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SUMMARY

Avariety of intermediate filament (IF) types show intricate association with plasma membrane
proteins, including receptors and adhesion molecules. The molecular basis of linkage of IFs to
desmosomes at sites of cell–cell interaction and hemidesmosomes at sites of cell–matrix
adhesion has been elucidated and involves IF-associated proteins. However, IFs also interact
with focal adhesions and cell-surface molecules, including dystroglycan. Through such mem-
brane interactions, it is well accepted that IFs play important roles in the establishment and
maintenance of tissue integrity. However, by organizing cell-surface complexes, IFs likely
regulate, albeit indirectly, signaling pathways that are key to tissue homeostasis and repair.
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1 INTRODUCTION

Compared with other biopolymers, intermediate filaments
(IFs) possess an abundance of both linear strength and
elasticity and account for the contribution made by IFs to
the integrity of individual cells (Herrmann et al. 2009;
Chung et al. 2013). Interestingly, IF appearance and diver-
sification parallel metazoan evolution (Wickstead and Gull
2011). Moreover, as we will discuss, IFs contribute to the
development of multicellularity, tissue morphogenesis,
and integrity by stabilizing intercellular and cell–matrix
adhesions.

Here, we review the interaction between IFs and sites of
cell–cell and cell–matrix contact. Desmosomes and hemi-
desmosomes (HDs) represent the best-understood protein
complexes capable of integrating IFs with these sites (see
reviews that detail the structure and functions of these cru-
cial adhesions: Jones et al. 1998; Borradori and Sonnenberg
1999; Garrod and Chidgey 2008; de Pereda et al. 2009; Har-
mon and Green 2013; Kowalczyk and Green 2013). Here, we
will focus on the molecular underpinnings of IF–desmo-
some and IF–HD interactions, but, in addition, will sum-
marize recent evidence for IF interactions with focal
adhesions (FAs) and the cell-surface receptor dystroglycan
(DG) in muscle and in cultured epithelial cells.

2 THE DESMOSOME

In epithelial cells, cardiac myocytes, and other specialized
cells, cytoplasmic IFs emanate from the nucleus and termi-
nate at electron-dense structures, called desmosomes, lo-
cated along the junction of adjacent cells. Biochemically,
desmosomes contain members from three distinct protein
families—cadherins, catenins, and plakins. As in adherens
junctions (AJs), which are sites of actin microfilament at-
tachment, transmembrane, glycosylated cadherins extend
into the intercellular space and bind counterparts on an
opposing cell, thus, forming adhesive links (Chitaev and
Troyanovsky 1997; Getsios et al. 2004; Nie et al. 2011;
Lowndes et al. 2014). Desmosomes use two subsets of the
cadherin superfamily—desmogleins (Dsgs) and desmocol-
lins (Dscs)—comprising four and three human isoforms,
respectively. Apart from unique Dsg carboxy-terminal ex-
tensions, desmosomal cadherins resemble the classic AJ
component, E-cadherin (Dusek et al. 2007). Plakoglobin
(Pg) and three distinct plakophilins (Pkps) establish inter-
actions with intracellular Dsg and Dsc domains, mirroring
those of their respective catenin relatives, b-catenin and
p120 catenin, with classic cadherins (Fig. 1) (Smith and
Fuchs 1998; North et al. 1999; Chen et al. 2002). The major
IF-associated proteins in desmosomes are plakin family
members, exemplified by the cytolinker desmoplakin (DP).
DP engages the cadherin–catenin complex by binding Pg

and Pkp (Kowalczyk et al. 1997; Kowalczyk et al. 1999;
Chen et al. 2002; Bonne et al. 2003).

In contrast to the recruitment of actin by AJs, DP re-
cruits keratin, vimentin, and desmin IFs to the desmosome
(Kouklis et al. 1994; Meng et al. 1997; Jefferson et al. 2004).
The interaction between DP and IFs can be visualized by
immunofluorescence at sites of cell–cell contact (Fig. 2A).
The structure of DP consists of a central coiled-coil dime-
rization domain flanked by amino- and carboxy-terminal
domains. The amino-terminal domain of DP contains the
characteristic plakin domain comprising tandem spectrin-
like repeats, and it is this region that binds the desmosomal
armadillo proteins, including Pg, which, in turn, bind the
cytoplasmic domain of the desmosomal cadherins. Finally,
the carboxy-terminal region consists of three homologous
plakin repeat domains (PRDs) and a glycine-serine-argi-
nine-rich region (Fig. 2B). The latter region of DP interacts
with IFs, regulates the strength of DP–IF interactions, and
has been shown by immunogold electron microscopy
(EM) to be localized to the innermost dense plaque (Fig.
2A) (North et al. 1999).

3 IF–DESMOSOME ANCHORAGE: TISSUE INTEGRITY

Tissue integrity, particularly in the heart and skin, depends
on the intercellular connections forged by desmosomes, as
well as their associated IFs. This is highlighted by the crucial
role played by the IF cytolinker DP in the regulation and
maintenance of the integrity of the sheet of epidermal cells
that provides the outer covering of the skin. Conditional
knockout of DP in the mouse epidermis indicates that the
maintenance of epidermal integrity requires DP, and me-
chanical stresses to DP-null skin result in intercellular
separations (Vasioukhin et al. 2001). Additionally, experi-
ments performed using a truncated form of DP lacking its
rod and IF-binding domain (DPNTP) show the role of DP
in maintaining cellular integrity as uncoupling IFs from
desmosomes severely impact intercellular adhesive strength
(Huen et al. 2002). In the heart, the importance of DP in
maintaining cellular cohesion has been shown by a novel
mouse model in which DP is conditionally knocked out in
cardiac cells (Garcia-Gras et al. 2006; Lyon et al. 2014).
Along with the cardiomyopathies associated with muta-
tions in DP that will be further discussed below, DP con-
ditional knockout (cKO) hearts display ultrastructural
defects, including loss of integrity of intercalated discs
(IDs), ruptured desmosomes, and loss of myocyte–myo-
cyte adhesion (Lyon et al. 2014). Additionally, the loss of
Pkp-2 in PKP22/ – embryos results in the loss of DP from
cardiac junctions and the formation of dense granular ag-
gregates comprising DP and desmin and vimentin IFs
(Grossmann et al. 2004). Furthermore, DP–IF anchorage
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has also been implicated in endothelial tissue integrity, as
well as in vascular tube formation (Gallicano et al. 2001). In
endothelial cells that comprise capillaries and lymph ves-
sels, DP has been shown to be a component of a specialized
type of adhering junction known as the “complexus adhe-
rens junction,” where it links VE-cadherin to the vimentin
IF network via the armadillo proteins p0071 or plakoglobin
(Schmelz and Franke 1993). The importance of DP in the
vasculature is highlighted by the presence of leaky and/or
poorly formed capillaries in DP2/ – mouse embryos, as
well as failure of stable microvascular tube formation in
DP-depleted endothelial cell lines (Gallicano et al. 2001).

In humans, genetic, autoimmune, or bacterial-toxin-
mediated insult directed at the desmosomal complex ac-
counts for diseases of the skin and heart characterized by
loss of cell–cell adhesion and aberrant IF–membrane an-
chorage (Al-Jassar et al. 2013). Mutations in DP, Pg, Pkp,
and the desmosomal cadherins result in a spectrum of skin,
heart, or a combination of skin and heart defects that range
from mild thickening of the skin (keratodermas) to lethal

blistering disease and fatal arrhythmias (Petrof et al. 2012;
Al-Jassar et al. 2013). One notable example is that of Car-
vajal syndrome, a genetic disease originally discovered to be
caused by a point mutation in DP that produces a prema-
ture stop codon leading to a truncated DP protein missing
the C domain of the tail region (Norgett et al. 2000). Pa-
tients with this disease suffer from striate palmoplantar
keratoderma and woolly hair, along with dilated left ven-
tricular cardiomyopathy (Fig. 2C,D). Desmin and keratin
mutants also lead to cardiomyopathy and suprabasal epi-
dermal blisters, respectively, suggesting a relationship be-
tween desmosomal proteins and the IF network, in which
aspects of one depend on the other (Akiyama et al. 2003;
Brodehl et al. 2013; for further details, see Jacob et al. 2016).

3.1 Assembly of IF–desmosomal membrane
attachments

In response to cell–cell contact or increases in extracellular
calcium, a complex cascade of events is initiated to inte-
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Figure 1. Schematic of intermediate filament (IF) binding complexes of the human epidermis, showing the orga-
nization of the protein components of the desmosome junction between neighboring epidermal cells (upper inset)
and hemidesmosome junction between a basal epidermal cell and the cell matrix/basement membrane (lower inset).
BPAG, bullous pemphigoid antigen; Dsc, desmocollin (a cadherin); Dp, desmoplakin; Dsg, desmoglein (a cadher-
in); Pg, plakoglobin; Pkp, plakophilin.
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grate the cadherin, catenin, plakin, and IF components at
cell junctions. A long-standing model postulates that, be-
fore desmosome assembly, two precursor compartments
exist within the cell awaiting a signal to cluster at the plasma
membrane (Pasdar et al. 1991). One compartment con-
tains cadherins and Pg, whereas the second contains the

Pkp and plakin components (Jones and Goldman 1985).
At low calcium concentrations, before integration at the
membrane, the two compartments are visibly and bio-
chemically distinguishable. Cadherins and Pg appear in
vesicular, microtubule-associated structures. In contrast,
Pkp and DP associate with cytoplasmic IFs (Godsel et al.
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Figure 2. Desmoplakin (DP) and its role in tissue architecture. (A) (Left) Fluorescence microscopy image of human
epidermoid carcinoma cells induced to express the truncated form of DP, DPNTP (green), and then immunostained
for antibodies against endogenous keratin (red), revealing the localization of desmosomes (circled). (Right) An
electron micrograph from bovine tongue epithelium illustrating the highly organized ultrastructure of the desmo-
some. (B) Schematic of the domains contained within full length wild-type DP. a.a., amino acids; PRD, plakin repeat
domain; SH3, Src-homology 3 domain; SR, spectrin repeat; N terminus, amino terminus; C terminus, carboxyl
terminus. (C) Histologyof palmoplantarepidermis from (upper) an individualwith Carvajal syndrome showing large
intercellular spaces among suprabasal keratinocytes and (lower) a normal individual. (D) Clinical features showing
the striate pattern of palmoplantar hyperkeratosis and woolly hair in two family members with Carvajal syndrome.
(A, Light microscopy image, adapted, with permission, from Green and Gaudry 2000; electron micrograph, adapted,
with permission, from Kowalczyk et al. 1994; C,D, kindly provided by David Kelsell (Queen Mary, University of
London, United Kingdom); D, adapted from Norgett et al. 2000, by permission of Oxford University Press.)
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2005). Dsg2 likely exploits this early association with the
cytoskeleton as, upon cell–cell contact, Dsg2 traffics to the
cell membrane along microtubules in a kinesin-driven
manner (Nekrasova et al. 2011).

By definition, desmosomes anchor IFs at sites of desmo-
somal–cadherin-mediated adhesion. Although disrupting
Pg–Dsg or Pg–Dsc binding impairs IF anchorage, bio-
chemical data suggest that Pkp and DP mediate the physical
tethering of IFs to desmosomes (Bonne et al. 2003; Acehan
et al. 2008). The integration of DP and Pkp at the nascent
desmosome takes place in three phases: (1) de novo appear-
ance of DP at sites of cell–cell contact following closely
behind the appearance of Pkp-2; (2) formation of DP-en-
riched particles containing Pkp on cytoplasmic IFs; and (3)
translocation of cytoplasmic DP–Pkp particles to the plas-
ma membrane (Fig. 3) (Godsel et al. 2005).

The inclusion of Pkp in phase-2 DP particles represents
a prerequisite for the third—translocation—phase. This is,
at least in part, owing to its ability to recruit the calcium-
sensitive enzyme protein kinase C a (PKCa) to IF-docked
DP that, in turn, modulates the dynamics of DP–IF asso-

ciation, likely through phosphorylation of DPand/or other
components of the DP–IF complex (Bass-Zubek et al.
2008). Thus, failure to phosphorylate the complex essen-
tially freezes the transition of DP from cytoplasmic IFs to
the nascent cell junction. PKC-guided phosphorylation ap-
pears crucial to the reverse process as well. Kroger and
colleagues have reported that the phosphorylation of DP
destabilizes established desmosomes and promotes their
endocytosis, a process that is repressed by a complex of
keratin and Rack1, a Trp-Asp (WD) repeat protein, which
binds and inactivates PKCa (Kroger et al. 2013).

More recent work has provided further insight into
regulation of DP–IF assembly dynamics, showing that
DP is modified by a GSK3b-dependent processive phos-
phorylation cascade present in its extreme carboxy-termi-
nal flexible region (Albrecht et al. 2015). Importantly,
processive phosphorylation not only requires priming by
phosphorylation of residue DP S2849, but also methylation
of DP R2834 by PRMT-1 (protein arginine methyltrans-
ferase 1). A mutation in this latter methylation site has been
reported in patients with arrhythmogenic cardiomyopathy,
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Figure 3. Model of desmoplakin (DP) assembly into desmosomes. The integration of DP and plakophilin (Pkp)
occurs in three phases: (I) de novo appearance of DP at sites of cell–cell contact along with Pkp-2, (II) formation
of DP-enriched particles containing Pkp on cytoplasmic intermediate filaments (orange strands), and (III) the
translocation of cytoplasmic DP–Pkp particles to the plasma membrane. Dsc, desmocollin; Dsg, desmoglein;
Pg, plakoglobin.
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leading to hypophosphorylation of DP and retention of DP
on cytoplasmic desmin IFs. Whereas PKC was a logical
candidate for the priming kinase in this cascade, inhibitor
studies suggest that a kinase other than PKC is responsible
for initiating the cascade, leaving open the question of what
PKC substrates contribute to DP–IF dynamics.

In contrast to the trafficking of Dsg and Dsc along
microtubules, however, the association of Pkp and DP
with IFs offers no obvious access to motor-driven, direc-
tional transport. Studies suggest that phase-3 of desmo-
somal plaque assembly depends on the actin cytoskeleton
(Godsel et al. 2005). More specifically, pharmacological
blockade of actin remodeling disrupts the transfer of DP
and Pkp to nascent desmosomes. In addition to recruiting
PKC to DP, Pkp can also localize RhoA activity to sites of
cell–cell adhesion and, in so doing, provides a means for
modulating actin contractility so as to promote the delivery
of DP/Pkp particles and, possibly, associated IFs to the
plasma membrane (Godsel et al. 2010). Temporal studies
using live-cell imaging indicate that the transfer of DP/Pkp
particles begins �30 min after cells establish cell contacts.
This suggests that cadherin engagement and organization
at the cell surface precede phase 3 and, thus, provide a
“target” for plaque assembly (Watt et al. 1984).

This assumption, however, highlights a gap in our un-
derstanding of desmosome assembly. To date, techniques
required to track multiple components in real time have
limited in-depth analysis of desmosomal assembly to a
small number of cultured cell lines. As Dsg/Dsc trafficking
analysis relies heavily on Dsg2 and Dsc2, specifically, the
tracking of plaque components has focused on Pkp-2
(Godsel et al. 2005). Whether similar or altogether different
mechanisms are used to assemble desmosomes in cultured
primary cells or in vivo, where multiple Dsc, Dsg, and Pkp
isoforms coexist, awaits investigation. Nor are the circum-
stances under which the two precursor compartments
unite well understood. Moreover, at homeostasis, even sta-
ble desmosomes continually integrate newly synthesized
components and jettison existing components (Windoffer
et al. 2002). These phenomena, in the context of organis-
mal biology, remain understudied, as do the particular
dynamics of IF cables at sites of desmosomal adhesion.

In vivo, epidermal desmosomes become calcium-inde-
pendent, a state known as hyperadhesive, after their initial
establishment (Garrod and Kimura 2008). In addition to
its role in desmosome assembly discussed above, PKCa
plays a particularly important role in this process. After
wounding, desmosomes revert to calcium dependence, a
transition marked by the activation and translocation
of PKCa to desmosomal plaques (Wallis et al. 2000).
PKC inhibitors restore hyperadhesiveness to the wound
edge, suggesting that PKC activity is crucial for mainte-

nance of a calcium-dependent state. Importantly, mutation
of the priming site that initiates DP processive phosphor-
ylation (S2849G) enhances DP–IF association and
strengthens intercellular adhesion. The resulting epithelial
sheets show reduced calcium depletion and PKC activation
(Hobbs et al. 2011). These data support the idea that ad-
hesion strengthening depends on IF association with DP
and raise the possibility that modulation of DP–IF dynam-
ics play a role in wound healing and other processes involv-
ing epithelial remodeling.

PKC manipulations do alter the intercellular morphol-
ogy of desmosomes visible by EM (Garrod et al. 2005).
Presumably, this mechanism exists to facilitate transitions
between states requiring impermanent junctions, such as
migration, versus those requiring stable cellular cohesion,
such as the maintenance of epithelial barriers.

3.2 Scaffolding and Signaling at Desmosomes

Recent literature provides evidence that desmosomal pro-
teins regulate processes that do not directly contribute
to desmosomal adhesion per se. Cardiac tissue provides a
useful example. In cardiac myocytes, the site adjoining
neighboring cells is referred to as the ID. The ID was orig-
inally described as a specialized structure that contains
three junctional complexes—AJs, desmosomes, and gap
junctions (Kowalczyk and Green 2013). However, within
the ID, specialized hybrid junctions form whereby both AJs
and desmosomes intermingle while being closely associat-
ed with gap junctions (Fig. 4A) (Borrmann et al. 2006). The
existence of these hybrid cardiac junctions, termed area
composita, has been substantiated with the discovery that
aT-catenin interacts specifically with the desmosomal pla-
kophilin Pkp-2 (Fig. 4B) (Goossens et al. 2007).

Arrhythmogenic cardiomyopathy (AC) has been
dubbed a disease of the desmosome as .50% of the muta-
tions associated with this disease encode desmosomal com-
ponents (Rizzo et al. 2012). This disease is characterized by
loss of integrity of IDs, loss of cardiomyocytes, and replace-
ment of fibro-fatty tissue (Fig. 4C). These defects eventually
result in electrical instability, ventricular arrhythmias, and
ultimately reduced contractility and heart failure (Rizzo
et al. 2012). One of the hallmarks of AC is recurrent ven-
tricular arrhythmias, consistent with the finding that many
patients display decreased membrane localization of the gap
junction molecule connexin 43 (Cx43). This phenomenon
is highlighted by the aforementioned studies utilizing in
vivo mouse models of cardiac-restricted homozygous or
heterozygous deletion of the gene encoding DP (Garcia-
Gras et al. 2006; Lyon et al. 2014). These models show the
importance of DP to cardiac conduction and repolarization
as loss of DP is sufficient to cause significant Cx43 misre-
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Figure 4. Role of desmosomes in specialized cardiac structures in health and disease. (A) Schematic of the cardiac
area composita. aT, aT-catenin; aE, aE-catenin; DP, desmoplakin; Dsc, desmocollin (a cadherin); Dsg, desmoglein
(a cadherin); IF, intermediate filament; N-cad, N-cadherin; Pg, plakoglobin; Pkp, plakophilin. (B) Immuno-elec-
tron micrograph showing colocalization of aT-catenin and Pkp-2 at adhering junctions of the intercalated discs of
cardiomyocytes. Consecutive double labeling at the area composita shows aT-catenin by silver amplification (large
dots) and Pkp-2 labeling (10-nm gold particles [small dots, arrows]). (C) Early-stage arrhythmogenic cardiomy-
opathy (AC) in a patient carrying a desmoplakin mutation. (a′) Cross section of the patient’s heart (scale bar in
centimeters). (b′) Panoramic histologic view of the posterolateral left ventricular wall showing a subepicardial band
(black arrows) of acute-subacute myocyte necrosis. (c′) Histology showing myocyte necrosis and myocytolysis
associated with polymorphous inflammatory infiltrates, together with early fibrous and fatty tissue repair. (B, Image
kindly provided by Frans van Roy, Ghent University, Ghent; reprinted from Goosens et al. 2007, with permission
from Company of Biologists; C, images kindly provided by Cristina Basso, University of Padua Medical School,
Padua, Italy.) (Reprinted from Rizzo et al. 2012, with kind permission from Springer Science & Business Media.)
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gulation in terms of both its expression and localization
(Lyon et al. 2014). Although it is clear that DP is playing an
important role in regulating Cx43 gap junction stability/
formation, the mechanism(s) by which it is able to do so are
still poorly understood. It is possible that DP supports
cardiac gap junctions, at least in part, by providing a stable
mechanical environment. However, DP might also regulate
connexin recruitment to the ID through a recently de-
scribed cortical-microtubule-capture mechanism mediat-
ed by the leucine-zipper end-binding protein EB1 binding
to the DP amino terminus (Patel et al. 2014).

Furthermore, cardiac-restricted depletion of DP was
also shown to lead to nuclear localization of Pg and reduc-
tion in canonical Wnt/b-catenin signaling through TCF/
Lef1 transcription factors, resulting in increased expression
of adipogenic and fibrotic genes, thus elucidating one of
the possible mechanisms of AC pathogenesis (Garcia-Gras
et al. 2006). This highlights the multifunctional properties
of armadillo proteins—in this instance Pg—outside their
traditional adhesion functions (Hatzfeld et al. 2014).

In addition to DP and the armadillo proteins, desmo-
somal cadherins have also been found to perform signaling
roles. Of note, Dsg1 has been shown to be an important
regulator of keratinocyte differentiation as loss of Dsg1
results in disrupted epidermal differentiation and supra-
basal morphogenesis (Getsios et al. 2009). Dsg1 was found
to regulate the signaling pathways that govern differentia-
tion via a novel binding partner, Erbin (“ErbB2 interacting
protein”). The Dsg1–Erbin interaction is required to sup-
press ERK signaling for keratinocyte differentiation to pro-
ceed (Harmon et al. 2013).

3.3 Desmosome–IF Functions

What specific contributions are made by the IFs to desmo-
somal function? What consequences would have arisen had
desmosomes been programmed to recruit only actin? In
this regard, DP knockout mice form desmosomes, but
the structures fail to anchor keratin, resulting in a physical
weakening of cell–cell adhesions (Vasioukhin et al. 2001).
Thus, desmosomal adhesion requires IF attachment. Like-
wise, the cells of certain tissues depend on desmosomes to
maintain cellular cohesion, implying that desmosome–IF
complexes evolved to provide a brand of adhesion not sup-
ported by the more ancient, actin-based AJ (Jefferson et al.
2004; see Bachir et al. 2016). A reasonable hypothesis would
suggest that desmosomes emerged to exploit the strength of
IFs for the purposes of preserving tissue under mechanical
strain (Kreplak et al. 2008; Leitner et al. 2012).

There is now considerable evidence that, in addition to
mediating adhesion, cell-junctional complexes, such as AJs
and FAs, are capable of acting as mechanosensors by re-
sponding to mechanical cues (Barry et al. 2014). The ability

of these junctional complexes to regulate mechanotrans-
duction is directly tied to the fact that they are coupled to
the actin cytoskeleton and are able to sense changes in
external force via actomyosin contractility. Given the elas-
ticity of IFs and their important role in providing mechan-
ical stability to cells under tension, it is plausible that
proteins tethered to IFs have the potential to act as mecha-
nosensors. In this context, the possibility that desmosomal
components might act as mechanosensors has received lit-
tle attention. However, the discovery that cadherins trans-
mit mechanical information through IFs provides support
for this possibility (Weber et al. 2012).

With the exception of data indicating Pkp modulation
of in vitro IF network assembly, few studies have attempted
to assess whether desmosomes alter, guide, or otherwise
exploit the self-assembling capacity of IF networks (Hof-
mann et al. 2000). DP, the desmosomal IF cytolinker, would
appear to be a logical candidate for this role. Indeed, evi-
dence exists in the literature that implicates a function for
DP in regulating the oligomeric state of IFs. In cultured
cells, expression of DP constructs containing the IF-bind-
ing carboxy-terminal domain results in the reorganization
of their IF networks and the accumulation of the mutant
protein in fine filamentous arrays (Stappenbeck and Green
1992). These arrays resemble the desmosomal plaque, sug-
gesting that cooligomerization of DP and IFs into small-
caliber filaments drives formation of the junctional plaque
structure. Additionally, DP is translocated to the cell sur-
face in association with IFs during the formation of des-
mosomes, again suggestive of a role for DP in the
modulation of IF dynamics (Jones and Goldman 1985).
Like desmosomal cadherins and Pkp, keratins display tis-
sue- and differentiation-specific expression patterns. How-
ever, it remains unclear whether different keratins uniquely
modulate or support, for example, the differential signaling
attributed to individual desmoglein isoforms.

4 NONDESMOSOMAL IF MEMBRANE
COMPLEXES

Desmosomes represent the best-studied IF–cadherin
structure but appeared relatively late in evolutionary terms.
The architectural anchorage of IFs at cadherins, however,
might have more primal roots. Mesendodermal cells of
the amphibian Xenopus establish C-cadherin junctions
linked intracellularly to IFs through Pg (Weber et al.
2012). Xenopus lack a full DP counterpart despite express-
ing proteins that contain sections of DP-like domains. It
remains unclear, then, whether Pg binds to IFs directly in
this case. Regardless, the importance of this unusual junc-
tion lies in an ability to transmit extracellular mechanical
information to cells along the leading edge of a wound or

J.C.R. Jones et al.

8 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a025866



migrating tissue. After allowing C-cadherin-coated beads
to adhere to cultured Xenopus cells, application of a force
directed so as to remove the bead from the cell elicits re-
cruitment of Pg and keratin to the site of C-cadherin-
mediated adhesion. The cell responds, in turn, by engaging
machinery required to promote migration in the opposite
direction. Thus, in vivo, it appears likely that migration
of cell sheets en masse into an open space is directed by
C-cadherin–Pg–IF junctions formed on the posterior end
of cells at the leading edge.

In mammalian cells that lack desmosomal components,
IF–cadherin complexes are also important in cell and tis-
sue organization. For example, lens cells undergo a process
of differentiation during which a basal layer of epithelial
cells gives rise to superficial, highly organized, hexagonal
fiber cells (Song et al. 2009). The geometry of these cells and
their optical properties depend heavily on the integrity of
the IF components phakinin (CP49) and filensin (CP115),
which, together with a-crystallin, combine to form supra-
molecular structures termed beaded filaments (Song et al.
2009). The expression of mutant forms of both proteins is
correlated with the development of cataracts, implicating a
role for these proteins in lens cell and tissue organization.
In support of this, in fiber cells, both vimentin and beaded
filaments terminate at junctional complexes established
by N-cadherin, cadherin-11, Pg, periplakin, and plectin
(Leonard et al. 2008; Yoon and FitzGerald 2009). Intrigu-
ingly, these cadherin–IF complexes congregate along the
short edge of the hexagonal cells, whereas, along the long
edge, beaded filaments feed into desmoyokin (AHNAK)/
periplakin-based adhesions (Straub et al. 2003).

5 THE HEMIDESMOSOME

In addition to their interactions with cell–cell contact sites,
IFs also show connections with regions of cell–matrix ad-
hesion, both in cultured cells and tissues. The most impres-
sive of the entities that mediate interaction between IFs and
the cell surface, at least in EM images, is the HD (Figs. 1 and
5). For details of HD structure and function, readers are
referred to reviews published elsewhere (Jones et al. 1998;
Borradori and Sonnenberg 1999; de Pereda et al. 2009).

HDs are found in epithelial cells of tissues subject to
mechanical stress, including the skin and bladder. At the
ultrastructural level, HDs appear as “spot welds” compris-
ing tripartite plaques (two regions of electron density, sep-
arated by a clear zone) at areas where epithelial cells abut
the basement membrane zone (BMZ), which comprises
extracellular matrix (ECM) (Figs. 1 and 5). Their role in
stabilizing cell–ECM interaction is well established as HD
loss is accompanied by blistering as a result of dys-adhesion
of the epithelial layers and ECM (Fine 2007).

IFs bind to the inner cytoplasmic, electron-dense zone
of each HD plaque in a manner similar to IF–desmosome
plaque interaction. Indeed, the term “hemidesmosome”
was coined because of the similarity in appearance of the
HD and desmosomal plaques and their association with
the IF cytoskeleton. However, despite their resemblance,
the HD and desmosome are distinct in their protein com-
position (Green and Jones 1996).

5.1 IF-Associated Proteins in the HD

The matrix receptor a6b4 integrin is the core element of
the HD (Fig. 1). It tethers, albeit indirectly, IFs to the cell

A

B

Figure 5. A role for BPAG1 in mediating anchorage of intermediate
filaments (IFs) at hemidesmosomes (HDs). (A) Electron micrograph
of a section of typical human skin at the region of interaction between
keratinocytes and the basement membrane zone (BMZ). Three HDs
are shown, each possessing a tripartite plaque (arrows). Note that IFs
show extensive interaction with the inner HD plaque. (B) Electron
micrograph of a comparable region of the skin of a patient showing
loss of expression of bullous pemphigoid antigen 1 (BPAG1). The
arrowhead indicates that the HD plaque lacks an obvious inner layer,
and the arrows mark the keratin IF interaction with the HD that is
also abnormal. Scale bar, 100 nm. (Images kindly provided by John
McGrath, King’s College, London, and James McMillan, St Thomas’
Hospital, London). (A,B Adapted from Groves et al. 2010, with per-
mission from Macmillan Publishers Ltd.)
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surface in the cytoplasm and binds extracellularly to lam-
inin-332, its ligand within the BMZ. In addition, a6b4
integrin mediates signal transmission from the ECM to
the cytoskeleton (Mainiero et al. 1997; Mercurio et al.
2001; Tsuruta et al. 2003). Theb4 integrin is unique among
the b integrins because it has a cytoplasmic tail of 1000
amino acids that allows it to interact directly with a number
of molecules involved in its interaction with the IF cyto-
skeleton, as will be detailed below (Borradori and Sonnen-
berg 1996).

In the cytoplasm of certain epithelial cells, the tail of the
b4 subunit of a6b4 integrin interacts directly with three
proteins, the two bullous pemphigoid (BP) antigens
(BPAG1 and BPAG2), first characterized using autoanti-
bodies in the sera of patients with BP, and plectin, all of
which play a role in tethering IFs to the cell surface (Hop-
kinson and Jones 2000; Koster et al. 2003). BPAG1 (also
known as BP230) is a 230-kDa protein that belongs to the
plakin family and, hence, is a relative of the DP protein
described above (Jefferson et al. 2007). There are two iso-
forms of the BPAG1 protein: one found in HDs, and one
expressed in neurons, termed BPAG1e and BPAG1n, re-
spectively (Guo et al. 1995). These isoforms possess distinct
amino-terminal domains and show different cytoskeleton
interactions. Specifically, BPAG1n cross-links neurofila-
ments with the actin cytoskeleton, whereas BPAG1e medi-
ates interaction of keratin IFs with the cell surface at the site
of HDs (Yang et al. 1996).

Isolated BPAG1e molecules appear dumbbell-shaped,
with globular ends and a central a-helical rod, and likely
form dimers (Klatte and Jones 1994). The carboxy-terminal
globular domain binds directly to keratin Ifs, as well as the
cytoplasmic tail of b4 integrin (Fontao et al. 2003; Koster
et al. 2003). The amino-terminal domain of BPAG1e also
interacts with the amino terminus of the second BP anti-
gen BPAG2 (also known as BP180 or collagen type XVII), a
type II transmembrane protein with a collagen-like ex-
tracellular domain that binds laminin-332 in the BMZ
(Hopkinson and Jones 2000; Koster et al. 2003; Van den
Bergh et al. 2011). In addition, BPAG2 also interacts with
b4 integrin in the cytoplasm and with a6 integrin extra-
cellularly (Hopkinson et al. 1995; Hopkinson and Jones
2000). Yeast two-hybrid assays also identify an interaction
between BPAG1 and b4 integrin, although this association
appears relatively weak (Hopkinson and Jones 2000).

Functionally, BPAG1 is an essential IF linker at the cell
surface as the HDs in the skin of BPAG1 knockout mice lack
keratin association (Guo et al. 1995). However, the HDs
in such mice still maintain reasonably strong cell–matrix
associations as disruption of the epidermal–dermal inter-
action only occurs following mechanical trauma. Recently,
homozygous mutations in the gene encoding BPAG1 have

been identified in a patient with skin fragility. The HDs in
these individuals lack an inner plaque, and keratin IFs fail
to be properly secured to the cell surface—this is consistent
with the importance of BPAG1 in mediating IF–HD an-
chorage (Fig. 5) (Groves et al. 2010).

Intriguingly, wound healing is inhibited in BPAG1
knockout mice (Guo et al. 1995). Moreover, epidermal cells
with reduced expression of BPAG1 show migration defects,
indicating that BPAG1 plays a role in regulating keratino-
cyte motility during wound healing. It appears to function
as a scaffold for the small GTPase Rac that, in turn, regu-
lates the activation state of cofilin, an actin-severing protein
involved in establishment of cell polarity and extension of
the moving front of migrating skin cells (Hamill et al.
2009).

In addition to BPAG1e, isoform 1a of its plakin relative
plectin is a component of the HD plaque. Like BPAG1,
plectin exists as a dimer, is dumbbell shaped, comprises a
rod flanked by globular ends, and mediates the association
of IFs witha6b4 integrin (reviewed in Castañón et al. 2013;
see also Liem 2016). Plectin possesses binding sites for b4
integrin at both its amino and carboxyl termini (Rezniczek
et al. 1998). It interacts with IFs through sites within its
globular carboxyl terminus. Although plectin contains an
actin-binding site toward its amino terminus, this overlaps
with the b4-integrin-binding domain such that the plectin
interaction with b4 integrin inhibits its association with
actin (Koster et al. 2003). Loss of plectin in human patients
with a variant of the blistering skin disease epidermolysis
bullosa associated with muscular dystrophy (EB-MD) re-
sults in dys-adhesion of epidermal cells from the BMZ,
predicted to be the result of poorly formed HDs that lack
connections with the IF cytoskeleton (Uitto et al. 1996).

Interestingly, in the BPAG1-null mouse, the presence of
plectin in the HD plaque of the skin is unable to compen-
sate for the absence of BPAG1e, at least with respect to IF
interaction (Guo et al. 1995). This implies that there is
some cross talk or cooperativity of these two plakin family
members in mediating the anchorage of IFs to the HD
plaque. In this regard, plectin is also associated with
a6b4 integrin in epithelial cells, such as those lining the
gut, which lack expression of the BP antigens. Under such
circumstances, the plectin–a6b4 integrin protein com-
plexes have been termed type II HDs (Fontao et al. 1999).
These possess indistinct cytoplasmic plaques, and whether
they interact with IFs is unclear.

Plectin directly binds keratin through a linker region
between the fifth and sixth plakin modules within its car-
boxyl terminus, and this interaction is regulated by phos-
phorylation at serine 4642 (Bouameur et al. 2013; Winter
and Wiche 2013). Plectin isoform 1a then mediates IF in-
teraction with the cell surface by binding to the connecting
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segment and actin-binding domain of the b4 integrin sub-
unit (Rezniczek et al. 1998). The latter interactions are
modulated by Ca2+, which appears to be a key regulator
of the integrity of HD protein complexes. Specifically, on an
increase in cytoplasmic levels of Ca2+, protein kinase Ca
phosphorylates serine residues within the connecting seg-
ment of the b4 integrin subunit (Rabinovitz et al. 2004). In
addition, calmodulin binds the actin-binding domain of
plectin (Kostan et al. 2009). These two events appear es-
sential for the dissociation of plectin from the a6b4 inte-
grin heterodimer and a loss of interaction between the IFs
and the cell surface. Such disassembly is necessary during
wound healing to allow a cell to release itself from the
constraints of the BMZ and move over the wound bed.

5.2 IF Functions at the Site of the HD

The HDs of mouse and human epidermal cells that lack or
have abnormal keratin IF connections show defects in ad-
hesion to the dermis. Although there is no direct evidence
that IFs are required for stabilizing matrix attachment me-
diated by HDs, keratin knockout keratinocytes are slower to
attach than their keratin-expressing counterparts, support-
ing a likely role for IFs in regulating HD adhesion functions
(Seltmann et al. 2013). Moreover, there is evidence that one
function for IFs is to regulate the distribution of HD com-
ponents along sites of cell–ECM interaction (Seltmann
et al. 2013). Specifically, in keratin knockout keratinocytes,
unlike their wild-type counterparts, plectin fails to codis-
tribute with a6b4 integrin (Seltmann et al. 2013). Indeed,
keratins appear to stabilize a plectin–b4 integrin associa-
tion by regulating b4 integrin posttranslational modifica-
tion. By doing so, keratins inhibit b4 integrin turnover and
promote HD stabilization (Seltmann et al. 2015).

There are numerous studies indicating that a6b4 inte-
grin and its associated proteins, including the BP antigens,
are involved in mediating signaling that regulates migration
and proliferation (Mainiero et al. 1997; Mercurio et al.
2001; Tsuruta et al. 2003; Hamill et al. 2009). This evidence
has been generated primarily from cells in culture that, in
most instances, do not assemble bona fide HDs. Rather,
such cells possess a6b4-integrin-rich HD protein com-
plexes that have been demonstrated to exhibit interactions
with various signaling intermediates, including Rac1.
Whether such complexes interact with IFs remains unclear,
leaving open the possibility that IF association is a require-
ment for assembly of a bona fide association. Thus, IF
interaction with HD protein complexes might actually in-
hibit, rather than promote, integrin-mediated signaling.
This is in contrast to the case for FAs, whose association
with IFs appears to facilitate FA signaling, as we discuss in
Section 6.

6 IFs AND FAs

6.1 Interactions between Vimentin and FAs

FAs, also termed focal contacts, were first identified in chick
heart fibroblasts by EM as electron-dense plaques with lon-
gitudinal filaments (Abercrombie et al. 1971). At its core,
each FA, like the HD, contains an integrin heterodimer that
mediates interaction of the cell with its ECM and tethers the
cytoskeleton to the cell surface in the cytoplasm. However,
unlike the HDs, numerous integrin heterodimers have been
identified in FAs. Indeed, at the molecular level, the FA is a
far more complex structure than the HD as more than 150
proteins have been characterized as being FA components
(Geiger et al. 2001; Zamir and Geiger 2001). Consistent
with this complexity, FAs are involved in a variety of cellular
functions, including adhesion, signaling, scaffolding, me-
chanosensing, and generating the traction forces necessary
for cell motility. There are numerous excellent reviews de-
tailing the structure and functions of FAs in cultured cells in
two- and three-dimensional culture (Cukierman et al.
2002; Wozniak et al. 2004; Ziaidel-Bar et al. 2004; Lo
2006). Here, we focus on reviewing data indicating a role
for FAs as cell-surface anchorage sites for IFs, in particular
the vimentin and keratin cytoskeletons. This is a less well-
studied and understood aspect of FA biology (see Bachir
et al. 2016).

FAs are dynamic structures that can alter their morphol-
ogy and change their constituents, depending on various
environmental cues and whether a cell is motile or station-
ary (Zamir et al. 1999; Katz et al. 2000; Galbraith et al. 2002;
Ziaidel-Bar et al. 2004). Nascent FAs (focal complexes) as-
semble at the cell periphery when an integrin heterodimer
interacts with its ligand in the ECM, resulting in integrin
clustering and activation. The latter involves binding of a
talin and/or a kindlin family member to the integrin cyto-
plasmic tails, resulting in precise conformational changes
that facilitate additional protein recruitment, as well as as-
sociation of a variety of signaling intermediates. As the
complex matures, increased forces generated by actomyosin
drive growth of the nascent FA, leading to an elongation of
its structure (Zamir et al. 1999; Galbraith et al. 2002; Geiger
et al. 2009). Interaction with actomyosin creates traction
forces that also influence bidirectional signaling (Zamir
and Geiger 2001). In certain cells, under continued tension,
integrins and their associated matrix receptors, including
the syndecans, modulate matrix formation and structure.
For example, these receptors induce fibronectin formation
into fibrils, which trigger FA “maturation” into a fibrillar
adhesion matrix attachment device containing tensin (Katz
et al. 2000; Galbraith et al. 2002).

More than 25 years ago, Bershadsky and colleagues ob-
served a colocalization of vimentin- and vinculin-contain-
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ing adhesion plaques in quail embryo fibroblasts (Bershad-
sky et al. 1987). Indeed, these same investigators also pre-
sented data indicating that microtubules are involved in
routing IFs to FAs. That IFs might be involved in FA struc-
ture/function is supported by analyses of fibroblasts isolat-
ed from vimentin knockout embryos. The cells show
aberrantly bundled microfilaments, changes in FA protein
organization, abnormal matrix adhesion, and a dramatic
reduction in ability to generate traction forces, leading to
impaired migration (Eckes et al. 1998; Eckes et al. 2000).
Moreover, vimentin IF–FA interaction has also been de-
scribed in cultured primary and transformed microvascu-
lar endothelial cells. In such cells, vimentin IFs appear to
terminate or wrap around vinculin- and avb3-integrin-
positive substrate attachment sites, leading to the latter
being termed “vimentin-associated matrix adhesions”
(VMAs) (Gonzales et al. 2001). In addition, in live endo-
thelial cells, vimentin has been observed targeting to FAs,
and FAs might act to nucleate vimentin filament elongation
(Tsuruta and Jones 2003).

There are a number of potential mechanisms by which
IFs are recruited to FAs. Vimentin might simply “tag along”
with actin as actin has numerous binding partners within
the FA. Purified vimentin and actin filaments are capable of
directly interacting, possibly through the tail domain of
vimentin (Esue et al. 2006). Another possibility is that
vimentin interacts, most likely indirectly, with integrins
in the FA, in a manner similar to the IF–HD association
discussed above. Indeed, in endothelial cells grown on col-
lagen, Kreis and colleagues identified vimentin in a com-
plex with the tails of a2b1 integrin (Kreis et al. 2005).
Furthermore, immunofluorescence localization supported
the existence of a vimentin–integrin interaction as almost
20% of the FAs in the cells assessed showed colocalization
of vimentin and the a2 integrin subunit (Kreis et al. 2005).
In a more recent study, Bhattacharya and colleagues also
used endothelial cells and showed that vimentin associates
with FAs enriched in b3 integrin subunits. When b3 inte-
grin was knocked down using short interfering RNA
(siRNA), vimentin failed to associate with FAs when com-
pared with its localization in untreated cells (Bhattacharya
et al. 2009).

The most obvious candidate linker that could tether
IFs to the FA is plectin. Indeed, there is support for this
possibility. First, plectin is found associated with FAs in
a variety of cells (Wiche and Baker 1982; Foisner et al.
1988; Gonzales et al. 2001). Second, knockdown of plectin
expression in endothelial cells results in decreased recruit-
ment of vimentin to FAs, a process that requires micro-
tubules and the molecular motor kinesin (Bhattacharya
et al. 2009). Interestingly, however, data from one set of
investigators suggest that loss of plectin has no effect on

the association of vimentin IF with FAs once such an in-
teraction has been established (Bhattacharya et al. 2009).
The latter might be an endothelial-cell-specific phenome-
non as other investigators have reported, in fibroblasts, that
plectin is necessary for both mediating and maintaining
vimentin–FA interactions (Burgstaller et al. 2010). Indeed,
Burgstaller and colleagues have identified the plectin iso-
form 1f as a crucial linker of vimentin IFs to FAs in fibro-
blasts. Moreover, these same investigators have presented
evidence that plectin serves as a so-called “docking site and
assembly center” for the vimentin IF cytoskeleton (Spurny
et al. 2008; Burgstaller et al. 2010). In the absence of plectin
1f in fibroblasts, vimentin filaments show no interaction
with FAs and extend beyond FAs to the cell edge (Burgstal-
ler et al. 2010). In addition, plectin-1f-mediated targeting
of vimentin to FAs requires some sort of cooperation of the
plectin actin-binding domain and its 1f-specific sequence.
Interestingly, FAs in fibroblasts appear to nucleate the as-
sembly of vimentin filaments from their intermediates,
through plectin. A similar phenomenon is also seen in
MCF7 cells. These cells normally express keratin, however,
when induced to express vimentin, filament assembly ap-
pears to initiate at FAs in the periphery of the cells (Fig. 6A).

6.2 Interactions between Keratin and FAs

Keratin–FA interactions were first documented by
Windoffer and colleagues, who showed that, in certain ep-
ithelial cells, FAs toward the cell periphery act as sites of
nucleation of the keratin cytoskeleton (Windoffer et al.
2006). Indeed, these same investigators speculated that
FAs are the IF equivalent of the microtubule-organizing
center (MTOC), a suggestion supported by other studies
mentioned above that reveal that newly synthesized vimen-
tin IFs appear to assemble from FAs. Moreover, more re-
cently, keratin IF interaction with an unusually arranged set
of FAs has been observed in primary epithelial cells isolated
from the alveolar compartment of the lung (Eisenberg et al.
2013). In these cells, keratin IFs wrap around a group of FAs
located toward the center of the cells (Fig. 6B; see below for
a more detailed description of these FAs).

6.3 IF Functions at the Site of the FA

A number of studies indicate that vimentin regulates FA
structure and/or function. For example, loss of vimentin
expression in endothelial cells following siRNA-mediated
knockdown results in a reduction in both the size and stabil-
ity of FAs. Moreover, the knockdown cells are also less ad-
hesive than their normal counterparts under conditions of
mechanostimulation induced by flow (Tsuruta and Jones
2003). Additionally, epithelial cells forced to express vimen-
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tin undergo an epithelial–mesenchymal transition in vitro
that is accompanied by an increase in FA dynamics (Mendez
et al. 2010). Further evidence for the importance of vimen-
tin in FA structure and/or function comes from studies of
“endoplasmic spreading” in mouse embryonic fibroblasts.
For the cells to spread properly, they require both mature
FAs and an intact vimentin network (Lynch et al. 2011). If
polymerization of vimentin IFs is inhibited, the endoplasm
is unable to spread and FAs appear smaller (Lynch et al.
2011). In addition, vimentin filament formation itself is
not sufficient to restore a normal phenotype, but rather

the vimentin IFs must extend into and contact FAs to gen-
erate a fully spread endoplasm (Lynch et al. 2013).

The importance of vimentin linkage to the functioning
of FAs is underscored by recent results that indicate that the
loss of IF–FA interaction impacts the ability of integrins to
transduce mechanosignals, leading to activation of focal
adhesion kinase (FAK) (Gregor et al. 2014). Specifically,
when vimentin is unable to anchor to FAs, tension is lost
throughout the cytoskeleton, impacting the ability of the
cell to sense tension (Gregor et al. 2014). This leads to
diminished FA dynamics and reduced migration, the latter

A

B

C

Figure 6. Interactions between focal adhesions (FAs) and the cytoskeleton. (A) Human breast adenocarcinoma MCF7
cells induced to express vimentin tagged with green fluorescent protein and then fixed and stained with antibodies
againstb3 integrin (red). The cells, when made to express vimentin, initiate filament assembly at FAs in the periphery
of the cells. The prominent nuclear stain is an artifact. Scale bar, 10 mm. Primary lung alveolar cells were treated with
(B) control adenovirus or with (C) adenovirus encoding short hairpin RNA targeting plectin expression, plated on a
micropatterned surface comprising a series of matrix-coated circles, as detailed elsewhere (Eisenberg et al. 2013), and
then costained for the FA protein talin (red) and the intermediate filament protein keratin (green). Bar, 20 mm (panel
3). Note how knockdown of plectin not only inhibits the assembly of the perinuclear FAs but appears to “release” the
keratin cytoskeleton, which then makes contact with FAs at the cell periphery. The boxed areas in the third panels in B
and C are shown at higher power in the fourth panel (scale bar, 10 mm).
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being consistent with the reduced adhesion following
vimentin knockdown reported by Bhattacharya and col-
leagues (Bhattacharya et al. 2009). The reduced adhesion
is expected to affect the generation of traction forces nec-
essary for migration (Gregor et al. 2014).

Additional evidence that vimentin regulates FA func-
tions comes from analyses of lung cancer cells, in which it is
reported that the guanine nucleotide exchange factor VAV2
not only localizes to vimentin-positive FAs but also com-
plexes with both vimentin and FAK. Loss of vimentin in-
hibits FAK and VAV2 activity, as well as Rac1, the target of
VAV2, resulting in defects in cell adhesion and motility
(Havel et al. 2015).

The functional implications for keratin–FA association
are less clear. Keratin might stabilize FAs such that they
provide a more stable anchorage to the matrix, in much
the same way that keratin–HD interaction stabilizes inter-
actions between epithelial cells and the ECM.

7 INTERACTIONS BETWEEN IFs AND
DYSTROGLYCAN IN MUSCLE, NERVE,
AND EPITHELIAL CELLS

In striated muscles, the costamere is a structure linking the
Z-line through the sarcolemma to the ECM, which relays
lateral forces and signals. Moreover, it serves as a site of
surface interaction of desmin, the major IF protein in mus-
cles, and several other IF proteins, including synemin, para-
nemin, syncoilin, nestin, vimentin, keratin 8, and keratin 19
(Paulin and Li 2004; Capetanaki et al. 2007). As is the case
with HDs and FAs, plectin mediates anchorage of IFs in
muscle cells by binding to one or more components of the
dystrophin–glycoprotein complex. The latter contain the
plectin-binding proteins a-dystrobrevin and DG (Hijikata
et al. 2003; Rezniczek et al. 2007). Recently, the plakin
domain of plectin has been shown to interact directly
with DG to mediate interactions between desmin and the
cell surface (Rezniczek et al. 2007; Favre et al. 2011; Peter
et al. 2011). Interestingly, as is the case in muscle, a plectin–
DG complex tethers IFs to the surface of Schwann cells, the
support cells of the peripheral nervous system, and pro-
vides a structural link from the IF cytoskeleton to laminins
containing an a2 subunit in the ECM (Saito et al. 2003;
Castañón et al. 2013). Furthermore, plectin also interacts
with DG localized to Cajal bands in the abaxonal Schwann
cell membrane and anchors vimentin IFs to the cell surface
(Walko et al. 2013).

In addition to muscle and Schwann cells, DG is ex-
pressed in a variety of epithelial cells, including those that
cover the inner surface of the alveoli of the lung. Indeed, in
primary rat and mouse lung alveolar cells, DG is a compo-
nent of a set of unique matrix adhesions arranged in a ring-

like array toward the perinuclear zone (Eisenberg et al.
2013). These matrix adhesions not only contain typical
FA components such as paxillin, vinculin, and talin, but
also possess plectin and DG (Fig. 6B) (Eisenberg et al.
2013). Moreover, they are associated with, and appear to
constrain, the organization of the keratin IF cytoskeleton of
the cell (Fig. 6B) (Eisenberg et al. 2013). Intriguingly, plec-
tin is not found in the FAs toward the cell periphery of these
cells, and these FAs fail to interact with IFs. However,
knockdown of plectin not only inhibits the assembly of
these perinuclear FAs but appears to “release” the keratin
cytoskeleton, which then makes contact with FAs at the cell
periphery (Fig. 6C) (Eisenberg et al. 2013).

7.1 Functions of IF–Associated Dystroglycan

When plectin expression is lost in muscle, the desmin IF
cytoskeleton fails to interact with DG at the cell surface with
concomitant deterioration of the contractile apparatus and
costameric integrity (Konieczny et al. 2008). Moreover, the
relationship between the desmin IF network and plectin is
highlighted by the similarity seen in the muscle phenotypes
of desmin- and plectin-deficient mice, although loss of
plectin generally produces a more severe phenotype (Wiche
and Winter 2011). Indeed, humans diagnosed with defects
in plectin expression display not only epithelial blistering
but also muscular dystrophy (Smith et al. 1996).

Disruption of the IF–plectin–DG complex at the cell
surface of myelinating Schwann cells results in myelin
sheath deformations during aging. In addition, loss of
DG leads not only to abnormalities in the myelin sheath
but also to loss of sodium channels at nodes of Ranvier
(Saito et al. 2003). Interestingly, DG appears to cooperate
with a6b4 integrin in stabilizing myelin, and its loss leads
to an age-dependent demyelination, although whether this
involves IFs is unclear. In lung alveolar cells, both DG and
plectin are involved in the transmission of mechanosignals
that activate the extracellular-signal-regulated kinases
ERK1/2 and 5′-adenosine monophosphate-activated ki-
nase (AMPK) pathways (Jones et al. 2005; Budinger et al.
2008). The role of IFs in such mechanosignals is not clear.
However, it is tempting to speculate that the keratin asso-
ciation of the DG/plectin-rich FAs in lung epithelial cells
enhances their stability, facilitates their ability to undertake
mechanosignaling, and might also help the cells to with-
stand the stretching and compressive forces to which they
are subject in the intact lung.

8 CONCLUSION

IFs play important roles in stabilizing cell–cell and cell–
matrix adhesions and, thereby, contribute to the mechan-
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ical and structural integrity of tissue. However, there are
emerging data indicating that interactions between IFs and
cell-surface proteins regulate other aspects of cell and tissue
organization and behavior. For example, mice engineered
to lack the entire keratin family die in utero. This is not
solely because of the roles played by IFs in supporting cell
integrity. Instead, the mice die from stunted growth attrib-
uted to a defect in glucose transport (Vijayaraj et al. 2009).
Specifically, the mice fail to localize the glucose transport-
ers GLUT1 and GLUT3 to the yolk sac apical membrane. In
humans, surface expression of the cystic fibrosis transmem-
brane conductance regulator (CFTR), an anion channel
and causative factor in cystic fibrosis, depends on an inter-
action with keratin-18 (Duan et al. 2012). Likewise, recruit-
ment of cytosolic nucleotide-binding oligomerization
domain-containing protein 2 (NOD2) to the plasma mem-
brane depends on an interaction with vimentin, and might
contribute to the pathogenesis of Crohn’s disease (Stevens
et al. 2013). Other curious examples from the cancer liter-
ature describe IF expression on the extracellular surface
affecting such processes as plasmin-mediated matrix deg-
radation (Pall et al. 2011; Kuchma et al. 2012). These de-
veloping stories indicate that, although the core function of
IFs is clearly mechanical support, IFs modulate cell signal-
ing and cell phenotype through their interactions with a
variety of plasma membrane proteins and complexes.
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Spurny R, Gregor M, Castañón MJ, Wiche G. 2008. Plectin deficiency
affects precursor formation and dynamics of vimentin networks. Exp
Cell Res 314: 3570–3580.

Stappenbeck TS, Green KJ. 1992. The desmoplakin carboxyl terminus
coaligns with and specifically disrupts intermediate filament networks
when expressed in cultured cells. J Cell Biol 116: 1197–1209.

Stevens C, Henderson P, Nimmo ER, Soares DC, Dogan B, Simpson
KW, Barrett JC, Wilson DC, Satsangi J. 2013. The intermediate fila-
ment protein, vimentin, is a regulator of NOD2 activity. Gut 62:
695–707.

Straub BK, Boda J, Kuhn C, Schnoelzer M, Korf U, Kempf T, Spring H,
Hatzfeld M, Franke WW. 2003. A novel cell–cell junction system: The
cortex adhaerens mosaic of lens fiber cells. J Cell Sci 116: 4985–4995.

Tsuruta D, Jones JCR. 2003. The vimentin cytoskeleton regulates focal
contact size and adhesion of endothelial cells subjected to shear stress.
J Cell Sci 116: 4977–4984.

Tsuruta D, Hopkinson SB, Lane KD, Werner ME, Cryns VL, Jones JCR.
2003. Crucial role of the specificity-determining loop of the integrin
b4 subunit in the binding of cells to laminin-5 and outside-in signal
transduction. J Biol Chem 278: 38707–38714.

Uitto J, Pulkkinen L, Smith FJD, McLean WHI. 1996. Plectin and human
genetic disorders of the skin and muscle. Exp Dermatol 5: 237–246.

Van den Bergh F, Eliason SL, Giudice GJ. 2011. Type XVII collagen
(BP180) can function as a cell-matrix adhesion molecule via binding
to laminin 332. Matrix Biol 30: 100–108.

Vasioukhin V, Bowers E, Bauer C, Degenstein L, Fuchs E. 2001. Desmo-
plakin is essential in epidermal sheet formation. Nat Cell Biol 3: 1076–
1085.

Vijayaraj P, Kroger C, Reuter U, Windoffer R, Leube RE, Magin TM. 2009.
Keratins regulate protein biosynthesis through localization of GLUT1
and -3 upstream of AMP kinase and Raptor. J Cell Biol 187: 175–184.
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