
Histologists and cell biologists have presumed for years
that desmosomes — derived from the Greek words for
‘bound’ (desmo) and ‘body’ (soma) — are structural
‘spot welds’ that hold cells together within tissues. This
idea was based on their highly ordered appearance,
which was revealed by ultrastructural analysis, and their
prominence in tissues that experience mechanical
stress. The recent identification of mutations in many
desmosomal constituents that cause skin, hair and heart
defects in humans, along with phenotypic information
from engineered and spontaneous mutations in mice,
underscores the essential functions of specific molecu-
lar components within these adhesive complexes. So,
desmosomes are assured a place in biology textbooks
as intercellular junctions that are essential in main-
taining tissue integrity. They achieve this by forming
robust extracellular bonds that are anchored at the cell
surface to the resilient INTERMEDIATE-FILAMENT-based
cytoskeleton.

The intercellular-junctional complexes of epithelial
cells also comprise ADHERENS and TIGHT JUNCTIONS, but
these structures associate with the dynamic actin-
microfilament network. Desmosomes and adherens
junctions work with each other to hold epithelial sheets
together, whereas tight junctions are specialized struc-
tures that are adapted to establish a diffusion barrier
between the APICAL- and BASOLATERAL-membrane domains
of these polarized cells. Epithelial cells are not only
physically anchored to one another but are also chemi-
cally coupled by intercellular channels, which are

known as GAP JUNCTIONS, that allow for the direct
exchange of small molecules between the cytoplasm of
adjacent cells.

Looking beyond a reductionist view of how a
generic desmosome is engineered, it becomes apparent
that the function of these membrane complexes extends
beyond that of ‘intercellular velcro’ — in fact, desmo-
somes also encode instructions that drive tissue mor-
phogenesis, and which regulate tissue homeostasis and
responses to environmental signals. In the future, an
important challenge will be to define the relative contri-
butions of the mechanical (adhesive) and chemical
(non-adhesive) mechanisms that govern desmosome-
dependent functions. Achieving this goal will be key to
understanding why desmosomes vary in their molecu-
lar composition from cell type to cell type and during
tissue differentiation.

The structural complexity of desmosomes
Desmosomes bring together proteins from at least
three separate families: the cadherins, the armadillo
proteins and the plakins (FIG. 1). The human desmo-
somal cadherin genes are tightly clustered on chro-
mosome 18 and include four desmogleins (DSG1–4)
and three desmocollins (DSC1–3; FIG. 2)1–3. The
desmosomal cadherins interact directly with a subset of
armadillo-family members that includes plakoglobin
(also known as γ-catenin) and the p120CTN-related
proteins, plakophilin-1–3 and p0071 (also known as
plakophilin-4; REFS 4–7). The integration of keratin-based
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Desmosomes have long been regarded as essential ‘spot welds’ that externally glue together
cells within a tissue, and internally anchor the cytoskeletal network of intermediate filaments.
Inactivation of desmosomal components by mutation, autoimmune antibodies and bacterial
toxins breaches the structural integrity of embryos and adult tissues. But desmosomes are also
functionally flexible organelles that recruit molecules capable of instructing cells within a tissue to
undergo proper morphogenesis and patterning.
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INTERMEDIATE FILAMENT 

A cytoskeletal filament, of
typically 10 nm in diameter, that
occurs in higher eukaryotic cells.

ADHERENS JUNCTION

A cell–cell adhesion complex
that contains classical cadherins
and catenins that are attached to
cytoplasmic actin filaments.

TIGHT JUNCTION 

A belt-like region of adhesion
between adjacent epithelial or
endothelial cells. Tight junctions
regulate paracellular flux, and
contribute to the maintenance
of cell polarity by stopping
molecules from diffusing within
the plane of the membrane.
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APICAL-MEMBRANE DOMAIN 

The surface of an epithelial cell
that faces the lumen.

BASOLATERAL-MEMBRANE

DOMAIN 

The surface of an epithelial cell
that adjoins underlying tissue.

GAP JUNCTION 

A junction between two cells
that consists of pores that 
allow passage of molecules 
(up to 1 kDa).

DESMOSOMAL PLAQUE 

An electron-dense region that is
present beneath the plasma
membrane of desmosomes, and
which can be readily observed at
the ultrastructural level.

MENINGES 

Three connective-tissue layers
(dura, arachnoid and pia mater)
that line the outer surface of the
brain and spinal cord.

TYPE I INTEGRAL MEMBRANE

GLYCOPROTEIN 

A single-pass transmembrane
protein that contains an amino-
terminal lumenal domain with
sugar moieties and a carboxy-
terminal cytoplasmic domain.
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Desmosomal cadherins
Functional analyses of the desmosomal cadherins have
been guided by our more advanced understanding of
the closely related classical cadherins — calcium-depen-
dent cell-adhesion molecules that are present in
adherens junctions.

As adhesion molecules…The classical and desmosomal
cadherins are both TYPE I INTEGRAL MEMBRANE GLYCOPROTEINS

that contain five extracellular subdomains (ECs), the
most membrane-proximal of which is sometimes
referred to as an extracellular anchor domain1 (EA; FIG. 2).
A highly conserved, short amino-acid sequence that is
present in the amino-terminal EC1 subdomain of the
classical cadherins has been termed the cell adhesion
recognition (CAR) sequence19. Garrod and colleagues
designed DSG- and DSC-specific peptides that recog-
nized the corresponding sequence in the desmosomal
cadherins; these peptides were therefore designated ‘CAR-
site peptides’20.A single CAR-site peptide was sufficient to
interfere with classical-cadherin-based homophilic adhe-
sion, but both DSG- and DSC-specific peptides were
required to block adhesion in desmosome-forming cells,
indicating that heterophilic interactions might be impor-
tant in desmosomal-cadherin-based adhesion15,20. These
observations are consistent with the identification of
homophilic and heterophilic DSG–DSC complexes in
cells and in binding experiments in vitro 21–23. However,
elucidating the relative disposition of these molecules at
the cell surface continues to challenge researchers.

Cadherins are thought to interact on the surface of
the same cell in a cis orientation and between adjacent
cells in a trans orientation (FIG. 4). In general, classical
and desmosomal cadherins form distinct dimers,
although, under certain circumstances, lateral interac-
tions between these two different cadherin-subfamily
members have been described22. High-resolution
structural studies of the classical cadherins provide
some important clues to how these adhesive interac-
tions are coordinated at the cell surface. For example,
X-ray crystallographic analysis of the entire Xenopus
laevis C-cadherin ectodomain showed that these mol-
ecules adopt a stable, curved conformation that
engages in the symmetrical exchange of a highly con-
served, amino-terminal tryptophan residue with
another C-cadherin in a trans orientation; the trypto-
phan inserts into the hydrophobic pocket of the EC1
subdomain24. The resulting structure presumably repre-
sents an adhesive dimer between adjacent cells. These
and other structural studies also identified cis interac-
tions between cadherin ectodomains — the molecular
basis of which remains controversial — indicating that a
highly ordered interdigitation of cadherins occurs along
the plane of the membrane in these junctions24,25.

By contrast, the use of ELECTRON TOMOGRAPHY to visualize
the molecular organization of desmosomes from the
neonatal mouse epidermis revealed a less-organized array
of cadherins at the cell surface26. Variable groups of
between 10 and 20 desmosomal cadherins were identified
that assembled into a series of discrete knots via their
amino-terminal domains. The pairing of individual

intermediate filaments into the DESMOSOMAL PLAQUE of
epithelial cells is coordinated by the plakin-family
member desmoplakin8,9.

Desmoplakin is present in all desmosome-containing
tissues and in specialized endothelial cell junctions that
are known as complexus adhaerentes, but it can anchor
different intermediate-filament subtypes at the cell sur-
face10. For example, the ability of desmoplakin to link fil-
aments that are composed of the vimentin protein to the
complexus adhaerentes has a crucial role in the develop-
ment of the microvasculature in mouse embryos, and
also couples this intermediate-filament protein to the
desmosomes that are present in the MENINGES11. By con-
trast, the desmosomes that are present in the intercalated
discs of myocardial cells, which have been shown by
gene-targeting studies involving plakoglobin and desmo-
plakin to be essential for normal cardiac development,
are connected to desmin11–13.

The desmosomal canvas is coloured by the variable
molecular components that can be found in different
tissues. For instance, intestinal epithelial cells contain
both plakophilin-2 and plakophilin-3, whereas hepato-
cytes express only plakophilin-2, which indicates that
there are probably functional differences between the
desmosomes of these two cell types10. The desmosomal
cadherins and the plakophilins have differentiation-
dependent expression patterns in the epidermis (FIG. 3),
hair follicles and mammary glands1,2,10,14–16. In addition,
the plakin-family members envoplakin and periplakin
have been found to be concentrated in the uppermost
layers of the epidermis17,18.

Figure 1 | A model for the structural organization of desmosomes. The relative distance 
(in nm) from the plasma membrane (PM) and orientation (N, amino terminus; C, carboxyl
terminus) of the main desmosomal proteins (a) is compared to the ultrastructural domains of the
desmosome, on the basis of immunogold localization studies (b)129. The proteins include: the
desmosomal cadherins (DSG, desmoglein; DSC ‘a’ and ‘b’, desmocollin ‘a’ and ‘b’ isoforms); 
the armadillo-family members plakoglobin (PG) and the plakophilins (PKP); and the intermediate-
filament (IF)-binding protein desmoplakin (DP). An electron micrograph of a desmosome from
bovine tongue highlights the single extracellular dense midline (DM) and the outer and inner dense
plaques (ODP and IDP, respectively) in the cytoplasm of adjacent cells. Part b is reproduced with
permission from REF. 130 © (1994) Elsevier.
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DSG1 gene cause striate palmoplantar keratoderma, an
epidermal-thickening disease, whereas DSG4 mutations
result in defective hair-follicle differentiation2,29. By con-
trast, the targeted deletion of the gene that encodes the
more broadly expressed desmosomal cadherin Dsg2
results in early embryonic lethality in mice30.

Desmosomal cadherins might function as molecu-
lar sensors that regulate cellular behaviour, an idea that
is further supported by the various epidermal differen-
tiation and barrier-formation defects that result from
the targeted deletion of Dsc1 or forced overexpression
of Dsg3 or Dsc3 in the uppermost layers of the skin,
where they are not normally expressed at high levels
(C. Byrne, personal communication)31–33. In the Dsc3
transgenic mice, these morphogenetic changes corre-
lated with alterations in the intracellular signalling
pathways that involve β-catenin — an adherens-junction
protein that is also capable of interacting with tran-
scription factors of the lymphoid-enhancer binding
factor/T-cell factor (LEF/TCF) family — altering tran-
scriptional activity in the nucleus and regulating cell-
fate decisions in the murine epidermis and its
appendages34,35.

The complex phenotypes that are seen in these trans-
genic models therefore raise the possibility that desmo-
somal cadherins participate in intracellular signalling
processes. Culturing human KERATINOCYTES with anti-
DSG3-containing sera from patients with the autoim-
mune blistering disease pemphigus vulgaris results in the
phosphorylation of DSG3, its dissociation from plako-
globin and a transient increase in intracellular calcium
concentrations and protein kinase C activity36. This lends
support to the idea that desmosomal cadherins are capa-
ble of transmitting extracellular information into intra-
cellular responses.

The unique DSG and DSC cytoplasmic domains are
obvious candidates for mediating intracellular sig-
nalling (FIG. 2). Each DSC gene can be expressed as two
isoforms: an ‘a’ isoform with a cytoplasmic domain that
is related to that of classical cadherins, and a shorter ‘b’
isoform with different cytoplasmic amino-acid
sequences37. DSG and the DSC ‘a’ isoforms all contain a
common intracellular cadherin-typical sequence (ICS)
that mediates binding to plakoglobin, and additional
interactions of these proteins with plakophilins, p0071
and desmoplakin have been reported1,4–7,38,39. However,
the DSG isoforms also contain domains downstream of
the ICS that are not found in any other members of the
cadherin family, including an intracellular proline-rich
linker domain, a variable number of repeated-unit
domains and a terminal domain. The functions of these
domains remain a complete mystery. So too does the
role of the DSC ‘b’ tail, although, recently, plakophilin-3
was the first desmosomal component to be shown to
interact with this region6. Identifying further tran-
sient interactions within desmosomal complexes is
challenging because of their insoluble nature, but
focusing on these unique cytoplasmic regions will
probably yield important information about the
potential non-adhesive functions of the different
desmosomal cadherins.

cadherins on adjacent cells resulted in three predomi-
nant geometrical shapes that resembled the letters W, S
and λ. By modelling the crystal structure of the C-cad-
herin ectodomain onto these tomographic maps, the
authors determined that a flexible intermolecular
exchange of the amino-terminal tryptophan residue was
consistent with the organization of the respective cad-
herins into these conformations and might accommo-
date both cis and trans interactions within desmosomes.

Calcium is also required to maintain the structural
conformation and homodimerization of classical cad-
herin ectodomains and seems to be essential for the
recognition of desmosomal cadherins by autoimmune
pemphigus antibodies and a bacterial toxin, exfoliative
toxin-A (BOX 1)27,28. This probably contributes to the cal-
cium-dependence of desmosomal-cadherin function
that occurs during the initial assembly of these junc-
tions in epithelial cells that have been induced to form
stable cell–cell contacts.

…and regulators of morphogenesis. Recent studies have
uncovered evidence that desmosomal cadherins have
crucial roles in the formation and organization of com-
plex tissues. For example, desmosomal CAR-site peptides
are capable of disrupting the patterning of mammary
epithelial cells in three-dimensional cultures15.
Furthermore, alterations in the normal DSG and DSC
expression patterns have a profound effect on morpho-
genesis in humans and mice. Mutations in the human

ELECTRON TOMOGRAPHY 

A technique for modelling three-
dimensional (3D) objects using
a series of two-dimensional
electron-microscope images.

KERATINOCYTE

A specialized epithelial cell that
is present in the skin.

Figure 2 | The genomic and molecular organization of the human desmosomal
cadherins. The four desmoglein (DSG1–4) and three desmocollin (DSC1–3) genes are clustered
on the q arm of chromosome 18. These integral membrane glycoproteins are composed of four
highly conserved extracellular subdomains (EC1–4), a more variable extracellular anchor (EA), a
single transmembrane domain (TM), an intracellular anchor (IA) and additional cytoplasmic
subdomains. EC1 contains a cell adhesion recognition (CAR) amino-acid sequence (indicated by
asterisks) that contributes to the adhesive function of the desmosomal cadherins. The
desmocollin ‘a’ and ‘b’ isoforms contain, respectively, an intracellular cadherin-typical sequence
(ICS), which is also present in the desmogleins, and a shorter cytoplasmic region that contains
unique sequences (shown in purple). The desmogleins possess an extended cytoplasmic region
downstream of the ICS that comprises an intracellular proline-rich linker domain (IPL), a variable
number of repeated-unit domains (RUD) and a desmoglein-specific terminal domain (DTD).
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In general, β-catenin expression is maintained at low
levels in the cytoplasm by the PROTEASOME protein-
degradation machinery, but its stabilization by Wnt
signals allows this catenin subtype to translocate to
the nucleus and bind LEF/TCF-family members,
where it is thought to contribute a transcriptional-
activation domain to this family of DNA-binding
proteins. A corresponding non-junctional role for
plakoglobin seems likely. Plakoglobin can activate
LEF/TCF reporter activity in a human mesothelial
cancer cell line with a homozygous deletion of the
gene that encodes β-catenin43. However, it has also
been suggested that plakoglobin might more gener-
ally interfere with the ability of β-catenin to interact
with the proteasome, thereby upregulating gene tran-
scription through the LEF/TCF transcriptional com-
plex by increasing β-catenin levels in the cytoplasm
and nucleus43–45. Alternatively, plakoglobin interac-
tions with β-catenin–TCF4 might interfere with DNA
binding and subsequent transcriptional activation,
causing plakoglobin to function as a negative regula-
tor of this signalling pathway44,46. Although plakoglo-
bin and β-catenin can compensate for some of each
other’s adhesive functions, the roles of these two
armadillo proteins outside the context of junctions
are clearly not equivalent. This was made apparent by
striking differences in cellular differentiation when
the two proteins were transgenically overexpressed in
mouse epidermis. Whereas β-catenin induced tran-
scriptional activity that resulted in hyperproliferation
and hair-follicle differentiation in the skin, plakoglobin
suppressed both of these cell-fate decisions in vivo47,48.

Plakoglobin also interacts with tyrosine kinases,
including the epidermal growth factor receptor
(EGFR), and with the protein tyrosine phosphatases
leukocyte-antigen-related phosphatase and protein
tyrosine phosphatase-κ (REFS 49–51).The phosphoryla-
tion of plakoglobin by distinct protein tyrosine
kinases differentially alters its ability to interact with
desmosomal and adherens-junction proteins, but
might also influence downstream intracellular sig-
nalling events that are mediated by this armadillo-
family protein52–54. Recent work in X. laevis embryos
has also shown that plakoglobin regulates cell shape
by maintaining the cortical-actin-, but not the cytok-
eratin- or microtubule-based, cytoskeleton55. The
ability of this desmosomal armadillo protein to coor-
dinate cytoskeletal dynamics might explain why
mouse keratinocytes that are isolated from embryos
that are null for the gene that encodes plakoglobin are
more motile than their wild-type counterparts in sin-
gle-cell-tracking experiments, where cell–cell junc-
tions do not form (T. Yin, E. Müller and K.J.G.,
unpublished observations).

Plakophilins in and out of junctions. Other desmosome
proteins that might function outside of desmosomes are
members of the p120CTN-related subfamily of armadillo
proteins, the plakophilins. Plakophilins-1–3 can be
found in the nucleus, as well as in junctions4,56. In
desmosomes, the plakophilins probably regulate the

Armadillo proteins with dual roles
Plakoglobin in junctions…The armadillo protein plako-
globin is an adaptor that links desmosomes to the inter-
mediate-filament cytoskeleton by directly binding the
desmosomal cadherins, desmoplakin, plakophilin-2,
plakophilin-3 and p0071 (REFS 4–7). Targeting the gene
that encodes plakoglobin in humans and mice causes
structural defects in the skin and heart and can result
in embryonic lethality as a consequence of ruptured
cardiac ventricles12,13,40. Although desmosomes form
in these null embryos, this might result from the
redistribution of the highly related adherens-junction
protein β-catenin to these intercellular complexes41. As
β-catenin specifically binds to the tails of the classical
cadherins, it is usually excluded from desmosomes.
Plakoglobin, on the other hand, can bind to both
desmosomal and classical cadherins, and has been pro-
posed to be a mediator of crosstalk between adherens
junctions and desmosomes (BOX 2).

Plakoglobin is also required for the retraction of ker-
atin filaments in cultured keratinocytes in response to
pemphigus serum, which thereby implicates this
armadillo protein in intracellular signalling pathways
downstream of the desmosomal cadherins42.

…and out of junctions. Armadillo, the Drosophila
melanogaster homologue of β-catenin, was originally
identified as a component of the Wnt signalling pathway
and is directly implicated in transcriptional regulation34.

PROTEASOME

A large multisubunit protease
complex that selectively
degrades intracellular proteins.
Targeting to proteasomes most
often occurs through the
attachment of multi-ubiquitin
tags.

Figure 3 | Desmosomal proteins in the different epithelial cell layers of the skin. Several
different desmosomal cadherin, armadillo and plakin proteins are expressed in a differentiation-
dependent manner in the mammalian epidermis. As the basal keratinocytes (in the stratum basale
layer) exit the cell cycle and enter the strata spinosum and granulosum, the absolute number of
desmosomes is increased (for simplicity, this is not depicted). The keratinocytes eventually enter
the stratum corneum, which is composed of anucleate cells that contain chemically crosslinked
desmosomal complexes, known as corneodesmosomes. DSG, desmoglein; DSC, desmocollin;
PG, plakoglobin; PKP, plakophilin; DP, desmoplakin; EVPL, envoplakin; PPL, periplakin.
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recruit desmoplakin to cell borders6,39,58,59. Data emerg-
ing from the study of p120CTN indicate that this
adherens-junction-associated protein might regulate
the trafficking, stabilization, clustering and recycling of
classical cadherins at the cell surface60–62. Similarly, the
reintroduction of plakophilin-1 into keratinocytes that
are isolated from humans with null mutations in the
gene that encodes plakophilin-1 increased desmosomal-
protein expression63. Taken together, these observations
point to a high degree of functional conservation
between p120CTN and the plakophilins.

The similarities between p120CTN and the plakophilins
might also be reflected in non-adhesive functions. In par-
ticular, p120Ctn causes dramatic changes in the shape of
NIH 3T3 cells (a type of mouse fibroblast cell) by modu-
lating the effects of RHO-FAMILY GTPASES on the actin-based
cytoskeleton64,65. Plakophilin-2, but not plakophilin-1 or
plakophilin-3, also alters the actin cytoskeleton and shape
of COS cells in a manner that is related to Cdc42 activity
(X. Chen, M. Hatzfeld and K.J.G., unpublished observa-
tions). In addition, p120Ctn interacts with a transcrip-
tional repressor that is known as Kaiso66. Although
plakophilins have yet to be found in a direct complex
with known transcription factors, plakophilin-2 does
associate with the RNA polymerase III holoenzyme and
enhances LEF/TCF transcriptional activity5,67.

p0071 is more closely related to p120CTN than to the
other plakophilins, and it localizes to both adherens
junctions and desmosomes7. In endothelial cells, p0071
can displace p120CTN from complexes that contain vas-
cular endothelial cadherin (VE-cadherin) and binds
desmoplakin, indicating that it has a unique role in reg-
ulating these specialized junctions68. However, p0071
also contains a PDZ (Postsynaptic-density protein of
95 kDa, Discs large, Zona occludens-1)-binding motif
that is not present in the other desmosomal armadillo
proteins, and it interacts with the PDZ-motif-contain-
ing proteins erbin and papin69–71. Erbin has also been
detected in a complex with the receptor tyrosine kinase
ERBB2 and can inhibit the mitogen-activated protein
(MAP)-kinase pathway, providing another possible link
between junctional complexes and intracellular sig-
nalling pathways72,73. Less is known about papin,
although it has been found to colocalize with erbin and
ErbB2 in MDCK (Madin–Darby canine kidney) cells74.
As PDZ DOMAINS are commonly found in proteins that are
implicated in the establishment of epithelial polarity,
p0071 might facilitate the organization and stability of
newly established junctions.

Linking intermediate filaments to desmosomes
Molecular basis for desmosome–intermediate-filament
connections. The organization of the intermediate-fila-
ment-based cytoskeleton with membrane complexes is
regulated by a family of related proteins that are known as
plakins75.Ancestral members of this gene family are simi-
lar to the D. melanogaster protein Shot, which contains
both actin- and microtubule-binding domains and has
an essential role in a variety of morphogenetic
processes76,77. The inability of shot mutants to interact
with these two cytoskeletal components at cell junctions

integrity of adhesive complexes. Patients with null
mutations in the gene that encodes plakophilin-1 have
skin-fragility defects that are accompanied by a redistri-
bution of desmoplakin from the plasma membrane to
the cytoplasm57. Indeed, one of the common character-
istics of all plakophilins seems to be their ability to

Figure 4 | Structural models for cadherin interactions at the cell surface. a | The five
extracellular subdomains of classical cadherin monomers (purple) are represented as extending
out from the plasma membrane and are believed to interact in trans to form an adhesive bond
with adjacent cells. Cis interactions, meanwhile, allow lateral dimer formation on the same cell.
Judging from the crystallization of the entire C-cadherin ectodomain, it seems likely that an
amino-terminal tryptophan (red sphere) inserts into the hydrophobic pocket (indentation) in the
EC1 domain of an adjacent cadherin to form an adhesive dimer24. Lateral extension of several
dimers is thought to occur through cis interactions, which might be mediated by different amino
acids25. Lateral dimers might also form in the absence of any trans dimers. Interactions between
the cadherin cytoplasmic domains and catenins (not shown) also probably contribute to lateral
clustering. b | Electron-tomographic mapping of desmosomes has identified three recurring
structures, resembling the letters W, S and λ, that form between desmosomal cadherins (green)
at the cell surface26. Modelling the C-cadherin structure onto these maps indicates that a flexible
engagement of the conserved tryptophan with the hydrophobic pocket on EC1 can mediate both
cis and trans interactions among desmosomal cadherins. Depletion of extracellular calcium alters
the conformation of the cadherin ectodomain and results in lateral complexes forming between
classical and desmosomal cadherins in cultured cells22. The molecular basis of these mixed
dimers remains poorly characterized. 
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RHO-FAMILY GTPASE 

A Ras-related GTPase that is
involved in controlling the
polymerization of actin.
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Similarly, the deletion of envoplakin had little effect on
murine epidermal junctions83. By contrast, an autoso-
mal dominant mutation in the gene that encodes
desmoplakin has been identified in patients with striate
palmoplantar keratoderma, and a recessive mutation
has been linked to striate palmoplantar keratoderma,
cardiomyopathy and woolly hair84,85. Deleting the
desmoplakin gene in mice causes lethal defects in extra-
embryonic tissues9. Mixing wild-type tetraploid and
desmoplakin-mutant diploid MORULAE to rescue these
extra-embryonic phenotypes results in further prob-
lems with adhesion in the heart, brain and skin,
although these embryos eventually perish as a conse-
quence of abnormalities in the microvasculature
system11.

is responsible for a subset of the embryonic-lethal defects
that have been described to date78,79. More-recently
evolved members of the plakin family might have
adopted a specialized region — known as the plakin-
repeat domain — to address the advent of intermediate
filaments in organisms such as Caenorhabditis elegans 80.

Although several plakin-family members — includ-
ing desmoplakin, plectin, envoplakin and periplakin —
bind intermediate filaments and localize to desmo-
somes, genetic studies indicate that only desmoplakin is
indispensable for these intercellular junctions. For
example, plectin is present in both desmosomes and the
hemidesmosomes, which connect epithelial cells to
the basement membrane, but genetic defects in plectin
did not alter intercellular adhesion in mice or humans81,82.

PDZ DOMAIN 

(Postsynaptic-density protein of
95 kDa, Discs large, Zona
occludens-1). A protein-
interaction domain that often
occurs in scaffolding proteins
and is named after the founding
members of this protein family.

MORULAE

A mulberry-like mass of early-
stage embryonic cells.

Box 1 | DSG1 as a common target in diseases that lead to superficial skin blisters

One of the first indications
that DSG1 could mediate
cell adhesion came from
studies of sera that were
taken from patients with a
rare autoimmune disease
known as pemphigus
foliaceus. These sera were
shown to contain anti-
DSG1 antibodies that
recognized the desmosomes
of epidermal keratinocytes
and were believed to
interfere with the adhesive
function of this
desmosomal cadherin,
resulting in cell–cell
dissociation and subsequent
skin erosions and blister
formation in the upper
layers where this molecule is
most highly expressed (see
part a of the figure)117.

A direct role for the DSG1
autoantibodies in the
pathogenesis of this disease
was subsequently shown by
passively injecting affinity-
purified anti-Dsg1
antibodies into neonatal
mice118. The resulting
superficial epidermal
blisters could be prevented by the forced overexpression of Dsg3, which is normally concentrated in the basal epidermal
layers119. The fact that Dsg3 can compensate for the inactivation of Dsg1 might explain why the skin blisters that form in
these patients occur primarily in the cellular layers of epidermis that lack high levels of Dsg3 expression, and why blisters
do not form frequently in oral mucosa, where Dsg3 is abundantly expressed120.

The exfoliative toxins (designated ETA in the figure) produced by Staphylococcus aureus were shown to cause superficial
skin blisters in staphylococcal scalded-skin syndrome and bullous impetigo over 30 years ago121. It was not until recently,
however, that the striking similarity between these diseases and pemphigus foliaceus was recognized and a common
mechanism unravelled — the molecular targeting of DSG1 (REF. 122; see part b of the figure). The exfoliative toxins that are
produced by these bacteria are serine proteases that are capable of cleaving within a presumptive calcium-binding site at the
border between the extracellular EC3 and EC4 subdomains of DSG1, but not of cleaving the related DSG3 or E-cadherin123.
Consequently, this cleavage is believed to inactivate DSG1-mediated adhesion in the upper layers of the epidermis.
PF, pemphigus foliaceus.
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with other intermediate-filament-associated proteins,
including the plakophilins38. Recently, a point mutation
in the desmoplakin gene, which alters a putative phos-
phorylation site in a region that has been implicated in
binding plakoglobin, was identified in patients with car-
diac disease88. This raised the possibility that defects in
these protein–protein interactions might cause human
disease.

Clues to the structural basis for desmosome–interme-
diate-filament connections. By analysing the amino-
acid sequence of the carboxy-terminal domain of
desmoplakin, an intrinsic code was identified that
consisted of three plakin-repeat domains — called the
A, B and C subdomains — with a specialized linker
sequence between the B and C subdomains that is
conserved in many plakin-family members (FIG. 5)75.
These sequences had previously been implicated in
intermediate-filament binding by colocalization, bio-
chemical and yeast two-hybrid studies, but we are
now beginning to understand the structural basis for
these interactions given the recent crystallization of
the desmoplakin B and C subdomains89. These plakin
repeats adopt a globular structure that accommodates
a groove lined with basic residues, and which has been
proposed to contribute to intermediate filament bind-
ing. In vitro studies showed that individual plakin-
repeat domains could interact with vimentin with low
affinity, but that binding was enhanced when all three
repeats were included. Although the specialized linker
sequence had no effect on binding in this study, this
and other carboxy-terminal sequences downstream of
the plakin repeats have been shown to be sufficient for
regulating the strength and specificity of intermedi-
ate-filament interactions in desmoplakin and other
plakin-family members90,91. So, although the relative
importance of the plakin repeats and linker sequences
is yet to be resolved, these studies agree that many
interactions contribute to the binding of the desmo-
plakin tail to intermediate filaments, and it seems
almost certain that different sequences within the car-
boxyl terminus accommodate distinct intermediate-
filament proteins in various cellular contexts.

Compelling evidence that the integration of inter-
mediate filaments into desmosomes holds adult tissues
together comes from studies in which desmoplakin has
been knocked-out specifically in the epidermis86. Not
only were desmosome–intermediate-filament connec-
tions lost, but the structural integrity of this tissue was
severely compromised. Somewhat surprisingly, a reduc-
tion in the number of adherens junctions was also
found in the mutant skin and this corresponded with
defects in adherens-junction maturation in ker-
atinocytes that were isolated from these animals (BOX 2).

That actin- and keratin-based intercellular junctions
are functionally interdependent was also shown using
epithelial cells that can be induced to express a trun-
cated amino-terminal polypeptide of desmoplakin. This
dominant-negative mutant desmoplakin retains bind-
ing sites for plakoglobin and plakophilins but lacks the
intermediate-filament-binding domain8. The amino-
terminal mutant protein localized to, and caused clus-
tering of, desmosomal-cadherin-containing complexes
at the cell surface, but was unable to couple intermediate
filaments to the plaque and so severely compromised
intercellular adhesion8,87. When attachments between
cortical actin and the plasma membrane were also dis-
rupted, a synergistic effect on decreased adhesion was
observed, showing that these two cytoskeletal connec-
tions to junctions work together to regulate adhesive
strength87.

These studies point to a structural and functional
polarity of desmoplakin (FIG. 5). The desmoplakin amino
terminus contains a plakin domain that is responsible for
targeting desmoplakin to junctions by mediating inter-
actions with desmosomal armadillo proteins and possi-
bly by directly binding the DSG1 and DSC1 cytoplasmic
tails38,39,75. The reintroduction into desmoplakin-
deficient keratinocytes of a construct that contained the
complete amino-terminal domain of desmoplakin —
but which still lacked the proposed downstream, inter-
mediate-filament-binding domains — not only allowed
junction assembly to occur and restored cell adhesion,
but also allowed for some intermediate-filament associa-
tions with the plasma membrane86. This might be due to
the ability of this desmoplakin subdomain to interact

Box 2 | Molecular dialogue between desmosomes and adherens junctions

Desmosomes are believed to have evolved after adherens junctions and form later during embryonic development,
which indicates a potential hierarchical relationship in junction formation. Recent work in cells that are forming new
contacts has added weight to the argument that adherens junctions form before desmosomes. Whereas adherens
junctions localized to the tips of early membrane contacts, desmosomes formed in the flanking regions that were already
in apposition124. This early adhesive event coordinates junction assembly, as function-blocking antibodies that are
specific for E-cadherin interfere with desmosome formation125. The molecular sentinels that respond to the order for
junction formation from E-cadherin are probably proteins that can associate with both adherens junctions and
desmosomal components, which include plakoglobin, plakophilin-2 and p0071 (REFS 5,7,126). Of these, plakoglobin has
been shown to trigger desmosome formation, but only on the platform of classical cadherin complexes127.

The marriage between desmosomes and adherens junctions benefits from good communication on both sides.
Keratinocytes that lack desmoplakin cannot progress beyond an early stage of adherens-junction formation86. In some
cases, however, desmosomes can even function without obvious adherens junctions. For example, fibroblastic cell
adhesion following transfection with desmosomal components occurs without classical cadherins20,128. Although
adherens junctions and desmosomes independently promote adhesion in artificial reconstitution systems, both
complexes are probably coordinated to enhance adhesive strength in epithelial cells.
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Putting it together and taking it apart
Early approaches to the study of desmosome dynam-
ics were aimed at tracking components after junction
formation was initiated, but we now know that
desmosomal plaques can form even in the absence of
cell–cell contacts92. More recently, cell biologists have
attempted to reconstitute desmosomal plaques by
transfecting desmosomal proteins into cultured
cells39,59,93. In this context, the desmosomal cadherins
and desmoplakin are essential building blocks, but
both plakoglobin and the plakophilins sculpt the finer
structural details into these plaques. In particular,
plakoglobin provides informational cues that limit
desmosome size and composition, whereas the
plakophilins mediate the lateral clustering of desmo-
somal cadherins at the cell surface; this lateral cluster-
ing, for classical-cadherin-containing complexes, is an
important determinant of adhesive strength94,95. The
process of junction assembly in living cells is now
being worked out by using fluorescently tagged
desmosomal proteins. Although the desmosomal cad-
herins are relatively stable at the cell surface, DSC2a is
rapidly redistributed to areas that undergo junctional
reorganization96.

Post-translational modification. Desmosomal proteins are
remarkably stable in junctions and their extended half-life
in cultured epithelial cells (>24 and >72 hours  for DSG2
and desmoplakin, respectively) has focused research on
the post-translational events that regulate desmosome
assembly97,98. For example, the DSG cytoplasmic domain
is phosphorylated during trafficking to the cell surface
and in response to growth factors, and the inhibition of
phosphatase activity using okadaic acid could disrupt
desmosome assembly52,99. Desmoplakin–intermediate-
filament interactions are modulated by the phosphoryla-
tion of a specific serine residue that is present in the
carboxy-terminal domain and this can alter trafficking of
cytoplasmic desmoplakin into newly formed cell contacts
(L. M. Godsel and K.J.G., unpublished observations)100.
Although the phosphorylation of p120CTN can influence
classical-cadherin-based adhesion, similar processes that
regulate the plakophilins and p0071 have not been thor-
oughly examined so far101.

Transcriptional regulation. The compositional differ-
ences of desmosomes in adult tissues and the remodel-
ling of these junctions during embryonic development
and in cancer indicate that there must be tight transcrip-
tional controls for these junctions. A member of the
zinc-finger family of transcription factors, known as
Slug, disrupts epithelial desmosomes but can also bind
and repress the E-cadherin promoter in certain cell
lines; this might then influence desmosomal-protein
expression (BOX 2)102–104. Teasing apart the direct and
indirect effects of transcription factors on desmosomal-
protein expression will require more-thorough pro-
moter analysis. Initial attempts to delineate the Dsg1
promoter in transgenic mice have had only limited suc-
cess, perhaps due to long-range genetic controls on
expression105.

Figure 5 | Segregating the functions of desmoplakin according to its structural ends. 
a | Double-labelling immunogold-localization studies of bovine epidermis, using antibodies
specific for the desmoplakin amino- or carboxy-terminal ends (5 and 10 nm gold particles,
respectively), showed that this protein adopts a perpendicular orientation with respect to the
ultrastructural domains outlined in FIG. 1b. Reproduced with permission from REF. 129 © (1999)
The Company of Biologists. b | The termini are bound by a central α-helical coiled-coil-rod
domain that varies in length between the two alternatively spliced gene products of
desmoplakin (for simplicity, only one of these products, desmoplakin I, is depicted). The
amino-terminal plakin domain is predicted to form a series of α-helical bundles — termed Z, Y,
X, W and V — and mediates junctional localization via the desmosomal armadillo proteins. By
contrast, the plakin-repeat domains — A (red), B (yellow) and C (green) — at the carboxyl
terminus of desmoplakin, along with a specialized linker subdomain (L), are involved in
intermediate filament (IF) binding. c | A surface representation of the globular C subdomain
from crystallized structures, made up of a short β-hairpin and two anti-parallel α-helices,
revealed a conserved basic groove (blue) and acidic surfaces (red) in the plakin-repeat
domains. Part c is reproduced with permission from REF. 89 © (2002) Macmillan Magazines
Ltd. DM, dense midline; IDP, inner dense plaque; ODP, outer dense plaque; PM, plasma
membrane; N, amino terminus; C, carboxyl terminus.
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containing VE-cadherin and the vascular endothelial
growth factor receptor inhibit cellular proliferation in
endothelial cells111,112. It seems likely that the distinct
desmosomal cadherins interact with their own set of
receptors to coordinate cellular-differentiation pathways
during development.

In vitro binding studies have led to much progress
in the area of desmoplakin–protein interactions, but
how different intermediate filaments interact with the
carboxyl terminus of desmoplakin remains to be dis-
covered. The first crystals that were generated for this
plakin-family member provided the germ of an idea,
but more elaborate high-resolution studies are
required to truly illuminate the structural basis for
these interactions. Similarly, plakoglobin and the
plakophilins can be found near the cell surface, in
association with the cytoskeleton and in the nucleus,
but we have a poor understanding of what regulates
the trafficking between these subcellular compart-
ments. The discovery of previously unknown binding
partners might provide some insight into this process,
as the phosphorylation of plakophilin-2 by a
CDC25C-associated kinase (C-TAK-1) has been
shown to alter its ability to interact with 14-3-3 PROTEINS

and to enter the nuclear compartment113. A similar set
of molecular chaperones might exist for the other
desmosomal armadillo proteins.

E-cadherin can interfere with the pools of β-catenin
that are available for intracellular signalling and can
inhibit cancer-cell invasion in an adhesion-indepen-
dent manner114. The fact that the artificial introduction
of the cytoplasmic domain of DSG1 can suppress
plakoglobin-mediated axis duplication in X. laevis
embryos indicates that desmosomal cadherins can
also saturate plakoglobin and/or the plakophilins in
epithelial junctions115. Signalling events downstream
of E-cadherin can further regulate the expression levels
of this classical cadherin during murine hair-follicle
development and in human colon cancer cell lines —
might an autoregulatory loop also exist for desmoso-
mal molecules during tissue formation?104,116 In these
cases, it will be important to better delineate how
plakoglobin mediates intracellular signalling events
independently of its effects on β-catenin. Sketching out
the signalling capacity of these junctional proteins on a
less redundant canvas by using RNA INTERFERENCE strate-
gies will surely open our eyes to the multitude of path-
ways that emanate from desmosomes.

Conclusion and future directions
In conclusion, desmosomes are junctional complexes
that coordinate with other adhesive junctions to
maintain the integrity of epithelial sheets, and many
of the molecular and structural details of desmosomes
are beginning to reveal themselves. The desmosomal
cadherins not only function as adhesion molecules at
the cell surface, but probably provide the molecular
basis for cell-sorting and -segregation events during
development and in adult tissues. Several armadillo
proteins have adopted structural roles by organizing
desmosomal cadherins at the cell surface and also
interact with signalling pathways in the cytoplasm
and nucleus. In recent years, the requirement for
desmoplakin and for its connections to intermediate
filaments in maintaining tissue integrity has been
confirmed, but it has become clear that there are also
synergistic relationships between desmoplakins,
adherens-junction maturation and actin-cytoskeleton
dynamics in epithelial cells. The advent of live-cell-
imaging techniques is now enabling these concepts to
be refined into dynamic models for junction assembly
in cultured cells.

The number of known desmosomal components
continues to grow and includes two newly identified
genes in mice that are highly related to human DSG1 —
the original mouse Dsg1 has consequently been renamed
Dsg1α and the more recently characterized genes termed
Dsg1β and Dsg1γ (REFS 106,107). Unravelling specific roles
for the distinct Dsg isoforms in mice promises to expand
our understanding of the multiplicity of desmosomal
cadherin functions.

A definitive demonstration of ‘outside-in’ signalling
through desmosomes has yet to be made and lags behind
work in other intercellular junctions. The interaction
between E-cadherin and the EGFR is coordinated to
determine cell survival in D. melanogaster embryos and
might explain how a loss of this classical cadherin
directly regulates apoptosis in vivo49,108,109. The desmoso-
mal cadherins are also molecular targets during the
apoptotic cascade, but their role in this cellular process
remains unknown (R. L. Dusek and K.J.G., unpublished
observations)110. The binding of cadherins to specific
growth-factor receptors might also directly regulate
downstream signalling events. In support of this, interac-
tions between neuronal cadherin (N-cadherin) and the
fibroblast growth factor receptor are required for cellular
migration in breast cancer cell lines, and complexes

14-3-3 PROTEIN 

A protein that binds to 
two phosphoserine/
phosphothreonine-containing
polypeptides to form crosslinks.

RNA INTERFERENCE

The process by which double-
stranded RNA specifically
silences the expression of genes
by causing the degradation of
their cognate mRNAs.

1. Garrod, D. R., Merritt, A. J. & Nie, Z. Desmosomal
cadherins. Curr. Opin. Cell Biol. 14, 537–545 (2002).

2. Kljuic, A. et al. Desmoglein 4 in hair follicle differentiation and
epidermal adhesion: evidence from inherited hypotrichosis
and acquired pemphigus vulgaris. Cell 113, 249–260 (2003).
Demonstrates that mutations in a novel desmosomal
cadherin isoform are linked to hair-follicle defects in
mice and humans.

3. Whittock, N. V. & Bower, C. Genetic evidence for a novel
human desmosomal cadherin, desmoglein 4. J. Invest.
Dermatol. 120, 523–530 (2003).

4. Hatzfeld, M. The armadillo family of structural proteins. 
Int. Rev. Cytol. 186, 179–224 (1999).

5. Chen, X., Bonne, S., Hatzfeld, M., van Roy, F. & Green, K. J.
Protein binding and functional characterization of plakophilin 2.

Evidence for its diverse roles in desmosomes and β-catenin
signaling. J. Biol. Chem. 277, 10512–10522 (2002).

6. Bonne, S. et al. Defining desmosomal plakophilin-3
interactions. J. Cell Biol. 161, 403–416 (2003).

7. Hatzfeld, M., Green, K. J. & Sauter, H. Targeting of p0071 to
desmosomes and adherens junctions is mediated by different
protein domains. J. Cell Sci. 116, 1219–1233 (2003).

8. Bornslaeger, E. A., Corcoran, C. M., Stappenbeck, T. S. &
Green, K. J. Breaking the connection: displacement of the
desmosomal plaque protein desmoplakin from cell–cell
interfaces disrupts anchorage of intermediate filament
bundles and alters intercellular junction assembly. 
J. Cell Biol. 134, 985–1001 (1996).

9. Gallicano, G. I. et al. Desmoplakin is required early in
development for assembly of desmosomes and cytoskeletal

linkage. J. Cell Biol. 143, 2009–2022 (1998).
10. Borrmann, C. M. et al. Molecular diversity of plaques of

epithelial-adhering junctions. Ann. NY Acad. Sci. 915,
144–150 (2000). 

11. Gallicano, G. I., Bauer, C. & Fuchs, E. Rescuing desmoplakin
function in extra-embryonic ectoderm reveals the importance
of this protein in embryonic heart, neuroepithelium, skin and
vasculature. Development 128, 929–941 (2001).
In these studies, the authors used chimaeric wild-type
and desmoplakin-deficient morulae to rescue
desmoplakin function in extra-embryonic tissues, and
showed that this plakin-family member has important
structural roles not only in the heart, neuroepithelium
and epidermis, but also in microvasculature
development.

©  2004 Nature  Publishing Group



280 |  APRIL 2004 | VOLUME 5 www.nature.com/reviews/molcellbio

R E V I E W S

12. Bierkamp, C., McLaughlin, K. J., Schwarz, H., Huber, O. &
Kemler, R. Embryonic heart and skin defects in mice lacking
plakoglobin. Dev. Biol. 180, 780–785 (1996).

13. Ruiz, P. et al. Targeted mutation of plakoglobin in mice
reveals essential functions of desmosomes in the embryonic
heart. J. Cell Biol. 135, 215–225 (1996).

14. Kurzen, H. et al. Compositionally different desmosomes in
the various compartments of the human hair follicle.
Differentiation 63, 295–304 (1998).

15. Runswick, S. K., O’Hare, M. J., Jones, L., Streuli, C. H. &
Garrod, D. R. Desmosomal adhesion regulates epithelial
morphogenesis and cell positioning. Nature Cell Biol. 3,
823–830 (2001).
This paper was the first to demonstrate that
interfering with desmosomal cadherins can alter cell
sorting and reorganization events in an in vitro model
of alveolar morphogenesis.

16. Wu, H., Stanley, J. R. & Cotsarelis, G. Desmoglein isotype
expression in the hair follicle and its cysts correlates with
type of keratinization and degree of differentiation. J. Invest.
Dermatol. 120, 1052–1057 (2003).

17. Ruhrberg, C., Hajibagheri, M. A., Simon, M., Dooley, T. P. &
Watt, F. M. Envoplakin, a novel precursor of the cornified
envelope that has homology to desmoplakin. J. Cell Biol.
134, 715–729 (1996).

18. Ruhrberg, C., Hajibagheri, M. A., Parry, D. A. & Watt, F. M.
Periplakin, a novel component of cornified envelopes and
desmosomes that belongs to the plakin family and forms
complexes with envoplakin. J. Cell Biol. 139, 1835–1849
(1997).

19. Blaschuk, O. W., Sullivan, R., David, S. & Pouliot, Y.
Identification of a cadherin cell adhesion recognition
sequence. Dev. Biol. 139, 227–229 (1990).

20. Tselepis, C., Chidgey, M., North, A. & Garrod, D.
Desmosomal adhesion inhibits invasive behavior. Proc. Natl
Acad. Sci. USA 95, 8064–8069 (1998).

21. Chitaev, N. A. & Troyanovsky, S. M. Direct Ca2+-dependent
heterophilic interaction between desmosomal cadherins,
desmoglein and desmocollin, contributes to cell–cell
adhesion. J. Cell Biol. 138, 193–201 (1997).

22. Troyanovsky, R. B., Klingelhofer, J. & Troyanovsky, S.
Removal of calcium ions triggers a novel type of
intercadherin interaction. J. Cell Sci. 112, 4379–4387
(1999).

23. Syed, S. E. et al. Molecular interactions between
desmosomal cadherins. Biochem. J. 362, 317–327 (2002).

24. Boggon, T. J. et al. C-cadherin ectodomain structure and
implications for cell adhesion mechanisms. Science 296,
1308–1313 (2002).

25. Patel, S. D., Chen, C. P., Bahna, F., Honig, B. & Shapiro, L.
Cadherin-mediated cell–cell adhesion: sticking together as a
family. Curr. Opin. Struct. Biol. 13, 690–698 (2003).

26. He, W., Cowin, P. & Stokes, D. L. Untangling desmosomal
knots with electron tomography. Science 302, 109–113
(2003).
Supports previous crystallization work that indicated
that cadherins might interact through their amino-
terminal tips. Also the first study to demonstrate that
cadherins form discrete clusters at the cell surface,
presumably as a result of flexible intermolecular
interactions within junctions.

27. Amagai, M. et al. Conformational epitopes of pemphigus
antigens (Dsg1 and Dsg3) are calcium dependent and
glycosylation independent. J. Invest. Dermatol. 105,
243–247 (1995).

28. Hanakawa, Y. et al. Calcium-dependent conformation of
desmoglein 1 is required for its cleavage by exfoliative toxin.
J. Invest. Dermatol. 121, 383–389 (2003).

29. Rickman, L. et al. N-terminal deletion in a desmosomal
cadherin causes the autosomal dominant skin disease
striate palmoplantar keratoderma. Hum. Mol. Genet. 8,
971–976 (1999).

30. Eshkind, L. et al. Loss of desmoglein 2 suggests essential
functions for early embryonic development and proliferation
of embryonal stem cells. Eur. J. Cell Biol. 81, 592–598
(2002).

31. Chidgey, M. et al. Mice lacking desmocollin 1 show
epidermal fragility accompanied by barrier defects and
abnormal differentiation. J. Cell Biol. 155, 821–832 
(2001).

32. Elias, P. M. et al. Desmoglein isoform distribution affects
stratum corneum structure and function. J. Cell Biol. 153,
243–249 (2001).

33. Merritt, A. J. et al. Suprabasal desmoglein 3 expression in
the epidermis of transgenic mice results in hyperproliferation
and abnormal differentiation. Mol. Cell. Biol. 22, 5846–5858
(2002).
References 32 and 33 demonstrate that the
inappropriate overexpression of desmoglein 3 in the
upper epidermal-cell layers results in either abnormal

differentiation or abnormal function of this tissue,
depending on the promoter used to drive suprabasal
expression of the transgene.

34. Peifer, M. & Polakis, P. Wnt signaling in oncogenesis and
embryogenesis — a look outside the nucleus. Science 287,
1606–1609 (2000).

35. Jamora, C. & Fuchs, E. Intercellular adhesion, signalling and
the cytoskeleton. Nature Cell Biol. 4, E101–E108 (2002).

36. Kitajima, Y. Mechanisms of desmosome assembly and
disassembly. Clin. Exp. Dermatol. 27, 684–690 (2002).

37. Collins, J. E. et al. Cloning and sequence analysis of
desmosomal glycoproteins 2 and 3 (desmocollins):
cadherin-like desmosomal adhesion molecules with
heterogeneous cytoplasmic domains. J. Cell Biol. 113,
381–391 (1991).

38. Smith, E. A. & Fuchs, E. Defining the interactions between
intermediate filaments and desmosomes. J. Cell Biol. 141,
1229–1241 (1998).

39. Bornslaeger, E. A. et al. Plakophilin 1 interferes with
plakoglobin binding to desmoplakin, yet together 
with plakoglobin promotes clustering of desmosomal plaque
complexes at cell–cell borders. J. Cell Sci. 114, 727–738
(2001).

40. McKoy, G. et al. Identification of a deletion in plakoglobin in
arrhythmogenic right ventricular cardiomyopathy with
palmoplantar keratoderma and woolly hair (Naxos disease).
Lancet 355, 2119–2124 (2000).

41. Bierkamp, C., Schwarz, H., Huber, O. & Kemler, R.
Desmosomal localization of β-catenin in the skin of
plakoglobin null-mutant mice. Development 126, 371–381
(1999).

42. Caldelari, R. et al. A central role for the armadillo protein
plakoglobin in the autoimmune disease pemphigus vulgaris.
J. Cell Biol. 153, 823–834 (2001).
Demonstrates an essential role for plakoglobin in
mediating cytoplasmic responses to pemphigus
antibodies that bind to desmoglein 3 at the cell
surface.

43. Maeda, O. et al. Plakoglobin (γ-catenin) has TCF/LEF 
family-dependent transcriptional activity in β-catenin-
deficient cell line. Oncogene 23, 964–972 (2003).

44. Zhurinsky, J., Shtutman, M. & Ben-Ze’ev, A. Differential
mechanisms of LEF/TCF family-dependent transcriptional
activation by β-catenin and plakoglobin. Mol. Cell. Biol. 20,
4238–4252 (2000).

45. Simcha, I. et al. Differential nuclear translocation and
transactivation potential of β-catenin and plakoglobin. 
J. Cell Biol. 141, 1433–1448 (1998).

46. Miravet, S. et al. The transcriptional factor Tcf-4 contains
different binding sites for β-catenin and plakoglobin. J. Biol.
Chem. 277, 1884–1891 (2002).
This indicates that plakoglobin can inhibit β-catenin-
mediated signalling through Tcf4 by directly binding
this transcriptional complex.

47. Gat, U., DasGupta, R., Degenstein, L. & Fuchs, E. De novo
hair follicle morphogenesis and hair tumors in mice
expressing a truncated β-catenin in skin. Cell 95, 605–614
(1998).

48. Charpentier, E., Lavker, R. M., Acquista, E. & Cowin, P.
Plakoglobin suppresses epithelial proliferation and hair
growth in vivo. J. Cell Biol. 149, 503–520 (2000).

49. Hoschuetzky, H., Aberle, H. & Kemler, R. β-catenin
mediates the interaction of the cadherin–catenin complex
with epidermal growth factor receptor. J. Cell Biol. 127,
1375–1380 (1994).

50. Fuchs, M., Muller, T., Lerch, M. M. & Ullrich, A. Association
of human protein-tyrosine phosphatase κ with members of
the armadillo family. J. Biol. Chem. 271, 16712–16719 (1996).

51. Muller, T., Choidas, A., Reichmann, E. & Ullrich, A.
Phosphorylation and free pool of β-catenin are regulated by
tyrosine kinases and tyrosine phosphatases during epithelial
cell migration. J. Biol. Chem. 274, 10173–10183 
(1999).

52. Gaudry, C. A. et al. Tyrosine-phosphorylated plakoglobin is
associated with desmogleins but not desmoplakin after
epidermal growth factor receptor activation. J. Biol. Chem.
276, 24871–24880 (2001).

53. Hu, P., Berkowitz, P., O’Keefe, E. J. & Rubenstein, D. S.
Keratinocyte adherens junctions initiate nuclear signaling by
translocation of plakoglobin from the membrane to the
nucleus. J. Invest. Dermatol. 121, 242–251 (2003).

54. Miravet, S. et al. Tyrosine phosphorylation of plakoglobin
causes contrary effects on its association with desmosomes
and adherens junction components and modulates 
β-catenin-mediated transcription. Mol. Cell. Biol. 23,
7391–7402 (2003).

55. Kofron, M., Heasman, J., Lang, S. A. & Wylie, C. C.
Plakoglobin is required for maintenance of the cortical actin
skeleton in early Xenopus embryos and for cdc42-mediated
wound healing. J. Cell Biol. 158, 695–708 (2002).

Reveals a novel link between plakoglobin and
processes that assemble cortical actin in X. laevis
embryos.

56. Bonne, S., van Hengel, J., Nollet, F., Kools, P. & van Roy, F.
Plakophilin-3, a novel armadillo-like protein present in nuclei
and desmosomes of epithelial cells. J. Cell Sci. 112,
2265–2276 (1999).

57. McGrath, J. A. et al. Mutations in the plakophilin 1 gene
result in ectodermal dysplasia/skin fragility syndrome. Nature
Genet. 17, 240–244 (1997).

58. Kowalczyk, A. P. et al. The head domain of plakophilin-1
binds to desmoplakin and enhances its recruitment to
desmosomes. Implications for cutaneous disease. 
J. Biol. Chem. 274, 18145–18148 (1999).

59. Koeser, J., Troyanovsky, S. M., Grund, C. & Franke, W. W.
De novo formation of desmosomes in cultured cells upon
transfection of genes encoding specific desmosomal
components. Exp. Cell. Res. 285, 114–130 (2003).

60. Chen, X., Kojima, S., Borisy, G. G. & Green, K. J. p120
catenin associates with kinesin and facilitates the transport
of cadherin–catenin complexes to intercellular junctions. 
J. Cell Biol. 163, 547–557 (2003).

61. Davis, M. A., Ireton, R. C. & Reynolds, A. B. A core function
for p120-catenin in cadherin turnover. J. Cell Biol. 163,
525–534 (2003).

62. Xiao, K. et al. Cellular levels of p120 catenin function as a set
point for cadherin expression levels in microvascular
endothelial cells. J. Cell Biol. 163, 535–545 (2003).

63. South, A. P. et al. Lack of plakophilin 1 increases
keratinocyte migration and reduces desmosome stability. 
J. Cell Sci. 116, 3303–3314 (2003).

64. Anastasiadis, P. Z. et al. Inhibition of RhoA by p120 catenin.
Nature Cell Biol. 2, 637–644 (2000).

65. Noren, N. K., Liu, B. P., Burridge, K. & Kreft, B. p120 catenin
regulates the actin cytoskeleton via Rho family GTPases. 
J. Cell Biol. 150, 567–580 (2000).

66. Daniel, J. M. & Reynolds, A. B. The catenin p120(ctn)
interacts with Kaiso, a novel BTB/POZ domain zinc finger
transcription factor. Mol. Cell. Biol. 19, 3614–3623 (1999).

67. Mertens, C. et al. Nuclear particles containing RNA
polymerase III complexes associated with the junctional
plaque protein plakophilin 2. Proc. Natl Acad. Sci. USA 98,
7795–7800 (2001).
This study provided evidence of the first nuclear
binding partner for the plakophilins, namely RNA
polymerase III.

68. Calkins, C. C. et al. The Armadillo family protein p0071 is a
VE-cadherin- and desmoplakin-binding protein. 
J. Biol. Chem. 278, 1774–1783 (2003).

69. Deguchi, M. et al. PAPIN. A novel multiple PSD-95/Dlg-
A/ZO-1 protein interacting with neural plakophilin-related
armadillo repeat protein/δ-catenin and p0071. 
J. Biol. Chem. 275, 29875–29880 (2000).

70. Izawa, I. et al. ERBIN associates with p0071, an armadillo
protein, at cell–cell junctions of epithelial cells. Genes Cells 7,
475–485 (2002).

71. Jaulin-Bastard, F. et al. Interaction between Erbin and a
Catenin-related protein in epithelial cells. J. Biol. Chem. 277,
2869–2875 (2002). 

72. Borg, J. P. et al. ERBIN: a basolateral PDZ protein that
interacts with the mammalian ERBB2/HER2 receptor.
Nature Cell Biol. 2, 407–414 (2000).

73. Huang, Y. Z. et al. Compartmentalized NRG signaling and
PDZ domain-containing proteins in synapse structure and
function. Int. J. Dev. Neurosci. 20, 173–185 (2002).

74. Ohno, H. et al. Localization of p0071-interacting proteins,
plakophilin-related armadillo-repeat protein-interacting
protein (PAPIN) and ERBIN, in epithelial cells. Oncogene 21,
7042–7049 (2002).

75. Leung, C. L., Green, K. J. & Liem, R. K. Plakins: a family of
versatile cytolinker proteins. Trends Cell Biol. 12, 37–45
(2002).

76. Gregory, S. L. & Brown, N. H. kakapo, a gene required for
adhesion between and within cell layers in Drosophila,
encodes a large cytoskeletal linker protein related to 
plectin and dystrophin. J. Cell Biol. 143, 1271–1282 (1998).

77. Prokop, A., Uhler, J., Roote, J. & Bate, M. The kakapo
mutation affects terminal arborization and central dendritic
sprouting of Drosophila motorneurons. J. Cell Biol. 143,
1283–1294 (1998).

78. Lee, S. & Kolodziej, P. A. The plakin Short Stop and the
RhoA GTPase are required for E-cadherin-dependent apical
surface remodeling during tracheal tube fusion.
Development 129, 1509–1520 (2002).

79. Subramanian, A. et al. Shortstop recruits EB1/APC1 and
promotes microtubule assembly at the muscle-tendon
junction. Curr. Biol. 13, 1086–1095 (2003).

80. Bosher, J. M. et al. The Caenorhabditis elegans vab-10
spectraplakin isoforms protect the epidermis against internal
and external forces. J. Cell. Biol. 161, 757–768 (2003).

©  2004 Nature  Publishing Group



NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 5 | APRIL 2004 | 281

R E V I E W S

81. Andra, K. et al. Targeted inactivation of plectin reveals
essential function in maintaining the integrity of skin, muscle,
and heart cytoarchitecture. Genes Dev. 11, 3143–3156
(1997).

82. Pulkkinen, L. et al. Homozygous deletion mutations in the
plectin gene (PLEC1) in patients with epidermolysis bullosa
simplex associated with late-onset muscular dystrophy.
Hum. Mol. Genet. 5, 1539–1546 (1996).

83. Maatta, A., DiColandrea, T., Groot, K. & Watt, F. M. Gene
targeting of envoplakin, a cytoskeletal linker protein and
precursor of the epidermal cornified envelope. Mol. Cell.
Biol. 21, 7047–7053 (2001).

84. Armstrong, D. K. et al. Haploinsufficiency of desmoplakin
causes a striate subtype of palmoplantar keratoderma.
Hum. Mol. Genet. 8, 143–148 (1999).

85. Norgett, E. E. et al. Recessive mutation in desmoplakin
disrupts desmoplakin-intermediate filament interactions and
causes dilated cardiomyopathy, woolly hair and
keratoderma. Hum. Mol. Genet. 9, 2761–2766 (2000).

86. Vasioukhin, V., Bowers, E., Bauer, C., Degenstein, L. &
Fuchs, E. Desmoplakin is essential in epidermal sheet
formation. Nature Cell Biol. 3, 1076–1085 (2001).
Showed an essential role for desmoplakin in the
formation of epidermal sheets, and was the first to
demonstrate that a lack of desmoplakin can influence
adherens-junction formation.

87. Huen, A. C. et al. Intermediate filament-membrane
attachments function synergistically with actin-dependent
contacts to regulate intercellular adhesive strength. J. Cell
Biol. 159, 1005–1017 (2002).
Demonstrated the effects of uncoupling intermediate
filaments from desmosomes on adhesive strength,
and further showed that the actin-based cytoskeleton
works together with intermediate filaments to
mediate adhesion in epithelial cells.

88. Rampazzo, A. et al. Mutation in human desmoplakin domain
binding to plakoglobin causes a dominant form of
arrhythmogenic right ventricular cardiomyopathy. 
Am. J. Hum. Genet. 71, 1200–1206 (2002).

89. Choi, H. J., Park-Snyder, S., Pascoe, L. T., Green, K. J. &
Weis, W. I. Structures of two intermediate filament-binding
fragments of desmoplakin reveal a unique repeat motif
structure. Nature Struct. Biol. 9, 612–620 (2002).
The first group to crystallize a plakin-family member,
showing the three-dimensional structures of the
plakin-repeat domains within the intermediate-
filament-binding domain of desmoplakin. 

90. Nikolic, B., Mac Nulty, E., Mir, B. & Wiche, G. Basic amino
acid residue cluster within nuclear targeting sequence motif
is essential for cytoplasmic plectin–vimentin network
junctions. J. Cell Biol. 134, 1455–1467 (1996). 

91. Fontao, L. et al. Interaction of the bullous pemphigoid
antigen 1 (BP230) and desmoplakin with intermediate
filaments is mediated by distinct sequences within their
COOH terminus. Mol. Biol. Cell 14, 1978–1992 
(2003).

92. Demlehner, M. P., Schafer, S., Grund, C. & Franke, W. W.
Continual assembly of half-desmosomal structures in the
absence of cell contacts and their frustrated endocytosis: a
coordinated Sisyphus cycle. J. Cell Biol. 131, 745–760
(1995).

93. Kowalczyk, A. P. et al. The amino-terminal domain of
desmoplakin binds to plakoglobin and clusters desmosomal
cadherin-plakoglobin complexes. J. Cell Biol. 139, 773–784
(1997).

94. Palka, H. L. & Green, K. J. Roles of plakoglobin end
domains in desmosome assembly. J. Cell Sci. 110,
2359–2371 (1997).

95. Yap, A. S., Brieher, W. M., Pruschy, M. & Gumbiner, B. M.
Lateral clustering of the adhesive ectodomain: a
fundamental determinant of cadherin function. Curr. Biol. 7,
308–315 (1997).

96. Windoffer, R., Borchert-Stuhltrager, M. & Leube, R. E.
Desmosomes: interconnected calcium-dependent
structures of remarkable stability with significant integral
membrane protein turnover. J. Cell Sci. 115, 1717–1732
(2002).

97. Pasdar, M. & Nelson, W. J. Kinetics of desmosome
assembly in Madin–Darby canine kidney epithelial cells:
temporal and spatial regulation of desmoplakin organization

and stabilization upon cell–cell contact. I. Biochemical
analysis. J. Cell Biol. 106, 677–685 (1988).

98. Pasdar, M. & Nelson, W. J. Regulation of desmosome
assembly in epithelial cells: kinetics of synthesis, transport,
and stabilization of desmoglein I, a major protein of the
membrane core domain. J. Cell Biol. 109, 163–177 
(1989).

99. Pasdar, M., Li, Z. & Chan, H. Desmosome assembly and
disassembly are regulated by reversible protein
phosphorylation in cultured epithelial cells. Cell Motil.
Cytoskeleton 30, 108–121 (1995).

100. Stappenbeck, T. S., Lamb, J. A., Corcoran, C. M. & 
Green, K. J. Phosphorylation of the desmoplakin COOH
terminus negatively regulates its interaction with keratin
intermediate filament networks. J. Biol. Chem. 269,
29351–29354 (1994).

101. Anastasiadis, P. Z. & Reynolds, A. B. The p120 catenin
family: complex roles in adhesion, signaling and cancer. 
J. Cell Sci. 113, 1319–1334 (2000).

102. Savagner, P., Yamada, K. M. & Thiery, J. P. The zinc-finger
protein slug causes desmosome dissociation, an initial and
necessary step for growth factor-induced epithelial-
mesenchymal transition. J. Cell Biol. 137, 1403–1419
(1997).

103. Bolos, V. et al. The transcription factor Slug represses 
E-cadherin expression and induces epithelial to
mesenchymal transitions: a comparison with Snail 
and E47 repressors. J. Cell Sci. 116, 499–511 
(2003).

104. Conacci-Sorrell, M. et al. Autoregulation of E-cadherin
expression by cadherin–cadherin interactions: the roles of 
β-catenin signaling, Slug, and MAPK. J. Cell Biol. 163,
847–857 (2003). 

105. Adams, M. J. et al. Characterization of the regulatory regions
in the human desmoglein genes encoding the pemphigus
foliaceous and pemphigus vulgaris antigens. Biochem. J.
329, 165–174 (1998).

106. Kljuic, A. & Christiano, A. M. A novel mouse desmosomal
cadherin family member, desmoglein 1γ. Exp. Dermatol. 12,
20–29 (2003).

107. Pulkkinen, L., Choi, Y. W., Kljuic, A., Uitto, J. & Mahoney, M. G.
Novel member of the mouse desmoglein gene family: 
Dsg1-β. Exp. Dermatol. 12, 11–19 (2003).

108. Boussadia, O., Kutsch, S., Hierholzer, A., Delmas, V. &
Kemler, R. E-cadherin is a survival factor for the lactating
mouse mammary gland. Mech. Dev. 115, 53–62 (2002).

109. Dumstrei, K., Wang, F., Shy, D., Tepass, U. & Hartenstein, V.
Interaction between EGFR signaling and DE-cadherin during
nervous system morphogenesis. Development 129,
3983–3994 (2002).

110. Weiske, J. et al. The fate of desmosomal proteins in
apoptotic cells. J. Biol. Chem. 276, 41175–41181 (2001).

111. Suyama, K., Shapiro, I., Guttman, M. & Hazan, R. B. A
signaling pathway leading to metastasis is controlled by 
N-cadherin and the FGF receptor. Cancer Cell 2, 301–314
(2002).

112. Grazia Lampugnani, M. et al. Contact inhibition of 
VEGF-induced proliferation requires vascular endothelial
cadherin, β-catenin, and the phosphatase DEP-1/CD148. 
J. Cell Biol. 161, 793–804 (2003).

113. Muller, J., Ritt, D. A., Copeland, T. D. & Morrison, D. K.
Functional analysis of C-TAK1 substrate binding and
identification of PKP2 as a new C-TAK1 substrate. EMBO J.
22, 4431–4442 (2003).

114. Wong, A. S. & Gumbiner, B. M. Adhesion-independent
mechanism for suppression of tumor cell invasion by 
E-cadherin. J. Cell Biol. 161, 1191–1203 (2003).

115. Karnovsky, A. & Klymkowsky, M. W. Anterior axis duplication
in Xenopus induced by the over-expression of the 
cadherin-binding protein plakoglobin. Proc. Natl Acad. 
Sci. USA 92, 4522–4526 (1995).

116. Jamora, C., DasGupta, R., Kocieniewski, P. & Fuchs, E.
Links between signal transduction, transcription and
adhesion in epithelial bud development. Nature 422,
317–322 (2003).

117. Stanley, J. R., Koulu, L., Klaus-Kovtun, V. & Steinberg, M. S.
A monoclonal antibody to the desmosomal glycoprotein
desmoglein I binds the same polypeptide as human
autoantibodies in pemphigus foliaceus. J. Immunol. 136,
1227–1230 (1986).

118. Amagai, M., Hashimoto, T., Green, K. J., Shimizu, N. &
Nishikawa, T. Antigen-specific immunoadsorption of
pathogenic autoantibodies in pemphigus foliaceus. 
J. Invest. Dermatol. 104, 895–901 (1995).

119. Wu, H. et al. Protection against pemphigus foliaceus by
desmoglein 3 in neonates. N. Engl. J. Med. 343, 31–35
(2000).

120. Shirakata, Y., Amagai, M., Hanakawa, Y., Nishikawa, T. &
Hashimoto, K. Lack of mucosal involvement in pemphigus
foliaceus may be due to low expression of desmoglein 1. 
J. Invest. Dermatol. 110, 76–78 (1998).

121. Melish, M. E. & Glasgow, L. A. The staphylococcal scalded-
skin syndrome. N. Engl. J. Med. 282, 1114–1119 (1970).

122. Amagai, M., Matsuyoshi, N., Wang, Z. H., Andl, C. &
Stanley, J. R. Toxin in bullous impetigo and staphylococcal
scalded-skin syndrome targets desmoglein 1. Nature Med.
6, 1275–1277 (2000).
This paper was the first to demonstrate that the
exfoliative toxins produced by Staphylococcus aureus
can cleave desmoglein-1 and cause blisters in the
superficial epidermis of mice that are similar to the
blisters observed in patients with pemphigus
foliaceus.

123. Hanakawa, Y. et al. Molecular mechanisms of blister
formation in bullous impetigo and staphylococcal 
scalded skin syndrome. J. Clin. Invest. 110, 53–60 
(2002).

124. Vasioukhin, V., Bauer, C., Yin, M. & Fuchs, E. Directed actin
polymerization is the driving force for epithelial cell–cell
adhesion. Cell 100, 209–219 (2000).

125. Gumbiner, B., Stevenson, B. & Grimaldi, A. The role of the
cell adhesion molecule uvomorulin in the formation and
maintenance of the epithelial junctional complex. J. Cell Biol.
107, 1575–1587 (1988).

126. Cowin, P., Kapprell, H. P., Franke, W. W., Tamkun, J. &
Hynes, R. O. Plakoglobin: a protein common to different
kinds of intercellular adhering junctions. Cell 46, 1063–1073
(1986).

127. Lewis, J. E. et al. Cross-talk between adherens junctions
and desmosomes depends on plakoglobin. J. Cell Biol.
136, 919–934 (1997).

128. Marcozzi, C., Burdett, I. D., Buxton, R. S. & Magee, A. I.
Coexpression of both types of desmosomal cadherin and
plakoglobin confers strong intercellular adhesion. J. Cell Sci.
111, 495–509 (1998).

129. North, A. J. et al. Molecular map of the desmosomal plaque.
J. Cell Sci. 112, 4325–4336 (1999).

130. Kowalczyk, A. P. et al. Structure and function of
desmosomal transmembrane core and plaque molecules.
Biophys. Chem. 50, 97–112 (1994). 

Acknowledgements
The authors would like to thank all of their colleagues who pro-
vided input and information prior to publication. Thanks go also to
A. P. Kowalczyk, J. R. Stanley, W. I. Weis and members of the
Green laboratory for critical reading of the manuscript. We regret
that the work of many colleagues and authors could not be cited
in this review because of space limitations. The authors are sup-
ported by grants from the National Institutes of Health (to K.J.G.)
and a Canadian Institutes of Health Research postdoctoral fellow-
ship (to S.G.).

Competing interests statement
The authors declare that they have no competing financial interests.

Online links

DATABASES
The following terms in this article are linked online to:
Flybase: http://flybase.bio.indiana.edu/
Armadillo | Shot
LocusLink: http://www.ncbi.nlm.nih.gov/LocusLink/
DSG1–4 | DSC1–3 | plakophilin-1–3
Protein Data Bank: http://www.rcsb.org/pdb/
C-cadherin ectodomain
Swiss-Prot: http://us.expasy.org/sprot/
β-catenin | desmin | envoplakin | erbin | LEF | p0071 | p120CTN |
periplakin | plakoglobin | plectin | vimentin
Access to this interactive links box is free online.

©  2004 Nature  Publishing Group




