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Abstract 

 

Desmosome Assembly and Disassembly: Lessons from Studying Dermatological Diseases  

By Amber L. Caldara 

Cell-cell adhesion complexes mediate fundamental cellular interactions crucial in 

maintaining the integrity of skin, an essential protective barrier to the outside world. 

Desmosomes are large adhesion complexes critical for epidermal integrity and 

differentiation. These junctions are rigid enough to confer resistance to mechanical stress 

but dynamic enough to allow for processes such as wound healing and epidermal 

differentiation. Altered desmosomal adhesion results in the formation and progression of 

several genetic and acquired skin disorders. Additionally, desmosome stability is 

compromised during the process of epithelial to mesenchymal transition, a necessary step 

for tumors to metastasize. Thus, understanding the complex dynamics of desmosomal 

components and how desmosomes assemble and disassemble is essential for developing 

novel treatments for a variety of skin diseases.  

Lipid rafts are sphingolipid and cholesterol rich membrane domains that introduce 

membrane heterogeneity and act as platforms for protein aggregation and signaling. All 

desmosomal proteins have been shown to associate with lipid rafts, however the biological 

significance of this association is unknown. We investigate the mechanism by which 

desmoglein (Dsg) associates with lipid rafts and uncover that the length of the 

transmembrane domain (TMD) is a key regulator of raft association. Additionally, we 

identify a patient with severe dermatitis multiple allergies and metabolic wasting syndrome 

that is caused by a point mutation within the TMD of Dsg1. This mutation abrogates lipid 

raft association of Dsg1, prevents Dsg1 incorporation into the desmosome, and results in 

Dsg1 retention in the Golgi apparatus. Additionally, we demonstrate that the bilayer within 

the desmosome is thicker than non-desmosome bilayer, thus identifying the desmosome as 

a lipid raft-like domain.  

We then study the disassembly of desmosome through a pemphigus vulgaris model. 

Pemphigus vulgaris (PV) is an autoimmune disorder in which autoantibodies targeting 

Dsg3 and Dsg1 disrupt desmosome adhesion resulting in intraepidermal blisters. We 

determine that the sum of antibody titers against Dsg1 and Dsg3 is more correlative to 

disease severity than either titer on its own. We next demonstrate a relationship between 

Dsg3 autoantibody titers and an in vitro model to study the loss of cell-cell adhesion. These 

data demonstrate a relationship between Dsg antibody titer and disease severity and 

validate current methods for studying PV in cell culture. Together, these studies increase 

our understanding of how desmosomes assemble and disassemble, thus providing a 

platform for future investigation of the mechanisms regulating desmosome stability during 

tumorigenesis.   
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Chapter 1 

 

Focus and Impact 

 

The epidermis is the outermost layer of the skin and a specialized epithelial tissue 

with critical functions in human health. In fact, disruption of this highly regulated tissue 

can lead to fatal dermatological diseases. Daily, the epidermis is exposed to an onslaught 

of mechanical forces, and yet it resists breakage and maintains tissue integrity in healthy 

individuals. The maintenance of the stratified epidermis is highly regulated by specialized 

membrane domains called cell-cell junctions. Cell junctions occur when proteins of 

neighboring cells directly interact in the extracellular space. These junctions contribute to 

the polarity, tissue integrity, and proliferative balance necessary for epithelial barrier 

function. 

This dissertation starts by describing the structure and function of the epidermis in 

Chapter 2. Further, it considers the critical role of cell-cell junctions in the maintenance of 

the stratified epidermis through mediating epithelial cell polarization and differentiation. 

Additionally, adherent cell junctions create a network between adjacent cells, thereby 

allowing the epidermis to resist mechanical forces. Each cell junction is described 

individually, with particular focus on function within the epidermis. As the original 

research in this dissertation centers on the desmosome, an expansive description of 

desmosome structure, function, and molecular components is included (Section 2.3).  
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Cancer occurs when cell processes become disrupted, resulting in 

hyperproliferation and avoidance of senescence. Often, the stability of cell junctions is 

compromised during tumorigenesis, particularly during the process of epithelial to 

mesenchymal transition (EMT).  EMT is one of the steps necessary for cancer cells to 

invade into nearby tissues as well as to distant tissues to establish metastatic sites. During 

EMT cell junctions are downregulated and the mechanisms governing this downregulation 

are poorly understood. Additionally, these junctions must be reestablished at the site of 

metastasis for a tumor to adhere to the foreign tissue. Currently, cancer research aims to 

identify novel cancer-specific therapeutics that minimize toxicity to healthy tissue while 

selectively killing tumor cells. Understanding the mechanisms of cell junction assembly 

and disassembly could provide us with targets for such therapeutics. This dissertation 

focuses on an adhesive cell junction, the desmosome, and the overall goal of this 

dissertation is to better understand the biological mechanisms of desmosome 

assembly and disassembly, perhaps illuminating some of the mechanisms involved 

with desmosome deregulation in cancer progression. Chapter 3 of this dissertation 

discusses our current understanding of cell-cell junction deregulation in the progression of 

cancer as well as potential tumor suppressive or tumor promoting roles of junctional 

proteins.  

Chapter 4 discusses what is currently known about mechanisms for assembly and 

disassembly of the desmosome. Cancer research has shed light on transcription factors, 

genetic modifications, and growth factors that regulate the expression of desmosome 

components. This chapter also discusses our current understanding of desmosome 
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assembly, including protein biosynthesis and trafficking to the plasma membrane. One 

method cells use to compartmentalize the plasma membrane and control spatial and 

temporal localization of proteins is through lipid rafts.  Desmosomal proteins associate 

with lipid rafts, and perturbation of lipid rafts prevents the desmosome assembly, however 

the biological significance of this association is still unresolved.  

Chapter 5 presents original research in which we sought to determine the 

mechanisms of desmoglein association with lipid rafts and how this raft association 

impacts desmosome assembly. We conclude that the length of the transmembrane domain 

(TMD) of desmoglein is the chief mechanism by which desmogleins associate with lipid 

rafts. Further, we identify a point mutation within the TMD of Dsg1 that causes a fatal 

dermatological disorder. This point mutation causes a loss of lipid raft association and 

failure to incorporate into the desmosome, and to our knowledge it is the first report of a 

failure to associate with lipid rafts directly causing a human disease. Lastly, we present 

evidence demonstrating that the desmosome is a specialized type of lipid raft and present 

a model in which the biophysical properties of the plasma membrane contribute to the 

formation of this specialized membrane domain.  

Pemphigus vulgaris (PV) is a human autoimmune disease in which autoantibodies 

target desmoglein proteins, resulting in destabilization of the desmosome and the 

downregulation of desmogleins. Studying this disease has allowed us to study desmoglein 

internalization and desmosome disassembly. Chapter 6 provides a description of the 

disease, including clinical measures of disease severity and current in vitro models to study 

the disease. In Chapter 7 we use purified IgG from 23 PV patients to compare the results 
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from an in vitro cell-cell adhesion assay to clinical measures of disease severity to 

determine if our assays have pathological relevance. In fact, we demonstrate an association 

between Dsg3 ELISA and the cell-cell adhesion assay, thus the results presented in this 

chapter validate the use of this model and demonstrate relevance to disease progression in 

patients. Additionally, we compare autoantibody titers to the current scoring system used 

for patient severity and demonstrate that the sum of Dsg3 and Dsg1 ELISA scores 

correlates better to disease severity than either score individually. These findings confirm 

the association of Dsg ELISA values with disease severity and establish a relationship 

between Dsg IgG titers in patients and loss of adhesion in cultured keratinocytes.  

The dissertation concludes with a summary of the original research including major 

conclusions of the original research contained in chapters 5 and 7. Additionally chapter 8 

discusses the remaining questions and future directions of this research.  
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Chapter 2 

 

The epidermis and cell-cell junctions 

 

 

2.1 The Epidermis 

The epidermis is the outer most layer of the skin and acts as a barrier to the external 

world (1). This barrier protects the human body from outside pathogens, harmful 

chemicals, viruses, and radiation (2-5). Additionally, the epidermis protects against 

excessive loss of moisture (6, 7). When the epidermal barrier is compromised, human 

diseases such as atopic dermatitis (eczema), which is characterized by an increased allergen 

and pathogen penetration, can occur (8, 9). Severe cases, such as burn injury, can result be 

fatal as a consequence of extreme infection (10). The epidermis is a highly stratified 

epithelium comprised of 4 layers, each with unique structure and function; the stratum 

basale, the stratum spinosum, the stratum granulosum, and the stratum corneum (Fig 2.1). 

The basal layer harbors highly proliferative, self-renewing keratinocytes which allow for 

constant renewal and regeneration of the epidermis as well as effective wound healing (11). 

These basal keratinocytes lose the ability to attach to the basement membrane and 

subsequently go through a complex differentiation process (12, 13). As these cells undergo 

the differentiation process, they migrate from the basal cell layer to the upper granular 

layers prior to cornification and incorporation into the stratum corneum, which is 
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comprised of interlocking layers of dead keratinocytes which contain a cornified envelope 

just inside the plasma membrane (4, 14). The cornified envelope is a highly insoluble 

structure comprised of lipids, such as ceramides (15),  and proteins, such as involucrin  and 

loricrin (16, 17). This structure is thought to be critical to the barrier function and water 

impermeability of the human epidermis (18, 19). This highly regulated differentiation 

results in the keratinocytes within the epidermis to have differing morphologies and protein 

expression profiles dependent on degree of differentiation, which allows for the four 

distinct layers to be easily identified.   The epidermis is a complex tissue that delicately 

balances barrier function while remaining dynamic enough to allow for tissue regeneration 

and wound healing. Several pathways such as PTEN, SMAD, and NOTCH contribute to 

the maintenance of a precise balance of proliferation and differentiation which is critical 

for efficient barrier function (20-22). The importance of this balance is highlighted by 

numerous human disorders, including common diseases such as psoriasis, associated with 

disrupted epidermal differentiation (23-25).  

 The epidermis also functions as a protector against mechanical damage. Daily, our 

skin endures an onslaught of mechanical forces and yet typically maintains tissue integrity 

in healthy individuals. This tissue integrity is maintained by a complex system of protein-

protein interactions that integrate the cells of the epidermis to one another to prevent loss 

of cell adhesion (26). Unfortunately, compromised protein function within cell-cell 

networks result in numerous dermatological diseases characterized by loss of cell adhesion 

which presents clinically as blisters or lesions of the skin (27).   Preserving epidermal 

integrity is critical for human survival, and cell-cell protein complexes, or junctions, are 
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critical for this maintenance. Cell-cell junctions within the epidermis contribute to all of 

the epidermal functions discussed above; protection from pathogens, protection from loss 

of moisture, proper epidermal differentiation, and resistance to mechanical forces (28-31).  

 

 

Figure 2.1 Structure of the epidermis. The stratum basale (SB) is the most proliferative 

layer of the epidermis. As cells detatch from the basement membrane they differentiate and 

travel outwards through the stratum spinousum (SS) and the stratum granulosum (SG) prior 

to cornification and incorporation into the stratum corneum (SC).  

 

2.2 Cell-Cell Complexes in the Epidermis 

Cell-Cell junctions are protein complexes which tether neighboring cells and allow 

for communication through a complex network of protein-protein interactions (Fig 2.2). 

These unique membrane domains are formed when proteins coalesce at the plasma 
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membrane to form a mature junction.  These complexes can be separated into three distinct 

types based on function; tight junctions, gap junctions, and anchoring junctions.  These 

complexes can have many different roles including adhesion, barrier function, and cell-cell 

communication (28, 29, 32).   In the epidermis, these cell-cell junctions are critical for 

maintaining proper barrier function as well as to confer the ability for this tissue to resist 

mechanical forces. Additionally, cell-cell contact has been found to be essential for proper 

keratinocyte differentiation (33). Here I will review the functions of cell-cell junctions, 

particularly within the epidermis. 

 

Figure 2.2 Cell-cell junctions in epithelial cells. Cell junctions within the epidermis 

include the tight junction (green), the adherens junction (red), the desmosome (pink), the 

gap junction (blue), and the hemidesmosome (purple). These junctions have critical roles 

in the maintenance and function of epithelial tissues.  
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2.2.1 Tight Junctions 

 The major function of tight junctions is to regulate the flow of solutes through 

spaces between cells (34, 35). While differentiation dependent expression patterns for tight 

junction proteins are observed within the epidermis, tight junctions are predominantly 

found within the granular layer of the epidermis (31). Though tight junctions are most 

notable in the granular layer, they have also been observed in other layers of the stratified 

epidermis (30). Claudins and occuludins are the major transmembrane proteins found 

within tight junctions (36, 37). In humans, there are 24 known claudin genes (38), and the 

differing expression of these genes allow for selective permeabilities (39). Mice deficient 

in claudin-1 expression die within one day of birth due to severe epidermal barrier 

deficiencies, demonstrating the importance of claudin based tight junctions in the barrier 

function of the stratified epidermis (31).  Conversely, occludin knockouts in mice suggest 

that occludin does not have an essential role in tight junction formation or function. 

However, phenotypes associated with these knockouts, such as postnatal growth 

retardation, suggest that the function of occludin extends beyond the barrier function of the 

tight junction (40). In addition to these two protein types, single transmembrane domain 

junction adhesion molecules (JAMs) have also been found to contribute to tight junction 

adhesion and other functions of the tight junction (37, 41). Together, the extracellular 

domains of these protein families form tight links between adjacent cells, which create a 

seal, permitting cells to regulate the flow of materials into the paracellular space (34). The 

intracellular domains of these proteins interact with adapter proteins such as ZO-1 and ZO-

2 which then interact with actin (36). Knockouts of either ZO-1 or ZO-2 in mice results in 
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embryonic lethality (42, 43) and knock down experiments in epithelial cell models revealed 

altered localization of claudins resulting in deficient barrier function (44), demonstrating 

an essential role of these tight junction plaque proteins. Expression of tight junction 

proteins within the epidermis is highly regulated and several human skin diseases, such as 

psoriasis vulgaris (45-47), atopic dermatitis (48, 49), and lichen planus (46), are associated 

with aberrant expression and localization of TJ proteins.  

 

2.2.2 Gap Junctions 

 Gap junctions have the unique function of allowing rapid diffusion of molecules 

between adjacent cells, allowing for quick communication within a tissue (50). This 

communication is essential for tissue maintenance as it allows for cells to synchronize and 

to correctly differentiate (50). In the human epidermis, gap junctions are found in basal, 

spinous, and granular layers while excluded from the stratum corneum (51). Ions, second 

messengers, and small metabolites are examples of solutes that can be directly exchanged 

from the cytoplasm of one cell to a neighboring cell through a gap junction (52-55). The 

connexin family is a large group of proteins and are the key components of gap junctions 

(56, 57). Connexin expression is tissue type and cell type dependent, with several of the 

connexins expressed within the epidermis (58, 59), though the implications of this tissue 

specificity are not yet fully understood. Six connexin proteins form a cylindrical channel, 

or a connexon, in the plasma membrane that is linked with a connexon on a neighboring 

cell, thus effectively creating a pore between the two cells (60, 61). Gap junctions are not 

simply open channels that allow for passive diffusion, rather they are highly selective pores 
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and the type of connexins in a given pore regulates the selectivity of that junction (62). The 

connexin protein family is highly diverse, and this diversity leads to a variety in pore size, 

selectivity, and function (50, 57). In the epidermis, connexins seem to play a crucial role 

in proper wound healing as several studies have noted an increase in connexin expression 

after wounding in humans and rats (63, 64), and abnormal expression of connexins delays 

wound healing in diabetic skin (65).   Further evidence of the critical role connexins play 

in epidermal health lies in the upregulation of connexin expression in psoriasis and in 

hyperkeratosis skin conditions (63, 66). Moreover, mutations within connexin cause 

human dermatological disorders (67-69). Together, these studies demonstrate the 

importance of gap junctions and connexins in the proper maintenance and function of the 

human epidermis.  

 

2.2.3 Anchoring Junctions 

 The fundamental purpose of anchoring junctions is to hold the tissue together and 

to confer resistance to mechanical forces. There are three distinct junctions with adhesive 

functions; adherens junctions, hemidesmosomes, and desmosomes. Adherens junctions 

and desmosomes are protein complexes that link the cytoskeletons of neighboring cells to 

one another, preventing loss of adhesion between the keratinocyte layers of the epidermis. 

The hemidesmosome is responsible for the epidermis maintaining anchorage to the 

basement membrane and underlying dermal layer (29, 70). Each of these junctions and 

their contributions to maintaining structural cohesion in the epidermis will be reviewed 

below.   
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2.2.3.1 Adherens Junctions 

 Unlike simple epithelium in which adherens junctions are located in lateral 

membranes, adherens junctions within the epidermis are found on the lateral and apical 

surface of basal cells and the entire cell surface of suprabasal cells (71).  Interestingly, these 

adhesive junctions strengthen in response to mechanical force, thereby fortifying the 

tissues they support (72, 73). Adherens junctions within the epidermis are comprised of the 

classical cadherin E-cadherin (74, 75). E-cadherin, a calcium dependent single pass 

transmembrane protein and member of the cadherin family of proteins,  interacts 

homophilically between neighboring cells through an adhesive extracellular interface (76). 

Deletion of E-cadherin in mouse epidermis results in embryonic lethality as a result of tight 

junction defects (77). Additionally, postnatal loss of E-cadherin in mouse keratinocytes 

leads to a loss of adherens junctions coupled with aberrant differentiation (78). Taken 

together these data demonstrate a critical role for E-cadherin in the maintenance of other 

cell-cell junctions and the function of the epidermis. The cytoplasmic tail of E-cadherin 

binds to plaque proteins such as β-catenin and p120 (79, 80). p120 is essential for adherens 

junction formation and stability. Endocytosis of classical cadherins is inhibited when p120 

is bound to the juxtamembrane domain (JMD) domain of the cytoplasmic tail (81-83). A 

study of VE-cadherin, a classical cadherin similar to E-cadherin, revealed that p120 binds 

to the cytoplasmic tail to block a constitutive endocytic signal, thus promoting stability on 

the plasma membrane (84). Epidermis specific knockouts of p120 in mice show that 

deletion of p120 within the epidermis results in hyperproliferation of keratinocytes (85). 
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Evidence suggests that β-catenin is not an obligate member of adherens junctions, as a 

similar plaque protein, plakoglobin, can rescue β-catenin function, at least in part (86). 

However, adherens junctions containing β-catenin are capable of recruiting vinculin to 

adherens junctions through α-catening after tension stress is applied while adherens 

junctions containing plakoglobin lose vinculin recruiting capabilities (87). However, 

genetic knockouts of β-catenin in mice result in embryonic lethality, likely due to the 

critical role β-catenin plays in Wnt signaling (87). The Wnt signaling cascade regulates 

cell fate both during development and in maintaining tissue homeostasis throughout the 

lifecycle of an organism (88). In canonical Wnt signaling, cytoplasmic β-catenin is 

stabilized and translocated to the nucleus, resulting in the transcription of Wnt signaling 

target genes (88). Furthermore, postnatal epidermis specific knock outs of β-catenin caused 

hair loss as a result of a failure for stem cells to differentiate into follicular keratinocytes 

causing keratinocytes to differentiate into interfolicular epidermis,  further supporting a β-

catenin function in cell fate decisions (89). Additionally, some pilomatricomas, or tumors 

originating from the hair follicle, are caused by mutations in β-catenin which result in 

stabilization and an increase in Wnt signaling (90). These data support an important role 

for β-catenin in balancing adhesion and cell-fate decisions. The E-cadherin/β-catenin 

complex association with the actin cytoskeleton occurs through α-catenin which binds to 

β-catenin and actin (91, 92). As mentioned briefly above, α-catenin aids in the recruitment 

of vinculin to adherens junctions for force-dependent fortification of the junction (93). 

Additionally, a conditional knockout of α-catenin in mice caused a loss adherens junctions, 

resulting in hyperproliferation and a loss of polarization of epithelial cells (94). Together, 
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these studies provide compelling evidence that the adherens junction is crucial for proper 

function of the stratified epidermis.  

 

2.2.3.2 Hemidesmosomes  

 Hemidesmosomes serve to connect and anchor the epithelium to components of the 

underlying dermal tissue and the basement membrane (70). There are two types of 

hemidesmosomes, type I is found within stratified epithelia while type II is found within 

simple epithelia (70). Early electron microscopy studies identified hemidesmosomes at the 

region where the basal layer of the epidermis adheres to the basal lamina (95, 96). Basal 

keratinocytes express transmembrane integrins α6 and β4, which create a heterodimer to 

form the core of the hemidesmosome (97). The extracellular domains of these integrins 

interact with proteins of the basement membrane, such as laminin (98, 99). Plectin, a 

hemidesmosome plaque protein and member of the plakin protein family, directly binds to 

the cytoplasmic tail domain of integrin β4 (100, 101) and with keratins 5 and 14 (102), thus 

providing a bridge between the transmembrane proteins of the hemidesmosome and the 

intermediate filament cytoskeleton. Mutations within the plectin gene have been linked to 

skin blistering disorders, and studies of these patients revealed that these mutations 

compromised the inner plaque structure of hemidesmosomes (103-107). Studies of the 

blistering skin disorder bullous pemphigoid uncovered an additional transmembrane 

domain protein of the epidermal hemidesmosome, now known as BPAG2 (108, 109). 

BPAG2 extends from the cytoplasm of basal keratinocytes and has a lengthy extracellular 

domain containing 15 collagen repeats as well as 16 noncollagenous domains (109). The 
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function of BPAG2 is not fully understood, however it has been observed that the 

ectodomain of BPAG2 is cleaved by proteases and successively incorporated into the basal 

lamina (110).  Together, this complex of proteins tethers the cytoskeleton of keratinocytes 

within the epidermis to the basement membrane, and when this adhesion is disrupted 

separation of the epidermis from the dermis can occur, resulting in blistering skin disorders 

(111).  

 

2.2.3.3 Desmosomes 

 While desmosomes have overlapping adhesive functions with adherens junctions, 

they are functionally distinct, robust junctions essential for epithelial integrity. The 

structure, function, and regulation of desmosomes will be reviewed extensively below as 

the research contained within this dissertation focuses on the desmosome.  

 

2.3 The Desmosome 

 Desmosomes are large, multiprotein complexes responsible for riveting together 

adjacent cells in tissues. These disc-shaped complexes are crucial in tissues that experience 

mechanical stress, such as the  skin and heart(112). In the epidermis, desmosomes exist 

between keratinocytes and the composition of the desmosome varies depending on layer 

of the stratified epidermis (Figure 2.3). Desmosomes are very protein dense with a 75:15:10 

ratio of protein, carbohydrate, and lipid respectively (113). In fact, this protein density led 
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to the desmosome being one of the earliest structures viewed with electron microscopy 

(114, 115). When the desmosome is visualized via electron microscopy it can be divided 

into the extracellular core, the outer dense plaque, and the inner dense plaque (114). Early 

techniques allowed for the purification of desmosomes from bovine snout, permitting the 

identification of desmosomal components (116). It was studies of these isolated 

desmosomes that provided the first insights into the density (113) and integral membrane 

glycoprotein makeup of the desmosome (117, 118) as well as the presence of desmosomal 

plaque proteins (119).  

 

Figure 2.3 Desmosome organization in the epidermis. Desmosomes (green) interact 

with the keratin intermediate cytoskeleton and are found between cells in the stratum 

basale, stratum spinosum and the stratum granulosum. Desmosome proteins are expressed 

in a differentiation specific pattern as shown in the stratified epidermis.  
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2.3.1 Molecular components of the desmosome  

The core of the desmosome is comprised of calcium-dependent members of the 

cadherin family, desmogleins and desmocollins (120-122). Desmosomal cadherins have 

adhesive extracellular domains and intracellular domains that interact with members of the 

armadillo protein family. Armadillo proteins then interact with the plakin family of proteins 

and together form the desmosomal plaque (123-127) (Fig 2.4). These proteins bind to the 

intermediate filament cytoskeleton, creating a dense, interconnected network of 

desmosomal proteins that anchor the desmosome to the cytoskeleton (128, 129).    This 

structural arrangement confers resistance to mechanical stress in tissues such as the heart 

and skin (128, 129). The molecular components of the desmosome will be discussed in 

greater detail below.  

 

2.3.1.1 Desmogleins 

 Desmogleins (Dsg) are single pass calcium-dependent adhesion proteins of the 

cadherin family. These proteins have four extracellular repeat domains, an extracellular 

anchor domain, a transmembrane domain, and a cytoplasmic tail (122). The extracellular 

repeat domains have a high affinity for calcium and calcium binding results in the rigid 

conformation required to facilitate adhesion (130, 131). Desmogleins form homophilic 

trans interactions with desmogleins to facilitate adhesion, and these interactions have 

isoform specificity (132, 133). Desmogleins have also been observed binding in trans with 

desmocollins   (134, 135). The cytoplasmic tail of desmoglein binds to plakoglobin (136-
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138), plakophilin (139, 140), and the N-terminal domain of desmoplakin (139, 141).  In 

humans, there are four desmoglein isoforms that are expressed in a differentiation specific 

pattern (Figure 2.3). Dsg3 and Dsg2 are expressed mainly in the basal layer of the 

epidermis, Dsg1 is expressed mainly in the spinous layer and the granular layer, and Dsg4 

is mainly expressed in the hair follicle (128, 142-144). Investigators used fluorescence in 

situ hybridization as well as other techniques to map the genes for desmoglein proteins to 

band q12 on the human chromosome 18, and similar studies in mice illustrated a similar 

location of the desmoglein genes on chromosome 18 (145-149). Several studies lead to the 

conclusion that the expression of desmoglein isoforms plays an active role in the 

differentiation process rather than as a consequence. Downregulation of Dsg1 in an 

organanotypic epidermal culture model resulted in an immature granular layer, supporting 

Dsg1 function as a contributor to keratinocyte differentiation (150). Additionally, 

misexpression of Dsg3 in the suprabasal epidermal layers in transgenic mice lead to hyper 

proliferation as well as abnormal differentiation (151). Similarly, over expression of Dsg2 

in the epidermis results in hyper proliferation (152). Further studies manipulating the 

expression of desmoglein isoforms support the conclusion that the isoforms of desmoglein 

have different functional roles within the epidermis (153). The precise role of this tissue 

specific expression pattern is not yet fully understood, however there are some indications 

that the desmosomes within the different layers of the epidermis remain functionally 

distinct.  

 Several human dermatological disorders resulting from loss of desmoglein function 

indicate that desmogleins are critical for desmosome adhesion and epidermal homeostasis. 
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Desmoglein 1 is a target in the autoimmune disease pemphigus foliaceus (154, 155) and in 

the infectious disease bullous impetigo (156, 157). Dsg1 function is compromised in both 

of these diseases, resulting in epidermal fragility. Furthermore, genetic diseases such as 

striate palmoplantar keratoderma (SPPK) or severe dermatitis multiple allergies and 

metabolic wasting syndrome (SAM) result from heterozygous or homozygous loss of 

function mutations or deletions in Dsg1 (158-161). Ablation of Dsg1 expression in mice 

resulted in death within 24 hours of birth due to loss of barrier function and splitting of the 

epidermis (162). Dsg3 is the main target in the autoimmune disorder pemphigus vulgaris, 

and loss of Dsg3 function results in blisters of mucosal tissues as well as the epidermis 

which, if left untreated, can be lethal (156, 163). Pemphigus vulgaris will be reviewed more 

extensively in chapter 6. The numerous skin disorders associated with desmoglein function 

highlights the importance of this cadherin in desmosome function.  

 

 

Figure 2.4 Molecular components of the desmosome. Desmogleins and desmocollins 

interact in trans in the extracellular space, span the plasma membrane, and interact with 

plaque proteins in the cytoplasm. Plaque proteins from the plakin and armadillo family 

interact with the desmosomal cadherins to form a dense plaque and a tight association to 

the keratin intermediate cytoskeleton (164). 
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2.3.1.2 Desmocollin 

 Desmocollins (Dsc) are the second member of the cadherin family that comprises 

the adhesive core of the desmosome. Similar to desmogleins, desmocollins have 4 

extracellular repeat domains, an extracellular anchor domain, a single transmembrane 

domain, and a cytoplasmic tail that interacts with plaque proteins (122). Like desmogleins, 

the genes for the desmocollins are located in band q12 on chromosome 18 in humans (146, 

148, 149). DNA sequencing of mouse desmocollin genes uncovered that desmocollins are 

more closely related to the classical cadherins, such as E-cadherin, than they are to 

desmogleins (165). There are three different isoforms of desmocollin (Dsc1-3), however 

each isoform has two splice variants resulting in a Dsc “a” form or a Dsc “b” form, the 

latter of which has a shorter cytoplasmic tail (121, 166). Dsc2 is expressed in all 

desmosome-containing tissues, while Dsc1 and Dsc3 are expressed mainly in stratified 

epithelia like the epidermis with Dsc3 being highly expressed in the basal layers and Dsc1 

having high expression in the suprabasal layers (Figure 2.3). Desmocollins are capable of 

both homophillic interactions (133) and heterophyllic interactions with desmogleins (134, 

135), and both types of desmosomal cadherin are required to form robust desmosomes 

(167). Studies of the desmocollin isoforms suggest that, like desmogleins, desmocollin 

isoforms are functionally distinct. Absence of Dsc1 did not result in any detectable 

alteration in desmosome structure, however Dsc1 null mice showed thickened epidermis, 

due to abnormal keratinocyte proliferation and differentiation, and epidermal fragility, 

demonstrating the critical role for Dsc1 in the barrier function of the epidermis (168). A 

dominant negative form of Dsg3 only impacted the ability for desmosome formation, while 
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a dominant negative form of Dsc3 resulted in a defect in both desmosome formation and 

adherens junction formation, suggesting a critical role for desmocollins in communication 

and interplay between desmosomes and adherens junctions (169). Further evididence that 

democollins are critical for epidermal health lies in the observation that all of the 

desmocollins have been identified as targets in rare variants of pemphigus (170, 171). 

Desmocollins have also been implicated in hypotrichiosis (172), SPPK (173, 174), and 

woolly hair syndrome (174), providing additional evidence that desmocollins have 

important epidermal homeostasis functions.  

 

2.3.1.3 Desmoplakin 

 Desmoplakin (DP) is one of the major components of the desmosome and is a 

member of the plakin family of proteins. Plakins are large proteins that act as cytolinkers, 

proteins which cross-link adhesion complexes with the cytoskeleton (175, 176). DP forms 

dumbbell shaped homodimers and contains a N-terminal domain, a rod domain, and a C-

terminal domain (177). Alternative splicing results in two isoforms of desmoplakin with 

DPII having a shorter rod domain than DPI (177). The N terminal domain of desmoplakin 

binds to plakoglobin (127, 140) and plakophilin (140, 178), facilitating the organization of 

the desmosomal plaque and the cadherins on the plasma membrane. Some studies have 

shown that desmoplakin can interact directly with desmogleins and desmocollins, though 

those interactions are weaker than those observed with plakoglobin and plakophilin (139, 

140). The C-terminus of DP binds to the keratin intermediate cytoskeleton, thus DP links 

the adhesive desmosomal cadherins to the cytoskeleton (177, 179). Global knockout 
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models of DP result in embryonic lethality, however, analysis of these mouse embryos 

uncovered the importance of DP in intermediate filament attachment to desmosomes and 

in desmosome stabilization (180).  Epidermis-specific ablation of DP in mice resulted in 

desmosomes that lacked interactions with keratin filaments resulting in a severe loss of 

desmosome function and subsequent susceptibility to intercellular separation (181).  Loss 

of DP is fatal in mice and loss of DP function has been implicated in several human 

diseases. Some patients suffering from SPPK, SAM syndrome, and woolly have loss of 

function mutations in one or both copies of DP (182-185). Together, these data demonstrate 

a critical role for DP in desmosome structure and function.  

 

2.3.1.4 Plakophilin 

 Plakophilin (PKP) is a member of the armadillo protein superfamily and has a long 

N-terminus domain, a central domain containing nine armadillo repeats, and a short C-

terminal domain (186). The crystal structure of PKP-1 reveals that the central domain is 

kinked because of a long flexible insert found between the fifth and sixth armadillo repeats, 

which differentiates PKP from other armadillo proteins that contain straight central 

domains (187). There are three isoforms of PKP and all are found within the stratified 

epidermis. PKP-1 and PKP-2 have opposing expression patterns with PKP-3 being 

predominantly basal while PKP-2 has equal expression throughout the layers of the 

epidermis (188, 189). PKP-1 and PKP-2 have at least two splice variants (190-192). 

Overexpression of PKP-1 in HaCat keratinocytes resulted in enhanced recruitment of 

desmosomal proteins to the plasma membrane, demonstrating that PKP aids in the 



23 

 

organization and formation of desmosomes (193). Null mutations in the PKP-1 gene is 

associated with a human dermatological disorder characterized by thickened epidermis and 

compromised desmosome structure and adhesion (194). Additionally, PKP-3 regulates 

desmosome assembly, size, and stability and overexpression of PKP-3 decreases the 

calcium dependency for desmosomes (195). A sequence at the amino-terminus of the head 

domain is responsible for PKP-1 binding to desmoplakin, and this sequence is conserved 

between all of the plakophilins (178, 193).  PKP binding to desmoplakin is required for 

desmoplakin to be recruited to desmosomes and for proper desmosome assembly (178).  

The head domain of PKP is also responsible for PKP binding to keratin and desmogleins 

(141, 193). The armadillo repeat domain of PKP seems to have a critical role in mediating 

actin dynamics as expression of a PKP-1 mutant lacking the head domain in keratinocytes 

resulted in PKP-1 association with actin and an increased number of filopodia and 

lamellipodia (193).  

 

2.3.1.5 Plakoglobin 

 Plakoglobin (PG), also known as gamma-catenin, is encoded by the JUP gene and 

is a member of the catenin protein family in the larger armadillo repeat superfamily. While 

PG is capable of binding classical cadherins as well as desmosomal cadherins and has been 

observed in both AJs and Desmosomes, it has a higher affinity for desmosomal cadherins 

and preferentially localizes to the desmosome (196, 197). Plakoglobin associates with 

desmosomal cadherins early in the biosynthetic pathway and is required for DP association 

with Dsg complexes (127, 198).  Additionally, deletion of the plakoglobin binding domain 
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in Dsg3 prevented Dsg3 incorporation into desmosomes, suggesting PG has a critical 

function in the clustering of desmosomal cadherins to form a mature desmosome (136).  In 

addition to binding to desmosomal cadherins and DP, PG also binds to PKPs and keratin 

intermediate filaments (140, 199). Complete loss of plakoglobin in mice results in 

embryonic lethality due to heart defects (200), however keratinocyte specific PG ablation 

results in thickened epidermis and a defect in keratin association with the desmosomal 

plaque (25). These findings parallel the symptoms of patients suffering from SPPK as a 

result of mutations in plakoglobin (201, 202).  
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Chapter 3 

 

Epithelial cell junctions and junctional 

proteins in tumorigenesis  

 

Cancer occurs when genetic mutations cause cells to aberrantly proliferate resulting 

in abnormal malignant growths within tissues (203). Because cancer is derived from our 

normal tissues, and therefore closely resembles our healthy cells, it is a very difficult 

disease to understand and to treat without toxicity to healthy tissue (204). This leads to a 

great need to understand the mechanisms driving the malignant behaviors of cancer with 

the ultimate goal of identifying novel cancer-specific therapy targets to minimize toxicity 

to healthy organs and tissues while maximizing anti-cancer affects. There are several types 

of cancers associated with the skin and specifically the epidermis. The two most common 

types are basal cell carcinomas (BCC) and squamous cell skin carcinomas (SCC), which 

are derived from the stem cells that give rise to keratinocytes found in the stratified 

epidermis (205, 206). Both BCC and SCC have been linked to solar radiation as well as 

genetic predisposition and are among the most common neoplasms in white populations, 

with incidence rates increasing (205, 207-210). As discussed above, cell junctions are 

essential for the maintenance and function of the epidermis, and the role of these junctions 

as well as individual junctional components in tumor progression will be discussed below.  
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3.1 Epithelial to mesenchymal transition 

 During wound healing and embryogenesis, epithelial cells use a process termed 

epithelial to mesenchymal transition (EMT) in which epithelial cells lose their polarity to 

become more motile, mesenchymal-like cells (211-214) (Figure 3.1). Tumor cells hijack 

EMT to facilitate motility and invasiveness, particularly during metastatic progression 

(214, 215). On the other hand, tumor cells must revert back to an epithelial phenotype at 

the site of a new metastatic tumor through a process called mesenchymal to epithelial 

transition (MET) (216). Because of the difficulty in modeling MET, we still lack a holistic 

understanding of how this process work. However, it is clear that MET is an obligate step 

in the establishment of secondary tumor sites. As discussed above, cell-cell junctions are 

essential for connecting cells within a tissue as well as in maintaining epithelial polarity 

and the regulation and dynamics of these junctions are altered in order to allow for both 

EMT and MET. The first junction to be lost during the process of EMT is the tight junction, 

followed by the loss of adherens junction and desmosome integrity. Transforming growth 

factor beta (TGFβ) is a secreted protein known to stimulate and induce EMT (217, 218), 

and the study of this pathway uncovered tight junctions as key regulators for the initial 

stages of EMT (219, 220). The loss of tight junctions is followed by a loss of polarity and 

downregulation of the adherens junction protein E-cadherin. E-cadherin is perhaps the 

most well studied adhesion molecule in the context of EMT, and loss of E-cadherin has 

been shown to occur in tumors of a variety of cancer types (221-224) .  The loss of E-

cadherin coupled with an increase in N-cadherin expression is so widely associated with 

EMT and cancer progression that it is now known as a marker for EMT (225).  The 
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observation that E-cadherin expression is decreased in primary breast tumors but elevated 

in matched metastatic tumors supports the hypothesis that E-cadherin, and adherens 

junctions, must be downregulated to allow for cells to separate from the primary tumor to 

travel and invade a metastatic site, but then upregulated to establish functional junctions at 

the metastatic site (226).  

 

Figure 3.1 Loss of cell junctions during epithelial to mesenchymal transition. Genetic 

modifications, growth factors, cytokines, and aberrant signaling stimulate the process of 

epithelial to mesenchymal transition during tumorigenesis. Epithelial cells lose their 

polarity and cell-cell junctions and become more motile and invasive in the process.  
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3.2 Tight junction proteins and cancer 

 Beyond EMT, individual components of tight junctions and adherens junctions 

have varying roles in cancer progression (Table 3.1). Breast cancer cells showing an 

increased expression of claudin-2 demonstrated increased interactions with hepatocytes 

and subsequent preferential metastasis to the liver when compared to other common 

metastatic sites such as the bone or lung (227). Additionally, loss of occludin is associated 

with poorer patient prognosis and is also positively correlated with the establishment of 

bone metastatic sites (228, 229). Taken together, these data support that tight junctional 

proteins can interact with the microenvironment to aid in the establishment of metastatic 

sites. Moreover, loss of claudin-3 is associated with poor patient survival in colon cancer 

and results in hyper activation of the Wnt signaling cascade, facilitating tumorigenesis and 

suggesting a non-adhesive, signaling function for tight junction proteins in cancer 

progression (230).  

 

3.3 Adherens junction proteins and cancer 

As mentioned in chapter 2, the adherens junction protein, β-catenin, is an obligate 

member of the Wnt signaling complex and important for Wnt signal transduction. Irregular 

Wnt signaling has important implications in tumorigenesis and has been highly studied as 

targeting this signaling cascade could provide cancer therapeutics (231-233). In fact, 

hyperactivation of the Wnt pathway is thought to be an initiator of colon cancer (234, 235). 

Downregulation of E-cadherin, as seen during EMT, displaces β-catenin to the cytoplasm 
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allowing for increased interplay with the Wnt signaling cascade and β-catenin dependent 

transcriptional activity (236). Recently, a small molecule inhibitor of β-catenin interactions 

with Wnt pathway proteins has been developed and when colon cancer cells are treated 

with this inhibitor it decreases cancer cell survival by inducing apoptosis (237). Deletion 

of α-catenin in mouse epidermis resulted in hyper proliferation of keratinocytes, 

implicating anti-proliferative functions for α-catenin (94). Observations of decreased α-

catenin expression in a variety of cancers coupled with the identification of α-catenin 

signaling functions support a tumor suppressive role of α-catenin (238-240). Collectively, 

studies of tight junction and adherens junction proteins demonstrate an important 

relationship between these junctions and cancer progression.  

 

3.4 Desmosome proteins and cancer 

Like tight junctions and adherens junctions, desmosome function is compromised 

during the process of EMT. Imunohistochemical staining of oral squamous cell carcinomas 

revealed that a loss of desmoplakin and loss of desmoglein staining correlated with a loss 

of differentiation and a higher degree of invasiveness (241). Additionally, desmoplakin and 

desmoglein were drastically reduced in patients harboring secondary metastatic tumors 

when compared to patients without metastatic tumors (241). Thus the downregulation of 

desmosomal components may be important for the progression of EMT. Further studies 

have confirmed that the majority of desmosomal components are downregulated in 

squamous cell carcinoma of the skin, head & neck, and breast (242-248) (Table 1.1). SCC 

cell lines in which desmosomal cadherins were overexpressed were found to have lost their 
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invasive potential (249). Investigators demonstrated that the ablation of Dsc3 led to an 

increase in skin tumors and that spontaneous loss of Dsc3 expression in skin tumor 

progression is a common occurrence (250). Furthermore, tumor suppressive roles of 

desmosomal plaque proteins have been observed as desmoplakin inhibits the Wnt signaling 

pathway (251) and plakoglobin expression suppresses keratinocyte motility (252). Taken 

together, these data support a model in which the desmosome and desmosomal proteins 

have tumor suppressive roles, however some studies have proposed tumorigenic functions 

of desmosomal proteins.  

 The expression of Dsg3 is upregulated in esophageal squamous cell carcinoma 

(ESCC), however there was no significance of this increased expression on patient survival 

(253). While there is clear evidence that Dsg3 acts as a tumor suppressor (243, 245), there 

is also data suggesting that Dsg3 promotes cancer cell migration and invasion through PKC 

signaling in squamous cell carcinoma (254). Similarly, Dsg2 expression has been shown 

to be upregulated in squamous cell carcinomas and basal cell carcinomas (242, 244, 255). 

This increased expression of Dsg2 has been linked to high risk SCC patients and higher 

expression of Dsg2 is correlated to more metastatic epithelial-derived prostate cancer cell 

lines when compared to a non-metastatic pre-curser cell line.  Mechanistically, it seems 

that Dsg2 has non-adhesive, signaling roles that facilitate cancer progression. 

Overexpression of Dsg2 in a mouse model promoted the development of BCC through the 

activation of the Stat3 pathway (256). Knockdown of Dsg2 in non-small cell lung cancer 

(NSCLC) results in a loss of proliferation accompanied by upregulated p27 expression and 

cell cycle arrest in the G1 phase (257). Furthermore, Dsg2 promotes the secretion of EGFR 
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and c-Src via vesicles from Dsg2 expressing cells, enhancing the proliferation of 

keratinocytes exposed to these vesicles and thereby altering the tumor microenvironment 

to one more favorable to the growth and survival of cancer (256). It is becoming 

increasingly clear that desmosomal cadherins may play a role in the pathogenesis of certain 

types of cancers, however little is understood about the mechanisms governing these 

associations.  
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Table 3.1 Cell junction proteins and cancer 
 Cancer(s) / Cancer Process Reference(s) 

Tight Junctions 

↑ Claudin-2 Metastasis (breast  liver) (227) 

↑ Claudin 18 Gastric cancers, non-small lung cancer (258, 259) 

↑ Occludin Lung cancer (260) 

↑ JAM-A Multiple Myeloma, Lung adenocarcinoma, breast cancer (261-263) 

   

↓ Claudin 3 Colon cancer (230) 

↓ Occludin Metastasis (breast  bone), breast cancer, cervical cancer , 

lung carcinoma 

(228, 229, 264) 

↓ JAM-A Gastric cancer (265) 

Adherens Junctions 

↑ β-catenin Colon carcinoma (240) 

   

↓ E-cadherin EMT, Breast cancer, gastric cancer, prostate cancer (221-224, 266) 

↓ α- catenin Gastric cancer, breast cancer, colorectal cancers (238, 239, 267, 

268) 

↓ β-catenin oral squamous cell carcinoma (243) 

↓ p120 Colorectal carcinoma, bladder carcinoma, gastric 

carcinoma, breast carcinoma 

(269-273) 

Desmosomes 

↑ Dsg2 Basal cell carcinoma, squamous cell carcinoma (242, 244, 255) 

↑ Dsg3 Head and neck cancers , squamous cell carcinoma (oral & 

lung) 

(254, 274-276) 

↑ Dsc1 Colorectal adenocarcinoma (277) 

↑ Dsc3 Colorectal adenocarcinoma (277) 

   

↓ Dsg1  Skin squamous cell carcinoma, Basal cell carcinoma, oral 

squamous cell carcinoma, head and neck cancer 

(242, 245-248) 

↓ Dsg2 Gastric carcinoma (278, 279) 

↓ Dsg3 Skin squamous cell carcinoma, oral squamous cell 

carcinoma 

(242-245, 247) 

↓ Dsc1 Skin squamous cell carcinoma (242) 

↓ Dsc2 Skin squamous cell carcinoma, colorectal adenocarcinoma, 

oral squamous cell carcinoma 

(242, 247, 277) 

↓ Dsc3 Skin squamous cell carcinoma , breast cancers , oral 

squamous cell carcinoma 

(242, 243, 250, 

280, 281) 

↓ DP Skin squamous cell carcinoma (242) 

↓ PG Skin squamous cell carcinoma , bladder cancer cell lines , 

prostate cancer, Basal cell carcinoma, lung cancer 

(242, 245, 246, 

282-284) 

   

*↑: Increased expression or function  

  ↓: Decreased expression or function 
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Chapter 4 

 

Regulation of the desmosome  

 

 While the desmosome is robust and provides resistance to mechanical forces, it is 

a dynamic structure allowing for junctional remodeling during biological processes such 

as cell division, cell migration, wound healing, and during development. As discussed in 

chapter 3, the pathways governing desmosome stability are hijacked during tumorigenesis, 

resulting in destabilization and downregulation of the desmosome during EMT. The main 

focus of this dissertation is to gain a greater understanding of the mechanisms governing 

the assembly and disassembly of the desmosome. The loss of desmosome function during 

EMT can occur either as a result of downregulation of desmosome proteins or as a result 

of destabilization of the desmosome. This chapter reviews what is currently known about 

desmosome assembly and stability including what is understood about lipid rafts in 

desmosome regulation. Much of what is known about desmosome disassembly has been 

learned through the study of the autoimmune skin disease pemphigus vulgaris and will be 

reviewed in chapter 6. 

 

4.1 Factors regulating the expression of desmosomal proteins 

  Studies primarily focused on understanding the deregulation of desmosomes 

during the process of tumorigenesis provide insights as to which transcription factors and 
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epigenetic modifications govern the expression of desmosome components (Table 2.1). 

Transcription factors are proteins that when bound to DNA, regulate the expression of 

downstream targets. Transcription factors are often aberrantly active in cancer, and thus 

studying these proteins in the context of tumorigenesis can uncover potential therapeutic 

targets (285). Studies in cultured keratinocytes and in mouse models demonstrate that loss 

of p63 function reduces Dsc3, Dp, and Dsg1 levels at the transcriptional and post-

translational level (286). Similarly, mutations within p53 have identified Dsc3 as a target 

of the transcription factor (287, 288). A study in a cell line derived from oral squamous 

cell carcinoma cells uncovered that the degradation of Dsg2 was dependent on activity of 

the transcription factor Snail (289). Several other transcription factors like Klf5, Smad4, 

Grainy head-like 1, Cdx1, and Lef-1 have been implicated as regulators of desmosomal 

protein expression (21, 266, 290-294), however, further research is required to understand 

the pathways responsible for these observations and the significance.   

 In addition to transcription factor activity, epigenetic modifications are capable of 

controlling gene expression. Similar to transcription factors, epigenetic alterations have a 

role in the progression of cancer (295). Hypermethylation of promoter regions prevent the 

DNA from being accessible to transcriptional machinery, thereby silencing downstream 

genes. A study of 32 breast cancer patients uncovered that 13 of the 32 patients 

demonstrated a loss of Dsc3 expression associated with hypermethylation of the promoter 

region, however no clear mechanism for the hypermethylation was identified (280). Similar 

hypermethylation of the Dsc3 promoter region and subsequent loss of expression was 

identified in several other cancer types including prostate cancer and esophageal 
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adenocarcinomas and the loss of expression correlated with worse patient prognosis (296, 

297).  Furthermore, hypermethylation has been associated with the downregulation of 

plakoglobin and plakophilin in several cancer types (283, 298-300). In addition to 

hypermethylation of DNA, post translational modifications to histones can affect the 

transcription of desmosome genes. Aberrant histone methylation and acetylation in 

prostate carcinoma and bladder cancer is linked to altered expression of many desmosome 

proteins (301, 302). While it is clear that genetic and epigenetic modifications that occur 

during tumorigenesis affect the expression of desmosomal proteins, the upstream effectors 

that lead to these modifications are still left a mystery.  

   

4.2 Desmosome Stability  

While desmosome integrity can be altered by downregulating the expression of 

individual desmosome components, the stability of the desmosome can also be altered post 

translationally through several mechanisms. Growth factors are proteins that act as 

signaling molecules that often regulate cell proliferation and survival. These factors exist 

in the extracellular space and bind to receptors on the cell surface to initiate a signaling 

cascade. Investigators have identified several growth factors that impact desmosome 

stability (Table 4.1). EGF treatment results in the phosphorylation of PG, resulting in a loss 

of binding between PG and DP and subsequent loss of intercellular connections (138). 

Plakoglobin was removed from cell borders and present in the cytoplasm in cells treated 

with TNFα, but when cells were treated with other cytokines PG localization was not 

altered (303). Thus TNFα selectively targets the localization of PG. Additionally, IGF-1 
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treatment resulted in the phosphorylation of PKP-1 and reduced intercellular adhesion 

(304). Further studies of these growth factors and downstream signaling could illuminate 

mechanisms for desmosome regulation, particularly in the context of tumorigenesis as 

growth factors are key tumor promoting factors.  

In addition to growth factors, desmosome stability is affected by extracellular 

calcium levels. The extracellular domain of cadherins, including desmogleins and 

desmocolins, contain binding domains for calcium (122). Calcium binding results in a 

conformation change that allows for cadherins to adhere in the extracellular space. When 

keratinocytes are cultured in low calcium media (50uM) they are unable to form 

desmosomes while the addition of calcium (550uM) results in the formation of 

desmosomes over several hours. Similarly, when keratinocytes cultured in high calcium 

are switched to low calcium media, desmosomes are rapidly disassembled. However, 

confluent keratinocytes cultured in high calcium for six days reveal that a portion of 

desmosomes become calcium independent as determined by a calcium chelating assay 

(305). Additionally, our lab as well as others have been able to generate calcium 

independent desmosomes through PKCα signaling and PKP-1 overexpression (305, 306). 

It may be that desmosomes in unperturbed epidermis exist in both calcium dependent and 

calcium independent states, and that extracellular calcium is critical for desmosome 

stability during desmosome formation and maturation. Support for this model lies in the 

observation that after wounding, desmosomes switch to a calcium dependent state in a PKC 

dependent manner (307).  
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Table 4.1 Regulation of the Desmosome 

 

Transcription factors 

Transcription factor Target(s) Reference(s) 

p63 Dsc3, DP, Dsg1 (286, 308) 

p53 Dsc3 (287, 288) 

Snail Dsg2 (289) 

Klf5 Dsg1, DP (249) 

Smad4 Dsg4 (291) 

Grainy head-like 1 Dsg1 (292, 293) 

Cdx1/Cdx2 Dsc2 (294) 

Lef-1 Dsc2, Dsc3 (309) 

Stat3 Dsg3 (310) 

Epigenetic modifications 

Modification Target(s) Reference(s) 

Promoter Methylation Dsc3, PG, PKP (280, 288, 296-300) 

Histone Methylation Dsc 1-3, Dsg 1-4, DP (301) 

Histone Acetylation Dsg2, Dsg1 (302, 308) 

Growth factors 

Growth factor Target(s) Reference 

EGF PG, Dsg2, Dsc2 (138, 311) 

TNFα PG, Dsg2 (303, 312) 

HGF Dsg1, DP (313, 314) 

IGF-1 PKP1 (304) 

IFNγ Dsg2, Dsg3 (315) 
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4.3 Desmosome Assembly 

Prior to the formation of a desmosome, desmosomal proteins must traffic through 

the biosynthetic pathway to the plasma membrane (PM). PKP and DP are the first 

desmosomal components to accumulate at the plasma membrane after cells are switched 

from a low calcium to a high calcium environment (316, 317).  PKP-2 is critical for DP 

accumulation at the PM and subsequent desmosome assembly (318). Palmitoylation and 

lipid raft association of PKP is required for proper desmosome assembly (319). 

Additionally, whereas DP is not palmitoylated, pan inhibition of palmitoylation results in 

a loss of DP association with cell borders, perhaps due to a failure of unpalmitoylated PKP 

to associate with lipid rafts (319). Interestingly, Dsg2 and Dsc2 localize to different vesicle 

populations. While microtubules are essential for the transport of both of these cadherins, 

Dsg relies on kinesin-1 while Dsc relies on kinesin-2, further demonstrating different 

transport mechanisms (320). Plakoglobin associates with desmosomal cadherins early on 

in the biosynthetic pathway and traffics as a complex to the PM. As mentioned above, 

desmosomes switch from a calcium dependent to a calcium independent state when 

cultured for several days, thus while desmosomes form within three hours of a low to high 

calcium switch, it is apparent that they continue to mature.  

Several studies have implicated the formation of adherens junctions as an obligate 

precursor to the formation of desmosomes in epithelial cells. Function blocking antibodies 

to the external domain the adherens junction protein E-cadherin prevent the formation of 

desmosomes (321) and epidermal cells lacking E-cadherin demonstrate a failure to form 

desmosomes (322). Recently, in collaboration with the Sivasankar lab, we demonstrated 
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that E-cadherin interacts in trans with desmosomal cadherins and is located within nascent 

desmosomes and excluded as desmosomes mature (323). Thus, it seems that classical 

cadherins are required to initiate or nucleate desmosome formation, but are excluded from 

mature desmosomes. One hypothesis derived from work in this dissertation for the 

mechanism driving the exclusion of E-cadherin from mature desmosome is that 

desmosomal components associate with lipid rafts while E-cadherin does not, thus E-

cadherin cannot associate with mature desmosomes that associate with lipid rafts. In fact, 

lipid rafts are critical for desmosome assembly (324).  In section 4.4, lipid rafts and their 

role in desmosome assembly and disassembly are defined.   

 

4.4 Desmosome regulation: Lipid rafts 

 

4.4.1 Lipid rafts  

The plasma membrane is a biomembrane that consists of phospholipids, proteins, 

and sterols. As early as the 1970s, the lipid bilayer has been recognized as a dynamic 

structure and the fluid mosaic model of biomembranes was introduced (325). The 

phospholipids that make up the biomembrane are amphipathic and have a hydrophyllic, 

polar head group as well as a hydrophobic region typically consisting of two acyl chains. 

Not all of the phospholipids within the plasma membrane are the same and can be separated 

into two classes, phosphoglycerides, also known as glycolipids, and sphingolipids (326). 

Sterols, such as cholesterol, are the third type of lipid found in the plasma membrane. The 
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phospholipids, proteins, and sterols of the plasma membrane are not found uniformly 

throughout the bilayer, rather there is heterogeneity in the membrane.  

 

4.4.1.1 Structure of Lipid rafts 

 The first insights to membrane heterogeneity were born from biochemical studies 

in which it was realized that detergents did not result in complete solubilization of the 

plasma membrane and that the remnants left behind were enriched in cholesterol and 

sphingolipids (327-329). These observations led to the hypothesis that microdomains 

enriched in these two components exist on the plasma membrane. Additionally, a spin label 

study of enzyme dynamics within the membrane indicated a mosaic-like structure of the 

membrane rather than an equal distribution of membrane lipids and proteins (330). 

Together these studies led to the first formal hypothesis that the plasma membrane consists 

of separate domains in 1982 by Klausner & Karnovsky (331). Kai Simons was the first to 

term sphingolipid and cholesterol rich microdomains as lipid rafts, and they were originally 

thought to mainly contribute to protein trafficking, with a particular focus on trafficking 

from the Golgi (332). In 2006 a keystone symposium defined lipid rafts as a small (10-

200nm), heterogeneous, highly dynamic, sterol- and sphingolipid-enriched domains that 

compartmentalize cellular processes (333). Furthermore, the phospholipid composition of 

plasma membranes, as well as the protein and sterol content, varies between cell types 

implicating that plasma membrane composition has a larger role in cell and even tissue 

function (334). 
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The structure of the phospholipids in a given area of the membrane as well as the 

relative phospholipid, protein, and sterol composition impacts the properties of the 

membrane (335). For example, sphingolipids with saturated acyl chains have less surface 

area and thus can pack more tightly to form a dense, gel-like area of the membrane.  

Cholesterol promotes ordered packing of phospholipids by interacting with the 

hydrophobic tails of phospholipids, promoting a more ordered arrangement of the 

hydrophobic acyl chains, and can disrupt the fluidity of the membrane thereby restricting 

the lateral mobility of lipids and proteins in the membrane (336-338).  Because of the high 

density and order of proteins and lipids in rafts, they are resistant to solubilization using 

detergents such as Triton X-100.  When cells are lysed in the presence of Triton X-100 

followed by a sucrose gradient fractionation, lipid raft fractions can be identified in a 

western blot by probing for known resident proteins such as flotillins and proteins known 

to be excluded from rafts such as calnexin (339). Thus, sucrose gradient fractionations have 

become a powerful technique in identifying proteins that associate with lipid rafts. In model 

membranes, sphingolipids spontaneously coalesce to form rafts and promote membrane 

heterogeneity (340). However, the addition of physiological levels of cholesterol to model 

membranes containing a mixture of lipids greatly promoted phase separation, indicating a 

clear role for cholesterol in promoting membrane heterogeneity (340). Studies in model 

membranes have concluded that lipid rafts are thicker than other areas of the plasma 

membrane, however this has yet to be confirmed in living cells (341-343) (Figure 4.1).  In 

fact, several studies have concluded that the addition of cholesterol to membranes increases 

the thickness of the membrane and that this thickness is related to the relative order of the 
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membrane (344-347). Understanding the properties and compartmentalization of the 

plasma membrane is fundamental to our understanding of integral membrane proteins.  

 

 

Figure 4.1 Lipid raft structure. Lipid rafts are enriched in sphingolipids and cholesterol. 

Both the cholesterol content and the saturated tails of the sphingolipids contribute to a 

thickening of the lipid raft bilayer when compared to non-raft areas of the plasma 

membrane. Additionally, lipid rafts are more ordered and denser than other areas of the 

plasma membrane.  

 

4.4.1.2 Function of lipid rafts 

 Lipid rafts compartmentalize the plasma membrane and act as platforms to control 

the spatial and temporal association of proteins. Components of a signaling cascade must 

have access to one another in order to properly transduce a signal. This became apparent 

through studies of the immune synapse where T cell antigen receptors (TCR) were shown 

to cluster and colocalize with downstream signaling components, and that this clustering 

was necessary for effective TCR signaling (348). It is intuitive that the 

compartmentalization of the plasma membrane allows for the spatial regulation of proteins. 
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Association with lipid rafts is one way for cells to increase the probability of desirable 

protein interactions on the plasma membrane as only a subset of membrane proteins seem 

to associate with rafts. For example, the IGF-IR receptor localizes to lipid rafts and 

perturbation of lipid rafts prevents signaling despite no changes in the activation of the 

receptor itself (349, 350). Downstream effectors have also demonstrated lipid raft 

association (351), thus the loss of signaling after the loss of lipid raft integrity is likely due 

to a lack of proximity between the receptor and downstream signaling molecules. Lipid 

rafts have been studied in additional signaling cascades such as TCR (352-354), glial-cell-

derived neurotrophic factor (355), and Ras signaling (356). Several reviews discuss the 

importance of lipid rafts in cellular signaling (357-360). 

 In addition to important functions in regulating cellular signaling at the plasma 

membrane, lipid rafts are found in the membranes of other organelles and cellular 

compartments and are critical in the biosynthetic trafficking of proteins. Cholesterol is 

synthesized in the endoplasmic reticulum while sphingolipid synthesis and modifications 

occur in the Golgi (361). Sphingolipids are found in very low concentrations in the ER, 

meaning that the first membrane-enriched for cholesterol-sphingolipid rich domains are 

found is the Golgi (361-363). Vesicles enriched for COPI have low amounts of 

sphingomyelin and cholesterol, supporting the notion that lipid raft components are not 

transferred to the ER in high quantities (364). Recent studies demonstrate that some ER 

resident proteins localize to lipid raft domains, suggesting that the low levels of 

sphingolipids and cholesterol within the ER form raft domains (365, 366).  Nonetheless, 

forced accumulation of cholesterol in the ER inhibited protein transport and secretion, 
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highlighting the importance of maintaining low levels of cholesterol in the ER (367). The 

Golgi is responsible for sorting cargo, including proteins, into vesicles destined for cellular 

organelles and the plasma membrane (368).   There is a cholesterol gradient in the Golgi 

with higher levels on the trans side of the Golgi, indicating that cholesterol, and thereby 

lipid rafts, travels outwards through the biosynthetic pathway (363, 369). Depletion of 

cellular cholesterol inhibits vesicle budding from the Golgi, while high cholesterol levels 

stimulated vesicle formation, indicating a critical role for cholesterol in trafficking from 

the Golgi (370). Collectively, these data support a model in which raft components, 

including associated proteins, traffic outward towards the plasma membrane during 

biosynthesis. 

As previously mentioned, the incorporation of cholesterol and sphingolipids result 

in a thicker bilayer, thus it is intuitive that the ER with a lower concentrations of these 

components would retain proteins with shorter hydrophobic transmembrane segments 

while the plasma membrane, which should be comparatively thicker, is enriched for 

proteins harboring longer transmembrane domain segments. If the hydrophobic 

transmembrane domain is longer or shorter than the hydrophobic span of the raft membrane 

there is a hydrophobic mismatch between the TMD and the bilayer (371). If the mismatch 

is due to a slightly shorter TMD, the bilayer can deform or the TMD can be surrounded 

locally by favorable lipids.  If the mismatch occurs as a result of a TMD that is too long, 

the TMD can tilt in the membrane so that it remains in a favorable environment. However, 

if the mismatch is too great, it becomes energetically unfavorable for the protein to 

associate with a lipid raft and thus will be excluded (371). This was shown experimentally 
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and the length of the TMD was proposed as one of potentially many mechanisms for 

regulating protein association with specific organelles, including retention in the Golgi 

apparatus  (369).  

 In addition to facilitating trafficking to the plasma membrane, lipid rafts mediate 

endocytosis. Initially, endocytosis was thought to depend exclusively on clathrin, a coat 

protein known to facilitate PM invagination, however it is now widely accepted that several 

clathrin independent mechanisms for endocytosis exist. Caveolae were first identified in 

the 1950s via electron microscopy and are specialized lipid raft-enriched, clathrin-deficient 

invaginations of the plasma membrane that mediate endocytosis (372, 373). The major 

protein associated with caveolae is caveolin 1 (Cav1), which forms the coat of these 

invaginations and vesicles (374, 375). Fourteen to sixteen Cav1 molecules oligomerize to 

facilitate the formation of caveolin (376, 377). However, both Cav1 and cholesterol must 

be present to form caveolae demonstrating the importance of lipid rafts in this method of 

endocytosis (374).   While caveolae endocytosis is the most well studied lipid raft 

dependent endocytosis mechanism, others do exist. For example, cholera toxin-B is 

internalized in a raft dependent manner independent of caveolae (378). Similarly, interlukin 

2 receptors are internalized in a raft dependent, clathrin-independent, caveolin-independent 

mechanism (379). As these lipid raft mediated endocytic pathways are studied, new 

mechanisms are continuously emerging, however much work still needs to be done for us 

to fully understand these mechanisms.  
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4.4.3 Lipid rafts and desmosome function 

 Prior to the understanding of plasma membrane microdomains and the concept of 

lipid rafts emerged, there was evidence that desmosomes were enriched for cholesterol and 

sphingolipids. Desmosomes purified from bovine snouts were subsequently tested for lipid 

composition and found to have a high sphingolipid and cholesterol content (113).  This 

was later confirmed using spectrometry and gas chromatography a few years later (380). 

Sucrose gradient fractionations have confirmed that most desmosomal proteins associate 

with lipid raft fractions of the plasma membrane (319, 324, 381-384) and Table 4.2. 

Additionally, perturbation of lipid rafts using cholesterol chelating agents, such as methyl-

β-cyclodextrin, have demonstrated that lipid rafts are necessary for proper assembly (324, 

382) and disassembly (382, 385) of desmosomes. Recent studies of Dsg2 highlight the 

importance of raft association in non-adhesive, signaling functions of desmogleins. Lipid 

rafts are necessary for Dsg2 mediated EGFR signaling and the release of extracellular 

vesicles in cancer cells (384, 386). Palmitoylation is one mechanism by which proteins 

associate with lipid rafts (387, 388). As mentioned above, several desmosomal proteins 

have been shown to be palmitoylated and PKP mutants that could not be palmitolyated 

demonstrated a reduction in lipid raft association (319). Furthermore, the expression of 

these PKP palmitoylation mutants in cells prevented desmosome assembly and resulted in 

a loss of cell-cell adhesion (319).   Collectively, these studies lead to the formation of the 

hypothesis that the molecular components of the desmosome associate with lipid rafts and 

that this association is necessary for proper protein function and maintenance of the 

desmosome (Figure 4.2). Additional studies are necessary to fully understand the 
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regulation of the desmosome by lipid rafts. Chapter 5 of this dissertation focuses on 

understanding the mechanism by which desmogleins associate with lipid rafts and further 

discusses the implications this association has on desmosome biology.  

 

 

Figure 4.2 Model for the role of lipid rafts in desmosome function. 1) Molecular 

components of the desmosome associate with lipid rafts to mediate signaling cascades 

(discussed in future directions). 2) Molecular components of the desmosome associate with 

lipid rafts and this association is critical for proper assembly and disassembly dynamics of 

the desmosome.  
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Year Method Observation(s) Reference 

1974 Lipid extraction and thin layer 

chromatography on purified 

desmosomes 

Desmosomes have high sphingolipid 

and cholesterol content 

(113) 

1977 Gas chromatography and 

spectrometry 

Desmosomes have high sphingolipid 

and cholesterol content 

(380) 

2008 Sucrose gradient 

fractionations 

PG and DP associate with lipid rafts (381) 

2008 PV IgG treatment and clathrin 

inhibitor 

PV IgG treatment and Filipin 

or Nystatin 

Dsg3 endocytosis is clathrin 

independent 

Dsg3 internalization is cholesterol 

dependent 

(385) 

2011 Sucrose gradient fractionation 

Methyl-β-cyclodextrin 

Dsc2 associates with lipid rafts              

d 

Desmosome assembly is cholesterol 

dependent 

(324) 

2012 GST pulldowns 

Immunofluorescence 

Sucrose gradient fractionation 

Dsg2 associates with Caveolin 1 

Dsg2 colocalizes with Caveolin 1 

Dsg2 and PG associate with lipid rafts 

(389) 

2014 Sucrose gradient fractionation 

Methyl-β-cyclodextrin                  

d 

Immunofluorescence 

PV IgG treatment 

Dsg3 associates with lipid rafts            d 

Desmosome assembly is cholesterol 

dependent 

Dsg3 colocalizes with raft markers 

Dsg3 colocalizes with raft markers in 

linear arrays 

(382) 

2014 Sucrose gradient fractionation 

Palmitoylation null mutation 

PKP2 and Dsg2 associate with lipid rafts 

Palmitoylation regulates PKP 

association with lipid rafts 

(319) 

2016 Sucrose gradient fractionation 

Palmitoylation null mutants 

Dsg2 and Dsg3 associate with lipid rafts 

Palmitoylation of Dsg2 and Dsg3 does 

not regulate raft association 

(383) 

2016 Sucrose gradient fractionation 

Methyl-β-cyclodextrin 

 

Dsg2 associates with lipid rafts               

d 

Dsg2 mediated EGFR signaling is 

cholesterol dependent 

(384) 

2017 Cholera toxin B labeling and 

FACS 

Dsg2 containing vesicles are enriched 

for lipid rafts 

(386) 

 

Table 4.2 Summary of lipid raft and desmosomes literature 
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Chapter 5 

 

The Desmosome is a Mesoscale Lipid 

Raft-Like Domain 
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5.1 Abstract 

Desmogleins are cadherin family adhesion molecules essential for epidermal 

integrity. Previous studies have shown that desmogleins associate with lipid rafts, but the 

significance of this association was not clear. Here, we report that the desmoglein 

transmembrane domain (TMD) is the primary determinant of raft association. Further, we 

identify a novel mutation in the DSG1 TMD (G562R) that causes severe dermatitis, 

multiple allergies, and metabolic wasting (SAM) syndrome. Molecular modeling predicts 

that this G to R mutation shortens the DSG1 TMD, and experiments directly demonstrate 

that this mutation compromises both lipid raft association and desmosome incorporation. 

Finally, cryo-electron tomography (cryo-ET) indicates that the lipid bilayer within the 

desmosome is ~10% thicker than adjacent regions of the plasma membrane. These findings 

suggest that differences in bilayer thickness influence the organization of adhesion 

molecules within the epithelial plasma membrane, with cadherin TMDs recruited to the 

desmosome via establishment of a specialized mesoscale lipid raft-like membrane domain.  

 

5.2 Introduction 

A characteristic feature of epithelial cells is the assembly of specialized plasma 

membrane domains that mediate cell adhesion, communication, and barrier function (28, 

390). Among these structures, adherens junctions and desmosomes play overlapping but 

distinct roles in cell adhesion, signaling, and morphogenesis (390).  Desmosomes are 

particularly abundant in tissues exposed to mechanical stress, including the skin and heart 
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(112, 391, 392). These adhesive complexes are characterized by highly organized and 

dense arrangements of desmosomal proteins that can be visualized by electron microscopy 

(142, 393, 394). Considerable progress has been made in identifying protein interactions 

that mediate adhesion in both adherens junctions and desmosomes, as well as the 

associations that anchor these adhesive structures to the cytoskeleton (395-398). However, 

the physical constraints imposed by the epithelial plasma membrane that contribute to the 

segregation of adherens junctions and desmosomal complexes into morphologically, 

biochemically, and functionally distinct structures are poorly understood.   

The adhesive core of the desmosome is comprised of single pass transmembrane 

desmosomal cadherins termed desmogleins and desmocollins that mediate adhesion 

between adjacent cells (122, 123, 394). In humans, there are four desmoglein genes (DSG1-

4), along with three desmocollins (DSC1-3) (1). The desmosomal cadherins are coupled to 

the intermediate filament cytoskeleton through adaptor proteins such as plakoglobin, 

plakophilins, and the cytolinker protein desmoplakin (142, 399, 400). These interactions 

form an electron dense plaque that couples the adhesive interactions of the desmosomal 

cadherins to the intermediate filament cytoskeleton of adjacent cells, thus conferring tissue 

resilience to mechanical stress (128, 392). Loss of desmosome function results in skin (156, 

392) and heart (112, 401) diseases characterized by tissue fragility. In the skin, loss of 

desmosomal adhesion manifests clinically as epidermal blisters and erosions (156, 402), 

and in some disorders, aberrant thickening of the epidermis (159, 403).  One example of 

such a disease is severe dermatitis, multiple allergies, and metabolic wasting (SAM) 
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syndrome (160). This disease is typically caused by null mutations in DSG1, leading to 

epidermal fragility and barrier defects (158, 161).  

 We and others have previously demonstrated that desmosomal proteins associate 

with lipid rafts (324, 382, 385, 389, 404). Lipid rafts are sphingolipid- and cholesterol- 

enriched membrane microdomains that introduce spatial heterogeneity into lipid bilayers 

(333, 405-407). These domains are critical for protein trafficking, membrane organization, 

and signaling (408-412). The sphingolipids present in rafts feature long saturated acyl 

chains that, along with cholesterol, contribute to the more ordered, densely packed, and 

thicker membrane environment characteristic of lipid rafts (335, 407, 408).  Desmogleins 

and other desmosomal proteins have been shown to associate with lipid raft membrane 

domains as determined by detergent resistance and buoyancy on sucrose gradients (324, 

382, 389, 404). In addition, disruption of lipid rafts by removal of cholesterol from cellular 

membranes results in weakened desmosomal adhesion, suggesting that lipid rafts play a 

role in desmosome homeostasis (324, 382). However, we do not know how desmosomal 

cadherins target to raft domains or how incorporation into raft domains impacts 

desmosomal cadherin function.  

 In the present study, we sought to determine the mechanisms by which raft 

association governs desmosome assembly, and to identify the determinants of desmoglein 

partitioning to rafts. Our results indicate that the transmembrane domain (TMD) of the 

desmogleins is critical for raft association, and that the E-cadherin TMD does not support 

raft targeting. Raft association appears to be essential for desmoglein function, as a novel 

mutation that shortens the TMD of human DSG1 abrogates lipid raft targeting, impairs 
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desmosome association, and causes the human skin disease SAM syndrome. Cryo-electron 

tomography and sub-tomogram averaging demonstrates that the lipid bilayer within the 

desmosome is thicker than the adjacent plasma membrane, consistent with predictions that 

the lipid bilayer is thicker at raft domains compared to non-raft membranes. Thus, our 

results support a model in which the desmosome is a specialized type of lipid raft 

membrane microdomain, and the lengthy desmoglein TMD enables efficient desmosome 

incorporation by facilitating desmoglein partitioning into the thicker desmosomal lipid 

bilayer. These findings suggest that epithelial junctional complexes achieve plasma 

membrane domain specification not only through selective protein interactions, but also 

through constraints imposed by the biophysical characteristics of the plasma membrane.   

 

5.3 Results 

5.3.1 Palmitoylation of Dsg3 is not required for lipid raft association 

Desmogleins and other desmosomal components associate with lipid raft 

membrane microdomains (324, 382, 385, 404). A number of raft associating proteins, 

including plakophilins, utilize palmitoylation as a membrane raft targeting mechanism 

(319, 387, 388). Palmitoylation is a reversible post-translational modification that occurs 

when palmitoyltransferases add a 16-carbon fatty acid (palmitate) to cysteine residues 

(413, 414). Sequence alignments (Figure 5.1A) reveal that desmosomal cadherins contain 

conserved cysteine residues at the cytoplasmic face of the transmembrane domain, and our 

previous studies have shown that these residues are critical for desmoglein palmitoylation 
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(383). We hypothesized that palmitoylation of desmogleins would mediate lipid raft 

association. Therefore, we mutated cysteines 640 and 642 to alanine residues in murine 

DSG3 and used a lentiviral expression system to generate stable A431 cell lines expressing 

FLAG tagged wild type or mutant Dsg3(CC). A431 cells are an epidermal carcinoma cell 

line that has been used extensively for desmosome studies due to their human origin, 

relatively flat morphology and assembly of robust desmosomes (125, 383, 415-418). Mass 

tag labeling confirmed that the mutation of these conserved membrane proximal cysteines 

eliminated Dsg3 palmitoylation (Figure 5.1B).  Interestingly, the loss of Dsg3 

palmitoylation had no discernable effect on lipid raft association as determined by Dsg3 

incorporation into buoyant and detergent resistant membranes (DRM) (339) (Figure 5.1C). 

In addition, both WT Dsg3 and Dsg3(CC) localized to cell-cell borders as assessed by 

widefield immunofluorescence (Figure 5.1D). Furthermore, Dsg3 and Dsg3(CC) exhibited 

similar Triton-X 100 solubility, suggesting no defect in the desmosome or cytoskeletal 

association of Dsg3(CC) (Figure 5.1, E-G).  Collectively, these results indicate that 

palmitoylation is not required for lipid raft association of desmogleins or for normal Dsg3 

subcellular distribution in quiescent A431 monolayers.     

 

5.3.2 The transmembrane domain of desmogleins mediates lipid raft association  

In addition to palmitoylation, emerging evidence indicates that lipid raft association 

of membrane spanning proteins is also regulated by the physiochemical properties of the 

transmembrane domain (TMD) (419). In particular, TMD length is a critical determinant 

for targeting to lipid rafts (419-422). Sequence alignments (Figure 5.1A) indicate that the 
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TMDs of the desmogleins, which associate with rafts, are considerably longer (24 amino 

acids) than the corresponding TMDs of classical cadherins, such as E-cadherin (21 amino 

acids) and VE-cadherin (20 amino acids), which exhibit minimal raft association (382). 

Recent studies indicate that the free energy of raft association can be calculated based on 

TMD length, surface area, and palmitoylation (419). These parameters predict efficient 

WT Dsg1 raft partitioning (∆Graft=0.17), with markedly lower raft affinity for the TMD of 

E-cadherin (∆Graft=0.30) (Table I). To directly test if the TMD is the principal motif 

conferring lipid raft association on the desmoglein family of proteins, we generated a 

chimeric cadherin in which the Dsg3 TMD was replaced with the E-cadherin TMD 

(Dsg3(EcadTMD)). Lentiviral transduction was used to generate stable A431 cell lines 

expressing either wild type Dsg3-FLAG or Dsg3(EcadTMD)-FLAG. Sucrose gradient 

fractionations demonstrated that the Dsg3(EcadTMD) chimera was virtually excluded 

from DRM fractions when compared to wild type Dsg3 (Figure 5.2A and B).  

Immunofluorescence localization indicated that Dsg3(EcadTMD) localized to cell-cell 

contact sites. However, Triton X-100 extraction showed decreased insoluble pool 

partitioning as assessed by both immunofluorescence (Figure 5.2C) and western blot 

analysis (Figure 5.2, D-F), suggesting decreased Dsg3(EcadTMD) association with 

cytoskeletal elements relative to wild type Dsg3. Expression of the Dsg3(EcadTMD) 

mutant caused no apparent changes in endogenous E-cadherin distribution (Figure 5.2, A 

and D-F).  To determine if the Dsg3 TMD is sufficient to confer lipid raft targeting, we 

constructed interleukin 2 receptor (IL2R) α chain-Dsg3 chimeric proteins comprising the 

IL2R extracellular domain coupled to the Dsg3 cytoplasmic tail with either the IL2R TMD 

or the Dsg3 TMD (Figure 5.2G and reference (423)). The IL2R-Dsg3 chimera harboring 
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the Dsg3 TMD partitioned to DRM fractions, whereas the chimera containing the IL2R 

TMD did not partition with DRM fractions. Collectively, these studies indicate that the 

Dsg3 TMD is the primary determinant of Dsg3 raft association.   

To test if the TMD of other desmoglein family members also functions in raft 

association, similar experiments were conducted in the context of Dsg1. Dsg1 WT and a 

Dsg1(EcadTMD) chimera were generated. Both proteins were tagged with a carboxyl 

terminal green fluorescent protein (GFP) and stably expressed in A431 cell lines as 

described above. Similar to the Dsg3(EcadTMD) chimera, the Dsg1(EcadTMD) chimera 

showed a marked decrease in association with DRM fractions as determined by sucrose 

gradient fractionation (Figure 5, A and B). Additionally, Dsg1(EcadTMD) was partially 

excluded from Triton insoluble fractions of cell lysates (Figure 5, C-E), similar to the 

results seen with Dsg3(EcadTMD) (Figure 5.2, D-F). Lastly, both the WT Dsg1 and 

Dsg1(EcadTMD) demonstrated border staining characteristic of desmogleins (Figure 

5.3F). Together, these results demonstrate a central role for the TMDs of the desmoglein 

family in lipid raft association.  

 

5.3.3 A mutation in the transmembrane domain of DSG1 causes severe dermatitis, multiple 

allergies, and metabolic wasting syndrome 

Loss of DSG1 function is associated with a number of autoimmune, infectious, and 

genetic diseases (156, 401, 403). One recently discovered desmosome-associated disease 

is severe dermatitis, multiple allergies, and metabolic wasting (SAM) syndrome (160). 
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Most instances of SAM syndrome are caused by homozygous functional null mutations in 

the desmosomal cadherin desmoglein 1 (DSG1) (158, 161). Here, we report a novel and 

dominantly inherited heterozygous DSG1 missense mutation within the DSG1 TMD 

(Figure 5.4). The probands presented with ichthyosiform erythrokeratoderma, diffuse 

palmoplantar keratosis and multiple allergies (Figure 5.4A). Proband III-2 suffered 

metabolic wasting and died of status asthmaticus and recurrent infections. Hemotoxylin 

and eosin staining of skin biopsied from the proband revealed compact hyperkeratosis with 

parakeratosis, frequent detachment of the entire stratum corneum, and dissociation of 

individual corneocytes (Figure 5.4B). Although these findings indicate an adhesion defect, 

we observed minimal alterations in desmosome ultrastructure when patient epidermis was 

examined by electron microscopy (Figure 5.4C). These clinical and genetic observations 

led us to diagnose the patient with SAM syndrome. Unlike previously reported instances 

of DSG1 mutations in SAM syndrome (158, 160, 161, 424), this patient harbored a novel 

missense mutation in DSG1 which introduces a hydrophilic arginine residue (p.G562R) 

into the otherwise hydrophobic transmembrane domain of DSG1 (Figure 5.4, D-F). 

Subsequent to our characterization of this initial family, a second unrelated individual was 

identified with a G562R heterozygous mutation previously reported as a case of 

erythrokeratoderma variabilis (425).  The parents of this patient lacked this mutation and 

were disease free. Together, these observations demonstrate that a heterozygous G562R 

mutation in the DSG1 TMD causes a human skin disease best characterized clinically as 

SAM syndrome.  
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To determine how the G562R mutation impacted DSG1 organization in patient 

skin, biopsies from the proband were processed for immunofluorescence microscopy. 

DSG1 levels were markedly reduced (~40%) in the spinous and granular layers of patient 

epidermis (Figure 5.4, G and H), and DSG1 localized in cytoplasmic puncta and aberrant 

clusters at cell-cell borders. Interestingly, DSG1 staining in patient stratum corneum was 

markedly increased, perhaps reflecting increased antibody penetration. Desmoplakin levels 

were slightly reduced in patient epidermis, whereas DSG3 levels were markedly increased 

(Figure 5.4 I-K). To further investigate alterations in DSG1 distribution, we performed 

structured illumination microscopy (SIM) on patient and control epidermis. DSG1 

fluorescence intensity within patient and control desmosomes was comparable in basal 

keratinocytes, where DSG1 expression is low and other DSG isoforms (DSG2, DSG3) are 

expressed.  However, DSG1 fluorescence intensity in patient desmosomes was 

significantly reduced (Figure 5.4, L and M) in the spinous and granular layers where DSG1 

is prominently expressed. Thus, although morphologically normal desmosomes could be 

observed by electron microscopy (Figure 5.4C), these desmosomes apparently lack 

sufficient DSG1 levels to support normal epidermal cohesion.  

To investigate the mechanism by which the DSG1(G562R) mutation causes SAM 

syndrome, GFP-tagged murine wild type Dsg1α and a mutant harboring the equivalent G-

to-R substitution, Dsg1(G578R), were expressed in A431 epithelial cells. Widefield 

fluorescence imaging revealed that both WT Dsg1 and Dsg1(G578R) were present at cell-

to-cell borders (Fig 5.5A). Interestingly, the Dsg1(G578R) mutant also exhibited a 

prominent perinuclear staining pattern. There were no obvious differences in desmoplakin 
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localization in the two cell lines (Figure 5.5A), and plakoglobin generally co-localized with 

both cell-cell border and perinuclear pools of WT Dsg1 and Dsg1(G578R) (Figure 5.5B). 

To determine if the Dsg1(G578R) mutant was defective in desmosome targeting, SIM was 

performed and Dsg1 fluorescence intensity was measured at cell borders both within and 

outside of individual desmosomes to control for possible variations in Dsg1 levels at 

different cell-cell contact sites. We observed that Dsg1(G578R) displayed a decreased 

association with desmosomes when compared to WT Dsg1 (Figure 5.5, C and D). 

Furthermore, parallel bands of GFP fluorescence signal overlapping with DP were 

routinely observed for WT Dsg1-GFP but not for Dsg1(G578R)-GFP (Figure 5.5, C and 

E). Lastly, WT Dsg1 efficiently entered a detergent-resistant pool, consistent with 

incorporation into insoluble desmosome and cytoskeletal-associated complexes, whereas 

mutated Dsg1(G578R) remained predominantly soluble (Figure 5.5, F-H). Together, these 

findings indicate that the G-to-R TMD mutation reduces DSG1 incorporation into 

desmosomes in both cultured cells and in patient epidermis.  

In addition to being deficient in desmosome targeting, we also observed that DSG1 

was present in cytoplasmic puncta in SAM patient epidermis (Figure 5.4G) and that 

Dsg1(G578R) was concentrated in perinuclear compartments in A431 cell lines (Figure 

5.5, A and B). To determine if the Dsg1(G578R) mutant exhibited membrane trafficking 

defects, cell surface proteins were biotinylated and pulse chase experiments conducted to 

measure Dsg1 turnover rates. These experiments revealed no difference in the rate of 

Dsg1(G578R) turnover from the plasma membrane compared to WT Dsg1 (Figure 5.6, A 

and B). We also confirmed that Dsg1(G578R) is inserted into the plasma membrane in the 
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correct orientation by demonstrating that the c-terminal GFP tag is accessible to antibody 

detection only after cells have been permeabilized with Triton X-100 (Figure 5.7A). 

Furthermore, biotinylation experiments detected no significant difference in the ratio of 

surface to total Dsg for WT Dsg1 or Dsg1(G578R) at steady state (Figure 5.7, B and C).  

To measure rates of delivery to the plasma membrane, cell surface proteins were 

cleaved using trypsin and the rate of Dsg1 recovery at the cell surface was monitored by 

biotinylation (Figure 5.6, C and D). Prior to trypsinization, Dsg1(G578R) cell surface 

levels were similar to WT Dsg1 (Figure 5.6E), again indicating that steady state cell surface 

levels of the mutant were comparable to WT Dsg1. However, while the surface pool of WT 

Dsg1 recovered within 3-6 hours after trypsinization, Dsg1(G578R) exhibited delayed 

plasma membrane recovery (Figure 5.6D). To determine if Dsg1(G578R) was being 

retained in secretory compartments, A431 cell lines were grown in low calcium medium 

overnight to internalize all cadherins, and subsequently switched to high calcium medium 

to allow Dsg1 to traffic out to cell-cell borders. These experiments revealed that 

Dsg1(G578R) was retained in GM130-labeled compartments (Figure 5.6, F and G), 

indicating that the G-to-R mutation causes retention of Dsg1 in the Golgi apparatus, 

delaying its trafficking through the secretory pathway. 

 

5.3.4 Disease causing mutation abrogates lipid raft association of Dsg1 

Based on our findings that the TMD of the desmogleins is critical for lipid raft 

association, we hypothesized that the G-to-R mutation observed in SAM patients would 
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prevent Dsg1 from partitioning to lipid rafts. Calculations based on parameters which 

predict free energy of raft association from TMD sequences (419) revealed that 

introduction of the SAM-causing G-to-R mutation into the DSG1 TMD dramatically alters 

the energetics of raft association (Table I). Consistent with these calculations, sucrose 

gradient fractionations revealed that Dsg1(G578R) was virtually absent from lipid raft 

(DRM) fractions (Figure 5.8, A and B). Interestingly, we observed a notable reduction in 

plakoglobin association with DRM in cell lines expressing Dsg1(G578R), suggesting that 

the DSG1 mutant also recruited plakoglobin out of raft domains. To further test the ability 

of WT Dsg1 and Dsg1(G578R) to associate with lipid rafts, these proteins were transiently 

expressed in rat basophilic leukemia cells and giant plasma membrane vesicles (GPMV) 

were chemically isolated (426, 427). Non-raft plasma membrane domains were labelled 

with F-DiO, a dialkylcarbocyanine dye. WT Dsg1 efficiently partitioned into areas of 

plasma membrane vesicles lacking F-DiO, indicating partitioning to the liquid-ordered raft 

domain (Figure 5.8, C and D). In contrast, Dsg1(G578R) was almost entirely co-segregated 

with F-DiO and excluded from the liquid ordered plasma membrane domain, indicating 

minimal raft affinity. Together, these findings reveal that the G-to-R TMD mutation 

reduces cell surface DSG1 association with lipid rafts. 

 

5.3.5 The lipid bilayer within desmosomes is thicker than non-desmosomal membranes 

The results above illustrate a critical role for the desmoglein TMD in the association 

of this family of cadherins with lipid raft membrane microdomains and for its crucial role 

in epidermal homeostasis. To understand how the physiochemical properties of the 
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desmoglein TMD confer raft and desmosome targeting, structural models of the TMDs of 

wild type Dsg1, the Dsg1(G578R) SAM mutant, and E-cadherin were generated by the 

Robetta structure prediction server (428). The modeling predicts that the SAM-causing G-

to-R mutation interrupts the Dsg1 TMD helix and significantly shortens the run of helical 

hydrophobic residues (Table I and Figure 5.9A), potentially deforming the lipid bilayer as 

phospholipids position to maintain energetically favorable interactions between 

hydrophilic and hydrophobic amino acid residues (341, 371). These findings are consistent 

with the notion that the SAM-causing mutant disrupts lipid raft association by shortening 

the DSG1 TMD, thereby increasing the energy cost of entering the thicker lipid bilayer 

characteristic of lipid raft domains (419).  

Experiments in model membranes suggest that the high cholesterol content (341, 

344) and long, saturated acyl chains (429, 430) present in lipid raft domains contribute to 

significant thickening of raft phospholipid bilayers relative to non-raft regions of the 

membrane. A prediction derived from such observations, and from the experimentally 

demonstrated presence of desmosomal proteins in rafts, is that the lipid bilayer within 

desmosomes in cells or tissues would be thicker than non-desmosomal regions of the 

plasma membrane, thereby accommodating the lengthy desmoglein TMD. To test this 

possibility, cryo-electron tomography and sub-tomogram averaging were performed on 

mouse liver samples enriched in the plasma membrane fraction (Figure 5.9B). The 

thickness of lipid bilayers measured in the sub-tomogram averages within desmosomal and 

non-desmosomal regions of the plasma membrane was then determined. This analysis 

revealed that desmosomal bilayers were 10% thicker (4.5±0.4 nm) than regions 
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immediately adjacent to the desmosome (4.0±0.3 nm, p = 2.2E-122) or at arbitrary regions 

of membrane visible within the tomograms (4.0±0.3 nm, p = 6.4E-104) (Figure 3.9C). 

Together, these findings suggest that desmosomes represent a highly specialized plasma 

membrane domain that is characterized by lipid raft associated proteins and a thickened 

phospholipid bilayer characteristic of lipid raft-like model membranes.   

 

5.4 Discussion 

Lipid rafts have emerged as important membrane microdomains that regulate 

membrane organization, endocytosis, and signaling (333, 407-410). Desmosomal proteins 

have been shown to associate with lipid rafts in a variety of epithelial cell types (324, 382, 

385, 389, 404), but the mechanisms and physiological relevance of this association are 

poorly understood. Here, we report that the transmembrane domains of the desmogleins 

are the key determinants for targeting these cadherins to lipid rafts. A mutation within the 

DSG1 TMD that shortens this domain abrogates both lipid raft partitioning and desmosome 

association, and leads to the human skin disease SAM syndrome. Cryo-electron 

tomography reveals that the lipid bilayer within the desmosome is markedly thicker than 

the adjacent lipid bilayer, thereby favoring incorporation of the longer desmoglein TMDs 

into this plasma membrane domain. Collectively, our results suggest that desmosomes are 

a specialized mesoscale lipid raft-like membrane domain.   

Essential functions for desmogleins have been exposed by human diseases in which 

desmogleins are targeted by autoantibodies, infectious agents, or genetic mutation (391, 
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403). DSG1 is the primary desmoglein expressed in the outermost layers of the epidermis, 

and DSG1 loss of function mutations lead to at least two different types of epidermal 

disorders. Haploinsufficiency of DSG1 causes palmoplantar keratoderma (431), whereas 

complete loss of DSG1 leads to SAM syndrome (158, 160, 161). Most individuals afflicted 

with SAM syndrome succumb to chronic infection in early childhood (160). Here, we 

report two separate instances of SAM syndrome, one inherited and one sporadic, caused 

by a glycine to arginine substitution (G562) within the hydrophobic transmembrane 

domain (Figure 3.4). Arginine residues play an important role in terminating TMDs and 

establishing TMD orientation within the lipid bilayer (432, 433), consistent with molecular 

modeling indicating that the disease-causing glycine to arginine substitution shortens the 

DSG1 TMD (Figure 3.9). 

Our data indicate that shortening of the DSG1 TMD by insertion of an arginine 

residue disrupts DSG1 function in SAM syndrome patients by preventing lipid raft 

association. TMD length correlates positively with raft association (419), and our structural 

predictions and molecular modeling predict that desmoglein TMDs confer raft association 

(Table I and Figure 5.9A). This notion is consistent with our findings using both classical 

DRM fractionation experiments (Figures 5.3 and 5.4) and direct observations of 

partitioning of cell surface Dsg1 into liquid ordered plasma membrane domains (Figure 

5.8). In addition to shortening the Dsg1 TMD, insertion of an arginine residue into the 

TMD could also impact local protein and lipid packing within the desmosomal membrane 

domain. This could occur as polar residues, such as arginine, are thought to “snorkel” out 

of the hydrophobic bilayer to interact with the hydrophilic, aqueous environment, while 
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hydrophobic TMD residues retain contact with the acyl chains of the lipids (434). Such an 

arrangement within the bilayer could increase the effective surface area of the TMD and 

decrease packing of lipids and proteins, thereby altering Dsg1 association with lipid raft 

and desmosomal components.  

Interestingly, we observed defects in the rate of mutant Dsg1 delivery to the plasma 

membrane after trypsinization (Figure 5.6). In addition, plakoglobin co-localized with 

DSG1(G578R) pools that were retained in the Golgi apparatus (Figure 5.5B), and we 

observed a reduction in plakoglobin association with DRM fractions in cells expressing the 

DSG1(G578R) mutant (Figure 5.8). Nonetheless, Dsg1(G578R) is inserted into 

membranes in the correct orientation and steady state plasma membrane levels of the 

mutant are similar to WT Dsg1 (Figure 5.7).Surprisingly, palmitoylation does not appear 

to be required for desmoglein raft association (Figure 3.1 and reference (383), although it 

does impact desmoglein dynamics at the plasma membrane (383). Recently, the 

desmosomal component plakophilin also was shown to be palmitoylated (319), further 

demonstrating an important role for this reversible post-translational modification in 

regulating desmosome assembly dynamics. Further studies will be needed to assess how 

palmitoylation is utilized in combination with other physiochemical properties of the 

desmoglein TMD to modulate the trafficking and adhesive properties of these unique 

cadherins.   

A prediction based on our finding that the desmoglein TMD is responsible for 

partitioning to lipid rafts is that the lipid bilayer within desmosomes should be thicker than 

surrounding non-desmosomal membrane. Indeed, cryo-electron tomography revealed that 
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the lipid bilayer within the desmosome is substantially thicker than non-desmosomal 

regions of the plasma membrane (Figure 5.9, B-D).  These observations indicate that it 

would be energetically costly for the DSG1 G-to-R SAM mutant to enter the thicker bilayer 

present in desmosomes due to hydrophobic mismatch between phospholipids and Dsg1 

TMD amino-acid residues (371, 435).  Therefore, it is likely that shortening of the TMD 

in the SAM mutant and failure to enter the thicker lipid bilayer domain of the desmosome 

represents a central pathophysiological mechanism of this disease-causing mutation. 

Indeed, we observed that the DSG1 G-to-R mutant is deficient in entering desmosomes 

both in patient epidermis (Figure 5.4) and when expressed in cultured epithelial cell lines 

(Figure 5.5). We also find that Dsg3 and Dsg1 polypeptides harboring the shorter E-cad 

TMD are unable to associate with lipid rafts and behave similarly to full length E-cadherin 

(Figures 5.2 and 5.3). The predicted E-cadherin TMD is 21 amino acids, compared to the 

24 amino acid TMD of desmogleins (Table I). Although these chimeras do not effectively 

enter lipid rafts as assessed by DRM fractionation assays, we do find that these 

Dsg(EcadTMD) chimeras can associate with desmosomes as assessed by SIM (not shown). 

It is likely that for these chimeras, protein-protein interactions mediated by the desmoglein 

cytoplasmic and extracellular domains can partially overcome the energy cost of 

incorporating into the thicker bilayers present in the desmosome. In addition, mismatch of 

TMD length and hydrophobic thickness of the bilayer can be accommodated by changes 

in TMD tilt within the membrane and by local bilayer deformation (341, 371). In contrast, 

the predicted 16 amino acid TMD of the Dsg1(G578R) mutant is significantly shorter than 

the TMD of both desmogleins and E-cadherin, and therefore its entry into desmosomal 

membranes is apparently energetically prohibitive.  
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Together, our observations support a model in which adherens junctions and 

desmosomes assemble into distinct plasma membrane microdomains based not only on 

protein interactions, but also due to the biophysical nature of the epithelial plasma 

membrane and the TMD characteristics of different cadherin subfamilies (Figure 5.10, A 

and B). Interestingly, early studies of desmosomal composition found that these junctions 

are enriched in sphingolipids and cholesterol, key components of what are now referred to 

as lipid rafts (113, 380). In addition, most of the major desmosomal proteins are 

palmitoylated, including the desmosomal cadherins and plakophilins, whereas adherens 

junction components lack this modification (319, 383).  Given the key role for 

palmitoylation in lipid raft association, these findings further suggest that affinities for 

different lipid domains of the plasma membrane are central features that distinguish 

adherens junction and desmosomal proteins. Further studies will be needed to determine 

the precise structural and functional characteristics of different cadherin TMDs and how 

they selectively dictate lipid raft association. In addition, it will be important to discern 

how TMD characteristics are used in conjunction with lipid modifications such as 

palmitoylation to sort desmosome and adherens junction components into distinct plasma 

membrane domains with unique morphologies and functions. These features appear to be 

of fundamental importance for skin physiology, as our findings reveal that a mutation 

altering the structure of the desmoglein transmembrane domain is a novel pathomechanism 

of a desmosomal disease. This work also raises the possibility that other human disorders 

may result from alterations in lipid raft association or raft homeostasis. Indeed, loss of lipid 

raft targeting may be an under-appreciated pathomechanism in human diseases which were 

previously conceived as generalized protein trafficking defects.  
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5.5 Materials and methods 

Subjects. All affected and healthy family members or their legal guardians provided 

written and informed consent in accordance with the guidelines of the Institutional Review 

Board of Keio University and Emory University School of Medicine in adherence to the 

Helsinki guidelines. The investigators were not blinded to the allocation during 

experiments and outcome assessment. 

 

Mutation analysis. Whole-exome sequencing was performed using genomic DNA 

isolated from the probands (II-2 and III-2) and their parents (I-1, I-2 and II-1). Whole 

exome sequencing libraries were constructed using SureSelect Human All Exon V5 

(Agilent) and sequenced by HiSeq2500 (Illumina). Sequencing reads were mapped to a 

human reference genome sequence (hs37d5) by BWA software (0.7.12-r1039). The 

mapped reads were realigned and variation sites were detected by GATK-3.30 software. 

The detected variation sites were annotated by SnpEff/SnpSift 4.1d software. Since the 

phenotype appeared in the proband II-2 (delivered from healthy parents) and transmitted 

to the proband III-2 (Figure 5.4D), we searched for genetic variations that de novo mutated 

in the proband II-2 and transmitted to the proband III-2. Only one variation was identified 

to fulfill the criteria, which was c.1684G>A (p.G562R) of DSG1, coding for the 

desmosomal cadherin desmoglein 1. Sanger sequencing confirmed the mutation was 

identified in the probands but not from other healthy family members (Figure 5.4, D and 

E). The mutation had not been identified in cohort studies (436-439). The whole exome 
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sequencing of the probands II-2 and III-2 revealed no other variations in the exons and 

exon-intron boundaries of DSG1.  

 

Immunohistochemistry and electron microscopy of patient samples. Biopsies were 

embedded in optimum cutting temperature (OCT) solution and stored at -80°C. Prior to 

immunostaining, 5 µm cryosections were prepared on glass microscope slides. Primary and 

secondary antibodies are described below. Sections were sealed using mounting medium 

(ProLong Gold by ThermoFisher Scientific) and a coverslip. For electron microscopic 

studies, the biopsied sample was fixed in an ice-cold 2% glutaraldehyde/60 mM Hepes (pH 

7.4) buffer followed by fixation with 1% osmium tetroxide, staining with 1% uranyl 

acetate, and embedding in Epon812. Ultrathin sections were stained with 1.5% uranyl 

acetate and Reynolds lead citrate and examined with an electron microscope (JEM-1010, 

JEOL) at the accelerating voltage of 80 kV. 

 

Construction of mutants. Constructs were cloned using PCR and mutagenesis by the 

Cloning Division within Emory Integrated Genomics Core or purchased through Cyagen 

vectorbuilder services. 

 

Structural Predictions. Sequences for transmembrane domains were analyzed using the 

Robetta structure prediction server (428) 
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Cell line generation, culture, and reagents. A431 cells were cultured in DMEM (Corning 

10-013-CV) with 10% fetal bovine serum (Hyclone SH30071.03) and 1% 

penicillin/streptamycin (Corning 30-004-CI). Cells were stably infected with lentiviruses 

expressing the various murine desmoglein constructs. 5 µg/mL blasticidin was used to 

select for infected cells. No clonal isolation was performed. Cell lines expressing wild type 

and mutant DSG1-GFP were subjected to fluorescence activated cell sorting in order to 

obtain populations with roughly equal DSG1-GFP expression levels. For experiments 

utilizing a calcium switch, low calcium medium was prepared as described previously 

(440): no calcium DMEM (Gibco/Molecular Probes 21068028), 10% fetal bovine serum, 

calcium chelating BT Chelex 100 resin (Biorad 143-2832), and 1% penicillin/streptamycin. 

 

Immunofluorescence. A431 cells were cultured to ~70% confluence on glass coverslips. 

In experiments in which pre-extraction is explicitly used, cells were treated with PBS+ 

containing 0.2% Triton X-100 and 300 mM sucrose on ice for 1 min prior to fixation. Cells 

were fixed in 3.7% paraformaldehyde in PBS+ on ice for 10 min. Cells were permeabilized 

in PBS+ containing 0.1% Triton X-100 and 3% bovine serum albumin for 10 min. Non-

specific antibody binding was prevented with a blocking step in PBS+ containing 3% 

bovine serum albumin and 0.05% Triton X-100. Primary and secondary antibodies (listed 

below) were diluted into blocking solution. For rinse buffer, we used PBS+ containing 

0.2% bovine serum albumin and 0.05% Triton X-100. Cells were mounted to glass 

microscope slides using prolong gold mounting medium (described above).  
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Antibodies. Mouse anti-DSG3 AK15 was described previously (441). Rabbit anti-calnexin 

(Enzo Life Sciences ADI-SPA-860). Mouse anti-desmoplakin1/2 (Fitzgerald 10R-

D108AX). Rabbit anti-desmoplakin NW6 was a kind gift from Dr. Kathleen Green 

(Northwestern University). Mouse anti-Dsg1-P124 (Progen 651111). Mouse anti-

plakoglobin (gamma catenin) (BD TransLabs 610253). Mouse anti-E-cadherin (BD 

Biosciences 610252). Mouse anti-flotillin 1 (BD 610820). Mouse anti-flotillin 2 (BD 

610383). Rabbit anti-Green Fluorescent Protein Life A11122). Rabbit anti-FLAG (Bethyl 

A190-102A). Secondary antibodies conjugated to Alexa Fluors were purchased from 

Invitrogen. Horseradish peroxidase-conjugated secondary antibodies were purchased from 

Biorad.  

 

Image acquisition and processing. Widefield fluorescence microscopy was performed 

using a DMRXA2 microscope (Leica, Wetzler, Germany) equipped with a 100X/1.40 NA 

oil immersion objective and narrow band pass filters. Images were acquired with an ORCA 

digital camera (Hamamatsu Photonics, Bridgewater, NJ) and processed using Fiji ImageJ. 

Super-resolution microscopy was performed using a Nikon N-SIM system on an Eclipse 

Ti-E microscope system equipped with a 100X/1.49 NA oil immersion objective, 488- and 

561-nm solid-state lasers in 3D structured illumination microscopy mode. Images were 

captured using an EM charge-coupled device camera (DU-897, Andor Technology) and 

reconstructed using NIS-Elements software with the N-SIM module (version 3.22, Nikon).  

All microscopy was performed at room temperature. Widefield microscopy results are 
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representative of 2 independent replicates with at least 10 cells each while SIM results are 

representative of at least 50 desmosomes per condition.  

 

Desmosome targeting analysis using SIM. To quantify desmosome targeting in cultured 

cells, Dsg1.GFP fluorescence was measured within regions of interest (ROI) drawn around 

desmoplakin railroad track staining at cell-cell borders. Desmoplakin was detected using 

the Fitzgerald antibody as described above. This Dsg1.GFP fluorescence intensity was 

compared to adjacent ROI at regions of cell borders lacking desmosomes. For both wild 

type and mutant Dsg1, targeting to desmosomes was measured as a fold-enrichment of 

Dsg1.GFP fluorescence in desmosomes compared to non-desmosomal regions. For SAM 

patient and control tissue, desmosomal ROIs were defined using desmoplakin (via NW6 

antibody labeling, see above) railroad tracks and DSG1 fluorescence was measured therein.  

 

Triton solubility/insolubility. A431 cells were cultured until confluent in 6 well tissue 

culture plates. Cells were washed twice with ice cold phosphate buffered saline.  The triton 

soluble pool was isolated by incubating cells with triton buffer (1% Triton X-100, 10 mM 

Tris, pH 7.5, 140 mM NaCl, 5 mM EDTA, 2 mM EGTA, with protease inhibitor) for 10 

min on ice. Lysate was then centrifuged at 16,000 x g for 10 min at 4°C to pellet triton 

insoluble fraction. Triton-soluble supernatant was collected and mixed 1:1 with 2x laemmli 

sample buffer containing 5% B-mercaptoethanol. The triton-insoluble pellet was 

resuspended in 2X laemmli sample buffer (Biorad 161-0737) sample buffer containing 5% 
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β-mercaptoethanol. All samples were heated to 95°C for 10 minutes, vortexed for 30s half 

way through, prior to being run on a gel for western blotting. 

 

Isolation of detergent resistant membranes. Detergent resistant membranes were 

isolated as described previously (339). Briefly, cells were cultured in 25 cm2 flasks (two 

per gradient) and washed with PBS+. Cells were collected by scraping in TNE buffer 

supplemented with protease inhibitors (Roche) and pelleted by centrifugation at 0.4 x g at 

4°C for 5 min (5415R, Eppendorf). Cells were re-suspended in TNE buffer and 

homogenized using a 25-guage needle. TNE buffer containing Triton X-100 was added 

(final concentration of 1%) and cells were incubated on ice for 30 min. 400 µL of detergent 

extract was mixed with 800 µL of 56% sucrose in TNE and placed at the bottom of a 

centrifuge tube. 1.9 mL volumes of 35% and 5% sucrose were layered on top of the sample. 

Following an 18 hour centrifugation at 4°C (44,000 rpm, SW55 rotor, Beckman Optima 

LE-80 K Ultracentrifuge), 420 µL fractions (1–11, remaining volume combined to make 

up fraction 12) were removed from top to bottom of the gradient and stored at −20°C until 

processed for western blot analysis. Flotillin-1 and Flotillin-2 were used as raft markers 

while calnexin was used as a non-raft marker. Unless otherwise stated, all films shown are 

representative for at least three independent experiments. 

 

Giant plasma membrane vesicle (GPMV) isolation and partitioning measurements. 

GPMVs were isolated and imaged as described (442, 443). Before GPMV isolation, cell 
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membranes were stained with 5 µg/mL of FAST-DiO (Invitrogen), a fluorescent lipidic 

dye that strongly partitions to disordered phases because of double bonds in its fatty 

anchors (444). 

 

Biotin labeling in pulse-chase experiments. For Dsg1 cleavage and recovery 

experiments, cells were grown to confluence in 35 mm cell culture plates (Corning 

430165). Cells were trypsinized using TrypLE (Gibco 12605-010) for ~8 min and 

suspended. After the indicated refractory period, surface proteins were biotinylated. For 

experiments monitoring protein turnover from the plasma membrane, surface proteins were 

biotinylated before the indicated period. Biotinylation was achieved using PBS+ 

containing 0.5 mg/ml EX-Link sulfo NHS SS Biotin (Thermo Scientific 21331) for 30 min 

at 37°C. Unbound biotin was quenched in PBS+ containing 50 mM NH4Cl for 1 min. Cells 

were lysed in RIPA (PBS+ containing 1% Triton X-100, 0.1% sodium dodecyl sulfate, 

0.1% sodium deoxycholate, 10 mM Tris-HCl, 140 mM NaCl, 1 mM EDTA, 0.5 mM 

EGTA, and protease inhibitor cocktail (Roche 11836170001)), scraped to transfer from 

culture plate to an Eppendorf tube, and incubated for 10 min on ice. Lysate was cleared via 

centrifugation at 16,000 x g at 4°C for 10 min. Biotinylated protein was captured on 

streptavidin-coated beads during overnight incubation at 4°C. Beads were collected via 

centrifugation at 2,500 x g at 4°C for 1 min. Protein was released from beads using 

Laemmli buffer containing 5% β-mercaptoethanol for 5 minutes at 95 degrees.  
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Mass-tagging of palmitoylated proteins. For mass-tag labeling, we followed the 

procedure described by (445). Lysates from A431 cells expressing the indicated constructs 

were prepared in TEA buffer (50 mM triethanolamine; pH7.3, 150 mM NaCl, and 5 mM 

EDTA) containing 4% SDS. 200 μg of total cellular protein was treated with a final 

concentration of 10 mM neutralized TCEP for 30 min with end over end rotation. NEM 

was added to a final concentration of 25 mM and rocking continued for 2 hours. NEM was 

removed by 3 rounds of chloroform/methanol/H2O precipitation. The final pellet was 

resuspended in TEA buffer containing 0.2% Triton X-100. Samples are treated with 0.75 

M NH2OH (+HA) or without hydroxylamine (-HA) and incubated at room temperature for 

1 hour. Excess hydroxylamine was removed with one round of chloroform/methanol/H2O 

precipitation and the pellet was resuspended in TEA buffer containing 0.2% Triton X-100 

supplemented with 1 mM mPEG-Mal (10 kDa; Sigma). Samples were incubated with 

rocking for 2 hours and reactions were terminated by 1 round of chloroform/methanol/H2O 

precipitation. The final pellet was suspended in 1x Laemmli sample buffer and resolved by 

SDS-PAGE. 

 

Isolation, freezing, and imaging of desmosomes. To isolate desmosomes from mouse 

liver, a method based on the protocol of Tsukita and Tsukita (1989) was used, in which a 

desmosomal fraction was obtained by sucrose density gradient centrifugation, followed by 

NP-40 detergent treatment. The fraction should contain only bile canaliculi derived 

plasma-membranes, as the homogenization and centrifugation steps are designed to free 

the preparation from contaminating cell fragments and nuclear membranes due to their 
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higher densities (446-448). The desmosomal fraction was immediately plunge-frozen on 

holey carbon grids, which were subsequently inserted into the column of a FEI Titan Krios 

at liquid nitrogen temperatures. Tilt series of the sample (+60 to -60°) were recorded and 

subsequently reconstructed into 3D tomograms. Subtomogram  averaging was performed 

as described by Forster and Hegerl in Methods in Cell biology in 2007 (449).  

 

Membrane thickness measurements. For the thickness of the desmosomal membranes, 

1768 selected positions (derived from 3 desmosomes in 2 tomograms) with visible 

cadherins were selected. As a comparison (control), 668 randomly selected positions at 

membranes adjacent to desmosomes (derived from 3 membranes in 3 tomograms) and 515 

randomly selected positions from arbitrary membranes in the tomograms (derived from 2 

membranes in 1 tomogram) were selected. Each position was cross-correlated with 

multiple references of a simplified membrane model of the two leaflets (dark lines 

representing phospholipid head groups and are included in the measurements) with varying 

bilayer distance (3.08, 3.52, 3.96, 4.4, 4.84 and 5.28 nm spacing) using sub-tomogram 

averaging routines with limited rotational freedom (±30° in 5° steps for all three Euler-

angles) after rough pre-alignment using the overall membrane orientation. The reference 

with the highest cross-correlation score then provides the bilayer spacing of each single 

sub-volume. 
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Statistics. Error bars represent standard error of the mean. Significance was determined 

using a student’s t-test (two tailed, heteroscedastic) and p-values have been indicated. 

Statistical analysis of immunofluorescence results was conducted on at least two 

independent experiments with ten images per condition per replicate. Statistical analysis of 

western blotting was conducted on results from three independent experiments. 
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Figure 5.1: Palmitoylation is not required for Dsg3 lipid raft association. A) Sequence 

alignment of the desmogleins reveals a pair of highly conserved cysteine residues (red 

underline) at the interface between the transmembrane domain (bolded text) and the 

cytoplasmic domain. B) Mass-tag labeling replaces palmitoyl moieties on cysteine residues 

with mPEG, causing a size shift detectable by western blot analysis. Dsg3 is doubly 

palmitoylated and mutation of the membrane-proximal cysteine residues to alanine 

abolishes palmitoylation. C) Lipid raft fractionation of HeLa cells expressing Dsg3-FLAG 

from adenoviruses reveals no defect in lipid raft targeting of the palmitoylation-null 

mutant. D) Widefield images of A431 cell lines stably harboring flag tagged constructs. 

Scale bar = 20µm. E) Western blot of Triton-X 100 soluble pools and insoluble pools from 

A431 cell lines stably expressing either Dsg3 or Dsg3(EcadTMD). F) Densitometry 

quantification of Dsg3 in triton soluble and insoluble pools from Panel E. Loss of 

palmitoylation has no detectable effect on the solubility of Dsg3 in Triton X-100, a classic 

measure of desmosome and cytoskeletal association. F) Densitometry quantification of E-

cadherin distribution between Triton soluble and insoluble pools.   
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Figure 5.2: The Dsg3 TMD is necessary for lipid raft association. A) Sucrose gradient 

fractionation of A431 cells stably expressing murine Dsg3 (wild-type or EcadTMD 

mutant). Replacing the Dsg3 TMD with the shorter E-cadherin TMD (bolded text) 

abolishes lipid raft targeting. B) Densitometry quantification of WT Dsg3 and 

Dsg3(EcadTMD) in detergent resistant membrane (DRM) fractions shown in Panel A. C) 

Dsg3(EcadTMD) is more susceptible than Dsg3 WT to pre-extraction in Triton X-100 prior 

to fixation and immunofluorescence localization. Scale bar = 20 µm. D) Western blot 

analysis indicates Dsg3(EcadTMD) is more soluble in Triton X-100 than Dsg3 WT. E) 

Quantification of Dsg3 in Triton soluble or insoluble pools from Panel D. F) Quantification 

of E-cadherin in Triton soluble and insoluble pools in cells expressing either WT Dsg3 or 

the Dsg3(EcadTMD) mutant G) Lipid raft fractionation of FLAG-tagged IL2R-Dsg3 

chimeras expressed in HeLa cells using an adenoviral delivery system. Inclusion of the 

lengthy Dsg3 TMD in the chimera (right panel) confers lipid raft targeting. *p<0.05 
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Figure 5.3: The Dsg1 TMD is critical for lipid raft association. A) Western blot of 

Triton-X 100 extracts and sucrose gradient fractionations of A431 cells stably expressing 

murine WT Dsg1 (Dsg1(EcadTMD) chimera. B) Quantification from densitometry 

analysis of the percentage of total Dsg1 in the detergent resistant membrane (DRM) 

fractions of sucrose gradient fractionations. C) Differential detergent extraction and 

western blot analysis indicates that Dsg1(EcadTMD) is more soluble in Triton X-100 than 

wild type Dsg1. D) Quantification of Dsg1 western blots shown in panel C. E) 

Quantification of E-cadherin western blots shown in panel C. F) Widefield images of A431 

cells expressing either GFP tagged WT Dsg1 or Dsg1(EcadTMD). Both constructs 

localized to cell-cell borders and no abnormal localization was seen. Scale bar = 20µm. 

**p<0.001 
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Figure 5.4: Desmoglein 1 (DSG1) transmembrane domain mutation causes severe 

dermatitis, multiple allergies, and metabolic wasting (SAM) Syndrome. A) Individual 

III-2 displays feet covered with hyperkeratotic yellowish papules and plaques, and 

ichthyosiform erythroderma with severe itch occur over much of his body. B) Hematoxylin 

and eosin staining of III-2’s skin biopsy reveals acantholytic lesions in the upper layers of 

the epidermis. Scale bar = 100 μm. C) Electron micrographs of epidermal sections from 

the proband indicate relatively normal desmosome morphology. Scale bar = 200 nm. D) 

Pedigree of affected individuals and near relatives. Inheritance determined by genomic 

DNA sequencing. E) Genomic DNA sequencing of white blood cells reveals these SAM 

patients have a heterozygous point mutation, c.1684G>A (black arrow) in DSG1. The 

adjacent splice site is unaffected. F) Schematic showing the location of the SAM-causing 

G-to-R substitution (red) within the transmembrane domain (blue). G-H) Widefield 

microscopy of DSG1 immunofluorescence in human skin biopsies reveals both DSG1 

downregulation and inappropriate clustering at cell borders in SAM patient epidermis. SC 

= stratum corneum, SG = stratum granulosum, SS = stratum spinosum, SB = stratum 

basale. SC/SG boundary demarcated by dashed line. Downregulation of DSG1 is observed 

in the SG and SS. I-K) Desmoplakin (DP) is slightly downregulated in patient skin, and 

DSG3 is upregulated. Scale bar = 20 µm. L-M) Structured Illumination Microscopy (SIM) 

indicates reduced desmosomal DSG1 in SAM patient tissue in the stratum spinosum and 

granulosum. Scale bar = 5 µm. *p<0.01, **p<0.001 
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Figure 5.5: SAM-causing DSG1 mutation causes defects in junction targeting. A) 

Widefield immunofluorescence micrographs of A431 cell lines stably expressing either 

wild type Dsg1-GFP or Dsg1(G578R)-GFP reveal broadly similar distribution of 

desmoplakin (DP) and B) colocalization between DSG1 and plakoglobin (PG). Scale bar 

= 20 µm. C) Super-resolution micrographs of A431 stable cell lines acquired using 

structured illumination microscopy (SIM) reveal defects in Dsg1(G578R) desmosome 

targeting. Scale bar = 5 µm. D) Desmosomes are identified by SIM imaging as regions of 

parallel desmoplakin immunofluorescence staining resembling rail road tracks. 

Quantification of Dsg1 found within DP railroad tracks compared to border Dsg1 outside 

of railroad tracks. E) Quantification of railroad track appearance observed for WT or 

mutant Dsg1.GFP. F-H) The G578R mutation increases solubility of the mutant in Triton 

X-100 as determined by western blot analysis. E-cadherin distribution in Triton soluble 

and insoluble pools is not altered in A431 cell lines expressing the Dsg1 mutant. *p<0.05 
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Figure 5.6: SAM-causing DSG1 mutation delays trafficking to the plasma membrane. 
A) Pulse chase experiments were performed to determine the rate of turnover of Dsg1 from 

the plasma membrane in A431 cells expressing murine Dsg1-GFP. Cell surface proteins 

were biotinylated at t=0, washed and incubated at 37 degrees for various amounts of time. 

Cell lysates were collected after the indicated times.  Biotinylated proteins were captured 

using streptavidin beads and processed for western blot analysis B) Quantification using 

densitometry revealed no significant differences in the rate of turnover of Dsg1 versus 

Dsg1(G578R) C) Dsg1(G578R) is trafficked to the plasma membrane substantially more 

slowly than wild-type. Cell surface proteins were cleaved using trypsin at t=0. Trypsin was 

removed and cells were then incubated for the indicated times. The amount of newly 

delivered surface Dsg1 was assayed via biotin labeling followed by capture using 

streptavidin beads and subsequent western blot analysis. D) Quantification using 

densitometry indicates Dsg1(G578R) recovers more slowly than WT-Dsg1. E) 

Densitometry analysis of the Dsg1 no-trypsin condition in panel C as a ratio to 

densitometry analysis of the E-cadherin no-trypsin condition in panel C reveals comparable 

surface levels of WT Dsg1 and Dsg1(G578R).  F) Cells were cultured in low calcium 

medium to cause cadherin removal from cell-cell borders and accumulation in intracellular 

compartments (Panel E, Low Ca2+). Some cells were then switched back to normal 

calcium to allow for junction assembly (Panel E, 3 hr high). Dsg1(G578R) displays 

increased colocalization with the Golgi apparatus protein GM130 under both conditions. 

Scale bar = 20µm. G) Quantification of colocalization of Dsg1 and GM130.  *p<0.001 
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Figure 5.7: The Dsg1(G578R) mutant is inserted into the membrane in the correct 

orientation and is present on the cell surface at levels similar to WT Dsg1. A) 

Immunoflourescence localization of WT Dsg1.GFP and Dsg1(G578R).GFP in cells fixed 

with or without Triton-X 100 permeabilization using antibodies directed against the 

cyotplasmic GFP tag. The c-terminal GFP tag for both the Dsg1 WT and the Dsg1(G578R) 

SAM mutant is accessible only in cells permeabilized with Triton X-100, indicating that 

the Dsg carboxyl terminus is intracellular for both WT and mutant Dsg1. Scale bar = 20µm. 

B) A431 cell surface proteins were biotinylated and captured using streptavidin beads 

followed by western blot analysis for Dsg1 WT or Dsg1(G578R) SAM mutant. Whole cell 

lysates (WCL) represent total Dsg1 protein levels in unbiotinylated cells. Dsg1 WT and 

mutant were detected using the cytoplasmic GFP tag. C) Dsg1 WT and mutant levels at the 

cell surface (biotinylated) were normalized to E-cadherin cell surface levels and the ratio 

of surface protein to whole cell lysate was calculated. Quantification represents three 

independent experiments.   
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Figure 5.8: SAM-causing DSG1 mutation abolishes lipid raft association. A) Sucrose 

gradient fractionation and western blot analysis of A431 cell lines stably expressing WT 

and mutant Dsg1. B) Quantification of results in Panel A indicates SAM-causing mutation 

abolishes Dsg1 partitioning to DRM (lipid raft fractions). C) Representative images of 

giant plasma membrane vesicles isolated from rat basophilic leukemia cells expressing 

GFP-tagged WT Dsg1 or Dsg1(G578R). Unsaturated lipid marker FAST-DiO (F-DiO) to 

visualize the non-raft phase. D) Normalized line scans of Dsg1 fluorescence intensity were 

measured through peaks corresponding to Dsg1 intensity in raft and nonraft membrane, 

respectively. Background-subtracted ratios of these two intensities yield raft partition 

coefficients, Kp,raft. Data are shown as mean ± SEM from three independent experiments.  

*p<0.05, **p<0.001 
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Figure 5.9: The desmosome bilayer is thicker than adjacent bilayers. A) Structural 

models of the DSG1 WT, DSG1 SAM mutant and E-cadherin TMDs acquired using the 

Robetta prediction server and depicted in schematized lipid bilayers. The length of each 

TMD is shown in nm and is based on TMD amino-acid number. B) Representative slice 

from a cryo-electron tomogram showing a desmosome (D) with characteristic intracellular 

plaque attached to intermediate filaments. Directly adjacent to the desmosome, membrane 

remnants can be seen (DA). Other non-desmosomal (ND) regions of the plasma membrane 

embedded in a thin layer of ice are also visible. Insets are projections of the average of all 

sub-volumes from the most significant class. Scale bar = 100nm. C) Schematic showing 

the thickness of the desmosome bilayer compared to desmosome adjacent bilayers. The 

lipid bilayer within desmosomal membranes is thicker (4.5 ± 0.4 nm) when compared to 

membranes adjacent to desmosomes (4.0 ± 0.3 nm) or from non-desmosomal membranes 

(4.0±0.3 nm) **p<.001. Intensity plots are shown superimposed to sub-tomogram average 

projections for desmosome and desmosome adjacent membranes. D) Summary table 

depicting the TMD lengths and the measured phospho-head group to head group distance 

(Dhh) as shown in Panel C.  Also shown is the estimated distance between phosphate 

residues (Dpp) which corresponds to the hydrophobic interior of the bilayer. This 

hydrophobic region of the bilayer was estimated by subtracting the predicted polar head 

group size (1nm) (429) from the measured Dhh shown in Panel C. 
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Figure 5.10: Model. A) The extended desmoglein transmembrane domain facilitates lipid 

raft association. In contrast, the entry of E-cadherin and the Dsg1 SAM mutant into lipid 

rafts is unfavorable due to hydrophobic mismatch between the cadherin TMD and the 

phospholipid headgroups of the lipid bilayer. B) Desmosomal proteins enter lipid raft 

domains through TMD affinities for raft-like membrane domains and palmitoylation of 

desmosomal cadherins and plaque proteins. In contrast, adherens junction components lack 

these raft-targeting features, resulting in exclusion of adherens junction components from 

lipid raft membrane domains. Thus, the biophysical properties of the bilayer associated 

with the desmosome promote spatial segregation of adherens junctions and desmosomes 
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Table 5.1 Summary of Transmembrane Domains  
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Chapter 6 

 

Pemphigus Vulgaris 

 

6.1 Pemphigus Overview 

 Derived from the Greek word “pemphix”, meaning to bubble or blister, pemphigus 

is a group of skin blistering disorders, and Pemphigus vulgaris (PV) is the most common 

variant (450). PV occurs when the body starts to generate autoantibodies targeting the 

extracellular domain of the desmosomal cadherin, Dsg3. Many patients suffering from PV 

also harbor autoantibodies targeting another isoform of desmoglein, Dsg1. These 

autoantibodies compromise desmosome structure and stability, thereby leading to a loss of 

keratinocyte adhesion and the development of acantholysis (Figure 6.1). Acantholysis is 

the loss of cell-cell adhesion between keratinocytes. Typically, patients harboring only anti 

Dsg3 antibodies have mucosal dominant disease, where lesions are found only on mucosal 

tissues, while patients with anti Dsg1 antibodies as well as anti Dsg3 antibodies have 

mucutaneous disease that has spread to the stratified epidermis of the skin. This difference 

in disease presentation can be explained by the differentiation specific expression patterns 

of desmogleins. Desmoglein 3 is the predominant desmoglein expressed in mucosal 

tissues, while it is only present in the basal layers of the stratified epidermis, however in 

the stratified epidermis Dsg1 at a high enough level to protect the skin when only Dsg3 

autoantibodies are present. Thus for PV to affect the stratified epidermis, both Dsg1 and 

Dsg3 antibodies must be present (155, 451). For more than half of PV patients the first sign 
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of disease is the development of oral lesions, and many of these patients develop cutaneous 

disease (452). The acquisition of anti Dsg1 antibodies, as well as the switch from mucosal 

dominant to mucocutaneous, is viewed as a mechanism of disease progression. While this 

disease is relatively rare, if left untreated it is almost always fatal. This chapter provides a 

description of our current understanding of PV clinically, such as diagnosis and treatment, 

and experimentally, such as experimental models and known mechanisms of disease.  

 

Figure 6.1 Progression of pemphigus vulgaris. 1) A variety of factors can contribute to 

the onset of disease 2) B-cells produce autoantibodies targeting desmogleins 1 and 3. 3) 

Autoantibodies bind to extracellular domains of desmogleins resulting in the disruption of 

desmosomes and a loss of desmosome integrity. 4) The loss of desmosome integrity results 

in loss of adhesion, or acantholysis, and subsequent blistering of patient epidermis.  
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6.2 Clinic 

6.2.1 Etiology  

 Unfortunately, little is understood about what causes a patient to develop PV. This 

is likely because not all PV cases are caused by the same element. While no single genetic 

factor has been linked to all PV cases, several studies suggest alleles of the of the human 

leukocyte antigen (HLA) gene are associated with an increased risk of PV (453-458). Of 

note, versions of the HLA gene are linked to a predisposition to autoimmune disorders as 

a whole and not specific to PV (459). Supporting evidence for genetic causes lies in the 

observation that certain ethnic groups are more susceptible to the development of this 

disorder (Table 6.1). Incidence rates vary by country, however an Israel wide study 

demonstrated that the Jewish population was at a 3.5 times higher risk for developing 

pemphigus vulgaris when compared to the Arab population (460). A genome-wide 

association study identified a variant of the pro-apoptotic transcription factor ST18 to be 

highly associated with the development of PV in people of Jewish decent. The same study 

showed a similar association with the ST18 variant in the Egyptian population, but 

surprisingly there was no association with this gene and the development of PV in the 

German population, suggesting that the ST18 variant leads to a population specific 

predisposition to the development of PV (461).  

While there is currently no identifiable genetic cause to PV, the literature suggests 

many different events could trigger the disease in patients. Drugs containing thiols or 

phenols seem to be the most common inducers of pemphigus. Thiols cause loss of adhesion 

by provoking the activation of enzymes such as papain and elastase that induce 
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acantholysis, while inhibiting enzymes like keratinocyte transglutaminase, an  important 

factor for keratogenesis (462). Phenols stimulate the secretion of cytokines from 

keratinocytes, such as tumor necrosis factor-α, that potentially trigger cutaneous 

inflammation and promote acantholysis (463, 464). When skin explants were cultured in 

the presence of thiols and phenols in vitro they promoted acantholysis, supporting the 

hypothesis that they may initiate the formation of pemphigus vulgaris (465-467). While it 

is clear that there is an association with these drugs and acantholysis, we have no 

understanding of how these events trigger the autoantibody production characteristic of 

pemphigus vulgaris. Additionally, several studies report that women are at a higher risk of 

developing PV (468-470). It is still unclear whether women are at a greater risk due to 

genetic factors or environmental factors, however pregnancy is known to trigger the 

development of PV (471, 472). Lastly, other factors have been implicated as initiators of 

pemphigus such as stress (473-475) and radiation (476-478), however it is increasingly 

clear that there is no one factor that causes all cases of PV 
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Country Incidence 

rate* 

Reference 

Germany 0.5 (479) 

Saudi Arabia 1.6 (480) 

France 1.7 (468) 

Korea 2.06 (470) 

Poland 2.44 (481) 

Turkey 4.7 (469) 

Bulgaria 4.7 (482) 

Tunisia 6.7 (468) 

U.K. 6.8 (483) 

Greece 8.0 (484) 

Israel 16.1 (485) 

Iran 50 (486) 

Ethnicity Incidence 

rate* 

Reference 

Jewish 8.8 (460) 

Arabic 2.5 (460) 

*per 1 million per year 

Table 6.1 Pemphigus vulgaris incidence rates. Incidence rates of pemphigus vulgaris 

vary between countries and ethnic populations. Studies included in this table were specific 

for pemphigus vulgaris and do not include numbers for pemphigus foliaceous.  

 

 

 

6.2.2 Diagnosis and Symptoms 

Because pemphigus is a rare condition, it requires a dermatologist with experience 

in treating blistering disorders to make a diagnosis. The diagnosis of PV is typically based 

on the following criteria: clinical presentation, histopathology, direct immunofluoresence 

microscopy, indirect immunofluoresence microscopy or ELISA (487). At a minimum, 

patient symptoms must align with what is typical for PV and Dsg3 antibodies must be 

detected in patient sera. PV patients display intraepidermal breaks thought to be caused by 

autoantibody binding to Dsg3 and the subsequent loss of desmosomal adhesive function. 

The immunopathology of pemphigus vulgaris consists of autoantibodies targeting Dsg3 or 
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Dsg3 and Dsg1. Skin biopsies coupled with direct immunofluorescence, serum samples 

used with indirect immunofluorescence, and autoantibody ELISA scores are all methods 

used in the diagnosis of PV (reviewed below).  

 

6.2.3 Measure of disease severity 

Potentially due to the rarity of PV, there are very few unbiased random clinical 

trials assessing patient treatment and outcomes. Additionally, it has been difficult to 

compare results from these studies because different measurements of patient outcome and 

different methods of measuring disease progression were used in each study, thus it has 

become apparent that there is a great need for a reliable and universal scoring systems for 

clinicians to use in the treatment and study of pemphigus vulgaris patients (488). Several 

different methods of tracking the severity and progression of PV have been developed 

throughout the world (Table 6.2). Though there are many scoring systems, The 

Autoimmune Bullous Skin Disorder Identity Score (ABSIS) (489) and Pemphigus Disease 

Area Index (PDAI) (490), emerged as the two main scoring systems used by dermatologists 

to monitor PV progression. Several studies have validated the use of these scoring systems 

and PDAI has emerged as the most reliable scoring system to track disease severity among 

pemphigus vulgaris patients (491). This scoring system was developed by the international 

pemphigus definitions committee from 2006-2008 and the intra-rater reliability was found 

to be found to be 0.98, much higher when compared to the intra-rater reliability of ABSIS, 

0.80. To obtain a PDAI score, clinicians separate the body and give each section a score 

based off of the area covered by lesions, rather than number of lesions or average size of 
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lesions, which are methods used in previous scoring systems. While PDAI scores have 

been reported to be more reliable than previous measures of disease severity, there is still 

a need to better understand and track disease progression within these patients.  

 

 

 

 Year 

Developed 

Region 

developed 

Reference(s) 

The Ikeda Index/ The Japanese 

severity index for pemphigus 

1993 

revised in 

2003 

Japan (492, 493) 

Pemphigus Area and Activity score 

(PAAS) 

1998 India (494) 

Pemphigus Severity Scale 2000 United 

States 

(495) 

Clinical Severity Scoring 2000 England (163) 

Oral Pemphigus Symptom score 2003 India (496) 

Disease Severity Score 2005 India (497) 

Kumar’s scoring system 2006 India (498) 

Autoimmune Bullous Skin Disorder 

Scoring System (ABSIS) 

2007 Germany (489) 

Pemphigus Disease Area Index 

(PDAI) 

2006 -2008 International 

Group 

(490) 

Pemphigus Vulgaris lesion severity 

score 

2008 Iran (499) 

Pemphigus Vulgaris Activity Score 

(PVAS) 

2012 Iran (500) 

 

Table 6.2 Summary of disease severity scoring systems for pemphigus vulgaris. Labs 

studying pemphigus independently derived scoring systems of PV disease severity until 

2008 when the ABSIS system and PDAI system were validated.  
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6.2.4 Immunofluorescence in the diagnosis of PV 

Often the symptoms of PV can be similar to other dermatological diseases, such as 

paraneoplastic pemphigus, and thus additional diagnostic factors are required for a 

confident diagnosis of PV. Early indirect immunofluorescence studies in the 1960s showed 

that antibodies in PV patient sera were directed against intercellular areas of the epithelium 

and that this observation was unique to PV in comparison to other skin disorders and 

therefore diagnostically useful (501). For a timely diagnosis, immunofluorescence is key 

in determining which type of pemphigus a patient has and thus which treatments are 

applicable (502). Two different immunofluoresence techniques can be used to diagnose 

pemphigus. Direct immunofluoresence, or the addition of fluorescein-conjugated anti-

human antibodies to a patient tissue specimen will result in a “fishnet-like” border staining, 

implicating the presence of autoantibodies in the tissue (503). Additionally, indirect 

immunofluoresence can be useful in the diagnosis of PV. Here mammalian tissue 

specimens are treated with patient sera followed by fluorescein-conjugated anti-human 

antibodies. These techniques are useful in the diagnosis of pemphigus, however they do 

not allow for a clear distinction between the variants of pemphigus as a similar staining 

pattern can be seen. Thus, it has become accepted that the autoantibody titers and type are 

critical in differentiating between PV and PF.  
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6.2.5 Enzyme Linked Immunosorbent Assays 

 In the 1970s evidence from studies with skin explants emerged and revealed that 

these antibodies found in PV patient sera were of pathogenic significance (504). These first 

experiments demonstrated that loss of cell cohesion occurs in human skin explants grown 

in the presence of pemphigus vulgaris serum (504). Observations as early as the 1980s 

illustrate that autoantibody titers within patient serum, in general, parallels disease 

progression (505). The use of ELISAs to quantify the autoantibody titer of PV patients was 

introduced in 1999 by Dr. Masayuki Amagai (506). ELISA is a biochemical approach to 

detect and quantify the presence of a ligand within a sample. In the case of PV, ELISAs 

are used to quantify the titer of autoantibodies against either Dsg1 or Dsg3 in patient sera. 

Since the introduction of ELISA, the assay has become important for the diagnosis of PV, 

including differentiation between the mucosal dominant and mucocutaneous variants 

(451). Currently, standardized ELISA kits are used by clinicians and investigators to ensure 

interlab reliability. These scores have also been used in studies designed to understand the 

pathogenesis and progression of PV. 

While in general, it is accepted that higher titers of autoantibodies in autoimmune 

disease correlates to a worse clinical course for patients, Dsg3 titers have not been found 

to be a good predictor of patient prognosis (507). High Dsg3 titers at the time of diagnosis 

prior to treatment have been associated with a worse clinical course (508). However, 

studies have reported that Dsg3 antibody levels are related to worse disease for mucosal 

dominant patients only (163, 509), while other labs have reported that the titer of Dsg3 

autoantibodies does not correlate with mucosal dominant patients (507). In contrast to Dsg3 
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antibody titers, anti Dsg1 antibody titers are reported to correlate best with disease 

progression, particularly in patients with cutaneous lesions (163, 507, 510). Some patients 

have positive antibody titers despite being in remission, perhaps because when patients 

undergo treatment with corticosteroids skin lesions can clear up without preventing the 

development of autoantibodies. In fact, presence of Dsg antibodies in patients with clinical 

remission can be a predictor of relapse (511).  While ELISA scores are important as a 

diagnostic tool, further investigation is required to understand autoantibody titer changes 

as they relate to disease severity and progression.  

 

 

6.2.6 Treatment and Patient outcomes 

 Unfortunately, untreated pemphigus vulgaris is considered to be fatal with a 

mortality rate of 90%. After the introduction of corticosteroids as a treatment option in the 

1950s, this mortality rate dropped to approximately 30% (512, 513). As newer steroids 

were developed and subsequently used in the treatment of PV, the mortality rate has 

hovered around 5% since the 1980s (512, 514). The goal of treatment for PV is to increase 

quality of life and to induce remission while minimizing treatment related side effects. 

Corticosteroids and glucocorticoids are still the typical first line of treatment for PV and 

prednisone, or a derivative of it, is the steroid most likely to be prescribed to a patient at 

diagnosis (487). A study of 140 patients found that high initial doses of corticosteroids 

followed by gradual reduction in dose resulted in 98.4% of the patients in the study having 
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complete remission of symptoms within five years (515). While all of the patients on the 

study were receiving steroids, many were receiving adjuvant therapy as well, which makes 

it difficult to definitively conclude that the success of the study was a result of steroid 

treatment alone. As with any drug use, long term use of steroids is associated with side 

effects ranging in severity, including musculoskeletal, gastrointestinal, and cardiovascular 

side effects (516). One study concluded that 19 of the 21 patients enrolled had 

hyperglycemia the first day after steroid therapy and that 36% of those patients became 

diabetic after 8 weeks of treatment, however because the number of patients enrolled in the 

study is low further studies are required to fully understand the prevalence of treatment 

induced diabetes in PV patients(517). A retrospective cohort study assessed the 

glucocorticoid-related adverse event (GAE) rate in PV treatments and determined that the 

GAE rate was 0.46 events per patient-year and that a higher risk was associated with higher 

doses of treatment (518).  Even with complete remission of symptoms and continued 

treatment with steroids, patients often relapse and become resistant to the steroid treatment 

(511). Thus, while we have seen great success using steroids as a treatment option for PV, 

patients can experience relapse and become resistant to further steroid treatment, thus there 

is a great need to improve the treatment options available for patients suffering from this 

disease.  

 Non-steroid immunotherapies have become a mainstay in PV treatment. 

Immunosuppressants such as azathioprine, (Aza) mycophenolate mofetil (MMF), and 

cyclophosphamide, are now being used to reduce the production of autoantibodies. Many 

of these drugs are used in combination with steroids as they are considered “steroid-
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sparing”, meaning they reduce the need for steroids while simultaneously improving the 

symptoms of pemphigus. These drugs are now recognized as safe to use as adjuvant therapy 

in the treatment of PV, however there is some debate as to which drug is the most effective. 

One study concluded that the most effective drug used in combination with steroids was 

Aza when compared to cyclophosphamide and mycophenolate (519). Following this study, 

Aza was shown to be an effective treatment on its own in a subset of patients with mild to 

moderate disease in which disease is not rapidly spreading (520). Conversely, a German 

group published results demonstrating that MMF was as effective as Aza with less adverse 

side effects associated with it, however to achieve desirable results, it required a higher 

dose of steroid to be prescribed alongside it (521) . Due to the rarity of this disease, studies 

of these drugs in PV patients have included small numbers of patients. Thus to fully 

understand which drug is the most beneficial there is a need for a larger comprehensive 

study of these drugs used in combination with steroids as well as on their own.  

 Rituximab (RTX) is a humanized antibody targeting CD20, consequently 

selectively targeting and depleting B cells (522). It was first tested for use in PV treatment 

in 2002 in a woman whose disease rapidly progressed, despite high doses of prednisone 

and Aza, and resulted in a dramatic reduction in symptoms (523). These results indicated 

that RTX may be a pivotal new therapy for PV.  Currently, RTX is used to treat PV patients 

who have relapsed or that require high doses of steroid to suppress symptoms (524). RTX 

on its own does not result in complete remission or relapse potentially due to persisting 

memory B cells or long-living plasma cells capable of maintaining autoantibody 

production (524). Prednisone treatment in combination with a single Rtx treatment resulted 
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in the complete remission of symptoms in 18 of 21 patients within 3 months, demonstrating 

that a single cycle of rituximab is an effective therapy for PV (525). Additionally, a meta-

analysis of 578 patients concluded that 76% of patients achieved complete, long lasting 

remission with one cycle of RTX, solidifying RTX as an efficacious treatment for PV 

(526). Therapies for PV have greatly improved since the steroids used in the 1950’s 

accordingly, with proper treatment, the fatality of PV has greatly decreased.  

 

6.3 Bench 

6.3.1 Models and techniques to study PV 

6.3.1.1 Human Tissue 

 As early as the 1970s acantholysis was reproduced in vitro by growing normal 

human skin in the presence of patient sera (504). Sheets of skin were placed on lens paper 

floating on the surface of culture medium containing sera from PV patients. Since then, 

investigators have continued to use this model to study the mechanisms of acantholysis, 

leading to key observations such as that blistering can occur without complement from the 

immune system (527).  These tissue cultures have been used for electron microscopy 

studies of desmosomal structure after PV treatment (528) as well as to study the impact of 

drugs on PV induced acantholysis (529, 530). Recently, this model has been adapted such 

that the skin biopsies are submerged, allowing for multiple biopsies to be cultured in the 

same volume of media, conserving patient sera. While this technique can alter the 

expression of desmosomal proteins after prolonged culture, the expression remains 
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comparable to normal human skin if cultured for twenty four hours (531). The advantage 

of using a human skin culture model the data collected is likely highly translatable.  

 

6.3.1.2 Mouse Models 

Several mouse models have been used to study pemphigus vulgaris. Passive 

transfer of PV patient IgG or pathogenic monoclonal antibodies targeted to the EC domain 

of Dsg3 have resulted in pemphigus symptoms, such as intercellular spaces between 

desmosomes observable in mouse epidermis (532, 533). Additionally, a pemphigus mouse 

model was generated by transferring lymphocytes from a Dsg3-knockout mouse after 

immunization with Dsg3 into mice expressing Dsg3 (534). Immunization in Dsg3 

knockout mice results in lymphocytes producing autoantibodies capable of recognizing 

mouse Dsg3, thus transferring these lymphocytes into mice expressing Dsg3 mimics PV 

(534). While mouse models can be useful in studying human disease they are not ideal 

because the results from experiments seen in mice might not hold true for humans. One 

way for investigators to mitigate this disadvantage of mouse models is to graft human skin 

onto mice. In fact, one study confirmed that injecting antibodies targeting Dsg1 and Dsg3 

can induce blisters in human skin grafted onto mice (535), perhaps making this an 

underappreciated model for pemphigus research.  
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6.3.1.3 Keratinocyte Culture 

Culturing primary keratinocytes or keratinocyte cell lines permit cost effective and 

convenient models to study PV. Primary keratinocytes, typically isolated from neonatal 

foreskin, were first isolated and used for PV research in 1978 and have since become 

commercially available (536). Primary cells can be cultured in low calcium to maintain a 

basal state or switch to high calcium (1.2mM) to induce differentiation (537). Additionally, 

investigators use HaCats, a non-tumorigenic cell line, or cell lines derived from squamous 

cell carcinoma. Each of these cell lines have been characterized so that the desmosomal 

protein expression and optimal culturing conditions are known (537). These cell lines can 

be cultured to a confluent monolayer then lifted from the substrate with dispase followed 

by the introduction to mechanical force to test the cell-cell adhesion of the monolayer. This 

dissociation assay can detect differences in pathogenic strength of PV patient sera and anti 

Dsg3 antibodies (538). Cell culture models also allow for immunofluorescence studies of 

desmosome structure and Dsg3 localization as well as biochemical approaches.  

  

6.3.2 Mechanism of acanthylosis  

One hypothesis for how autoantibodies result in the loss of desmosomal adhesion 

is that the antibodies sterically hinder, or prevent in trans binding, between desmosomal 

cadherins of adjacent cells. Mapping of pemphigus antibodies through domain swapping 

experiments uncovers that pathogenic antibodies mainly bind to the EC1 domain of Dsgs, 

which is the domain responsible for trans interactions (164). When antibodies binding to 
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EC1 and EC2 are removed from patient sera through affinity purification, the patient sera 

was no longer able to cause acantholysis in the mouse epidermis (539). Furthermore, a 

monoclonal antibody to the EC1 domain of Dsg3 is capable of inducing lesions in a mouse 

model (441). Together, these data suggest that autoantibodies bind to the desmoglein 

epitope responsible for trans adhesion to physically block cadherin interactions thereby 

causing loss of keratinocyte adhesion.  

Beyond steric hindrance, several signaling pathways have been implicated as 

contributors to pemphigus pathogenesis. Phosphorylation and activation of p38 occurs 

after PV treatment, and this has been demonstrated to occur in a dose dependent manner 

(540). Additionally, inhibition of p38 prevents blistering in mice treated with PV IgG 

(541).   Furthermore, inhibition of p38 prevented loss of keratinocyte adhesion even though 

autoantibodies still bound to Dsg3 and disrupted Dsg3 trans binding (542). This suggests 

that steric hindrance alone is not enough to cause pemphigus. In addition to the p38 

pathway, Rho, c-myc, and PKC signaling have all been implicated (543-547).  

In addition to steric hinderance and the induction of signaling pathways, Dsg3 has 

been observed to undergo a series of events after PV IgG binding including endocytosis of 

non-junctional desmoglein, clustering of Dsg3, the formation of double membrane 

invaginations termed linear arrays, junctional Dsg3 endocytosis (548, 549). The 

endocytosis of Dsg3 appears to occur from the tips of linear arrays (548). Additionally, 

cholesterol depletion protected keratinocytes from loss of adhesion, suggesting that lipid 

rafts are of clinical significance to PV (382). Furthermore, the endocytosis of Dsg3 was 

demonstrated to be clathrin- and dynamin- independent (385). Structured illumination 
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microscopy of patient biopsies has uncovered that Dsg3 clustering occurs in patient 

epidermis, confirming observations seen in cell culture models (550). Additionally, linear 

arrays have been identified in patient biopsies (550). Together these studies suggest that 

autoantibodies against Dsg3 cause loss of cell adhesion in PV through a combination of 

steric hindrance, induction of signaling pathways, and the endocytosis and downregulation 

of Dsg3.  

 

6.4 Outlook 

 Currently, our understanding of how autoantibody titer correlates to disease 

progression is making it difficult for clinicians to make decisions about drug administration 

and patient treatment. While our understanding of pemphigus has greatly improved through 

recent research, there is a need to link clinical data of disease progression, such as PDAI 

and ELISA scores, to the in vitro models to study the mechanisms of disease progression 

in a larger scale. These studies could validate certain in vitro models and provide new 

insights to pathomechanisms of PV. The next chapter of this dissertation compares ELISA 

and PDAI data from 23 patients to determine if autoantibody titer correlates to disease 

severity. Additionally, we aim to determine if observations seen in vitro have pathological 

relevance by comparing data acquired using serum from the 23 patients to PDAI and 

ELISA scores.   
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7.1 Abstract 

Pemphigus vulgaris (PV) is an autoimmune bullous skin disease characterized by 

severe epidermal blistering and mucous membrane erosions. PV is caused by antibodies 

directed against the desmosomal cadherin desmoglein 3 (Dsg3), and in cases involving the 

skin, both Dsg3 and Dsg1. PV can be assessed clinically using the Pemphigus Disease Area 

Index (PDAI) and using an ELISA for Dsg IgG titers in patient sera. In vitro, PV IgG 

activity can be investigated by incubating normal human keratinocytes with PV patient IgG 

and monitoring changes in desmosomal protein organization and overall strength of cell-

cell adhesion using a dispase-based cell-cell dissociation assay. However, the relationship 

between clinical PV assessments and in vitro activity of patient IgG have not been 

systematically studied. In the present study, we compared the relationship between the in 

vitro pathogenicity of PV IgG from 23 patients to their PDAI score and ELISA titers. 

Overall, Dsg1 ELISA values showed a stronger correlation with PDAI scores (p<0.01) 

when compared to Dsg3 ELISA (p<0.02). However, the sum of Dsg3 and Dsg1 ELISA 

values exhibited a highly significant correlation to PDAI (p<0.0005). Interestingly, the loss 

of cell-cell adhesion strength as assessed using in vitro dispase cell dissociation assays 

exhibited a positive correlation with Dsg3 ELISA titers (p<0.005), supporting the validity 

of the dispase assay as a measure of PV pathogenicity . These findings confirm the 

association of Dsg ELISA values with PDAI and establish a relationship between Dsg IgG 

titers in patients and loss of adhesion in cultured keratinocytes  
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7.2 Introduction 

 Pemphigus vulgaris (PV) is an autoimmune bullous skin disease characterized by 

severe epidermal blistering and mucosal membrane erosions. Its incidence is estimated to 

be 0.1-0.5 cases per 100,000 people per year, with an average age of onset between 40 and 

60 years (450). Although rare, PV can be a devastating diagnosis for patients, and in fact 

was considered almost universally fatal before the advent of immunosuppressing agents, 

which are currently the mainstay of treatment (512, 513). PV is caused by antibodies 

directed against desmosomal cadherins, a class of cell-cell adhesion proteins with critical 

roles in skin biology and pathophysiology. Specifically, desmogleins 1 (Dsg1) and 3 

(Dsg3) are targeted. This attack on desmosomal integrity results in loss of keratinocyte 

cohesion, or acantholysis, which translates clinically into intraepidermal blistering that can 

be extensive and debilitating.  

 PV patients can be separated into two variants, mucosal dominant and 

mucocutaneous (451). Mucosal dominant patients present mucosal erosions and mainly 

have auto antibodies targeting Dsg3. Many of these patients progress to mucocutaneous 

disease in which erosions are present in both the mucosal surfaces as well as the skin. 

Patients who progress to the have skin blisters have antibodies targeting Dsg1 as well as 

antibodies to Dsg3 (451, 506). Currently, there are two measurements used to monitor 

disease severity: Pemphigus Disease Area Index (PDAI) score, a validated scoring system 

that standardizes the clinical evaluation of PV across institutions and physicians, and 

enzyme-linked immunosorbent assay (ELISA), which is the standard method for 

measuring the level of antibodies present in sera (491, 506). Some studies report that 
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ELISA scores for antibodies against Dsg1 correlate better with disease severity (163, 507, 

510), while other reports that ELISA scores for antibodies against Dsg3 correlate better 

with disease severity for mucosal dominant PV patients (163, 509).  A recent international 

study revealed that Dsg1 and Dsg3 ELISA scores correlated with PDAI at diagnosis, but 

that these correlations, particularly Dsg3 ELISA, were no longer significant after treatment 

(551). Thus, there is some uncertainty about how aggressively to treat PV patients based 

on either PDAI or ELISA values alone. To address this gap in knowledge, we used clinical 

data from 23 patients diagnosed with PV and compared ELISA scores to PDAI.    

 The precise mechanism by which PV IgG ultimately leads to loss of cellular 

cohesion in patient skin has not been fully elucidated. This is largely because our current 

understanding of PV pathomechanisms is derived almost exclusively from in vitro studies. 

Such experiments in the past have demonstrated that exposure of cultured keratinocytes to 

pathogenic PV antibodies triggers a reproducible sequence of events culminating in cell 

separation: clustering of cell surface Dsg3, endocytosis of these clusters, and their 

disassembly within the cell (385, 548, 549). Recently, we confirmed that desmosomes 

within patient epidermis appeared altered (550). However, much is still unknown about 

how the processes observed in vitro correlate with disease progression in patients. Thus, 

the literature remains incomplete regarding the mechanisms of PV-induced desmosomal 

breakdown in patient skin. We directly tested the pathogenicity of patient IgG using in vitro 

assays of cell-cell adhesion strength and to determine whether these quantitative 

assessments of desmosomal mechanical disorganization correlated with either the clinical 

(PDAI) or molecular (ELISA) measures of disease severity.     
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 The overarching hypothesis underpinning these studies is that anti-desmoglein 

antibodies in PV patients cause alterations in desmosomal adhesion that are directly related 

to and are indicative of disease severity. In this paper, we utilize a combination of 

pemphigus patient clinical assessments and in vitro models of disease to yield new insights 

into PV pathomechanisms and form a foundation for the development of new diagnostic 

criteria for this devastating skin disease.  

 

7.3 Results and discussion 

7.3.1 Epidemiology and clinical phenotype 

 25 samples from 23 patients were included in this study. Samples from the same 

patient were taken at different points during their treatment and disease progression. The 

average age was 47.3 years with a standard deviation of 10.5 years (Table 7.1). The oldest 

patient was 68 years while the youngest was 25, while 9 (39.1%) were female and 14 

(60.9%) were male. Interestingly, our study has a higher percentage of males than females, 

which is atypical as many studies report that PV afflicts more females than males. Ten 

(43.5%) patients and 11 (44%) samples were mucosal dominant while 14 (56.5%) patients 

and 15 (56%) samples were mucocutaneous. Disease severity varied by patient as 

determined by PDAI and ELISA scores (Figure 7.1). Each patient was given a unique 

symbol with mucosal dominant patients depicted as squares and mucocutaneous patients 

are depicted with circles (Figure 7.2). 
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7.3.2 Total ELISA score correlates with PDAI 

While the Pemphigus Disease Severity Index (PDAI) score has been validated in a 

number of studies, few have compared PDAI scores to ELISA titers. It has been shown 

that, in general, mucosal dominant patients mainly have antibodies against Dsg3 while 

mucocutaneous patients have antibodies against both Dsg3 and Dsg1 (451, 506). As ELISA 

scores are being more widely used by clinicians in the diagnosis of PV, there is a need to 

fully understand how these scores correlate with disease progression as measured by PDAI. 

When comparing all 25 samples, both Dsg3 (r=.4604, p=.0118) and Dsg1 ELISA scores 

(r=.5306 and p=.0034) demonstrated a moderate positive correlation with PDAI.  

Consistent with previous reports, Dsg1 ELISA correlated with PDAI more strongly than 

Dsg3 (Figure 7.3 A & B). Interestingly, cumulative Dsg1 and Dsg3 ELISA values were 

strongly associated with high PDAI scores (r=.6562, p=.0002). These results suggest that 

total Dsg3 and Dsg1 ELISA values might have a higher clinical relevance than either the 

Dsg1 antibody titer or Dsg3 antibody titer alone. 

We next sought to determine if these correlations hold true for the two variants of 

PV, mucosal dominant (mPV) and mucocutaneous (mcPV). Interestingly autoantibody 

titers only demonstrated weak to negligible correlations when compared to the PDAI for 

mPV patients (Figure 7.3 D-F). Our data suggest that for mPV patients, neither Dsg3 nor 

Dsg1 autoantibody titers are good predictors of disease severity. Conversely for 

mucocutaneous patients, Dsg1 autoantibody titers demonstrated a high correlation 

(r=.8097, p=.0004) and Dsg3 titers demonstrated a moderate association (r=.5061, 

p=.0335) with PDAI (Figure 7.3 G & H). These results confirm reports that for pemphigus 
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patients with cutaneous disease, Dsg1 autoantibody titer is a better predictor of disease 

severity.  Interestingly, the comparison between PDAI and Total ELISA yielded the most 

highly correlative result for mucocutaneous patients (r=.8163, p=.0003, Figure 7.3 I). 

These results suggest that for patients suffering with cutaneous disease, clinicians could 

consider a total ELISA score in their diagnostic assessments and treatment plans. Recently, 

a large scale study demonstrated that prior to treatment mucosal dominant patients 

demonstrated a correlation between PDAI and Dsg3 ELISA, however this association was 

lost after treatment was administered (551).  Thus, it may be that our study did not reveal 

an association of Dsg3 autoantibody titer with PDAI because the samples used in our study 

were collected after patients started treatment. 

 

7.3.3 DSG3 ELISA correlates with fragmentation assay 

Keratinocyte monolayer fragmentation assays have been used to study the 

pathogenicity of PV autoantibodies (538, 552, 553). In this assay, higher levels of 

keratinocyte monolayer fragmentation after treatment with an antibody or PV sera is 

indicative of more severe loss of cell adhesion strength However , no studies have 

correlated the degree of fragmentation seen in vitro to clinical measures of disease 

progression or autoantibody titers. To determine if the in vitro dispase fragmentation assay 

correlates with PDAI scores or ELISA scores, we purified PV IgG from 25 samples and 

compared keratinocyte monolayer fragmentation to clinicalscores. Prior to treatment with 

PV IgG, keratinocytes, which were cultured in low calcium media (50uM), were switched 

to high calcium media (550uM) for 3 hours to allow desmosome formation. Note that this 
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culture method results in monolayers expressing predominantly Dsg3 and low levels of 

Dsg1 (537). Next, we treated the keratinocytes with PV IgG for 6 hours before releasing 

monolayers from the substrate and subjecting samples to mechanical force by gently 

transferring monolayers to epindorf tubes that were then taped to an orbital shaker and 

allowed to shake for one minute. We then generated a disassociation index score for each 

sample by normalizing to normal human IgG and a known pathogenic AK23 control 

(Figure 7.4 A & B). AK23 is a well characterized pathogenic Dsg3 monoclonal antibody 

that has been demonstrated to cause loss of adhesion in disassociation assays (441). Next 

we compared the disassociation index scores to Dsg3 ELISA scores. We demonstrate that 

Dsg3 titers demonstrate a moderate but statistically significant correlation to the degree of 

fragmentation (r=.5428, p=.0025), validating the Dsg3 based disassociation model we and 

others have used to study PV (Figure 7.3 C).  Interestingly, when we analyzed mPV patients 

alone the disassociation index demonstrated a high and significant correlation with Dsg3 

ELISA (r=.7212, p=.0117, Figure 7.3 D). For mcPV patients, the statistical analysis yielded 

a low correlation, though this correlation was significant (r=.4429, p=.0501). It is possible 

that a study with more patients could uncover a moderate and statistically significant 

relationship. Overall, these data confirm a relationship between Dsg3 autoantibody titer 

and loss of cell adhesion in keratinocyte cell culture, thus validating the disassociation 

assay as an assessment for mPV patient disease severity.   
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7.3.4 PDAI correlates to disassociation assay for mucosal dominant patients 

We next wanted to determine if the disassociation index yields results that relate to 

patient severity as measured by PDAI. The total patient pool revealed a negligible 

relationship between PDAI and the degree of fragmentation (r=0.2380, p=0.1390, Figure 

7.5A). However, analysis of the mucosal dominant patients only revealed a moderate and 

statistically significant correlation (r=.6319, p=.0286, Figure 7.5B). Conversely, 

mucocutaneous patients revealed no correlation between PDAI and the disassociation 

index (r=-.0132, p=.4835, Figure 7.5 C). We previously concluded that Dsg3 autoantibody 

titers correlate to the disassociation assay (Figure 7.3), thus it is likely that the mucosal 

dominant patients reveal a correlation between PDAI and the disassociation assay because 

they predominantly have Dsg3 autoantibodies. These establish a relationship between 

disease severity for mucosal dominant PV patients and the degree of fragmentation seen in 

a keratinocyte disassociation assay. 

 

 

7.3.5 Concluding remarks 

 The overarching goal for these studies is to determine if anti-desmoglein antibodies 

in PV patients cause alterations in desmosomal adhesion that are directly related to and are 

indicative of disease severity. Additionally, we sought to determine if ELISA scores 

directly correlate with disease severity as measured by the now validated Pemphigus 

Disease Area Index (PDAI). We isolated PV IgG from 25 serum samples from 23 patients 

and used these samples to perform in vitro experiments and compare the data to clinical 
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measures. Indeed we found Dsg1 ELISA to correlate better with PDAI than Dsg3 ELISA, 

particularly with patients suffering from cutaneous disease. Furthermore, ELISA scores did 

not correlate with PDAI for mucosal dominant patients. However, it is possible that 

correlation is lost after patients start receiving treatment as clinical symptoms can be 

alleviated without a decrease in autoantibody titer (551, 554). Additionally, we propose 

that the sum of Dsg1 ELISA and Dsg3 ELISA scores is a better predictor of disease 

severity. This value could be used by clinicians to better determine treatment options. 

Additionally, we conclude that an in vitro cell-cell disassociation assay correlates with 

Dsg3 ELISA values for the total patient pool and PDAI for mucosal dominant patients, 

validating the use of the assay and confirming that Dsg3 autoantibodies lead to loss of 

keratinocyte adhesion.  

 

7.4 Materials and Methods 

  

Study population 

Study subjects were recruited for enrollment if they were seen at the Emory Dermatology 

Clinic between 2012-2018 and carried a diagnosis of pemphigus vulgaris, confirmed by 

both intraepidermal anti-Dsg3 staining on direct immunofluorescence and by anti-Dsg3 

antibody titer of >0 by ELISA. Relevant clinical information including sex, date of birth, 

PDAI scores, ELISA levels of Dsg1 and Dsg3 autoantibodies, and type and duration of 

treatment were obtained either from chart review or at the time of enrollment and recorded. 
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Permission for use of all stored samples was obtained from Emory University’s 

Institutional Review Board. 

 

Purification of IgG. 

All blood specimens were drawn in the Emory Dermatology Clinic by a certified 

phlebotomist. Specimens were collected from enrolled subjects into five red top vacutainer 

tubes and allowed to clot for 30 minutes in a vertical position. Tubes were then centrifuged 

for 15 minutes, and sera was pipetted off from the top into a single plastic transfer tube 

labeled with the patients study ID number and stored at -80°C. Samples were later thawed 

to room temperature, and IgG was purified using the Melon purification kit (Thermofisher 

45206). Concentration of the total recovered IgG was measured using a Nano drop lite 

from thermofisher.  

 

Cells and culture conditions 

Primary human keratinocytes (HKs) were isolated as described by Calkins et al and 

cultured in KBM-Gold basal medium (100 μM calcium) supplemented with KGM-Gold 

Single-Quot Kit (Lonza, Walkersville, MD). To make low calcium media, calcium was 

removed from standard keratinocyte growth media using BT Chelex 100 resin (Bio-rad 

#143-2832) and supplemented with CaCl2 to reach 30mM.   
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Surface Turnover Experiments (preliminary data discussed in chapter 8) 

HKs were grown to ~70% confluence in 12 well ibidi cell culture dishes and cultured in 

high calcium (550uM) media overnight. Cells were labeled with 10ug/ml AK23 for a half 

hour at 4°C. Cells were then exposed to either 200ug/ml of PV patient IgG or normal 

human control (NH) IgG for three hours at 37 degrees. An anti-mouse 488 secondary was 

used. Border intensities were determined by drawing linescans along cell borders in Image 

J.  

 

Endocytosis Assay (preliminary data discussed in chapter 8) 

 HKs were grown to confluence in 48 well cell culture dishes and cultured in high calcium 

overnight. Cells were labeled with AK23-488 at four degrees for 30 minutes. Cells were 

then treated with 200ug/ml PV IgG for three hours. Extracellular AK23-488 was quenched 

with an anti-488 antibody (Invitrogen A-11094) for an hour at four degrees. Cells were 

then trypsinized and stained with Live/Dead Aqua (ThermoFisher L34957). A minimum 

of 5,000 cells were analyzed on a BD LSRII flow cytometer and analyzed using FlowJo 

software. The Mean fluorescence intensity (MFI) was then normalized to a four degree 

quench control, in which no endocytosis occurred, to remove any remaining background 

from an incomplete quench.  
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Dispase-based fragmentation assay 

HKs were cultured to 100% confluence in 24-well tissue culture plates and switched to 50 

μM calcium to prevent any junction assembly for 16-18 hrs prior to switching to 550 μM 

calcium for 3 hrs to allow for junction assembly. HKs were then exposed to NH or PV IgG 

for 6hrs at 37°C. Monolayers were removed from the cell culture substrate using the 

enzyme dispase and gently washed twice with PBS+ before transfer to an epindorf tube. 

Monolayers were exposed to mechanical force by being taped to an orbital shaker to for 1-

2 minutes to induce fragmentation. Fragments were fixed in paraformaldehyde and stained 

with Methelyne blue prior to imaging using (CTL, cellular technologies). The number of 

monolayer fragments was then counted. The following formula was used to normalize 

fragments between replicates and generate the dissociation index score with AK23 as the 

positive control and Normal Human (NH) treatment as then negative control 

#𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − #𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

#𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − #𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

Data Analysis and Statistical Methods:   

One tailed, Non-parametric Spearman tests were used to identify correlations between 

parameters. A spearman correlation coefficient (r) of +1 is a perfect positive correlation 

while -1 is a perfect negative correlation. The chart below describes our interpretation of 

the correlation coefficient (555). 
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Low p-values indicate that the observed correlation is real while a high p-value indicates 

that the correlation is likely random. All statistical tests were performed using GraphPad 

Prism 7.03 Software. We next consulted with Dr. Subir Goyal in the Biostatistics and 

Bioninformatics core at Emory University to confirm our statistical analysis prior to 

submission.  
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r value   Interpretation

± 0.90-1.0   Very high correlation

± 0.70-0.90   High correlation

± 0.50-0.70   Moderate correlation

± 0.30-0.50   Low correlation

± 0.00-0.30   negligible or no correlation
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Table 7.1 Descriptive Statistics for Patients.  

 

Mean age ± SD¹ 47.26 ± 10.51

Age Range (years) 25-68

Sex n(%)

     Male 14 (60.9%)

     Female 9 (39.1%)

Clinical Characterization n(%)

     Mucosal Dominant 9 (39.1%)

     Mucocutaneous 14 (60.9%)

Severity² n(%)

     Mild <12 8 (34.8%)

     Moderate 12<x<25 5 (21.7%)

     Severe >25 9 (39.1%)

     Unknown 1 (4.3%)

1) SD: Standard Deviation, 2) PDAI scores

Descriptive Statistics for Patients
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Figure 7.1 Patients have a range of PDAI and ELISA scores. A) Patient PDAI scores 

range from 0 to 93.6. Patient ISD112 has no recorded PDAI. B) Dsg1 ELISA scores range 

from 0 to 219. C) Dsg3 ELISA scores range from 5 to 204. Below the dashed line represents 

mild or low scores, between the two lines represents moderate scores, and above the dotted 

line represents high or severe scores.  
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Figure 7.2 Patients have unique symbol assigned. 25 samples were used throughout this 

study. Mucosal dominant patients are coded as squares of varying colors and patterns while 

mucocutaneous patients are circles with varying colors and patterns. This allows a single 

patient to be tracked throughout the figures.  

Sample Mucosal  Dominant Shape

ISD003 Yes

ISD020 No

ISD025 Yes

ISD038 No

ISD058 Yes

ISD063 No

ISD066a No

ISD066b No

ISD068a Yes

ISD068b Yes

ISD069 Yes

ISD070 Yes

ISD072 No

ISD080 Yes

ISD082 No

ISD086 No

ISD099 No

ISD100 Yes

ISD102 No

ISD106 No

ISD109 No

ISD110 No

ISD111 No

ISD112 No

ISD125 Yes
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Figure 7.3 Total ELISA correlates with PDAI. Both Dsg1 ELISA (A) and Dsg3 ELISA 

(B) showed a significant correlation with PDAI for all patients. C) The sum of Dsg3 and 

Dsg1 ELISA scores to generate a Total ELISA score yielded the most significant 

correlation with PDAI. D) Dsg1 ELISA does not correlate with PDAI for mPV patients. 

E) Dsg3 ELISA does not correlate with mPV PDAI. F) Total ELISA does not correlate 

with mPV PDAI. G) PDAI shows a statistically significant correlation to Dsg1 ELISA for 

mcPV patients. H) Dsg3 ELISA does not correlate with PDAI for mcPV patients. I) The 

sum of Dsg3 and Dsg1 ELISA scores correlates with PDAI for mcPV samples.  
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Figure 7.4 Disassociation Index correlates with Dsg3 ELISA. A) The 25 patients 

demonstrate a range of pathogenicity as determined by the disassociation index. Four 

replicates are represented and SEM is shown. B) Representative images of monolayers 

after the application of mechanical force. Monolayers treated with normal human serum 

remain largely intact while monolayers treated with AK23 (positive control) or Patient IgG 

fragment. C) Dsg3 ELISA correlates with disassociation index score. D) Mucosal dominant 

patients demonstrate a correlation between Dsg3 ELISA and disassociation index score. E) 

Mucocutaneous patients do not demonstrate a correlation between Dsg3 ELISA and 

disassociation index score 
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Figure 7.5 Disassociation Index correlates with PDAI for mucosal dominant patients. 

A) The total patient pool demonstrates no correlation between PDAI and disassociation 

index. B) Mucosal dominant patients demonstrate a high and statistically significant 

correlation between PDAI and disassociation index. C) Mucocutaneous patients show no 

relationship between PDAI and disassociation index.  
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Chapter 8 

 

Summary and future directions 

 

 

Section 8.1 Summary of dissertation work  

This dissertation started by studying mechanisms of desmosome assembly. In 

chapter 3 we presented findings that demonstrated that the transmembrane domain of 

desmogleins is critical for lipid raft association while palmitoylation is not. Furthermore 

we uncover the importance of the lipid raft association of Dsg1 in desmosome formation, 

as failure to associate with lipid rafts results in a loss of Dsg1 association with the 

desmosome and the development of SAM syndrome. Prior to the research conducted in 

this dissertation, several labs had shown that all of the major desmosomal proteins associate 

with lipid rafts, however we had no understanding of the importance of this association in 

desmosome structure or function. Additionally, these findings uncovered important 

pathomechanisms for the human disease SAM syndrome.  Additionally, the work presented 

in chapter 5 greatly increase our understanding of how desmogleins coalesce with other 

desmosomal proteins and lipids to form a mature, robust desmosome.  

The work presented in this dissertation then focused on understanding mechanisms 

of desmosome disassembly, particularly in the context of a severe desmosome associated 

skin disorder, pemphigus vulgaris. In a study of 23 pemphigus vulgaris patients, we 
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compared the now validated Pemphigus Disease Area Index system of determining disease 

severity to Dsg ELISA scores. We found that Dsg1 ELISA scores better correlated with 

PDAI, confirming results other labs have seen. Additionally, we propose that the sum of 

Dsg1 and Dsg3 ELISA scores is a better measure of disease severity than either score alone. 

Lastly, we conclude that the Dsg3 ELISA score of a patient is correlated to the loss of 

adhesion in keratinocytes as measured by a Dsg3 based disassociation assay, validating the 

use of the assay in studying PV pathogenicity. These conclusions act as a platform on which 

further studies can build. Below I will outline some future avenues for this research and 

key gaps in our knowledge that were revealed by this work.    

 

Section 8.2 Future directions 

8.2.1 Does Dsg3 endocytosis or loss of surface Dsg3 in keratinocytes after PV IgG 

treatment correlate to PDAI? 

When cultured keratinocytes are exposed to PV IgG, Dsg3 undergoes endocytosis 

and subsequent degradation, resulting in a loss of surface Dsg3 after PV IgG treatment 

(548, 549). To determine if Dsg3 endocytosis correlates with PDAI or Dsg3 ELISA scores 

of patients we performed a flow based endocytosis assay with the 25 samples used in 

chapter 7. Keratinocytes were labeled with a 488 conjugated monoclonal antibody against 

Dsg3 prior to PV IgG treatment for three hours. Prior to trypsinization, extracellular 488 

was quenched using an antibody against Alexa Fluor 488. Cells were analyzed using flow 

cytometry and the mean fluorescence intensity (MFI) represents the amount of Dsg3 
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internalized. The MFI did not correlate with any of the clinical parameters and this held 

true when mPV and mcPV patients were analyzed separately (not shown). We 

hypothesized that the observed lack of correlation between MFI and Dsg3 endocytosis was 

due to a combination of the absence of endocytosis in samples with low pathogenicity and 

degradation of the labeled IgG tracer in highly pathogenic samples. In fact, when viewed 

by immunofluorescence some of the patients with low MFI scores (ISD112) lost all border 

staining, indicating severe desmosome disruption, but no internalized Dsg3 could be 

viewed after a three hour treatment with patient IgG (Figure 8.1 A&B). However, other 

patients (ISD068a) demonstrated a low MFI and maintained border staining, meaning that 

they Dsg3 had not undergone endocytosis for these patients after 3 hours (Figure 8.1 A & 

B). We predicted that patients with high Dsg3 autoantibodies, greater than an ELISA score 

of 150, would demonstrate a correlation with the endocytosis assay while patients with low 

Dsg3 autoantibodies would not. In fact, patients with high Dsg3 ELISA scores correlated 

with the endocytosis assay (r=.5963, p=.0134, Figure 8.1). Interestingly, some of the 

patients with low Dsg3 ELISA scores demonstrated high levels of Dsg3 endocytosis, 

perhaps indicating that those patient seras contain highly pathogenic antibodies capable of 

inducing endocytosis. Prior to drawing final conclusions, this assay needs to be repeated a 

minimum of 2 more times. Additionally, we predict that a longer treatment with PV IgG 

would result in a significant correlation for patients with low Dsg3 titers, and thus the 

experiment should be repeated with varying incubation times with PV IgG.  

In addition to endocytosis, the loss of Dsg3 at the cell membrane and cell borders 

has been observed after keratinocytes are treated with PV IgG (548, 549). To determine if 
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the loss of Dsg3 at cell-cell borders is indicative of patient disease severity, we labeled 

keratinocytes with a monoclonal antibody to Dsg3 followed by a three hour treatment with 

patient IgG. After fixation, we used an anti-mouse 488 secondary to stain for the Dsg3 

remaining on the cell surface. ROIs were drawn along the cell-cell borders and the average 

fluorescence intensity was then used for subsequent statistical analysis. We would predict 

that a lower fluorescence intensity would correlate with more pathogenic patient samples. 

However, the comparison of PDAI, Dsg1 ELISA, and total ELISA scores for all the 

patients were compared to border intensity yielded no statistically significant results (8.2 

A-C & E). However, Dsg3 ELISA demonstrated a weak correlation (r=.3478, p=.1038, 

Figure 8.2D) to border intensity. Furthermore, the border intensity yielded no significant 

association with the disassociation index or the endocytosis assay (Figure 8.2 F & G). 

Similar to the endocytosis assay, these results are derived from a single replicate. 

Additionally, it is possible to introduce bias during the step in which ROIs are drawn. To 

combat this, the experiment will be modified such that the keratinocytes will be cultured 

to confluence and the fluorescence of the whole field of view will be used. Since the cells 

are not permeabilized at any point, the secondary will only interact with Dsg3 on the cell 

membrane, ensuring that all observed fluorescence is on the cell surface.    

 

8.2.2 What is the mechanism behind the thickening of the epidermis in SAM patients? 

Severe Dermatitis, Multiple Allergies, and Metabolic wasting (SAM) syndrome is 

a newly uncovered human disease typically caused by a complete loss of DSG1 function. 

Patients suffering from SAM syndrome display skin fragility that results in epidermal 
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erosions as well as thickening of the epidermis, suggesting a critical Dsg1 function in 

keratinocyte differentiation and barrier formation. Additionally, DSG1 haploinsufficiency 

causes epidermal thickening in the autosomal dominant skin disease striate palmoplantar 

keratoderma (556, 557). Moreover, downregulation of Dsg1 in an organanotypic epidermal 

culture model resulted in an immature granular layer, supporting Dsg1 function as a 

contributor to keratinocyte differentiation (150). Additionally, the downregulation of Dsg1 

is associated with more proliferative tumors and a worse prognosis in patients with 

epidermal derived cancers such as SCC and BCC (242, 245-248).  Together, these data 

implicate Dsg1 as a key regulator of keratinocyte differentiation within the epidermis. 

Understanding the mechanisms behind this regulation would increase our understanding of 

the progression of several human diseases, including cancer, and provide potential targets 

for future therapeutics.  

As seen in Chapter 5 we found that a patient harboring a single point mutation 

within the TMD of Dsg1, rather than the typical complete loss of function of Dsg1, 

presented with SAM syndrome including the thickened epidermis characteristic of this 

disease. We illustrated that this mutation causes the abrogation of lipid raft targeting and 

subsequent loss of Dsg1 association with desmosomes. Emerging studies report that 

desmogleins have functions outside of cell-cell adhesion and act as nodes in signaling 

pathways that regulate cellular function. Importantly, previous studies have shown that 

expression of DSG1 in cultured keratinocytes drives precocious differentiation (150, 558).  

The mechanisms governing the activity of DSG1 in mediating differentiation are 

not yet fully understood. Interestingly, recent studies have shown that DSG1 suppresses 
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EGFR signaling to promote keratinocyte differentiation (150, 558, 559). Dsg1 binds to the 

protein Erbin which in turn sequesters SHOC2, an important scaffolding protein within the 

canonical EGFR pathway (Figure 8.3).  EGFR is a receptor tyrosine kinase in the ErbB 

family that promotes proliferation and suppresses differentiation of epidermal cells (560). 

Suppression of EGFR by DSG1 results in a decline of keratinocyte proliferation and 

subsequent differentiation.  

EGFR signaling is upregulated in numerous cancer types and these elevated levels 

are associated with a decrease in survival rates (561).  In fact, the EGFR pathway is 

currently a target in some cancer therapies (562). One of the most common side effects for 

EGFR-targeted therapies is the development of dermatological complications. Patients can 

develop rashes, dry and itchy skin, or become more susceptible to infection (560). These 

dermatological issues are a result of abnormal keratinocyte proliferation and differentiation 

upon EGFR suppression (560).  This highlights the importance of the EGFR pathway in 

proper epidermal function as well as in the development of epidermal tumors.  

Lipid raft domains enhance cellular signaling by bringing individual components 

of a pathway together spatially and temporally (563, 564). Additionally, lipid raft 

association of signaling molecules such as EGFR has been shown to be critical to maintain 

proper cellular signaling (563, 565). Various studies report 40-70% of EGFR localizes to 

lipid rafts, and depletion of cholesterol results in altered EGFR signaling, further 

illustrating the importance of lipid rafts in the EGFR pathway (563, 565-568). These 

findings raise the possibility that Dsg and EGFR signaling activities may be spatially and 

temporally coordinated by raft association. Given that the loss of lipid raft association of 
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Dsg1 results in SAM syndrome, including thickened epidermis, we postulate that the 

epidermal-thickening phenotype found in the SAM syndrome patients from Chapter 5 may 

be caused by the inability of DSG1 to suppress EGFR signaling.  

 

8.2.3 How is DSG1(G578R) acting as a dominant negative? 

 Typically, complete loss of function of DSG1 results in SAM syndrome while the 

loss of function of one copy of DSG1 is associated with comparatively less severe 

palmoplantar keratadoderma. The patients discussed in chapter 5, however, have a single 

point mutation in one allele of Dsg1, and yet have developed the more severe SAM 

syndrome despite having one unaltered copy of the protein. Additionally, this disorder is 

inherited in an autosomal dominant fashion. Together, these data imply that the mutant 

copy of Dsg1 is acting as a dominant negative and affecting the functional ability of the 

wild type copy present in patient epidermis.  

 In figure 5.4G, immunofluorescence staining of patient epidermis reveals that Dsg1 

is downregulated and mislocalized in patient epidermi and exhibits aberrant clustering on 

the cell borders as well as what appears to be intracellular staining. Additionally, our cell 

model demonstrates that the mutation found in the SAM patient results in a retention of 

Dsg1 in the Golgi Apparatus (Figure 5.6 G). This finding suggests that the mutant Dsg1 is 

acting as a dominant negative mutant by preventing proper localization of the wild type 

copy of Dsg1. Figure 5.4H uncovers that this SAM patient has lost about half of his Dsg1 
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expression, meaning that the presence of this mutation could also be altering the expression 

of the wild type Dsg1.  

 Preliminarily experiments in primary keratinocytes in which Dsg1 WT or 

Dsg1(G578R) were expressed with adenovirus did not show any altered localization other 

than desmosomal proteins such as Dsg2 (data not shown). To better determine if 

Dsg1(G578R) acts in a dominant negative fashion by mislocalizing endogenous Dsg1 or 

other desmosomal proteins, both Dsg1 WT and Dsg(G578R) must be expressed in the same 

cell. It would be necessary to tag each construct with a different colored fluor in order to 

differentiate between the constructs. We can also study the results of co-expressing these 

constructs on desmosome adhesion using the dispase based disassociation assay. 

Additionally, we now have access to Dsg null A431s and can study these constructs in a 

null background. We predict that Dsg1WT will rescue desmosome function while 

Dsg1(G578R) will not. Furthermore, if Dsg1(G578R) results in the mislocalization of 

Dsg1(WT) then coexpression of these construcs would allow us to observe this in the null 

background and we would observe less restoration to desmosome function than when Dsg1 

WT is expressed on its own. 

 

8.2.4 What is the role of lipid raft association in Dsg3 endocytosis? 

 In chapter 5 we concluded that lipid raft association of Dsg1 is critical for proper 

desmosome assembly, however we have yet to explore how this association affects 

desmosome disassembly and subsequent Dsg endocytosis. We are able to study Dsg3 
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endocytosis using a Pemphigus Vulgaris model. Shortly after treatment with PV IgG,  non-

junctional Dsg3 undergoes endocytosis through a lipid raft associated, clathrin and 

dynamin independent mechanism (385). Longer treatment of PV IgG results in Dsg3 

endocytosis through large double membraned invaginations called linear arrays (548). 

Work from our lab as well as others have illustrated that lipid rafts are critical for this 

endocytosis event and that in fact, perturbing lipid rafts affects the formation of these arrays 

and prevents Dsg3 endocytosis.  

 In our initial studies we generated two Dsg3 constructs, Dsg3(ETMD) and 

Dsg3(CC). We found that Dsg3(ETMD) did not partition to lipid rafts, however the 

Dsg3(CC), a palmitoylation null mutant, still partitioned to lipid rafts as seen in Figures 

5.1 and 5.2. Preliminary data in which A431s expressing these constructs were treated with 

PV IgG uncovered some interesting results. PV treatment of cells expressing Dsg3(Ecad) 

TMD resulted in disorganized linear arrays and a protection from endocytosis as 

determined by higher surface levels of Dsg3 when compared to cells expressing wild type 

(Figure 8.4). While we were unable to uncover any raft targeting defects for Dsg3(CC) in 

steady state cells (Chapter 5), after treatment with PV, A431 cells expressing this construct 

were protected from the loss of surface Dsg3. Additionally, linear arrays seen in these cells 

were often larger and more globular in appearance when compared to the typical linear 

arrays seen in cells expressing WT Dsg3. These results further highlight the importance of 

Dsg3 raft association for proper endocytosis of Dsg3. Further PV studies using these 

constructs could illuminate the specific endocytosis mechanisms by which Dsg3 is 

internalized.  
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8.2.5 What are the mechanisms of Dsg3 clustering and linear array formation in 

Pemphigus Vulgaris? 

Domain swapping experiments unveiled that the dominant epitope for PV 

antibodies is in the calcium-sensitive conformational N-terminal region from amino acids 

25-88 (164). Removal of antibodies targeting the EC1 domain of DSG1 in pemphigus 

foliaceous from patient sera prevented the loss of adhesion when injected into mice, 

implicating antibodies targeting the EC1 domain of desmogleins to be key in the 

pathogenesis of pemphigus (539). Additionally, dispase based fragmentation assays as well 

as mouse models have revealed that mouse monoclonal antibodies against the EC1 domain 

of Dsg3 can cause a loss of cell-cell adhesion and cause PV phenotypes when injected into 

mice (441). Furthermore, injection of AK23, a pathogenic monoclonal antibody, into skin 

explants causes acantholysis.  Because these antibodies typically target epitopes in the EC1 

domain, the adhesive interface of desmogleins, they are thought to directly inhibit 

desmoglein trans interactions (steric hinderance) and thus cause a loss of desmosomal 

adhesion. Interestingly, not all of these monoclonal antibodies are pathogenic, perhaps 

related to the epitope or domain of the desmoglein that is targeted. While there is an 

abundance of evidence that steric hinderance is caused by antibodies targeting the adhesive 

EC1 and EC2 domains, little is known about the role of antibodies targeting non-adhesive 

epitopes or are found to be non-pathogenic.  

 In Vitro studies have revealed that PV IgG causes Dsg3 clustering on the cell-cell 

borders both in vitro and in patient skin (548, 550). Interestingly, when cells were treated 
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with a polyclonal mixture of non-pathogenic mouse monoclonal antibodies against Dsg3, 

clustering of Dsg3 was induced. It has also been illustrated that direct disruption of the 

adhesive interface with antibodies against the EC1 domain is not required for clustering to 

occur (423).  Additionally, when AK15 and AK19, two non-pathogenic antibodies were 

added together with AK23, a pathogenic antibody, border staining of Dsg3 became more 

punctate and more closely resembled cells treated with PV sera than AK23 alone(423). 

These observations imply that antibodies to multiple epitopes on Dsg3 are necessary for 

Dsg3 to cluster. While these studies have been informative, they have been limited in 

several ways. The monoclonal antibodies used in these studies were derived from a mouse 

model, and thus may act differently than human IgG and not accurately depict what is 

happening in PV patients. Second, there has been a relatively limited panel of mouse 

monoclonal antibodies to use for these experiments with only 2 non-pathogenic antibodies 

and 1 pathogenic antibody used.  

Through working with collaborators Drs. Jens Wrammert and Alice Cho, we have 

gained access to a large panel of monoclonal antibodies cloned from PV patients. Through 

testing over 50 human monoclonal antibodies using the dispase based fragmentation assay, 

we were able to determine that there were 7 monoclonal antibodies with no pathogenicity 

that still bound to Dsg3 with high affinity. A polyclonal mixture of these 7 antibodies was 

not able to induce Dsg3 clustering that was seen in a similar experiment using AK19, 

AK15, and AK23 mouse monoclonal antibodies. Interestingly, one of our pathogenic 

monoclonal antibodies (P3F3) was able to induce the formation of linear arrays, seemingly 

without Dsg3 clustering (Figure 8.5). This observation challenges our current model in 
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which a polyclonal mixture of antibodies causes the cross linking of Dsg3 on the cell 

surface resulting in the clustering and subsequent endocytosis of Dsg3 through linear 

arrays.  Additionally, the lack of clustering coupled with the formation of linear arrays 

when keratinocytes are treated with a pathogenic monoclonal antibody indicates that 

clustering of Dsg3 is not an obligate precursor step to the formation of linear arrays.  

These data support the notion that the clustering of Dsg3 is in response to a 

signaling cascade rather than a result of the physical cross linking properties of a polyclonal 

antibody mixture drives Dsg3 clustering. Several different signaling pathways have been 

implicated in the loss of cell adhesion in PV, however little is known about what is causing 

the activation of these signaling pathways. It is possible that PV IgG binding to certain 

epitopes of Dsg3 is important for the induction of these signaling pathways, some of which 

result in linear array formation. We now have over 50 characterized antibodies which can 

be used to further understand the role of Dsg3 epitopes in the pathogenesis of PV. Here we 

have only tested 7 of the 50 antibodies, and it is possible that these additional monoclonal 

antibodies result in a variety of morphological changes.  

 

8.3 Concluding remarks 

Cell-cell adhesion complexes mediate fundamental cellular interactions necessary 

for tissue maintenance and integrity. Desmosomes are large adhesion complexes critical in 

tissues that are exposed to high levels of mechanical stress. Desmosome stability is altered 

during the process of epithelial to mesenchymal transition, a necessary step for tumors to 
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metastasize. Thus, understanding the complex dynamics of desmosomal components and 

how desmosomes assemble and disassemble is necessary for developing novel treatments 

for a variety of skin diseases, including cancer. The original work in this dissertation 

focuses on mechanisms of desmosome assembly and disassembly through two 

dermatological diseases. We investigate the mechanism by which desmoglein (Dsg) 

associates with lipid rafts and uncover that the length of the transmembrane domain (TMD) 

is a key regulator or raft association. Importantly, we demonstrate that the bilayer within 

the desmosome is thicker than non-desmosome bilayer, thus identifying the desmosome as 

a lipid raft-like domain. We then study the disassembly of the desmosome through a 

pemphigus vulgaris model. Pemphigus vulgaris (PV) is an autoimmune disorder in which 

autoantibodies targeting Dsg3 and Dsg1 disrupt desmosome adhesion resulting in 

intraepidermal blisters. Here we validate observations that have been seen in in vitro 

models to study the progression of PV by correlating in vitro data to clinical measures of 

disease severity. We also determine that the sum of antibody titers against Dsg1 and Dsg3 

is more correlative to disease severity than either titer on its own. These data demonstrate 

a relationship between Dsg antibody titer and disease severity, validate current methods 

for studying PV in cell culture, and confirm that results seen in cell culture models are 

relevant to the pathogenesis of pemphigus vulgaris. Together, these studies increase our 

understanding of how desmosomes assemble and disassemble, thus providing a platform 

for future investigation of the mechanisms regulating desmosome stability during 

tumorigenesis.   
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Figure 8.1 Patients with high Dsg3 antibody titers correlate with endocytosis assay at 

3 hours. A) The 25 samples were found to have a range of Dsg3 internalization as 

determined by the mean fluorescence intensity (MFI). B) Representative images of patients 

with varying MFI scores. C) Patients with mild to moderate Dsg3 ELISA scores did not 

correlate with an endocytosis assay after PV IgG treatment for 3 hours while patients with 

high Dsg3 autoantibodies (D) showed a positive correlation.  
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Figure 8.2 Loss of Dsg3 surface staining weakly correlates to Dsg3 ELISA. 

Keratinocytes were live labeled with a monoclonal antibody to Dsg3 and subsequently 

treated with PV IgG for three hours. A) 25 samples demonstrated a range of surface Dsg3 

remaining after PV IgG treatment. Data for ISD099 and ISD125 were not collected. B-E) 

The loss of surface staining, or border intensity, did not significantly correlate with clinical 

measures of disease severity, however a weak correlation between Dsg3 ELISA was 

shown. F) The border intensity of Dsg3 did not correlate with the fragmentation assay. G) 

The border intensity of Dsg3 did not correlate with the endocytosis assay 
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Figure 8.3 DSG1 mediates EGFR signaling.  The EGFR signaling cascade is activated 

by a variety of ligands, such as EGF, that bind to the extracellular portion of the EGFR 

receptor. Dimerization and autophosphorylation then occurs which allows for downstream 

signaling to occur. SHOC2 is a scaffolding protein that accelerates the formation of 

Ras/Raf complexes and subsequent downstream signaling. Erbin binds to the cytoplasmic 

tail of Dsg1 and sequesters SHOC2, inhibiting EGFR signaling.   
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Figure 8.4 The TMD of DSG3 is critical for lipid raft mediated endocytosis. A431s 

expressing flag tagged DSG3 constructs were exposed to PV IgG or normal human sera 

for 3 hours prior to being fixed and stained for Dsg3 and Human IgG. PV IgG induced the 

formation of linear arrays in cells expressing WT Dsg3, however the Dsg3(EcadTMD) 

construct is incapable of forming the arrays typically seen while the Dsg3(CC) construct is 

protected from endocytosis.  
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Figure 8.5 A pathogenic monoclonal antibody induces linear array formation. Primary 

human keratinocytes were treated with either monoclonal antibodies against DSG3 or a 

polyclonal mixture for 6 hours. 7 nonpathogenic (nonpath) antibodies were combined in 

the nonpathogenic mix and no clustering or array formation was observed. P2C2 and P5E4 

panels are included to demonstrate that the nonpathogenic antibodies did not alter border 

staining. P3F3, a pathogenic (path) monoclonal antibody induced linear array formation on 

its own and with the mixture of non-pathogenic antibodies.  
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