsy, 1974b). That was an important 

milestone since previous morphological studies could at the time be accompanied with 

molecular characterization and functional analysis of desmosome components. In fact, 

both types of desmosome armadillo proteins, plakoglobin (Pkg) and plakophilins (Pkps) 

were among the first desmosome proteins identified in desmosome-rich biochemical 

preparations (Cowin et al., 1986b; Hatzfeld et al., 1994; Kapprell et al., 1988).  

Interestingly, these proteins illustrate parallels between desmosomes and other 

anchoring junctions in that Pkg and Pkps are similar in structure to their AJ counterparts 

β-catenin and p120-catenin, respectively. These similarities could be foundational in 
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establishing emergent mechanisms of interjunctional communication between 

desmosomes and AJs, as it known that Pkg is capable of localizing to both 

compartments at comparable affinities (Cowin et al., 1986b).  Both plakoglobin (Peifer 

and Wieschaus, 1990) and plakophilin (Choi and Weis, 2005a) are characterized by 

multiple repeats of a 42 amino acid domain first identified in the segment polarity gene 

armadillo in Drosophila (Riggleman et al., 1989) (Figure 1.3). These repeats each 

contain three α-helices that fold together to form long stretches of superhelices that 

expose charged grooves ideal for protein-protein interactions. Interestingly, while the 

three-dimensional structure of the arm-repeats between different armadillo family 

members are highly conserved, the high degree of variability at the amino acid level is 

sufficient to promote large variation in interaction partners (Coates, 2003).  Pkg contains 

12 arm-repeats flanked by distinct N- and C-terminal domains. Previous studies suggest 

that only the N-terminus and a few C-terminal arm-repeats are necessary for binding to 

desmosome cadherins (Wahl et al., 1996a). Additionally, while PG does have affinity for 

classical cadherins like E-cadherin, its affinity for desmosomal cadherins is much higher 

(Chitaev et al., 1996). The central arm-repeats bind to desmoplakin, thereby completing 

the bridge between desmosome cadherins and desmoplakin in the ODP. Pkp family 

proteins are basic, positively charged proteins containing constituents that locate to 

desmosomes as well as to the nucleus (Sobolik-Delmaire et al., 2010). They contain 9 

arm-repeats and are represented by four isoforms whose genes are encoded separately 

across the genome (Schmidt and Jager, 2005).  Based on the number and organization 

of the armadillo-repeat domains, all Pkps are considered to be members of the p120-

catenin subfamily. Between the 4 isoforms, Pkps have similarly strong affinities to all 

desmosomal components. This promiscuous binding potential offers various possibilities 
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about whether they behave as intra-desmosome cross-linkers (Kowalczyk et al., 1999). 

Together, these observations illustrate that the communication between desmosome cell 

adhesion and cytoskeletal anchoring requires a sequential chain of protein-protein 

interactions, organized by molecular scaffolds of armadillo proteins, responsible for 

bridging together and clustering desmosome components. 

Lastly, both Pkg and Pkps are unique amongst desmosome components 

because of their ability to stably localize outside of the desmosome and function as 

transcriptional(Garcia-Gras et al., 2006) and translational (Hofmann et al., 2006) 

(Mertens et al., 1999) regulators. How desmosome armadillo proteins engage in these 

noncanonical mechanisms and particularly how these functions are intrinsic to their 

specific arm-domains is still not fully understood. However, parallels to b-catenin’s well 

established roles as a potent transcriptional transactivator (Valenta et al., 2012) and 

recent work identifying p120-catenin’s role in regulating protein translation (Kourtidis et 

al., 2017) suggest that these noncanonical functions are conserved across armadillo 

family proteins.  
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Figure 1.3: Armadillo Protein Structure. 

 
Plakoglobin (Pkg) and plakophilins (Pkp) contain N-terminal head and C-terminal tail 
domains that flank 12- and 9- armadillo domain repeats, respectively. Pkps harbor a linker 
region in between repeat 5 and 6 that kinks their overall structures. Note: Not depicted 
here are separate “A” and “B” isoforms of Pkps. Pkp B isoforms contain an additional 20-
45 a.a. inserts nestled within either arm domain 3 (in Pkp1) or arm domain 4 (in Pkp2). 
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1.4.3 Desmoplakin 

Plakin family proteins are made up of high molecular weight proteins that tether 

various types of cytoskeletal filaments to junctional complexes. Desmoplakin is the most 

prominent desmosome plakin and serves as the only obligatory desmosome component 

across epithelia. Dsp was first isolated and sequenced in 1988 (Green et al., 1988), 

which made way for structural analyses two years later (Green et al., 1990b). From this 

work, researchers correctly predicted Dsp to harbor globular N- and C-terminal domains 

connected by a long series of central alpha-helix coiled-coiled domains that guide Dsp 

dimerization (Figure 1.4). The N-terminal head domain contains binding sites for Pkg 

and all Pkps; and it is through these interactions that Dsp is targeted to the desmosome 

(Kowalczyk et al., 1997a). The C-terminus contains three plakin repeat domains and a 

glycine-serine-arginine rich domain essential for regulating Dsp associations with IFs. 

The C-terminus is sufficient for interacting with IFs (Stappenbeck and Green, 1992a) 

(Kouklis et al., 1994) and when over-expressed can alter endogenous intermediate 

filament organization  (Stappenbeck and Green, 1992b). Additional studies also suggest 

a synergistic mechanism in how plakin repeats within the same desmoplakin molecule 

can simultaneously engage intermediate filaments (Choi and Weis, 2005b). While  
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Figure 1.4: Desmoplakin Structure. 

Depicted is the structure of Desmoplakin (Dsp) The head domain contains a series of 
spectrin repeats (SR) with a shielded SH3 domain embedded within SR5. The head and 
C-terminal regions are separated by a coiled coil “rod” domain that directs Dsp 
dimerization. The C-terminus tail contains three plakin repeats (A, B, C) followed by a 
glycine-serine-argenine rich domain (GSR). 
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mammals have a single desmoplakin gene, it can be alternatively spliced yielding two 

variants, Dsp I & II, with the latter missing more than half of its coiled-coiled rod domain. 

This truncated region is important since recent evidence suggests that this missing 

portion facilitates association with microtubule organizing proteins ninein, Lis1, Clip170, 

and Ndel (Sumigray et al., 2011). This may illuminate novel scaffold functions in Dsp’s 

rod domain that enables additional levels of cytoskeletal regulation.Surprisingly while 

desmosomes are clearly essential for managing the mechanical integrity of tissues, how 

they propagate force is still poorly understood. The current thought is that besides the IF 

network Dsp is the major load bearing subcomponent in desmosomes. As a prominent 

cytoskeletal linker, it is possible that Dsp’s force bearing functions emerge while tethered 

to IFs. Recently, molecular dynamics simulations have revealed mechanosensing 

properties of principle plakin domains conserved throughout plakin family proteins 

including Dsp (Daday et al., 2017). These domains contain series of spectrin repeats, 

one of which features a buried SH3 domain. While SH3 domains generally facilitate 

protein-protein interactions in and amongst adapter proteins, molecular simulations of 

plakins (including Dsp) suggest that their SH3 is freed under mechanical stress making it 

available to interact with binding partners. In addition, empirical evidence that Dsp may 

have discrete states of force propagation was found using FRET-based tension sensors 

(Price et al., 2018). In these studies, Dsp was found to not experience tension under 

homeostatic conditions during cell-cell adhesion. However, Dsp becomes rapidly 

mechanically loaded when cells are subjected to external mechanical stresses above 

homeostatic thresholds (>2kPa). Altogether, these observations present a mechanical 

framework where, during tissue homeostasis, Dsp is tuned to tolerate external stress 
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without hindering cell shape changes and may only undergo rapid conformation changes 

during circumstances of extreme mechanical stress.  

 

1.5 Desmosome Functions in the Epidermis 

Though desmosomes are expressed in all epithelia desmosome plaques are 

most prevalent in tissues that experience high mechanical load such as the epidermis 

and the heart. While the abundance of desmosomes in these organs suggest a 

redundancy of desmosome function and characteristics, the variation of desmosome 

composition across these tissues is surprisingly high. All desmosome bearing tissues 

contain Dsg2 and Dsc2, however subsets of desmosomes in stratified epithelia uniquely 

contain high concentrations of Dsg 1 and Dsg 3.  In regards to armadillo proteins, 

cardiomyocytes and most simple epithelia predominantly express Pkg and Pkp2 while in 

stratified epithelia, Pkg and all Pkps are expressed throughout the tissue at various 

levels. Despite this variation of molecular composition, desmosome function across 

tissue systems seem largely conserved. However, genetic regulation of tissue specific 

desmosome expression is not fully understood. The epidermis provides a particularly 

unique example of desmosome variation since desmosome levels and composition is 

patterned across epithelial layers. The epidermis is a multilayered epithelium that, after 

developmental stratification, continuously renews throughout life and functions as a 

barrier from external environments (Moreci and Lechler, 2020). The bottom-most layer of 

the epidermis, called the basal layer, house proliferating stem cells that stochastically 

differentiate and move outward to populate the remainder upper layers called the 

suprabasal layers. While all layers of the epidermis contain desmosome plaques, they 
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increase in abundance as stem cells differentiate. Hence, suprabasal epidermis 

expresses among the highest concentrations of desmosomes and IFs in our body. In 

addition, the epidermis displays variations of desmosome composition that pattern along 

the differentiation axis (Figure 1.5). Desmosomes high in Dsc 2, Dsc 3, Dsg 2, Dsg 3 

and Pkp2 are abundant in the basal layer and decrease outwords through the 

suprabasal layer, while desmosomes with high levels of Dsc1, Dsg1, Dsg4, and Pkp1 

are most abundant in the outermost layers and decrease inwards. These desmosome 

composition patterns are regulated in part by transcription factors that drive keratinocyte 

differentiation (Johnson et al., 2014). How these expression patterns determine 

differential desmosome adhesion capacities or emergent functions is still unknown. 

Consequences of these expression patterns emerge in many desmosome diseases and 

has been 
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Figure 1.5: Epidermal organization and desmosome composition. 

  
Shown above is the structure and cellular organization of interfollicular epidermis. 
Epidermal stem cells (basal keratinocytes) reside in the basal layer and continuously 
divide to replenish stem cell pools. In epidermal homeostasis, basal keratinocytes will 
stochastically differentiate, become post mitotic, and begin their journey through the outer 
suprabasal layers (spinous layer, granular layer, and stratum corneum). Desmosomes are 
abundant in all layers of the epidermis but increase dramatically as keratinocytes 
differentiate and move outward. Interestingly, desmosome composition also changes 
during this process in part because of large scale changes in gene expression as cells 
move up this trajectory (adapted from (Moreci and Lechler, 2020)). 
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informative for identifying where specific desmosome components are most important in 

controlling tissue morphogenesis and homeostasis. For example, Dsg3:Dsg1 ratios in 

the suprabasal layers of oral epithelia are significantly higher than in the epidermis. 

Forced Dsg 3 overexpression in the granular layer shifted mouse epidermis towards 

having morphological and functional features that resembled oral epithelia (Elias et al., 

2001).  Furthermore, epidermal loss of Dsg 3 caused cell-cell separations primarily 

between basal-suprabasal interfaces where Dsg 3 is highly expressed. In the 

autoimmune blistering diseases, pemphigus vulgaris and pemphigus foliaceous, human 

patients express autoantibodies that primarily target Dsg3 and Dsg1, respectively 

(Schmidt et al., 2019; Schmidt and Zillikens, 2013). Patients with pemphigus vulgaris 

develop blisters within the immediate suprabasal layer, phenocopying Dsg3 -/- mice, 

while patients with pemphigus foliaceous exhibit blisters within the granular layer where 

Dsg1 is abundant.  This compositional variability also illuminated additional desmosome 

functions in vivo besides maintaining tissue integrity. Autoantibody induced loss of Dsg3 

in mice exhibited increases in p38/MAPK signaling that inhibited RhoA activity (Spindler 

and Waschke, 2011). Dsg1 promotes differentiation through direct association with 

inhibitors of EGFR and Erk signaling (Harmon et al., 2013).  

PKPs also exhibit differentiation specific patterns within the epidermis. Pkp1 is 

more abundant in suprabasal epidermis while Pkp2 is expressed primarily in the basal 

layer. Pkp3 displays uniform expression throughout all layers of the epidermis. Although, 

how these expression patterns of Pkps regulate desmosome function is still unclear, 

genetic disruption of Pkps have revealed epidermal roles in promoting mechanical 

integrity, homeostasis, and hair follicle development. Mutations in Pkp1 were found in 

patients with ectodermal dysplasia/skin fragility syndrome suggesting that Pkp1 
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disruption affects epidermal differentiation in addition to tissue integrity (McGrath et al., 

1997). Conditional deletion of Pkp3 in mouse epidermis resulted in increased 

keratinocyte proliferation and disruption of hair follicle morphogenesis in addition to 

intercellular separations and dermatitis (Sklyarova et al., 2008).   

 Both Pkg and Dsp are expressed uniformly throughout the epidermis and across 

epithelial systems. Consequently, loss of each results in broad phenotypes both in 

humans and in mice. Emergent in vivo functions of Pkg are largely characterized in 

Naxos disease where patients harboring mutations in Pkg broadly display unexpected 

phenotypes such as hair dysplasia (wooly hair) and severe palmoplantar keratoderma 

(McKoy et al., 2000). In mice, conditional loss of epidermal Dsp results in characteristic 

blistering and extreme skin fragility during development. The skin of newborn mice are 

generally fragmented from the birthing process leading to significant loss of mechanical 

barrier function. Human genetic disorders associated with desmoplakin mutations result 

in a similar spectrum of epidermal abnormalities found in patients with Pkg mutations. 

Much like Pkg deficiency, Dsp haploinsufficiency causes palmoplantar keratodoma 

(Armstrong et al., 1999) and patients harboring two truncation alleles of Dsp also exhibit 

keratadoma, wooly hair, and abundant acantholysis that results in severe skin fragility. In 

summary, in vivo disruption of desmosome function has substantiated further their roles 

in maintaining tissue integrity. Variation of desmosome composition is tightly patterned in 

stratified epithelia and desmosome phenotypes associated with this patterning suggests 

that different types of desmosomes may drive separable functions in vivo. Lastly, while 

loss of mechanical integrity is abundant upon desmosome disruption, many unexpected 

phenotypes emerge when different combinations of core components are lost. Perhaps 
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desmosomes of different compositional varieties can also regulate currently unexplored 

tissue specific functions in addition to tissue integrity. 

 

1.6 Noncanonical Functions of Desmosome Components 

The cornerstone of desmosome function in vivo has been maintaining 

mechanical integrity at tissue level scales. While the mechanisms that regulate adhesion 

mechanics still remains a fascinating area of future research, there have been an 

abundance of studies on desmosome components that propose many noncanonical 

functions as well (Chidgey and Dawson, 2007).  These emergent functions include direct 

regulation of gene expression and protein translation. Pkps have long been shown to 

distribute to cytoplasmic and nuclear plaques in addition to cell junctions. Recent mass 

spec analyses have established that Pkp1 and Pkp3 interactomes may include RNA-

binding proteins including many stress granule markers and regulators of protein 

translation (Fischer-Keso et al., 2014; Hofmann et al., 2006).  Functional consequences 

of these interactions and their possible links to desmosome functions is an area of 

considerable intrigue.  

Pkg is a paralog of b-catenin, whose role as a transcriptional regulator is well 

documented. Much like b-catenin, Pkg can translocate from cell-cell adhesions to the 

nucleus (Garcia-Gras et al., 2006) and also has been connected to regulating Wnt 

signaling through interactions with TCF family transcription factors (Maeda et al., 2004; 

Shimizu et al., 2008). However, mechanisms that describe Pkgs nuclear activity in vivo 

and particularly in relation to b-catenin are still unclear. Plakoglobin over expression in 
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mouse epidermis affects hair cycling and decreases keratinocyte proliferation 

(Charpentier et al., 2000) whereas b-catenin overexpression promotes hyperproliferation 

and ectopic hair follicle morphogenesis (Gat et al., 1998). Several groups have shown 

that, in comparison to b-catenin, Pkg has limited activity in directly stimulating Wnt 

signaling (Li et al., 2012). This evidence suggests that Pkgs association with Wnt 

signaling may be through modifying b-catenin activity rather than through independent 

transcriptional activity. Interestingly, Pkg has also been associated with repressor activity 

of c-Myc expression in a Lef-1 dependent manner (Williamson et al., 2006). 

Furthermore, Pkg suppression of c-Myc was similar in both wildtype and b-catenin-null 

keratinocytes, suggesting that this activity can occur independent of b-catenin. Lastly, 

pulldown and chromatin immunoprecipitation experiments in keratinocytes have 

identified Pkg interactions with LEF-1 (Zhurinsky et al., 2000) that competitively inhibited 

nuclear b-catenin activity. These observations illuminate important connections between 

Pkg and nuclear activity, which may provide possible mechanisms that ultimately links 

desmosome adhesion to regulation of transcription. Altogether studies like these 

underscore an emergent property of desmosomes: that they have important functions in 

addition to maintaining mechanical adhesions. If true, an intriguing possibility is that 

desmosomes have evolved to integrate cell-cell adhesion status with processes that 

regulate gene expression, particularly in organs where mechanical integrity is vital for 

proper tissue function. In order to understand the mechanisms that mediate these 

noncanonical activities, unbiased approaches that evaluate interactions between 

desmosomes and currently unknown modifiers important for these processes are 

needed. The primary purpose of this work is to elaborate and analyze further the 

desmosome interactome in order to identify constituents that confer novel functions at 
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desmosomes and ultimately uncover new roles for cell-cell adhesions in epidermal 

biology. 
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2. Proteomic Analysis of Desmosomes Reveals Novel 
Components Required for Epidermal Integrity 
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2.1 Introduction 

Desmosomes are cell-cell adhesion complexes essential for establishing the 

mechanical integrity of organs (Garrod and Chidgey, 2008b; Kowalczyk and Green, 

2013). They are most abundant in tissues 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 subcompartments (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 

proteins, plakophillins 1-4 (Pkp1,2,3,4) and plakoglobin, which are necessary for efficient 

formation, clustering, and segregation of desmosome plaques (Hatzfeld, 2007; 

Kowalczyk et al., 1997b; Kowalczyk et al., 1999). Further inward is the inner dense 

plaque (IDP) where desmosome attachment to intermediate filaments (IFs) is facilitated 

by the core desmosome protein, desmoplakin. Desmoplakin is composed of globular 

head and tail domains connected by coiled-coils that direct formation of parallel 

homodimers (Green et al., 1990a). In mature desmosome plaques, the amino terminus 

of desmoplakin associates with plakoglobin and PKPs in the ODP while the carboxy-

terminus anchors cortical IFs in the IDP. Therefore, desmoplakin represents a molecular 

bridge that couples desmosomes to IFs (Bornslaeger et al., 1996; Green et al., 1992; 

Kowalczyk et al., 1997b). These core components represent the canonical functional unit 
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of desmosomes necessary for cell-cell adhesion and tethering of IFs to the cell cortex. 

However, while traditional biochemical fractionation methods (Cowin et al., 1986a; 

Franke et al., 1981; Heid et al., 1994; Mueller and Franke, 1983; Skerrow and Matoltsy, 

1974b), cell reconstitution assays (Bornslaeger et al., 2001; Kowalczyk et al., 1997b), 

and genetic models (Allen et al., 1996; Bierkamp et al., 1996; McGrath et al., 1997; Ruiz 

et al., 1996; Samuelov et al., 2013; Vasioukhin et al., 2001) were fundamental for 

functionally establishing this molecular core, other studies have identified additional 

components that either regulate desmosome adhesion/turnover or mediate non-

canonical biological functions at desmosomes. For example, in addition to being stable 

tethers for IFs, unexpected roles for desmosomes in microtubule (Lechler and Fuchs, 

2007; Sumigray et al., 2011; Sumigray et al., 2012) and actin cytoskeleton (Nekrasova et 

al., 2018) organization have been documented. 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 components that rapidly 

dissociate upon cell lysis. Therefore proximity-dependent approaches capable of 

capturing both stable and transiently 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 interactome in keratinocytes. Using label-

free quantitative MS-based analysis, we identified desmosome proteins enriched within 

ODP and IDP regions. We validated the localization of novel desmosome-associated 

proteins and used mouse genetics to define functional roles for two such proteins, Crk 

and CrkL. Together, proximity-dependent biotinylation combined with label-free 

quantitative proteomics broadened the compositional landscape of desmosomes and 
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provided novel insights into biological roles of desmosomes that are essential for the 

maintenance of epidermal integrity. 
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2.2 Materials and Methods 

Plasmids 

Doxycycline-inducible Dsp-BirA fusion constructs was 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), CrkL cDNA (Addgene: #23354(Johannessen et al., 2010)) were 

all obtained from Addgene. Biotinylated non-targeting siRNA 

(5’GGGAACCGUAUAGAGUCAGUAAAGU3’) and siRNA against human Dsg1 using a 

previously published targeting sequence(Nekrasova et al., 2018) (5′-

CCATTAGAGAGTGGCAATAGGATGA-3′) were synthesized by Integrated DNA 

Technologies. 

 

Cell Culture 

All cell culture studies were performed on mouse and human keratinocytes. 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 passages 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), hydrocortisone (Calbiochem, 0.4 µg/ml) and T3 (Sigma, 0.2 µM) with 15% 

FBS (Hyclone), which was first chelated with Chelex (BioRad) to remove calcium and 
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afterwards 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 lentiviral 

vectors and subsequent selection 2µg/ml puromycin. Unless otherwise indicated, mouse 

keratinocytes were cultured in low Ca2+ keratinocyte media (0.05mM) until desmosome 

induction upon which cell media was switched to high Ca2+ (1.5mM) media either 

through the addition of 2M CaCl2 or by switching media with un-chelated keratinocyte 

media. Keratinocytes were then kept in high Ca2+ (1.5mM) media for indicated timepoints 

up through 48 hours. SCC cells were gifts from Jennifer Zhang lab (Duke University 

Medical Center, Dept. 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 hour 

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 Philadelphia, C57BL/6J) (Park and Curran, 

2008), and Krt14-Cre (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 mins or 4% paraformaldehyde 

for 5 mins. Depending on antibody, cells were also pre-extracted in 0.1% Triton at 37°C 
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for 30 seconds before fixation. All epidermal stains were performed on mouse tissue. 

Mouse skin tissue 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 8µm sections on a cryostat and 

mounted on glass slides. Sections were post-fixed in either 100% methanol at -20°C for 

3 minutes or 4% paraformaldehyde for 7 minutes before permeabilization 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 

desmosomes 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 

ImmunoResearch). 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. Fluorescent intensities were measured across 2-5um 

lines centered on the plasma membrane over multiple fluorescent channels when 

necessary. Intensity data were exported from FIJI to Excel and normalized for 
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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 postfixed in 10% PFA at 

4°C for 10 minutes. Sections were washed and stained in Mayers Hematoxylin (Sigma-

Aldrich, MHS32-1L) solution for 10 minutes, followed by rinsing under running water, 5 

dips into Eosin (Polysciences, 09859), dehydration series into 100% ethanol, xylene 

clearing, and mounting in Permount mounting media. Tissues were coverslipped and 

sealed using nail polish. Quantitative analyses of Crk/CrkL mutant tissue were 

performed blinded on at least 5 different regions from 4 independent mouse litters 

containing 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 hrs at room 

temperature and then overnight at 4°C. Samples were washed in 0.1 M sodium 

cacodylate buffer containing 7.5% sucrose. Samples were postfixed in 1% osmium 

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 followed subsequently by two 30min 

immersions in 100% Epon resin for embedding. Skin samples were sectioned and 
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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 Microscopy 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 was done for least 15 different 

regions from 2 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 40X/1.3 objective oil 

objective or Plan-NEOFLUAR 63X/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 (50mM Tris, pH 8, 1% Triton, 150mM NaCl, 0.5% 

Sodium Dodecyl Sulfate, 50mM Triton, 1 mM EDTA) + Protease Inhibitor Cocktail 

(Roche, 11697498001), sonicated for 15 seconds, clarified via centrifugation, and stored 

in -80°C. Lysates were solubilized by mixing 1:1 in loading buffer (10% SDS, 40% 

Glycerol, 3% Bromophenyl Blue, and 10% Beta-Mercaptoethanol). Proteins in lysates 

with loading buffer were first denatured by boiling for 5 minutes and cooled on ice for 2 

minutes before being loaded into 10% polyacrylamide gels and run for ~90 mins at 

125V. Resolved proteins were transferred onto nitrocellulose membranes for 1 hr at 

100V. Membranes were then blocked with 5% BSA for an hour before incubation with 



 

 37 

primary antibody, washed three times in PBST (2.0% Triton in PBS), and then finally 

incubated 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), Glutathione-S-Transferase (Bethyl Laboratories, A190-122P), HA 

tag (Roche, 11867423001), Occludin (Thermo Fisher, 71-1500), Plakoglobin (Santa 

Cruz, sc-7900), Streptavidin-HRP (Thermo Fisher, 43-4323). 

 

Crk-GST Isolation and Pulldowns 

Full length and subdomains of Crk and CrkL cDNA were PCR amplified 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, 1mM EGTA, 1mM EDTA, PMSF, 1mM DTT, 

Protease Inhibitor Cocktail). Bacterial lysates were clarified through centrifugation and 

supernatant was incubated in glutathione agarose for 1 hour at 4°C. Crk-GST loaded 

beads were washed twice in PBST (0.1% Tween-20 +1mM DTT) and fusion proteins 

were eluted in elution buffer (50mM Tris pH8.0, 5mM reduced gluthathione, 1mM DTT). 

Samples were dialyzed into PBS overnight and protein concentrations were measured 

via Bradford assay. Dialyzed samples were flash frozen in liquid nitrogen and stored at -

80°C.  

 Crk-GST pulldowns were performed as follows: Recombinant full length 

and truncated Crk-GST fusions were incubated in clarified lysates from Ca2+ induced 

mouse keratinocytes for 2 hours at 4°C. GST-beads were next incubated with Crk-GST 

mix for at least 3 hours. Beads were subsequently washed 3 times in wash buffer, 
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resuspended in loading buffer, and eluted via boiling for 5 mins 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+(1.5mM) media containing 2 µg/ml Doxycycline to induce Dsp-BirA expression 

concomitantly with desmosome organization. 100µM biotin was next added to the media 

and incubated for 24hrs before cell lysis (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 (50mM Hepes pH 7.3, 0.1% 

deoxycholate, 1% Triton X-100, 500mM NaCl, 1mM EDTA), once with Salt Buffer (10mM 

Tris pH 8.0, 250mM LiCl, 1mM EDTA, 0.5% deoxycholate, 0.5% NP40), and twice with 

wash buffer (50mM Tris pH 7.5, 50mM NaCl). For immunoblots beads were 

resuspended in loading buffer with saturated biotin and for mass spectrometry analysis 

beads were resuspended in Elution Buffer (250mM Tris pH 6.8, 4% SDS, 0.57M Beta-

Mercaptoethanol, 10% Glycerol with Saturated Biotin). In both cases bound proteins 

were eluted via boiling at 95°C for 5 minutes. 

 

Mass Spectrometry Analysis 

Cyto-BirA, DspN-BirA, and DspCC-BirA samples were each generated and analyzed in 

triplicate. Each sample were briefly run through a 4-12% gradient SDS-PAGE gel and 

subjected to in-gel reduction, alkylation, and tryptic digestion. Samples were isolated 
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from gel, lyophilized, and resolubilized in 80µL of 2% acetonitrile/1% TFA supplemented 

with 10 fmol/µL yeast ADH. From each sample, 5µL was removed to create a QC Pool 

sample which was run periodically throughout the acquisition period. Quantitative 

LC/MS/MS was performed on 1µL of each sample, using a nanoAcquity UPLC system 

(Waters Corp) 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/acetonitrile), after which analytical separation was performed using a 1.7 µm 

Acquity BEH130 C18 column (Waters Corp.) with a 90-min linear gradient of 5 to 40% 

acetonitrile with 0.1% formic acid at a flow rate of 400 nL/min at 55C. Data collection on 

the QExactive Plus mass spectrometer was performed in a data-dependent acquisition 

(DDA) 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 20s dynamic exclusion was employed to increase depth of 

coverage. Following 12 total UPLC-MS/MS analyses, data was imported into Rosetta 

Elucidator v 4.0 (Rosetta Biosoftware, Inc.), and analyses were aligned based on the 

accurate mass and retention time of detected ions using PeakTeller algorithm in 

Elucidator. Relative peptide abundance was calculated based on area-under-the-curve 

(AUC) of the selected ion chromatograms of aligned features across all runs. The 

MS/MS data was searched against a custom Swissprot database with Mus musculus 

taxonomy (circa 2015) with additional proteins, including yeast ADH1, bovine serum 

albumin, E. coli BirA as well as an equal number of reversed-sequence “decoys” to 

assess false discovery rate determination. Mascot Distiller and Mascot Server (v 2.5, 

Matrix Sciences) were utilized to perform the database searches. After individual peptide 
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scoring using the PeptideProphet algorithm in Elucidator, the data was annotated at a 

1.3% peptide false discovery rate. Compiled data was stored in excel files containing 

raw and normalized quantitative values for each peptide/protein, each replicate, quality 

control scores, statistical analysis comparisons between 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 intensity readings were imported into Cytoscape v3.4.0 as 

edges, nodes, and node features respectively, for network visualization. To incorporate 

proteomes of adherens junctions and tight junctions data for network visualization, data 

from separate BioID analyses targeting corresponding junctions were used (Guo et al., 

2014; Van Itallie et al., 2013; Van Itallie et al., 2014) . 
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2.3 Results 

2.3.1 BioID Strategy for Targeting Desmosome Subdomains 

In order 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 maturation, desmosomes become dense, highly 

insoluble protein structures (Pasdar and Nelson, 1988a; Pasdar and Nelson, 1988b). 

While these properties have facilitated purification of core desmosome 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 conditions and as they transit the soluble fraction. The cytoplasmic face of 

desmosomes contains two ultrastructurally resolvable units, the inner and outer dense 

plaques (Stahley et al., 2016). In order to target each of these regions 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 2.1A) 

(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 2.1A, Supplementary Figure 

S1A). These fusion proteins, tagged with HA, stably localized to cortical puncta at cell-

cell interfaces (Figure 2.1B). In calcium shift assays, desmosomes in DspN-BirA and 

DspCC-BirA expressing cells rapidly organized at rates and size distributions similar to 
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control cells (Supplementary Figure S1B). Additionally, mature desmosomes in Dsp-BirA 

expressing cells maintained functional attachments to keratin fibers (Supplementary 

Figure S1C). Incorporation of biotin was assayed through staining with fluorophore-

conjugated streptavidin, revealing close co-localization of biotin signal with endogenous 

desmoplakin (Figure 2.1C). Line-scan analysis revealed a clear correlation of the biotin 

signal with endogenous desmosomes and minimal correlation with adherens junction 

and tight junction markers, E-cadherin and occludin respectively (Figure 2.1C and 

Supplementary Figure 1D). Under conditions where we expressed equivalent levels of 

BirA fusions, we saw robust biotinylation by western blot analysis (Figure 2.1D). 

Compared with cytoplasmic controls we observed more complex banding patterns in 

cells expressing either Dsp-BirA fusions. Interestingly, we also observed distinct band 

patterns between DspN-BirA and DspCC-BirA expressing keratinocytes, suggesting 

differential protein interactomes. Initial validation of streptavidin precipitates by western 

blot analysis of Dsp-BioID lysates revealed specific enrichment of representative core 

desmosome proteins from each subcompartment, with minimal enrichment for adherens 

junction (E-cadherin) and tight junction (occludin) proteins (Figure 2.1E). Collectively, 

these results demonstrate Desmosome-BioID as a reliable approach for robust labeling 

and specific purification of desmosome-associated proteins. 
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Figure 2.1: Development of desmosome-BioID in keratinocytes 
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Figure 2.1 continued 

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, 5µm. 

C) Immunofluorescent labeling of DspCC-BirA expressing keratinocytes after 
overnight incubation in Ca2+ and exogenous biotin (50µM). 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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2.3.2 Quantitative Mass Spectrometry of Desmosome-Associated 
Proteins 

To identify novel desmosome-associated components we performed label-free 

quantitative mass spectrometry analysis on triplicate samples of biotinylated proteins 

purified from DspN-BirA, DspCC-BirA, and Cyto-BirA expressing keratinocytes (Figure 

2.2A). We identified hits as significantly enriched at desmosomes if they passed three 

constraints: 1) a cutoff of two-fold 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 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 proteins for each fusion protein 

and observed extensive coverage of known core desmosome components 

(Supplementary Figure S2A,B). However, our list was not exhaustive, as some 

previously established desmosome-associated proteins, such as Perp and ninein, were 

not recovered (Ihrie et al., 2005; Lechler and Fuchs, 2007). In addition to core junction 

components, Desmosome-BioID identified a surprisingly diverse array of proteins from a 

variety of functional categories (Figure 2.2B,C). The most abundant group of hits 

contained many expected cell junction components, keratins, cortical actin, microtubule, 

and intermediate filament regulators as well as proteins from unexpected families such 

as protein kinases, protein phosphatases, and RNA binding proteins; suggesting that the 

desmosome protein network contains components that link desmosomes to yet 

unidentified molecular functions (Figure 2.2C). Additionally, the analysis identified 

putative regulators of desmosome stability, such as a palmitoyltransferase and 
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thioesterase which are excellent candidates to mediate the palmitoylation of 

desmosomal proteins (Roberts et al., 2014; Roberts et al., 2016).   
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Figure 2.2: Network graph of the desmosome proteome. 
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Figure 2.2 continued 
 

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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To categorize these links, we utilized GO term analysis to identify major 

biological processes associated with Desmosome-BioID hits (Figure 2.3A). Interestingly, 

significant categories were not limited to regulators of intermediate filaments, but also 

included a number of both microtubule and F-actin interacting proteins, which is 

consistent with recent work demonstrating that desmosomes can integrate with both 

cytoskeletal networks (Godsel et al., 2010; Nekrasova et al., 2018; Sumigray et al., 

2011; Sumigray et al., 2012). There was also an enrichment of noncanonical processes 

such as receptor mediated endocytosis, cell migration, mRNA transport and cytoplasmic 

translation. 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 adherens junctions in addition to their traditional roles in 

stabilizing cell-cell attachment and cortical cytoskeleton organization. 

Cross-correlation analysis of DspN-BirA vs DspCC-BirA hits revealed substantial 

overlap and positive correlation between both proteomes, demonstrating that many 

desmosome associated proteins were biotinyated in both conditions (Figure 2.3B). 

However, we observed a number of proteins that were significantly enriched in one 

compartment versus the other (Figure 2.3B and Figure 2.4). Protein hits that were more 

highly enriched by DspCC-BirA (DspIDP) largely included cytoskeletal regulators 

confirming previous studies and establishing the IDP as a region where desmosome-

cytoskeleton interaction is abundant (Figure 2.3C, Supplementary Figure S2C).  In 

addition to a clear enrichment of known ODP proteins in the DspN-BirA (DspODP) dataset 

(including plakophilins, plakoglobin and desmosomal cadherins) proteins highly enriched 

in DspN-BirA were more diverse in molecular functions and included a number of signal 
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transduction regulators such as protein phosphatases and signal adaptor proteins 

(Figure 2.3D, Supplementary Figure S2D). This suggests that the proteins enriched in 

DspN vs DspCC, illustrated in Supplementary Figure S2E, may represent proteins that are 

specifically concentrated within each desmosome subcompartment. In particular, these 

data highlight the ODP as a hub in desmosomes for novel molecular signaling. 
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Figure 2.3: 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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Figure 2.4: Lists of statistically enriched proteins in DspODP and DspIDP BioID 
analyses.  
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2.3.3 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 proteins. Intriguingly, we observed 

that many of these putative components 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 junctions reveal significant compositional overlap with 

the desmosome proteome (Supplementary Figure S4). 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 

abundant 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 phosphatase 1 (PTPN13), Tyrosine-protein phosphatase 

non-receptor type 11 (Shp2), Protein Phosphatase 1 (PP1a), the glycoprotein Tuftelin 

(TUFT), Gephyrin (GEPH), and Exocyst complex component 4 (ExoC4) (Figure 2.4A-J, 

Supplementary Figure S5). While all of these proteins exhibited varying levels of 

desmosome co-localization, we observed some unexpected trends. PP1a, PTPN13, and 

TUFT exhibited high levels of colocalization with desmosomes (>0.6) by Pearson 

correlation analysis; ExoC4, GEPH, JCAD, Pdlim5, Shp2, and Shrm2 exhibited mild 
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colocalization (0.3-0.6); and LPP exhibited low colocalization (<0.3). Surprisingly, in spite 

of their respective levels of desmosome co-localization, 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 2.4A’-J’). These results are summarized in Figure 

2.6. To test whether this was specific to desmosomes we performed immunofluorescent 

analysis on p120 catenin-null mouse keratinoyctes in which adherens junctions are 

disrupted (Perez-Moreno et al., 2006; Xiao et al., 2003b). Unlike in Dsp null mouse 

keratinocytes, in all cases cortical localization was maintained upon loss of p120-catenin 

(Supplementary Figure S6 A-J). These observations suggest that desmosomes may 

have uniquely broad influences on cortical protein composition in keratinocytes. Thus, 

desmosomes may play roles in organizing the cell cortex composition that are not fully 

dependent on stable associations with target proteins.  
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Figure 2.5: Validation of select desmosome BioID protein targets identify novel 
desmosome-associated proteins. 

Wildtype (A-J) and Dsp -/- (A’-J’) keratinocytes were fixed and co-stained 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 co-localization analyses of these hits are shown in Table 1 
which also lists the protein names associated with each gene. Scale bars, 5µm.  
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Figure 2.6: Validation of Abundant Desmosome-BioID Targets. 
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2.3.4 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 important 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 significantly enriched 

protein domains of the Dsp-BioID proteome (Figure 2.8A). We compiled a list of SH3 

domain containing desmosome-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) (Figure 2.7). We focused on Crk 

and Crk-like (CrkL), paralogous adaptor proteins each composed of one SH2 and two 

SH3 domains (Figure 2.8B, Top). Crk and CrkL have been shown to be important 

mediators of membrane-associated protein complex signaling (Fukuyama et al., 2005; 

Iwahara et al., 2004; Lamorte et al., 2002), and to regulate clustering of neuromuscular 

synapses (Hallock et al., 2016), functions that could be relevant in the context 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 2.6B, Bottom). 

Immunofluorescence analysis of endogenous CrkL in mouse keratinocytes revealed 

punctate cortical localization and robust colocalization with endogenous desmoplakin 

(Figure 2.8C). Colocalization analyses for CrkL revealed a pearson coefficient of 0.56 

with desmoplakin, as opposed to 0.20 with b-catenin (Figure 2.8D), 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 2.8E). While CrkL pools were largely cytoplasmic in keratinocytes 

grown in low Ca2+, after Ca2+ induction we observed robust desmosome recruitment of 
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CrkL 3 hours after accumulation of cortical desmoplakin (Figure 2.8F). In Dsp-null 

keratinoyctes, cortical localization of CrkL was lost (Figure 2.8C). However, desmosome 

localization was unaltered in keratin type II null keratinocytes which lack all keratin 

filaments suggesting that desmosome localization of CrkL occurs independently of 

keratin attachment (Figure 2.8C). Lastly, cortical loss appeared to be specifically 

sensitive to disruption of desmosomes, as cortical levels of CrkL were similar between 

control and p120-catenin null keratinocytes where adherens junction complexes are 

greatly reduced (Figure 2.8C) (Perez-Moreno et al., 2006; Xiao et al., 2003a). These 

results indicate that cortical recruitment and stabilization of Crk and CrkL in 

keratinocytes specifically require assembly of mature desmosomes. 

To understand interactions that may promote Crk/CrkL recruitment to the cell 

cortex, we performed pulldown analysis using recombinant, 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 2.8G). To gain further 

evidence for the requirements of this interaction we examined cortical accumulation of 

CrkL in human keratinocytes using two approaches: 1) comparison of CrkL localization 

between HACAT cells, which express Dsg1, to SCC12 cells, a carcinoma line with 

limited Dsg1 expression (Supplementary Figure S6A) (Denning et al., 1998); and, 2) 

siRNA-mediated knockdown of Dsg1 (Supplementary Figure S6C). Consistent with Dsg1 

promoting cortical localization of CrkL, we observed a decrease of desmosome 

localization of CrkL both in SCC12 cells (Supplementary Figure S6B) and in Dsg1 KD 

HACAT cells (Supplementary Figure S6D). Western blot analysis validated the siRNA 

knockdown efficiency (Supplementary Figure S6C). 
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Figure 2.7: SH3 Domain-containing Proteins Identified in Dsp-BioID.  
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Figure 2.8: Adapter molecules Crk and CrkL are novel desmosome constituents.  
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Figure 2.8 Continued 

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	b-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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Interestingly, CrkL’s enrichment at the cortex further increased upon tyrosine 

phosphatase inhibition by orthovanadate treatment (Supplementary Figure S6E,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 signaling 

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), allowing for efficient recombination in the epidermis and 

subsequent loss of Crk/CrkL protein expression (Figure 2.9A,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% penetrance. Mutant neonatal pups displayed a compromised 

epidermis indicative of a significant loss of intercellular cohesion (Fig. 2.9C). These 

observations are in agreement with previous studies showing 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 2.9D,E). Transmission 

electron microscopy (TEM) of Crk/LdKO skin revealed frequent cell-cell separations 

throughout the epidermis that were particularly prevalent between differentiated 

keratinocytes in spinous and granular layers (Figure 2.9D,E). Evaluation of EM 

micrographs revealed that desmosome morphologies were significantly disrupted in 

Crk/LdKO skin (Figure 2.9F). Most frequently we noted lack of density in the ODP and 

cell-cell separations adjacent to desmosomes (Figure 2.9E,F).  These morphological 
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defects were not associated with increased proliferation or apoptosis (data not shown), 

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 2.9H, Supplementary Figure S7A).  

We next analyzed the localization of desmosomal proteins in Crk/LdKO epidermis by 

immunofluorescence. While desmoplakin and desmoglein 1 localization appeared 

largely normal, we observed a decrease in cortical plakoglobin levels scattered 

throughout mutant epidermis (Figure 2.9G). Line scan analyses validated a defect in 

cortical enrichment of plakoglobin in the mutant skin (Figure 2.9G).  In contrast, no 

defects were noted in either E-cadherin or cortical F-actin localization or levels 

(Supplementary Figure S7B). Interestingly, while keratin organization within the basal 

layer appeared largely normal, keratin 10 in subrabasal layers was often collapsed 

around the nucleus (Figure 2.9H, inset). These data demonstrate a physiological role for 

Crk/Crkl in epidermal integrity and in desmosome morphology. Further analysis will be 

required to determine whether Crk/Crkl has additional roles outside of the desmosome in 

the epidermis.  Together this demonstrates a proof of principle that Dsp-BioID analysis 

increased not only the complexity of the desmosome proteome, but revealed functional 

regulators of keratinocyte structure and epidermal integrity. 
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Figure 2.9: Tissue specific loss of Crk and CrkL results in acantholysis and altered 
desmosome morphologies in the epidermis.  
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Figure 2.9 cont. from page 83 

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 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, 30µm; Right, 500nm.  

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, 100nm (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, 20µm. 
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, 20µm. 
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2.3.5 Discussion 

In this study we used BioID to evaluate the desmosome proteome in epidermal 

keratinocytes and identify novel desmosome-associated proteins. Newly identified 

components contained a surprisingly varied array of molecular functions that only partly 

overlapped with known molecular roles at desmosomes. Of these were numerous 

scaffolding proteins that harbor adapter domains seemingly important for stabilizing 

protein interactions necessary for downstream 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 (Guo et al., 2014; Van Itallie et al., 2013).  Here we report a 

surprisingly high degree of compositional overlap between BioID analyses of adherens 

junctions and tight junctions. While it is likely that some of this overlap is due to labeling 

promiscuity of BirA, an intriguing alternative is that this overlap indicates junctional 

crosstalk driven by direct interactions, compositional sharing, and/or functional proximity 

between distinct junction complexes. A classic example of compositional sharing 

between desmosomes 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 (Hammerling et al., 2006; Kowalczyk et al., 

1998; Schmelz et al., 1994). The overlap between adherens junction (performed in 

simple epithelial cells) and desmosome (performed in keratinoyctes from stratified 

epidermis) proteomes may reflect a switch from an adherens junction-dominant 

localization often found in simple epithelia to high levels of desmosome-dependent 
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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 intermediate filament 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 

understanding the differentiated epidermis where desmosomes may provide a means to 

communicate the status of cell adhesion 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., 2011a).  

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., 2011b) 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 Crk at desmosomes in the 

epidermis. Notably, Crk and Crkl are required for the clustering of receptors at 
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neuromuscular synapses (Hallock et al., 2016). This function requires their association 

with Sorbin1/2, adaptor proteins containing SH3 domains, that were also identified 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 intriguing possibility that Crk/Crkl/Sorbin1/2 may form a modular unit that 

promotes clustering of membrane complexes and is regulated 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 co-localizes more strongly with 

desmosomes than adherens junctions 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 variants 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 requires further 

investigation. 
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3. Phosphoproteomic Analysis of Keratinocyte Signaling 
in Pemphigus Vulgaris Pathogenesis 
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3.1 Introduction 

Epidermal homeostasis requires continual integration of the molecular and 

cellular process that regulate its barrier function. Maintaining robust intercellular 

connections is pertinent for this as disruption of cell-cell adhesions results in 

differentiation defects, loss of barrier capabilities, dysplasia, and promotes tumor 

progression (Johnson et al., 2014). Desmosomes are a class of cell-cell adhesions 

essential for providing the epidermis a strong mechanical barrier. As a subclass of 

anchoring junctions, desmosomes are transmembrane protein complexes that stabilize 

cell attachment by bridging together extracellular protein-protein interactions to 

intracellular cytoskeletal networks (Figure 1.1, left). The group of receptors that mediate 

cell attachment are single pass transmembrane cadherins, desmogleins (Dsgs) and 

desmocollins (Dscs). Their external domains are a series of cadherin repeats that 

facilitate tight homophilic trans-interactions in the extracellular interface between 

adjacent cells (Figure 1.2). The intracellular domains of desmosome cadherins (DC) 

project beneath the cell membrane where they interact with armadillo proteins, 

Plakopglobin (Pkg) and Plakophilins (Pkps) (Figure 1.1, right). These interactions are 

necessary for stabilizing Dsgs and Dscs at cell junction sites and for clustering 

desmosome plaques(Kowalczyk and Green, 2013). Pkg and Pkps also interact with 

desmosome’s main cytoskeletal linker, desmoplakin (Dsp), which anchors desmosome 

plaques to intermediate filaments (IFs). This connection stabilizes mature desmosomes 

and disperses the mechanical tension of cell attachment throughout the IF cytoskeletal 

network (Price et al., 2018). Together, these core components are necessary for proper 

adhesion, organization, and stability of desmosomes; and represents the core functional 

unit through which desmosomal mechanical roles are integrated.  
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Pathologic perturbation of desmosomes results in characteristically overlapping 

phenotypes largely due to the gross loss of mechanical integrity in tissues. The 

autoimmune blistering disease, pemphigus, represent a large class of pathologies that 

effect both cutaneous and mucosal stratified epithelial systems and is caused by IgG 

autoantibodies that largely target antigens located in the extracellular domains of 

desmosome cadherins (Spindler et al., 2018). Pemphigus Vulgaris (PV) is the most 

common form of the disorder where the primary antigenic targets of PV autoantibodies 

are Dsg3, and to a lesser extent Dsg1. While it has been long established that the 

autoantibodies produced in PV patients are sufficient for driving much of PV pathologies, 

a molecular mechanism that reliably describes PV pathogenesis remains elusive. The 

earliest versions of mechanisms that drive pemphigus relied on the idea that PV 

autoantibodies promoted cell dissociation by disrupting DC trans-dimers through steric 

hindrance (Jones et al., 1986). In these models, physical disruption of DC adhesions 

results in rapid internalization of desmosomes leading to cascades of downstream 

signaling events driven both by loss of desmosomes and loss of cell attachment (Patel et 

al., 1984). However, in addition to the steric hindrance model support for alternative 

models arose after initial reports showed changes in keratin IF organization prior to loss 

of desmosome adhesions (Jinbu et al., 1992). Additionally, electron micrographs of 

epidermis from PV patients reveal that in early lesions, keratinocytes separate at 

membrane spaces outside of desmosomes before desmosome plaques eventually pull 

apart (Wilgram et al., 1961). Furthermore, mechanical disruption of Dsg3 binding is not 

sufficient to cause loss of cell-cell adhesion (Vielmuth et al., 2015). These data indicate 

that the steric hindrance theory may not be comprehensive enough to fully explain 

mechanisms that drive PV.  Importantly, these observations also suggest that there are 
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PV-associated signaling events epistatic of desmosome separation, thereby providing 

therapeutic opportunities for preventative drug targets. Accordingly, increases in 

p38MAPK (Berkowitz et al., 2005) and EGFR (Bektas et al., 2013) activation were 

observed to occur concurrently with keratin IF retraction within 30 mins of exposure to 

PV-IgGs in vitro. AK23, a monoclonal anti-Dsg3 antibody sufficient for inducing PV 

pathogenesis (Tsunoda et al., 2003), can also activate p38MAPK (Kawasaki et al., 2006) 

demonstrating that specific targeting of Dsg3 is sufficient for driving pemphigus 

associated signaling. p38MAPK activation is also sufficient to induce Dsg3 

internalization at later time points (Jolly et al., 2010). Primary studies have shown that 

inhibition of p38MAPK (Berkowitz et al., 2005), EGFR (Sanchez-Carpintero et al., 2004), 

and PKC (Cirillo et al., 2010) are each sufficient to inhibit PV pathologies, keratin 

retraction, and blister formation (acantholysis) both in vitro and in vivo; demonstrating 

that a variety of epistatic signaling events in addition to p38MAPK are essential for 

driving PV phenotypes. Hence, global characterization of the molecular transitions that 

drive PV-IgG has become a major focus of pemphigus research, and the identification of 

prominent early signaling events is essential in this endeavor. Here, we sought to 

address this question by performing quantitative phosphoproteomics on keratinocytes 

treated 30mins and 2hrs with PV-IgG, AK23, to identify early transitions of 

phosphorylation states that precede acantholysis. We observed broad shifts in 

phosphorylation patterns that include desmosome and non-desmosome proteins. We 

categorized these changes by performing soft clustering analysis to distribute specific 

phosphorylation events into expected trends. Finally, we made tagged constructs using 

the cDNA of two protein hits with phosphorylation sites of interest, Pkp3 and Ladinin1. 

Using these tools, we profiled the localization of wildtype and mutant variants harboring 
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mutations to specific phosphorylation sites during PV pathogenesis. Together our results 

provide the first insights into the global phosphorylation dynamics that occur during PV 

pathogenesis. 
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3.2 Materials and Methods 

Plasmids 

Wildtype, S64A, and S64D, Ladinin-1 constructs tagged with either -V5 or -GFP were all 

kind gifts from Ari Elson’s lab. Wildtype Pkp3 cdna was cloned into pEGFP-N1 plasmid 

from a pLZRS-Pkp3-GFP plasmid kindly provided to us as a gift. Site directed 

mutagenesis was performed on Pkp3-pEGFP plasmids to create both S180A and S180E 

mutants using QuikChange II Site-Directed Mutagenesis (Agilent #200523). K14-GFP 

plasmid was made by cloning human Keratin-14 cDNA into pEGFP-N1. 

 

Cell Culture 

All cell culture studies were performed on mouse and human keratinocytes. 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 passages 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), hydrocortisone (Calbiochem, 0.4 µg/ml) and T3 (Sigma, 0.2 µM) with 15% 

FBS (Hyclone), which was first chelated with Chelex (BioRad) to remove calcium and 

afterwards supplemented to a final concentration of 0.05 mM with CaCl2). Unless 

otherwise indicated, mouse keratinocytes were cultured in low Ca2+ keratinocyte media 

(0.05mM) until desmosome induction upon which cell media was switched to high Ca2+ 

(1.5mM) media either through the addition of 2M CaCl2 or by switching media with un-

chelated keratinocyte media. Keratinocytes were then kept in high Ca2+ (1.5mM) media 

for indicated timepoints up through 48 hours. HACAT cells were cultured in DMEM 
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supplemented with 10% Fetal Bovine Serum, L-Glutamate (2mM), Sodium Pyruvate 

(1mM), and 100U/ml Penicillin+Streptomycin.  All DNA transfections were performed 

using Mirus- LT1 reagent and siRNA transfections were performed using ViroMir Red. 

 

Immunofluorescence 

Cells were fixed in either 100% methanol at -20°C for 3 mins or 4% 

paraformaldehyde for 5 mins. Depending on antibody, cells were also pre-extracted in 

0.1% Triton at 37°C for 30 seconds before fixation. Cells were blocked and stained in 

Blocking Buffer (5% Normal Goat Serum, 3% Normal Donkey Serum, 0.1%Triton). 

Desmosomes were visualized using a desmoplakin monoclonal antibody (Millipore 

Sigma, MABT1492). Primary antibodies used were E-Cadherin (Invitrogen, 13-1900), 

GFP (Abcam, ab13970), V5-tag (Cell Signaling Technology, 13202S). Secondary 

antibodies used were Donkey Alexa Fluor 488 and 647 conjugated series (Life 

Technologies/Thermo Fisher) and Donkey Rhodamine Red Conjugated Series (Jackson 

ImmunoResearch). All cell stain analyses were performed three times with each 

independent replicate quantitation representing at least 40 cells. 

 

Microscopy 

Cell stains were imaged on a Zeiss AxioImager Z1 microscope with an Apotome 

2 attachment using either Plan-APOCHROMAT 40X/1.3 objective oil objective or Plan-

NEOFLUAR 63X/1.4 oil objective, Axiocam 506 mono camera for fluorescent Images or 

AxioCam MRc camera for H&E Stains, and Zen software (Zeiss). All visualizations of 

immunofluorescent stains were made in either FIJI or Adobe Photoshop and exported to 

Adobe illustrator. 
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AK23 Time Course Assay 

HACAT cells grown in 10cm plates were serum starved for 2hrs prior to 

treatment with AK23 IgG. Cells were then treated with 10ug/ml AK23 (MBL International, 

D219) in DMEM for 30 mins or 2hrs before cell lysis. Untreated, 30mins, and 2hr treated 

triplicate samples were lysed by scraping in ice-cold 8M Urea + 50mM Ammonium 

Bicarbonate then clarified via centrifugation for 5mins at 4C and finally flash frozen in 

liquid nitrogren and stored at -80C until mass spectrometry analysis.  

Protein concentrations were determined by Bradford assay on the supernatant in 

duplicate (5 μL each assay). 400 μg of each sample was removed and normalized to 1.6 

mg/mL with 50 mM ammonium bicarbonate containing 8M urea. Samples were then 

diluted to 1.6M urea with 50 mM ammonium bicarbonate. All samples were spiked with 

20 or 50 fmol/ug of casein for internal standard quality control, then reduced for 45 min 

at 32C with 10 mM dithiolthreitol and alkylated for 30 min at room temperature with 25 

mM iodoacetamide. Trypsin was added at a 1:25 ratio (enzyme to total protein) and 

allowed to proceed for 18 hr at 32C. Samples were then acidified with TFA and 

subjected to C18 SPE cleanup (Sep-Pak, 50 mg bed). Following elution, all samples 

were then lyophilized to dryness. Then, samples were resuspended in 35 μL of 0.1% 

TFA and subjected to complex TiOx, followed by C18 stage tip cleanup. Samples were 

dried and resuspended in 12 μL 1%Tritfluoroacetic acid/2% acetonitrile with 10mM 

citrate. From each sample, 3 μL was removed to create a QC Pool sample which was 

run periodically throughout the acquisition period.  
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Mass Spectrometry Quantitative Analysis 

Quantitative LC/MS/MS was performed on 3 μL of each sample, using a 

NanoAcquity UPLC system (Waters Corp) coupled to a Thermo Orbitrap Fusion Lumos 

high resolution accurate mass tandem mass spectrometer via a nanoelectrospray 

ionization source. Briefly, the sample was first trapped on a Symmetry C18 trapping 

column (20 mm × 180 μm, 5 μl/min at 99.9/0.1 v/v water/acetonitrile), after which the 

analytical separation was performed using a 1.8 μm Acquity HSS T3 C18 column (75 μm 

× 250 mm, Waters Corp) with a 90-min linear gradient of 3 to 30% acetonitrile with 0.1% 

formic acid at a flow rate of 400 (nL/min) with a column temperature of 55C. Data 

collection on the Fusion Lumos mass spectrometer was performed in data-dependent 

acquisition (DDA) mode with a r=120,000 (@ m/z 200) full MS scan with m/z from 375 – 

1500 with a target Automatic Gain Control (AGC) value of 2e5 ions. MS/MS scans were 

acquired at Rapid scan rate (Ion Trap) with an AGC target of 5e3 ions and a max 

injection time of 100 ms. The total cycle time for MS and MS/MS scans was 2 sec. A 20s 

dynamic exclusion was employed to increase depth of coverage. The total analysis cycle 

time for each sample injection was approximately 2 hours. Following 13 total UPLC-

MS/MS analyses data was imported into Proteome Discoverer 2.3 (Thermo Scientific 

Inc.), and analyses were aligned based on the accurate mass and retention time of 

detected ions (“features”) using Minora Feature Detector algorithm in Proteome 

Discoverer. Relative peptide abundance was calculated based on intensity of the 

selected ion chromatograms of the aligned features across all runs. The MS/MS data 

was searched against the SwissProt H. sapiens database and an equal number of 

reversed-sequence “decoys” for false discovery rate determination. Mascot Distiller and 

Mascot Server (v 2.5, Matrix Sciences) were utilized to produce fragment ion spectra 
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and to perform the database searches. Database search parameters included fixed 

modification on Cys (carbamidomethyl) and variable modifications on Met (oxidation) 

and Ser, Thr, Tyr (phosphorylation). Peptides were annotated at a maximum 1% peptide 

spectral match (PSM) false discovery rate. 

 All graphs were made in Python or R. Soft time course clustering 

analyses was performed using the MFuzz R-Package (Kumar and M, 2007).  

3.3 Results 

 Our goal was to profile early protein phosphorylation changes that occur after 

exposure to PV IgGs. To do this we used an in vitro system that mirrored the graded 

cellular changes that occur prior to loss of cell cohesion. In order to isolate PV signaling 

to events that occur after specific targeting of Dsg3 we utilized a mouse monoclonal 

antibody, AK23, sufficient for reproducing PV pathogenesis both in vitro and in vivo. 

When applied to HACAT keratinocyte cell lines, desmosome detachment, internalization, 

and complete loss of cell cohesion occurs over the course of 24hrs (Kugelmann et al., 

2019). Interestingly, despite the 24hr time span required for complete cell fragmentation, 

the first signs of acantholysis have been seen as early as 1hr after AK23 exposure. 

Therefore, we determined this could be an applicable system for addressing acute 

signaling events in PV.  

 We synchronized HACAT cells via serum starvation for 2hrs before AK23 

treatment. We then treated serum starved HACATs with 10 ug/ml AK23 for 30mins and 

120mins followed by complete cell lysis in cold 8M Urea. Triplicate samples of each time 

point and untreated control were sent for protein fragmentation and supervised 

proteomic analysis to identify phosphorylated serine, threonine, and tyrosine peptides 

which were then matched to their parent molecule. The overall dataset had 248,253 
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spectral matches that represented 15539 unique phosphopeptides identified with high 

confidence. Surprisingly, we saw a small minority of peptides in both AK23 treated 

samples with statistically significant phosphorylation changes compared to untreated 

samples. Of the 15539 phophopeptides, 154 (after 30 mins AK23 treatment) and 128 

(after 120 mins AK23 treatment) displayed statistically significant changes (p<0.01).  

Pair-wise comparison plots of all three variables surprisingly revealed similar 

distributions between enriched and depleted peptide hits (Figure 3.1). This suggests the 

involvement of protein phosphatase activity in addition to kinase activity during PV 

progression. We also observed that both enriched and depleted phosphopeptides 

belonged to proteins from a large array of functional categories including core 

desmosome proteins, keratins, and members of other cell junction complexes 

(Supplementary Figure S8).  
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Figure 3.1: Pair-wise Volcano Plots of PV Phosphoproteomics 

Global distribution changes of phosphorylation events in HACATs that occur after 30 min 
and 2 hr exposures to AK23. 
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To further understand the temporal dynamics of PV associated protein phosphorylation, 

we turned to unsupervised soft clustering analysis for identifying phosphorylation trends 

of interest.  Using the R package “MFuzz” we were able to utilize fuzzy c-means 

clustering algorithms in order to separate significant phophopetide hits into groups with 

similar trends (Figure 3.2).  
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Figure 3.2: Soft clustering of time series PV phosphoproteomics data 

Soft clustering analysis of phosphorylation shifts after PV IgG exposure. 9 clusters are 
separated into 4 different groups each with similar temporal patterns: 
A) Cluster A. Groups of dynamic phosphorylation sites depleted after 30mins and       
      enriched after 2hrs. 
B) Cluster B. Groups of dynamic phosphorylation sites enriched after 30mins and  
     depleted after 2hrs. 
C) Cluster C. Groups of phosphorylation sites depleted after both 30mins and 2hr AK23  
      exposures. 
D) Cluster D. Groups of phosphorylation sites enriched after both 30mins and 2hr AK23  
      exposures. 
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We saw a surprising distribution of significant hits throughout each trend further 

demonstrating the variation of signaling events that occur during the early stages of PV. 

While we observed in all of these groups potentially important phosphopeptide hits, of 

particular interest to us were phosphorylation events that resulted in a net gain of 

abundance 30 mins and 2 hrs after AK23 treatment (Figure 3.2D). We presumed that 

these groups would contain proteins whose activity rapidly changes upon PV IgG 

exposure and continues to change throughout the initial stages of PV pathogenesis. Two 

phospho-motifs of note within this group were in Ladinin 1 (Ser64) and Pkp3 (Ser180). 

Phosphorylation of Ladinin 1 at Ser64 has been previously described in systems outside 

of the epidermis (Roth et al., 2018), whereas phosphorylation of Pkp3 at Ser180 has 

been identified in other phosphorylation screens (Dephoure et al., 2008; Zhou et al., 

2013) but never profiled, making each interesting candidates for identifying novel 

dynamics in epidermal desmosomes.  

 Ladinin 1 (Lad1) is a poorly characterized protein with conflicting reports of 

molecular function. Lad1 was initially profiled in mice to be a secreted component of the 

basement membrane (Klobucar et al., 2016). However, recent results in human 

mammary epithelia identified Lad1 as a binding partner of filamin proteins which thereby 

organizes with the actin cytoskeleton downstream of EGF signaling (Roth et al., 2018).  

This group also found that Lad1 undergoes EGF-induced phosphorylation at three sites, 

including Ser64. Interestingly, in immunoprecipitation studies, Lad1 was identified as a 

putative interactor of Pkp1 (Martin-Padron et al., 2019) and was implicated as a possible 

response factor in PV exposed keratinocytes treated with methylprednisolone (Nguyen 

et al., 2004). We sought to first identify localization dynamics of Lad1 in keratinocytes. 

Contrary to previous reports in murine systems, transfected Lad1 constructs displayed 
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significant intracellular localization and in wildtype MKs (Figure 3.3B). We observed two 

pools of Lad1, a cortical pool and a filamentous pool. Furthermore, Lad1 filaments 

overlapped greatly with actin stress fibers, in line with previous studies identifying filamin 

proteins as potential binding partners (Figure 3.4 A). To address Lad1 association with 

actin, we treated MKs with Latrunculin A (LatA) to depolymerize actin fibers. Consistent 

with its actin association, cytoplasmic Lad1 switched from filamentous to dispersed, 

punctate localization in LatA treated cells (Figure 3.4 A). Interestingly, while Lad1 

filamentous organization was lost upon LatA treatment, we noticed that its cortical 

localization remained. We speculated whether this pool was junctional and possibly 

desmosome bound. To address these possibilities, we treated Lad1 transfected Dsp -/- 

cells and p120-Catenin -/- cells with LatA.  In both conditions we saw persistence of 

cortical pools of Lad1 suggesting that this localization does not require functional 

desmosomes or AJs (Figure 3.4B). In addition to wt Lad1 constructs, we also obtained 

constructs containing Lad1 phosphomimetic (S64D) or non-phosphorylatable (S64A) 

mutants. In transfected wildtype Mks we saw that both mutants localized with similar 

patterns as wildtype Lad1 (Figure 3.3B).  
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Figure 3.3: Ladinin 1 wildtype and S64-mutant localization in wt Mks 



 

 88 

Figure 3.3 continued 

A) Top: Relative enrichment quantitation of cluster D phosphorylation events after 
treatment with AK23. Bottom: Heatmap display quantitation of individual 
phosphopeptides in cluster D. 
 
B) Mks transfected with wildtype and phosphomutant LAD1 constructs tagged with V5.  
Apical and lateral Z-slices (0.5um) of transfected cells are shown. Note that Lad1-V5 in 
all three forms exhibit both cortical and cytoskeletal localization. Red: Pkg, Green: Lad1-
V5 or Lad1(phosphomutant)-V5, Blue: Nuclei; Scale Bar, 5um. 
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Figure 3.4: Ladinin 1 localizes to separable actin and cortical pools. 

A) Wildtype	Mks	 transfected	 with	 wildtype	 Ladinin	 1-V5	 with	 and	 without	 Lat	 A	
treatment.	Note	that	cortical	Ladinin	1	remains	after	actin	depolymerization	with	
Lat	A.	Red:	Phalloidin,	Green:	Lad1-V5,	Blue:	Nuclei;	Scale	bars,	5um;		inset,	1um	

B) Wildtype,	Dsp	-/-,	and	p120	Catenin	-/-	Mks	transfected	with	wildtype	Ladinin	1-
V5.	Note	that	cortical	Ladinin	1	remains	after	actin	depolymerization	with	Lat	A	in	
cells	with	disrupted	desmosomes	(Dsp	-/-)	and	AJs	(p120	Catenin	-/-).	Red:	Actin,	
Green:	Lad1-V5,	Blue:	Nuclei.	Red:	Phalloidin,	Green:	Lad1-V5,	Blue:	Nuclei;	Scale	
bar,	5um	
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Altogether, our phophoproteomic analysis of PV treated keratinocytes identified a steady 

increase in Lad1 phosphorylation through 2hrs. In addition, we identified two pools of 

Lad1, a cytoskeletal pool and a cortical pool, thereby providing the first characterization 

of Lad1 in keratinocytes.  While we saw no extensive differences in Lad1 

phosphomutants, S64D and S64A, more work is needed to address Lad1 regulation in 

the skin and to identify possible roles Lad1 may play in PV. 

 In addition to Lad1, we noticed distinct enrichment of Pkp3 phosphorylation at 

Ser180 at both 30mins and 2hr timepoints in our phosphoproteomic analysis (Figure 3.2 

D). This Pkp3 phosphorylation event exhibited the largest increase in abundance of core 

desmosome proteins and while pPkp3Ser180 has been identified previously, its role in 

desmosome biology or in PV pathogenesis has never been explored. We made GFP 

fusion constructs with wt, phosphomimetic mutant (S180E), and a non-phosphorylatable 

(S180A) mutant of Pkp3 in order to follow their localization in wildtype Mks. Wt Pkp3 

exhibited overlapping localization with Dsp in addition to large cytoplasmic levels (Figure 

3.5). Surprisingly, we saw mild localization of Pkp3-S180E to desmosomes 

accompanied with high levels of cytoplasmic puncta near cortical regions. In addition, 

these puncta were often seen to recruit endogenous Dsp (Figure 3.5, inset), suggesting 

that they may contain desmosome aggregates. Lastly, we saw opposite localization 

patterns with Pkp3-S180A where cortical levels were largely more pronounced than in 

wildtype Pkp3. This data is summarized in Figure 3.5.  
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Figure 3.5: Phospho-mutations of Pkp3 at S180 control desmosome recruitment. 
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Figure 3.5 continued 
 
Immunofluorescence of wildtype Mks transfected with A) phospho-mimetic (Pkp3S180E), B) 
wildtype, and C) non-phosphorylatable (Pkp3S180A) Pkp3-GFP constructs. Note in A’) that 
Pkp3 S180E-GFP accumulates into cytoplasmic punctae that contain endogenous 
desmosomes. Scale bar, 5um; inset Scale bar, 1um. 
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Altogether these results suggest that phosphorylation at Ser180 surprisingly antagonizes 

desmosome localization and facilitates Pkp3 accumulation into cytoplasmic punctae. 

Signs that this localization pattern is dynamic may be found in our wildtype Pkp3 

experiments where we saw recruitment to both desmosome and cytoplasmic structures. 

Additionally, our non-phosphorylatable mutant, Pkp3 S180A, exhibited strict desmosome 

localization suggesting that Pkp3 may normally exist in at least two states governed by 

its phosphorylation status.  The mechanism(s) that drive these localization patterns and 

what roles they play in PV are both interesting areas for investigation. 
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3.4 Discussion 

Here we present preliminary data profiling the changes of the keratinocyte 

phosphoproteome during the initial stages of PV pathogenesis. In our in vitro system we 

targeted human keratinocytes with the monoclonal antibody, AK23, that specifically 

targets Dsg3 and drives acantholysis through graded signaling and cellular changes 

over 24hrs. By performing phosphoproteomics at 30min and 2hr time-points after AK23 

exposure we hoped to identify signaling epistatic to desmosome internalization, IF 

retraction, and loss of cell cohesion. Using this approach, we identified patterns of 

phosphorylation that we grouped using unsupervised soft clustering analysis. Among 

proteins with phosphorylation sites of interest that increased in abundance were Lad1 

and Pkp3. In Lad1 we provided the first evidence of its actin localization in keratinocytes 

and identified a novel cortical pool that is invariant to actin depolymerization. 

Considering that Lad1 association with desmosomes has never before been profiled, 

identifying Lad1-desmosome interactions may introduce interesting avenues of 

desmosome biology important for understanding PV signaling. Previous studies have 

shown that pLad1S64 can be induced downstream of EGFR signaling. Interestingly, 

EGFR signaling is also one of the initial pathways activated in PV, and detected as early 

as 30mins after keratinocyte exposure to PV-IgG. Considering known mechanistic 

associations between EGFR and anchoring junctions, it is possible that local regulation 

of LAD1 and desmosomes by EGFR coordinate during the initial stages of PV signaling. 

Addressing how LAD1 directly or functionally interacts with desmosomes will be useful in 

further identifying how LAD1 is involved PV pathogenesis. 

  Point mutants of Pkp3 S180 show that Pkp3 phosphorylation may tune its 

localization at desmosomes. We also observed that Pkp3 phosphorylation may control 
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its stabilization in cytoplasmic puncta. The identity of these cytoplasmic structures are 

unknown, however plakophlins, including Pkp3, control desmosome clustering, turnover, 

and stability. Plakophilins have also been shown to inhabit stress granules in 

keratinocytes (Hofmann et al., 2006). Therefore, among many hypotheses, it is possible 

that pPkp3S180 promotes internalization of desmosome components and/or facilitates 

exchange into cytoplasmic compartments such as intracellular vesicles and stress 

granules. In general, biological roles of desmosomes have expanded in part due to the 

discovery of interactions between Pkps and extra-desmosomal complexes. Connecting 

novel molecular roles of core desmosome components like Pkp3 to mechanisms that 

promote PV pathogenesis may promote new subfields and may eventually lead to novel 

therapeutic opportunities.  

Overall, phosphoproteomic analysis of early PV signaling revealed dramatic 

shifts in phosphorylation states across the keratinocyte proteome. Although this analysis 

is preliminary, our phosphoproteome will be a useful resource for exploring mechanistic 

targets epistatic of desmosome internalization, keratin retraction, acantholysis, and other 

PV-associated pathologies. Further evaluation of these results in addition to follow-up 

studies on Lad1, Pkp3, and other proteins that harbor dynamic phosphorylation shifts will 

be necessary to fully enable this study to improve mechanistic understanding of PV. 
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4. Desmosomes Control Cortical RNA Landscape in the 
Epidermis 
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4.1 Introduction 

Desmosome adhesions represent one of the most abundant classes of cell 

junction complexes in epidermal tissues (Green et al., 2010). As an anchoring junction, 

desmosomes have essential roles in conferring mechanical integrity to our skin in part by 

stabilizing connections between cell-cell attachment and cellular intermediate filament 

(IF) networks. While desmosomes are present in all keratinocytes, their overall 

abundance, and the expression levels of their molecular components, are dramatically 

upregulated as basal stem cells at the base of the epidermis differentiate and move into 

suprabasal layers. Moreover, as newly differentiated keratinocytes move through the 

remaining layers of the suprabasal epidermis, the expression patterns of desmosome 

components change resulting in variations of desmosome composition throughout the 

epidermis (Figure 1.5). The core desmosome functional unit is comprised of desmosome 

cadherins (DC), desmogleins (Dsg) and desmocollins (Dsc), that mediate attachment at 

cell-cell interfaces; armadillo proteins, plakoglobin (Pkg) and plakophillins (Pkps), that 

anchor the intracellular domains of DCs and cluster desmosome plaques; and 

desmoplakin (Dsp), a cytoskeletal linker that directly anchors desmosomes to keratin IFs 

(Figure 1.1, right). Exploring how these core components contribute to desmosome 

adhesive activity is fundamental for understanding epidermal biology and remains a 

primary focus of desmosome research. 

However, recent studies, including here in chapter 2, have expanded the 

desmosome proteome and have brought to light unexplored desmosome functions that 

involve both core components and novel desmosome interactors. Prevalent amongst 

non-canonical desmosome processes are those that modify gene expression. How 

epithelial cells communicate their adhesive state is a foundational principle of signaling 
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driven by mechanotransduction.   Adherens Junctions (AJ) and desmosomes have 

parallel molecular processes that have been instructive for understanding functional 

interactions between cell adhesion and gene expression. Junctional control Wnt-

signaling genes is mediated by armadillo domain proteins b-catenin in AJs (MacDonald 

et al., 2009) and Pkg in desmosomes (Aktary et al., 2017). Recent studies have also 

reported interactions between AJs and protein translation machinery at zonula adherens 

involving p120-catenin and associated factors (Kourtidis et al., 2017). Whether 

desmosome components engage in similar mechanisms related to protein translation 

regulation is still poorly understood. So far, pioneer studies have revealed that Pkp1 and 

Pkp3, desmosome analogs of p120-catenin, can promote translation initiation (Wolf et 

al., 2010) and separately localize to stress granules for posttranscriptional regulation 

(Hofmann et al., 2006). These results suggest that desmosomes may also be involved in 

regulating protein translation. Where these regulatory events occur and how they link to 

desmosome adhesive functions are still unanswered questions. Here we followed up on 

previous proteomic analyses of desmosomes in keratinocytes that revealed a 

surprisingly high abundance of ribosome-related proteins that represented broad 

coverage of functional ribosome complexes and regulatory machinery. We observed that 

many of these translational regulators localized cortically in keratinocytes after Ca2+ 

treatment and cortical localization was disrupted upon desmosome disruption. 

Particularly abundant at desmosomes were RNA-Induced Silencing Complex 

components including Argonaute 2 (Ago2) and GW182. Both also required functional 

desmosomes to localize cortically in Ca2+ treated wildtype keratinocytes. We also 

observed desmosome dependent cortical localization of pAgo2S387 (a marker for RISC-

associated translational stalling) in keratinocytes, myocardium, and in skin epidermis. 
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Together these results suggest that both positive and negative markers of protein 

translation are affected by desmosome adhesion. To explore specific mRNAs targeted to 

desmosomes we combined BioID labeling with CLEAR-CLIP that identified the total pool 

of desmosome mRNA and in addition to a regulatory subset targeted by RISC 

associated microRNAs (miRs). Within the broad pool of mRNAs found at desmosomes 

we saw a particularly high enrichment of transcripts that code for ribosome proteins as 

well as epidermal markers targeted by highly abundant miRs. Using smFISH we verified 

the localization of representative mRNAs which displayed distinct enrichment at 

desmosome plaques. Finally, ribopuromycylation (RPM) in vitro and in vivo revealed 

distinct cortical pools of intact ribosomes at desmosomes that were scattered upon 

desmosome loss. Altogether, these results demonstrate for the first time a molecular and 

spatial framework that connects desmosome adhesion and regulation of protein 

translation.  
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4.2 Materials and Methods 

Plasmids 

Doxycycline-inducible Dsp-BirA fusion constructs were constructed as described in 

section 2.3. Note that DspN-BirA was used in this study for BioCLEAR-CLIP 

experiments. 

 

Cell Culture 

All cell culture studies were performed on mouse keratinocytes. All keratinocyte cell lines 

were grown at 37°C and 7.5% CO2. Mouse keratinocytes from wildtype and mutant mice 

were derived as previously described in sections 2.3. To establish stable Dsp-BirA cell 

lines we infected mouse keratinocytes overnight with BirA lentiviral vectors and 

subsequent selection 2µg/ml puromycin. Unless otherwise indicated, mouse 

keratinocytes were cultured in low Ca2+ keratinocyte media (0.05mM) until desmosome 

induction upon which cell media was switched to high Ca2+ (1.5mM) media either 

through the addition of 2M CaCl2 or by switching media with un-chelated keratinocyte 

media. In desmosome induction experiments keratinocytes were kept in high Ca2+ 

(1.5mM) media overnight at minimum before the start of any assay.  

 

 

 

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 
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males and females were analyzed. Wildtype mice were in a mostly CD1 genetic 

background. 

 

Immunofluorescence  

Cells were fixed in either 100% methanol at -20C for 3 mins or 4% paraformaldehyde for 

5 mins. Depending on antibody, cells were also pre-extracted in 0.1% Triton at 37C for 

30 seconds before fixation. All epidermal stains were performed on mouse tissue. 

Mouse skin tissue 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 -80C before being cut into 8µm sections on a cryostat and 

mounted on glass slides. Sections were post-fixed in either 100% methanol at -20C for 3 

minutes or 4% paraformaldehyde for 7 minutes before permeabilization 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 

desmosomes were visualized using a desmoplakin monoclonal antibody (Millipore 

Sigma, MABT1492). Primary antibodies used were Plakoglobin (Santa Cruz, sc-7900; 

Abcam, ab184919), Poly-A-Binding Protein C (Santa cruz, sc-32318), 40S ribosomal 

protein S3(RPS3) (Novus Biologicals, NBP1-33691), Phospho-p90RSK (Cell Signaling, 

11989), Arginyl tRNA synthetase (Abcam, ab128956), phospho Argonaut2 (ECM 

Biosciences, AP5291), Argonaut2 (ThermoFisher, PA5-66129), GW182 (Santa Cruz, sc-

56314), Puromycin (Millipore, MABE343), LARP1 (Proteintech1, 3708-1-AP)  Secondary 

antibodies used were Donkey Alexa Fluor 488 and 647 conjugated series (Life 

Technologies/Thermo Fisher) and Donkey Rhodamine Red Conjugated Series (Jackson 

ImmunoResearch). All cell stain analyses were performed three times with each 
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independent replicate quantitation representing at least 40 cells. Intensity data were 

exported from FIJI to Excel and normalized for quantitative analysis. 

 

Microscopy 

Cell stains, tissue section stains, and smFISH were imaged on a Zeiss AxioImager Z1 

microscope with an Apotome 2 attachment using either Plan-APOCHROMAT 40X/1.3 

objective oil objective or Plan-NEOFLUAR 63X/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 (50mM Tris, pH 8, 1% Triton, 150mM NaCl, 0.5% 

Sodium Dodecyl Sulfate, 50mM Triton, 1 mM EDTA) + Protease Inhibitor Cocktail 

(Roche, 11697498001), sonicated for 15 seconds, clarified via centrifugation, and stored 

in -80C. Lysates were solubilized by mixing 1:1 in loading buffer (10% SDS, 40% 

Glycerol, 3% Bromophenyl Blue, and 10% Beta-Mercaptoethanol). Proteins in lysates 

with loading buffer were first denatured by boiling for 5 minutes and cooled on ice for 2 

minutes before being loaded into 10% polyacrylamide gels and run for ~90 mins at 

125V. Resolved proteins were transferred onto nitrocellulose membranes for 1 hr at 

100V. Membranes were then blocked with 5% BSA for an hour before incubation with 

primary antibody, washed three times in PBST (2.0% Triton in PBS), and then finally 

incubated with secondary antibodies (Licor, IRDye 680RD Series,CW800 Series). Bands 

were visualized using a LI-COR Odyssey FC system.  
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Network Analysis 

Enriched protein hits from Desmoplakin-BioID, were determined through statistical 

comparisons to cytoplasmic-BirA. Predicted interactions between enriched proteins were 

determined in STRINGdb (https://string-db.org/). Interaction data, protein symbols with 

corresponding average intensity readings were imported into Cytoscape v3.4.0 as 

edges, nodes, and node features respectively, for network visualization.  

 

 

 

Ribopuromycylation 

Mouse keratinocytes were grown on coverslips to ~90% confluency prior to O/N Ca2+ 

treatment. For RPM experiment cells were incubated with 100ug/ml Puromycin (or O-

propargyl-puromycin) and 100ug/ml Cycloheximide for 5mins or 10mins at 37C. Cells 

were then either fixed immediately or prepermeobolized in ice-cold 0.1%Triton in PBS 

for 1min at 4C. All cells in assay were fixed in 4%PFA for 5 mins at 4C. In vivo 

ribopuromycylation was performed by injecting newborn mouse pups or adult mice 

intraperitoneally with 50mg/kg Puromycin or O-propargyl-puromycin (Bioconjugate 

technologies, 1407-5) 1hr before tissue extraction. For stainings O-propargyl-puromycin 

on cells and tissue sections was labeled using Click-iT labeling kits (Thermo, C10086). 

 

Desmosome RNA seq 

Desmosome BioID was performed on Mks stably expressing DspN-BirA constructs using 

the purification procedure as previously described in Section 2.3 with a few changes. 

Dynabeads MyOne Streptavidin T1 beads (Thermo Fisher Scientific, 65601) were used 
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for purification of biotinylated RBPs. RNA elution was performed directly off streptavidin 

beads using a Qiagen RNAeasy Mini kit following the manufacturer’s protocols. 

Additionally, Total RNA transcript samples were isolated from Mks treated with Ca2+ 

overnight. Triplicate RNA samples from desmosome BioID and total RNA were 

evaluated for concentration and RIN values by Nanodrop 1000 spectrophotometry 

(Thermo Scientific, Wilmington, DE, USA) and Qubit (Thermo Fisher) and for integrity 

using an Agilent 2100 Bioanalyzer before submission for RNA sequencing analysis. 

Library construction, and sequencing were performed by the Novogene Bioinformatics 

Institute (Beijing, China). Reads were mapped to the mm10 genome using STAR and 

gene counts were analyzed using HTSeq. HTSeq counts were input into DESeq2 to 

calculate differential expression across stages and cell types. Genes were considered to 

be enriched in a population if they were at least two-fold more highly expressed than the 

other population with p < 0.05. GO analysis was performed using DAVID. Abundance 

graphs and volcano plots were made in python. 

 

BioCLEAR-CLIP 

CLEAR-CLIP procedure and analysis were performed in collaboration with Glen Bjerke 

and Yi Lab in University of Colorado in Boulder and was adapted from previous 

protocols (Hoefert et al., 2018). Desmosome BioID was performed on UV crosslinked 

Mks stably expressing DspN-BirA constructs using the purification procedure as 

previously described in Section 2.3 with a few changes. Dynabeads MyOne Streptavidin 

T1 beads (Thermo Fisher Scientific, 65601) were used for purification of biotinylated 

RBPs. Total RISC bound RNA (Ago2-CLEAR-CLIP) was extracted by 

immunoprecipitating total Ago2 (Wako Chemicals, 014-22023) from cell lysate of Ca2+ 
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treated Mks. Libraries were mixed in equal amounts and sequenced using Illumina 

HiSeq 4000 by the Microarray and Genomics Core at the University of Colorado 

Anschutz Medical Campus. All volcano plots profiling significant enrichment were made 

in python. Circos plots profiling miRNA-mRNA pairs were made in perl using Circos 

package. 
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4.3 Results 

We previously elaborated the desmosome proteome in mouse keratinocytes 

(Mks) using proximity ligation proteomics (Figure 4.1A). In that study we noted a 

surprising abundance of RNA binding proteins (RBPs) enriched in the desmosome 

proteome. Accordingly, GO-term profiling of biological functions in the total desmosome 

proteome revealed many RNA-related processes among the most enriched such as: 

“Translation”, “Regulation of translation initiation”, “mRNA transport”, and “Positive 

Regulation of gene silencing by miRNA” (Figure 4.1B). A compilation of enriched RBPs 

is displayed in Figure 4.1C. Among desmosome RBPs were numerous subunits of the 

large ribosome complex, small ribosome complex, components of both the translation 

initiation complex and the translation elongation complex, members of tRNA synthetase 

family, and RISC proteins (Figure 4.1C), (Supplementary Figure S10). In total, 

desmosome RBPs revealed by proximity ligation proteomics exhibited extensive 

coverage of protein complexes required for active protein translation and translation 

regulation (Figure 4.1D), highlighting that desmosome adhesions may be functionally 

linked to protein translation in keratinocytes.  
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Figure 4.1: Desmosome BioID analyses reveal significant enrichment of RBPs 

A) Desmosome	BioID	approach.	
B) Gene	Ontology	analysis	of	enriched	biological	functions	of	desmosome	

proteome.	
C) Network	visualization	of	desmosome	enriched	RBPs,	identified	from	

quantitative	mass	spectrometry	analysis	of	desmosome-BioID,	that	are	
associated	with	protein	translation	regulation.	

D) %	coverage	of	translation	associated	protein	complexes	enriched	by	
desmosome	BioID.	
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To validate enrichment of RBPs at desmosomes we turned to immunofluorescent 

analysis in Mks. We focused on visualizing representative subunits required for 

translation initiation and elongation: Poly-A Binding Protein C (PAPBC), active ribosomal 

protein S6 Kinase, argninyl-tRNA synthetase, and Ribosomal protein S3.  Each of these 

proteins exhibited extensive cortical localization upon Ca2+ treatment and partial overlap 

with desmosome markers (Figure 4.2, Supplementary Figure S11). Cortical pools of 

each RBP were depleted in Ca2+ treated Dsp -/- Mks, where desmosomes are largely 

disrupted, and were invariant to loss of p120 Catenin. Together these results 

demonstrate that cortical pools of RBPs accumulate as keratinocytes organize cell 

junctions and suggest that these pools specifically rely on functional desmosomes for 

their cortical stability.  
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Figure 4.2: RBPs identified by desmosome BioID localize to the cell cortex in a 
desmosome dependent manner in keratinocytes. 

Immunofluorescent analysis of desmosome/RBP costains in wildtype, Dsp -/-, and p120-
Catenin -/- Mks for members of the translation initiation complex A) Poly-A Binding Protein 
C (PABPC), B) Phosphorylated ribosomal protein S6 kinase, and core ribosome subunit 
C) Ribosomal protein S3. Insets display a representative cell cortex of Ca2+ treated Wt 
Mks. Scale Bars, 5um. 
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In addition to members of ribosomes and other complexes that promote protein 

production, we also validated localization of negative regulators of translation in RISC 

components that specialize in stabilizing miR-mRNA interactions that stalls protein 

translation. Ago2 is a central scaffold protein necessary for a variety of RISC functions 

(Peters and Meister, 2007) and upon phosphorylation by Akt kinases at S387, Ago2 

recruits GW182 and diverts RISC activity from mRNA cleavage toward miRNA-mediated 

translation silencing (Horman et al., 2013). Therefore, we determined that by visualizing 

Ago2 and GW182 localization, we could verify RISC localization and determine its 

functional status. Immunofluorescence on total Ago2 and GW182 displayed Ca2+ 

dependent cortical localization of both proteins and moderate overlap with cortical 

desmosomes (Figure 4.3 A, C; A’, C’). Additionally, much like cortical ribosomal proteins, 

cortical Ago2 and GW182 were disrupted in Dsp -/- Mks (Figure 4.3 D, F). Furthermore, 

Ago2 and GW182 localization in p120 Catenin -/- Mks was indistinguishable from wt Mks 

demonstrating that cortical stability of RISC is also specifically reliant on functional 

desmosomes (Figure 4.3 D’, F’). Since GW182 followed similar localization patterns as 

Ago2 we sought to address the functional status of desmosome RISCs both in vitro and 

in vivo using an antibody that specifically targets pAgo2Ser387 and therefore marks RISCs 

engaged in translational stalling. pAgo2Ser387 displayed Ca2+ dependent cortical 

localization in wt Mks which was completely lost in Dsp -/- Mks and maintained in p120-

catenin -/- Mks (Figure 4.3 B ,B’; E, E’). We observed striking overlap between cortical 

pAgo2Ser387 and Dsp (Figure 4.3 B’ inset).  
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Figure 4.3: Core RISC components exhibit desmosome-dependent cortical 
localization after Ca2+ treatment in keratinocytes. 

Immunofluorescent analysis of RISC components: A),A’) Total Ago2(green), B),B’)  
Pkg(red); pAgo2S387(green),  Dsp(red); GW182(green), C),C’) Pkg(red) in wildtype Mks 
before and after Ca2+ treatment. Insets display a representative cell cortex of Ca2+ treated 
Wt Mks for each stain. 
Ca2+ treated Dsp -/- Mks are shown in D), E), F); and p120 Catenin -/- Mks are shown in 
D’), E’), F’). Scale bars, 5um. 
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Immunofluorescent staining of epidermal and myocardial tissue sections also 

showed that pAgo2Ser387 localized cortically in epidermal keratinocytes and at 

intercalated discs between adjacent cardiomyocytes, both areas of uniquely high 

desmosome abundance (Figure 4.4 A, B). Lastly, in vivo localization of cortical 

pAgo2Ser387 was lost in Dsp -/- epidermis compared to controls, corroborating in vitro 

results (Figure 4.4 C, D). In summary, immunofluorescent analysis validated 

desmosome enrichment of RBPs involved in protein translation and translation 

regulation. The overlap in localization of multiple RBPs seen in Ca2+ treated 

keratinocytes suggests that protein translation machinery may be generally recruited to 

the cell cortex as keratinocytes mobilize desmosome adhesions.  

  



 

 113 

 
 

Figure 4.4: pAgo2S387 localizes to sites of concentrated desmosomes in 
vivo. 

A) Immunofluorescence of pAgo2S387 (green) and Dsp (red) in p0 mouse epidermis. Scale 
bar, 10um. 
B) Immunofluorescence of pAgo2S387 (green) and Dsp (red) in cardiac sections of adult 
mouse. Scale bar, 10um. 
C)  Immunofluorescence of e17.5 embryonic epidermis from a wildtype mouse; pAgo2S387 
(green) and alpha 6 integrin (red). Scale bar, 10um. 
D) Immunofluorescence of e17.5 embryonic epidermis from a Dsp -/- mouse; pAgo2S387 
(green) and alpha 6 integrin (red). Scale bar, 10um. 
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Since junctional RBPs were largely associated with translational processes, we 

wondered if intact ribosome complexes could be located near desmosomes. In order to 

visualize this, we utilized ribopuromycylation (RPM), which makes use of puromycin’s 

ability to target assembled ribosomes (Figure 4.5A). In addition to a broad cytoplasmic 

staining, RPM on wt Mks revealed remarkable cortical accumulation of puromycin 

accompanied by striking overlap with desmosome plaques (Supplementary Figure S1; 

Figure 4.5B). Cortical puromycin accumulation in Pkp1 -/-, Dsp -/-, and cells null for Type 

II Keratin IFs was disrupted to varying extents (Figure 4.5C, D; Figure 4.6B). 

Additionally, p120 -/- Catenin Mks retained cortical pools of ribosomes, suggesting 

further that previous ribosome localization phenotypes were specifically desmosome 

dependent (Figure 4.6C).  We also performed RPM using a puromycin analog, O-

propargyl-puromycin (OPP), to label assembled ribosomes in vivo (Figure 4.7). Similar to 

RPM on keratinocytes in vitro, we saw cortical accumulation of puromycin in epidermal 

keratinocytes with particularly high levels in suprabasal layers where desmosome 

abundance is highest. Punctate accumulation of cortical OPP also overlapped with 

desmosome adhesions demonstrating that desmosome enrichment of assembled 

ribosomes also occurs in vivo. 
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Figure 4.5: Ribopuromycylation analysis reveals desmosome-dependent cortical 
localization of assembled ribosomes in keratinocytes. 

A) Ribopuromycylation (RPM) assay scheme. 
B) RPM staining of Ca2+ treated wildtype Mks. Anti-puromycin (red), Desmoplakin (green).  
Scale Bar, 5um. Inset displays a representative cell cortex region. 
C) RPM staining of Ca2+ treated Pkp1 -/- Mks. Anti-puromycin (red), Desmoplakin (green) 
Scale Bar, 5um. Inset displays a representative cell cortex region. 
D) RPM staining of Ca2+ treated Dsp -/- Mks. Anti-puromycin (red), Desmoplakin (green) 
Scale Bar, 5um. Inset displays a representative cell cortex region. 
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Figure 4.6: Ribopuromycylation analysis reveals disruption and retention of 
cortical ribosomes in Keratin -/- and p120 Catenin -/- keratinocytes, respectively. 

A) RPM staining of Ca2+ treated wildtype Mks. Anti-puromycin (red), Desmoplakin (green).  
Scale Bar, 5um. Inset displays a representative cell cortex region. 
B) RPM staining of Ca2+ treated Keratin -/- Mks. Anti-puromycin (red), Desmoplakin 
(green) Scale Bar, 5um. Inset displays a representative cell cortex region. 
C) RPM staining of Ca2+ treated p120-Catenin -/- Mks. Anti-puromycin (red), Desmoplakin 
(green) Scale Bar, 5um. Inset displays a representative cell cortex region. 
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Figure 4.7: In vivo RPM reveals cortical population of assembled ribosomes in 
suprabasal epidermis. 

Epidermal sections of backskin, paw, and tail from P21 mice injected with either PBS 
(Negative Control) or 50 mg/kg O-Propargyl-Puromycin (OPP); and stained for OPP 
(green), Dsp (red), and Nuclei (blue). Scale Bar, 10um.  
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In vivo RPM analysis revealing assembled ribosomes near desmosomes in 

addition to the broad abundance of cortical RBPs strongly suggest that desmosomes 

interact with a diverse array of functional RNA complexes. As a result, we were 

interested in understanding whether these cortical pools of RBPs were associated with 

specific sets of mRNA transcripts. Considering that enriched desmosome RBPs were 

mostly components of ribosomes/translation regulation machinery and RISC proteins, 

we decided to target both total desmosome-associated mRNAs as well as the subset of 

mRNAs bound to RISC complexes. We turned to proximity biotinylation in order to label 

desmosome RBPs bound to target mRNAs. For this approach we utilized BioID which 

relies on mutant variants of a bacterial biotin ligase, BirA, that enable efficient and 

promiscuous biotinylation of nearby proteins. We have previously used this approach to 

elaborate the desmosome proteome, highlighting its efficiency in targeting desmosome 

adhesions (Chapter 2). Here we fused BirAR118G (hereafter referred to as “BirA”) to the C-

termini of Dsp head domain truncated at 584 a.a. allowing for efficient recruitment of BirA 

to desmosomes. After purification of the biotinylated desmosome proteome, that 

contains desmosome RBPs, we either A) extracted RNA directly to obtain a profile of 

total RNA content near desmosomes or B) performed CLEAR-CLIP to ligate and 

barcode mRNA:Mir pairs that are associated to active RISCs (Figure 4.8 A). GO term 

analysis of desmosome enriched transcripts surprisingly revealed ribosome components 

in the most statistically enriched categories.  
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Figure 4.8: BioID approach for isolating mRNA transcripts and RISC-associated 
Mir:mRNA pairs bound at desmosomes. 

A) Desmosome BioID scheme to isolate both mRNA transcripts at desmosomes and RISC 
associated mir:mRNA pairs (BioCLEAR-CLIP). 
B) GO analyses for cellular component categories enriched in transcripts isolated by 
desmosome BioID. 
C) Volcano plot displaying total distributions of desmosome mRNA transcripts vs total 
expressed transcripts. 
D) Volcano plot highlighting specific enrichment of mRNA transcripts coding for ribosome 
subunits (red) by Desmosome BioID. 
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Furthermore, relative to total mRNA expression in Mks, RNAseq of desmosome-

associated RNA revealed a stark enrichment of transcripts that code for ribosome 

protein subunits (RPs) (Figure 4.8 B,D). mRNAs that code for RPs often contain 

conserved pyrimidine-rich elements “CUIC” sequences in their 5’ or 3’ UTRs that 

coordinate with 5’TOP motifs to regulate (Gentilella et al., 2017) protein translation. 

Currently one of the few proteins capable of directly binding CUICs and facilitating their 

function is LARP1 which was surprisingly found to be enriched in previous desmosome-

BioID analyses (Philippe et al., 2020). We stained for LARP1 in Ca2+ treated 

keratinocytes and saw mild but distinct cortical localization that partially overlapped with 

desmosome adhesions (Supplementary Figure S13). Cortical localization was disrupted 

in Dsp -/- Mks and was increased in p120 Catenin -/- Mks suggesting that cortical 

LARP1 levels invariant to the adhesive state of AJs.  

CLEAR-CLIP is a crosslinking based approach to enrich for miRNAs (Mirs) 

ligated to their endogenous mRNA targets. CLEAR-CLIP relies on immunoprecipitation 

of Ago2 in order to purify RISC complexes bound to these Mir:mRNA pairs (Moore et al., 

2015). Since we were interested in targeting only desmosome-associated RISCs, which 

is likely a subset of the total RISC content in keratinocytes, by combining desmosome 

BioID with CLEAR-CLIP we could isolate this specific pool. This strategy termed, 

“BioCLEAR-CLIP seq”, allowed us to identify desmosome enriched MiRs, RISC-

associated mRNAs, and Mir-mRNA pairs with respect to total Ago2 CLEAR-CLIP. With 

BioCLEAR-CLIP seq we observed a large variation of RISC targeted mRNAs from large 

number gene families. When we focused on genes associated with keratinocyte 

differentiation and cell adhesion and found that amongst interesting hits, Foxc1, Perp, 

Dsp, and Krt6a transcripts were significantly enriched by BioCLEAR-CLIP compared to 
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total Ago2 controls (Figure 4.9B, Bottom). BioCLEAR-CLIP seq also showed epidermal 

specific Mir families such as mir-200s, mir 203, and mir-205 (Figure 4.9B, Top). Highly 

enriched Mirs identified in BioCLEAR-CLIP seq were found paired with highly 

represented transcripts, including those that coded for differentiation markers and cell-

adhesion proteins, suggesting that desmosome RISCs may target specific Mir-mRNA 

pairs that regulate keratinocyte function (Supplemental Figure S14). 
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Figure 4.9: BioCLEAR-CLIP seq analysis to identify mir:mRNA pairs at 
desmosomes in keratinocytes. 

A) BioCLEAR-CLIP seq approach. 
B) Volcano plots of enriched miRs (Top) and mRNA (Bottom) transcripts isolated from 
BioCLEAR-CLIP seq of desmosomes in keratinocytes. Statistically enriched mirs and 
mRNA transcripts of interest are color coded. 
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We aimed to follow-up on mRNA transcripts targeted by desmosome RISCs by 

visualizing their localization using single molecule FISH (smFISH) combined with 

immunofluorescence. We chose to visualize mRNAs representative of epidermal wound 

healing, and cell-cell adhesion in Krt6a, Dsp, and Perp. As expected, smFISH on wt MKs 

demonstrated widespread localization of target mRNAs; however, surprisingly, we 

noticed distinct accumulation at cortical areas (Figure 4.10 A,B,C). These cortical sites 

overlapped with desmosomes and this localization pattern was quantitatively significant 

compared to negative controls of lowly abundant hits in BioCLEAR-CLIP seq 

(Supplementary Figure S15).  
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Figure 4.10: smFISH analyses displays that select mRNAs identified by 
BioCLEAR-CLIP seq accumulate at desmosome adhesions. 
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Figure 4.10 continued 

A) smFISH/Immunofluorescence visualizations of Krt6a mRNA (red), GAPDH mRNA 
(gray), and Dsp protein (green) in wildtype Mks. Scale Bar, 5um. 
B) smFISH/Immunofluorescence visualizations of Perp mRNA (red), GAPDH mRNA 
(gray), and Dsp protein (green) in wildtype Mks. Scale Bar, 5um. 
C) smFISH/Immunofluorescence visualizations of Dsp mRNA (red), GAPDH mRNA 
(gray), and Dsp protein (green) in wildtype Mks. Scale Bar, 5um. 
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Altogether, between desmosome BioID analyses, RNA-seq profiling of 

desmosome mRNAs, and our novel BioCLEAR-CLIP seq approach for targeting 

desmosome associated RISC miR-mRNA pairs, we uncovered a large RNA landscape 

specifically linked to desmosome adhesions in keratinocytes. This study provides 

foundational insights on how desmosomes could regulate protein translation; and in turn 

suggests new ideas on how gene expression and mechanical barrier function are 

coordinated in the epidermis.  
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Conclusions 
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Validation of desmosome BioID proteomics uncovered a preponderance of RBPs 

at desmosome adhesions. We now report that keratinocytes harbor cortical pools of 

RBPs stabilized by functional desmosomes. Immunofluorescent and RPM analysis 

suggests that desmosome RBPs may encompass networks of intact ribosome 

complexes, RISCs, and mRNA that include transcripts for ribosome protein subunits and 

markers for keratinocyte differentiation. In addition, we developed a new assay, 

BioCLEAR-CLIP seq, to profile miR-mRNA interactions that occur at desmosome RISCs 

and found that many of the most enriched miRs also target abundant RISC transcripts, 

suggesting the existence of mechanisms that direct miR-mRNA pair specificity at 

desmosomes.  However, many open ended questions remain. The translation state of 

cortical ribosomes is still unknown. While RPM analysis visualizes ribosomes loaded 

with mRNA and polypeptides, it may not discern between ribosomes that are actively 

translating from ones that are stalled. Profiling the activity of cortical ribosomes will be 

critical for understanding how desmosomes influence global translation in keratinocytes. 

In addition to this, how desmosome RBPs target specific mRNAs is also an area of great 

interest. Although many possibilities exist, compartmentalization of mRNA is often driven 

through protein interactions involving associated RBPs or through localization 

sequences contained within specific mRNAs (Blower, 2013). Our findings offer evidence 

for both possibilities. Previous reports have shown that during cell stress Pkp1 and Pkp3 

can translocate to stress granules (Hofmann et al., 2006) which are also primary sites of 

Ago2 mediated translational stalling (Buchan and Parker, 2009). Whether Pkp1 and 

Pkp3 have direct affinities for specific RISC components at desmosomes and whether 

these interactions drive cortical RISC specificity are also interesting avenues of future 

research. The enrichment of ribosome subunit transcripts was unexpected, however it 
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brought to light new possible modes of mRNA recruitment to desmosome adhesions. 

Recent studies have reported that transcripts of ribosome subunits contain cis-elements 

upstream of their initiation codons, termed CUIC motifs, in their 5’UTR  that directly 

interact with RBPs (Philippe et al., 2020). Similar CUIC-like motifs have also been found 

in a few of their 3’UTRs as well. In collaboration with 5’TOP elements, CUICs directly 

recruit LARP1 to mRNA UTR regions which either increases mRNA stability, inhibits 

translation, or activates translation depending on the mechanistic context (Hong et al., 

2017). The identification of desmosome enriched, CUIC-containing transcripts along with 

LARP1 abundance at desmosomes together provides another avenue of exploration for 

understanding mechanisms that drive desmosome recruitment of specific mRNAs.  
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Figure 4.11: How desmosomes adhesions may influence global gene expression. 

 

Regardless of the mechanisms that control mRNA and RBP recruitment to 

desmosomes, physiological roles of these associations remain elusive. Mechanistic links 

between cell-cell adhesion and gene expression have been amongst the most studied 

non-canonical functions of cell junctions. For the most part, these mechanisms largely 

focus on connections between cell junctions and gene transcriptional machinery. For 

instance, armadillo proteins, b-catenin and Pkg, represent previously highlighted 

examples of adherens junction and desmosome components that modify WNT 

transcription factor activity. However, our study offers an interesting speculation: that 

desmosomes can also communicate cell adhesion status in mechanically loaded tissues 
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through direct influence of protein translation (Figure 4.11). A few studies have 

investigated physiological roles of protein translation regulation in the epidermis and 

found that dysregulation of translation can result in a variety of phenotypes; including 

excessive inflammation, tissue thickening, defects in basal cell differentiation, and loss of 

epidermal stratification(Ding et al., 2016; Liakath-Ali et al., 2018). However, none of 

these studies implicate roles of desmosome adhesions. Addressing whether 

desmosome adhesions can be epistatic of translation regulation in the epidermis and 

thereby represent a novel response to the loss of mechanical barrier is a fascinating 

theory worthy of future attention.  
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Appendix: Supplementary Figures  
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Figure S1: Dsp-BirA fusion targets cortical desmosomes. 
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Figure S1 continued 

A) BirA-HA staining (red) of mouse keratinocytes stably integrated with                                                                                 
doxycycline inducible BirA fusion proteins with either DspCC or DspN. Scale 
bar, 5µM 

B) Left: Dsp-BirA keratinocytes were treated with 1m g/ml Dox overnight 
followed by short Ca2+ induction for 4 hours before fixation and 
immunofluorescent staining for BirA-HA (green) and Dsp (red).  
Right: Kernel density plot displays probability densities of desmosome 
plaque size distributions for DspCC-BirA, DspN-BirA, and Cyto-BirA 
expressing keratinocytes.  

C) Dsp-BirA keratinocytes were transfected with K14-GFP and probed for; 
GFP (grey), HA (Red), Dsp (green). Note that in spite of exogenous 
expression of Dsp-BirA fusion constructs, desmosomes maintain 
attachment to keratin network. Scale bar, 3µM. 

D) Staining of biotin (green), E-Cadherin (top red), and Occludin (bottom red) 
in DspCC-BirA keratinocytes. Line scan analysis in D) indicate low spatial 
overlap of biotinylation with E-cadherin and occludin. Biotinylated proteins 
were labeled with Streptavidin-Alexa488. Scale bar, 5µM. 
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Figure S2: Quantitative analysis of Dsp-BirA proteomes. 
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Figure S2 Continued 
 

A,B) Ranked intensity plots of protein hits from quantitative proteomic  
analysis of purified fractions from DspN-BirA and DspCC-BirA lysates. ODP, Outer 
Dense Plaque; IDP, Inner Dense Plaque. 

C),D) Cross Correlation plots showing raw spectral intensities for protein hits from 
DspN-BirA or DspCC vs Cyto-BirA. Color coded nodes represent hits above 
significance cutoff 

E) Illustration	of	proteins	significantly	enriched	 in	DspIDP	or	DspODP	BioID	analyses.	
Blue	names	represent	proteins	enriched	in	DspODP	BioID	and	red	names	represent	
proteins	enriched	in	DspIDP	BioID.	
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Figure S3: Dsp-BioID spectral intensity cross correlation plots. 
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Figure S4: Comparative network of desmosome BioID reveals overlap with 
adherens junction and tight junction proteomes. 

Comparative analyses of the most abundant desmosome-BioID hits to 
published adherens junction- and tight junction-BioID studies revealed substantial 
overlap between junctional proteomes. All nodes represent top hits found from 
desmosome-BioID; node titles represent gene names; node size indicates relative 
abundances in Desmosome-BioID; node colors represent junctional compartment; 
and edges represent either BioID interactions (grey) or known protein-protein 
interactions (black). 
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Figure S5: Tyrosine phosphatases are among novel desmosome 
components identified via Desmosome BioID analysis. 

A) List of protein tyrosine phosphatases identified in Desmosome BioID 
proteomes. 

B) Left: Relative abundance quantitations of PTPN13 and Shp2 identified in 
Desmosome BioID proteomes. Right: Immunofluorescent analysis of PTPN 
13 and Shp2 in wildtype and Dsp -/- mouse keratinocytes. Scale bar; 5um. 

C) Immunofluorescent analysis of PTPN 13 in vivo. Left: PTPN13 (green) 
alpha 6 integrin (Red). Right: PTPN13 (green) Dsp (Red). Scale bar; 10um. 
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Figure S6: Immunofluorescent analysis of select desmosome BioID protein 
targets in p120-catenin null keratinocytes. 

 
p120-catenin null keratinocytes were fixed and co-stained for desmosomes (red) and 
candidate proteins, either endogenous or GFP-tagged (green). Note that cortical 
localization for proteins in A-J was largely maintained in p120-catenin null 
keratinocytes. Scale bars, 5µm.  
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Figure S7: Crk/CrkL expression validation in mouse and human Mks.  
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Figure S7 continued 

D) Western blot analysis of total lysate from HACAT and SCC12 cells. 
E) Desmosome (Dsp, green) and CrkL (red) staining of HACAT and SCC12 

keratinocytes.  
F) Western blot analysis and quantitation of total lysate levels of Dsg1 in 

HACATs expressing siRNA targeting either Dsg1 or scrambled sequence 
(negative control). Representative of a replicated experiment. 

G) HACAT cells transfected with either scrambled siRNA or siRNA targeting 
Dsg1 were co-stained for desmosomes (Dsp, green) and CrkL (red).  

H) Immunofluorescent analysis of Crkl after 30 min treatment with 1mM 
tyrosine phosphatase inhibitor, sodium orthovanadate. 

I) Quantitation of the fluorescence intensity of cortical Crkl and desmoplakin 
after 1mM sodium orthovanadate treatment.  Three independent replicates, 
p<0.01. 
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Figure S8: Crk/CrkL expression validation in mouse and human Mks. 

A) Immunofluorescent stains of loricrin (red) and keratin 5/14 (green) in control 
and dKO epidermis. Scale bars, 20µm. 

B) Expression of E-cadherin (grey) and actin (grey) in control and Crk/CrkL 
dKO epidermis. Scale Bars, 20µm. 
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Figure S9: Heat map display of PV phosphoproteomics. 
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Figure S9 continued 

Heat map visualization of protein phosphorylation event changes that occur after 30 mins 
and 2 hr exposure to PV IgG (AK23). Note that reported quantitations are fold changes for 
each time point normalized to untreated samples. 
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Figure S10: Ladinin1 phosphomutants remain cortical after Latrunculin A 
treatment in Dsp -/- cells 

Dsp -/- Mks were transfected with Lad1-V5 phophsomutants and treated with LatA. Note 
that cortical localization remained for both Lad1 mutants suggesting that Lad1 
phosphorylation localizes to cell cortex independent of functional desmosomes. Phalloidin 
(red), Lad1-V5 (Green), Nuclei (Blue); Scale bar, 5um. 
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Figure S11: Quantitative enrichment of RBPs by desmosome-BioID 

Cont. from Figure 4.1C. Fold change measurements from quantitative mass 
spectrometry analysis of RBPs enriched by desmosome-BioID. 
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Figure S12: Arginyl-tRNA synthetases localize cortically in wt MKs after 
Ca2+ treatment. 

Immunofluorescence for Arginyl-tRNA synthetase (green) and Dsp (red) in wildtype Mks. 
Note the shift in distribution of Arginyl-tRNA synthetase after Ca2+ treatment. Scale Bar, 
5um. 
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Figure S13: RPM analysis in mouse keratinocytes. 

Ribopuromycylation analysis of wildtype Mks with and without triton pre-permeabolization 
before fixation.  Note retention of cortical ribosomes after mild (1min) treatment with triton 
detergent. This strategy was used for in vitro RPM to visualize cortical ribosomes via 
immunofluorescence. Puromycin (red), Pkg (green); Scale Bar, 5um. 
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Figure S14: Immunofluorescent analysis of LARP1 localization in Mks. 

Immunofluorescence of LARP1 (red), Dsp (green), and nuclei (blue) in wildtype A), Dsp -
/- B), and p120 Catenin -/- C) Mks after Ca2+ treatment. Scale bars, 5um. 
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Figure S15: Mir:mRNA pairs identified through BioCLEAR-CLIP seq of 

desmosomes. 

A) Circos-plot displaying the most enriched miRNA:mRNA associations identified in 
BioCLEAR-CLIP sequencing of desmosomes in wildtype keratinocytes. Mir nodes are 
highlighted in blue and target mRNAs nodes are in red. Node shades represent bins of 
total count numbers of individual Mirs or mRNAs bound to RISCs. Intersecting lines 
connect Mir:mRNA pairs. Line thickness represents number of individual pair counts. 
B) Mir interactions of interest in circos plots are color-coded. 
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Figure S16: (Related to Fig. 4.10) Normalized intensity quantitation from smFISH 
stains of target mRNA enrichment at desmosomes in keratinocytes. 

Normalized intensity measurements of target mRNAs identified in BioCLEAR-CLIP seq. 
Average fluorescence intensity of cortical regions, identified by Dsp positive 
immunofluorescence, were measured and normalized to intensity values measured at 
adjacent cytoplasmic spaces. Dsp protein levels (leftmost bar) were used as a positive 
control. 
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