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Spectraplakins, an evolutionarily conserved 
spectrin subfamily
In most multicellular organisms, the cytoskeleton is composed 
of F-actin, microtubules (MTs), and intermediate filaments 
(IFs). Together, these filamentous networks orchestrate an inte-
grated cytoplasmic scaffold that functions in intracellular traf-
ficking, polarization, migration, adhesion, mechanical strength, 
and cellular shape. As such, it is not surprising that the cytoskel-
eton must be highly dynamic, able to remodel itself quickly 
during normal development and differentiation as well as in 
response to tissue injury. Spectraplakins function in these remod-
eling processes through their ability to cross-link and integrate 
different cytoskeletal networks with proteins that function in 
cell–cell interactions, motility, polarity, morphology, and mechani-
cal strength (Broderick and Winder, 2005).

Spectraplakins are evolutionarily conserved enormous 
(>500 kD), multifunctional cytoskeletal proteins that coordinate 

cytoskeletal elements through direct binding to different cyto-
skeletal networks. The spectraplakin family presently consists 
of only two mammalian genes, MACF1, encoding ACF7 (actin 
cross-linking factor 7)/MACF1 (MT and actin cross-linking 
factor 1), and Dst, encoding BPAG1 (bullous pemphigoid anti-
gen 1)/dystonin. The family also consists of a single gene in 
zebrafish, Magellan, a single Drosophila melanogaster gene, 
short stop (shot)/Kakapo, and a single gene in Caenorhabditis 
elegans, vab-10 (Fig. 1 and Table 1). Rather than creating  
diversity in gene number, spectraplakins generate diversity 
through differential promoter usage and differential splicing. 
Although unconventional in method, the ability to mix and 
match protein-interacting domains results in an incredibly rich 
repertoire of possible proteins able to selectively link and co-
ordinate an enormous array of biological functions within dif-
ferent cell types.

How did nature achieve this ingenious feat? Spectrapla-
kins evolved from the spectrin family of proteins, the most an-
cient of which is -actinin, present in fission but not budding 
yeast. The defining features of -actinin and other members of 
the spectrin superfamily are a calponin homology (CH) domain 
for calcium regulation, an EF-hand domain for direct calcium 
sensing/binding, and a series of so-called spectrin repeats (Fig. 1). 
Other members of the spectrin superfamily, including spec-
trins, dystrophin, and spectraplakins, appear to be restricted to 
metazoans (Bennett and Baines, 2001). The existence of spec-
traplakins can be traced back to lower metazoans; the genome 
of sponge, Amphimedon queenslandica, encodes a gene entitled 
LOC100639902 that seems to be a homolog of ACF7/MACF1.

Metazoans lack the robust, indestructible cell walls of 
plants and bacteria. Their tissues and cell types rely on flexible 
cell–cell contacts and cell–substratum adhesions for their 
proper morphology, function, and survival, and this requires 
an elaborate cellular infrastructure. Spectrin family proteins 
emerged to resolve these problems, allowing cells to adopt 
shape and polarity and thereby enabling them to organize into 
multicellular tissues. Along the way, they acquired a myriad of 
additional protein–protein- and protein–membrane-interacting 
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domains and isoforms, which endow family members with 
diverse cellular roles. Spectraplakin’s genes are typified by 
multiple tissue-specific promoters, large numbers of coding 
exons, and differentially spliced transcripts, resulting in a di-
versity of different isoforms, each with the ability to interact 
with different cytoskeletal and/or membrane components 
(Röper et al., 2002). In their divergence from -actinin, 
spectrins, and dystrophin genes, spectraplakin genes en-
dowed some of their encoded isoforms with abilities to bind 
to and dynamically regulate MTs as well as coordinate link-
ages between the cortical actin cytoskeleton and IFs (Röper 
et al., 2002).

Unique domain structure of spectraplakins
Actin-binding domains. Most spectraplakin isoforms 

harbor a conserved sequence motif in their N-terminal domain 
that is also found in the spectrins and which enables them to 
associate directly with the actin cytoskeleton. The F-actin–
binding domain consists of two CH domains, CH1 and CH2 
(Fig. 1), found in many other F-actin–binding proteins, in-
cluding filamins (Korenbaum and Rivero, 2002) and spectrins. 
The crystal structure of the F-actin–binding domain has been 
solved for the spectrin proteins dystrophin and utrophin and 
consists of a bundle of  helices arranged in a head-to-tail  
dimer (Keep et al., 1999).

Although CH1 alone can bind F-actin, affinity is greatly 
increased with addition of CH2 (Jefferson et al., 2004). The 
CH1-CH2 actin-binding domains of mammalian ACF7/MACF1 
and BPAG1 and Drosophila Shot spectraplakins bind to F-actin 
strongly and with similar dissociation constants (Yang et al., 1996; 
Karakesisoglou et al., 2000; Röper et al., 2002). The F-actin–
binding domain of BPAG1 also mediates homo- and heterodi-
merization (Geerts et al., 1999).

Some isoforms of BPAG1 and ACF7/MACF1 only have 
the CH2 domain. These isoforms have weaker F-actin inter-
actions than those carrying both CH1 and CH2 (Leung et al., 
1999b; Yang et al., 1999; Karakesisoglou et al., 2000).

Spectrin repeats. The presence of a large number of 
spectrin repeats is what classifies spectraplakins as members of 
the spectrin superfamily (Fig. 1). Each repeat consists of 106 
residues, which fold into three  helices. These helices have a 
heptad periodicity, characterized by a pattern of charged and 
hydrophobic residues, enabling them to fold into an antiparallel 
coiled coil (Jefferson et al., 2004).

The spectrin repeats are thought to endow these proteins 
with flexibility and enable them to respond elastically to ap-
plied extensions or mechanical forces. In addition, they act as 
a spacer region that separates the functional domains at the  
N and C termini. For -actinin, which functions as an F-actin 
cross-linker, the number of spectrin repeats determines the 

Figure 1. Mammalian and invertebrate spectraplakin isoforms. Seven 
types of functional domains can be found in this family of proteins:  
a calponin-type actin-binding domain composed of CH1 and CH2 regions, 
a plakin domain, an -helical spectrin repeat domain, PRDs, plectin repeats, 
an EF hand, and a GAR domain. The BPAG1a2 isoform contains a se-
quence coding for a highly conserved N-terminal transmembrane domain 
(TMD), and BPAG1a3 contains a sequence coding for a conserved myris-
toylation (myr) motif. BPAG1b, BPAG1e, and MACF1b contain a variable  
number of PRDs. PRDs are grouped into three classes termed A, B, and C, 

which are connected by a linker subdomain. The number of spectrin 
repeats and plectin repeats shown here are descriptive in nature and, in 
reality, vary between the spectraplakins. The structures shown of MACF1c 
and Shot B are predicted domain structures. Please note that this figure is 
not drawn to scale.
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EF hand and GAS2-related protein (GAR)  

domain. Within the 3 (C-terminal encoding) exons of 
spectraplakins are an EF-hand and a GAR domain (Fig. 1).  
EF-hand motifs are found in many members of the spectrin 
superfamily as well as in several unrelated proteins. These 
domains contain calcium-dependent EF hands proximally and 
calcium-independent EF hands distally. The calcium-dependent 
hands bind Ca2+, which, in spectrin, transforms the domain from 
a closed to open confirmation (Travé et al., 1995). The cal-
cium-independent EF hand of -spectrin amplifies the function of 
the F-actin–binding domain of its heterodimer binding partner, 
-spectrin (Korsgren and Lux, 2010). Interestingly, the muscle-
specific isoforms of the spectrin family lack the ability to bind cal-
cium through their EF hand, likely an evolutionary mechanism to 
protect the muscle architecture from the destabilizing effects of cal-
cium in muscle fiber contractions (Broderick and Winder, 2005).

In contrast, the GAR domain is restricted to the spectra-
plakins and is not found in other spectrin family members 
(Röper et al., 2002). Moreover, aside from the spectraplakins, 
the GAR domain has only been found in a few other proteins: 
GAS2 (growth arrest–specific protein 2), GAR17, and GAR22 
(International Human Genome Sequencing Consortium, 2001). 
The GAR domain of spectraplakins associates with and stabi-
lizes MTs, indicating that this domain evolved as a mechanism 
for spectraplakins to interact with MTs and link MTs to other 

spacing between actin filaments and hence the bundling of actin 
fibers. In dystrophin, the spectrin rod separates the F-actin–binding 
domain from the membrane-binding domain at the C terminus. 
The length of the rod domain is critical for optimal protein 
function: when even a few spectrin repeats are deleted in dys-
trophin, a mild form of muscular dystrophy results (Palmucci  
et al., 1994).

Although spectrin repeats have been thought to function 
predominantly as spacer regions within the spectrin family, an 
SH3 (Src homology-3) protein–protein-interacting domain re-
sides within the ninth spectrin repeat of -spectrin (Sonnenberg 
et al., 2007), raising speculation that this domain may have 
other, as yet undiscovered protein–protein interactions. Indeed, 
within the spectrin repeats of spectraplakins, such protein-
 binding functions have been described. Most notable is the  
existence of an ERM (erzin/radixin/moesin)-interacting domain 
within the spectrin repeat region of BPAG1a1/BPAG1n4 ex-
pressed by sensory neurons (Liu et al., 2003). Through the abil-
ity of ERM to bind to both BPAG1a1/BPAG1n4 and dynactin 
and through BPAG1a1/BPAG1n4’s additional ability to bind to 
the endosomal integral membrane protein retrolinkin, this spec-
traplakin isoform can act as an adapter to tether endosomal ves-
icles to dynactin/dynein, thereby facilitating retrograde vesicular 
transport and cytoplasmic trafficking within these neurons (Liu 
et al., 2003, 2007; Kakinuma et al., 2004).

Table 1. Spectraplakins and their isoforms

Isoform Tissue Description

BPAG1e; BPAG1 Major epithelial variant Contains plakin domain conserved in related plakin  
family of proteins; lacking functional actin-binding  
domain at N terminus

BPAG1a1; BPAG1n4 Major neuronal variant; predominantly in  
sensory neurons

Contains unique short N-terminal region mediating  
actin binding

BPAG1a2 Major neuronal variant; predominantly expressed  
in tissues affected in dt mice

Contains N-terminal transmembrane domain

BPAG1a3 Isoform 3 is not expressed in appreciable levels  
in the brain but is the primary isoform expressed  
in the lung

Contains N-terminal conserved myristoylation motif

BPAG1b1, b2, and b3 Predominant in muscle Similar to BPAG1a1–3 but contains a 2,000–amino acid  
sequence coding for a novel PRD domain before  
the spectrin repeats

ACF7/MACF1a1 Ubiquitously expressed Contains a 100-kb uncharacterized sequence between  
the first exon and exons encoding the first CH domain

ACF7/MACF1a2 Ubiquitously expressed
ACF7/MACF1a3 Ubiquitously expressed Contains only CH2 domain and lacks CH1
MACF1b Ubiquitously expressed with especially high levels  

in the lung; localizes to Golgi complex
Identical to MACF1a but contains a region with plectin  

or plakin repeats in the middle of the molecule
MACF1c Lacks N-terminal actin-binding domain
VAB-10A Restricted to fibrous organelles Resembles BPAG1e and ends with the PRD
VAB-10B Diffuse distribution in epidermis and muscle Resembles BPAG1a
Shot A Represents predominant isoform in central  

nervous system
Original shot isoform contains an actin-binding domain,  

a plakin domain, a series of spectrin repeats, and a  
GAR MT-binding domain

Shot B Localizes at cell–cell junctions in the zonula adherens  
in embryonic epidermis and follicle epithelium

Contains a long stretch of plakin repeats inserted between  
the plakin domain and the spectrin repeats; note that  
the presence of plakin repeats is surprising, given that  
in other organisms, this repeat mediates interaction with 
IFs and Drosophila do not have cytoplasmic IFs

Shot C – Lacks the first CH domain
Shot D – Lacks both CH domains
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expressed plakin encoded by the BPAG1 spectraplakin gene. 
Through its association with 4-integrin, BPAG1e links the 
keratin IF network to hemidesmosomal cell–ECM junctions to 
strengthen the mechanical integrity at the base of the epider-
mis (Guo et al., 1995; Koster et al., 2003). Plectin plays a sim-
ilar role, in which the plakin domain was shown to interact 
specifically not only with 4-integrin but also with the cytoplas-
mic domains of another hemidesmosomal protein, transmem-
brane collagen XVII (BPAG2; Rezniczek et al., 1998; Koster 
et al., 2003). Analogously, the plakin protein desmoplakin links the 
desmosomal cell–cell junctions to the IF network in muscle and 
epidermis (Stappenbeck et al., 1993; Kouklis et al., 1994). Other 
human plakin members include periplakin, envoplakin, and epipla-
kin (Röper et al., 2002). In contrast to spectraplakins, plakins have 
not been found in Drosophila and C. elegans, suggesting that they 
evolved from spectraplakins (Leung et al., 2002). For the spectra-
plakins BPAG1n3 and ACF7/MACF1, a weak MT-binding domain 
has been identified within this region, and their interactions render 
MTs resistant to depolymerization by drugs and cold (Fig. 2; Yang 
et al., 1999; Karakesisoglou et al., 2000).

Plakin repeat domain (PRD). PRDs are unique to 
the plakin family and a few spectraplakin isoforms. The PRD 
contains a conserved central core region known as the plectin 
module, which is flanked by less-conserved linker sequences of 
variable lengths (Janda et al., 2001). The plectin module is a glob-
ular domain composed of 4.5 tandem repeats of 38 amino acid 
residues, called the plectin repeat (Janda et al., 2001; Jefferson 
et al., 2004). The 38 residues form a -hairpin followed by two 
antiparallel  helices (Choi et al., 2002). Envoplakin has one 
PRD (Ruhrberg et al., 1996), desmoplakin has three (Green et al., 
1990), plectin has six (Janda et al., 2001), and epiplakin has thir-
teen (Fujiwara et al., 2001). Among the spectraplakins, some 
BPAG1 isoforms have up to two, whereas MACF1b has five 
(Fig. 1). These domains confer the ability of these proteins, in-
cluding plectin, periplakin, envoplakin, BPAG1, and desmo-
plakin, to interact with IFs (Wiche et al., 1993; Nikolic  
et al., 1996; Yang et al., 1996; Leung et al., 1999a; Choi et al., 

components of the cytoskeletal network (Fig. 2; Leung et al., 
1999b; Sun et al., 2001; Lee and Kolodziej, 2002). Moreover, 
the C-terminal GAR domain encoded by the Drosophila Kakapo/
Shot gene can interact with EB1, a protein which binds to the 
growing (i.e., plus) ends of cytoplasmic MTs (Subramanian et al., 
2003). Interestingly, deletion of the GAR domain in the GAS2 
protein causes apoptotic-like rearrangements of the actin cyto-
skeleton (Brancolini et al., 1995), leaving open the possibility 
that this domain could have multiple functions.

The plakin domain. The other signifying feature of 
spectraplakins is their plakin domain. Protein analysis of this 
domain, using tools such as SMART (Schultz et al., 1998) and 
Pfam (Sonnhammer et al., 1997), suggests that it originated 
from spectrin repeats (Röper et al., 2002; Jefferson et al., 2004). 
This has been confirmed by the crystal structures for the plakins 
of two other proteins with such domains, BPAG1 (Jefferson  
et al., 2007) and plectin (Sonnenberg et al., 2007; Ortega et al., 
2011). Interestingly, the plakin domain is composed of six to nine 
spectrinlike repeats organized in a tandem array with an SH3 
protein–protein-interacting domain embedded within the fifth 
spectrin repeat (Sonnenberg et al., 2007; Choi and Weis, 
2011). These remarkable structural similarities suggest that 
plakin domains are evolutionarily derived from spectrins.

Proteins that contain plakin domains typically bind to 
membrane-associated junctional proteins (Jefferson et al., 
2004). This feature holds not only for the spectraplakins but 
also a second family of plakin proteins that have an N-terminal 
plakin domain but do not contain spectrin repeats or the  
MT-interacting GAR domains. These plakins instead have a 
long central coiled-coil rod domain for dimerization and a 
C-terminal segment known as the plectin repeat domain 
(Janda et al., 2001; Jefferson et al., 2004). Such plakins are 
often expressed in tissues that experience mechanical stress 
(i.e., muscle and epithelia).

Although spectraplakins coordinate dynamic MT functions, 
plakins evolved as adaptors that link the IF cytoskeleton and  
membrane–protein complexes to adhesive junctions (Jefferson 
et al., 2004). An example is the isoform BPAG1e, an epidermally 

Figure 2. The binding partners of full-length ACF7/MACF1. 
A schematic diagram that shows multiple domains of the full-
length ACF7/MACF1 and their functions. ACF7/MACF1 
binds to F-actin at the N-terminal CH actin-binding domain. 
F-actin binding of ACF7/MACF1 mediates FA turnover and 
keratinocyte migration in epidermal wound repair. ACF7/
MACF1 links actin with rapsyn, which anchors Ach recep-
tors to the actin cytoskeleton. The plakin domain has been 
shown to have weak MT-binding activity. EF-hand Ca2+-bind-
ing activity is responsible for ACF7/MACF1 binding to MT + 
TIP protein EB1 and, along with GAR domain, mediates 
ACF7/MACF1 binding to MTs. The C terminus contains the 
phosphorylation site of GSK3-. ACF7/MACF1 binding to 
MTs is important for targeting MTs to FAs. Phosphorylation 
of ACF7/MACF1 uncouples MT binding. Coordination of 
ACF7/MACF1 binding to MTs is important for polarizing 
epithelial stem cells in wound repair.
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Yang et al., 1999; Lee et al., 2000). Based on RT-PCR and 
rapid amplification of cDNA ends, these isoforms are thought 
to have the C-terminal exon sequences of BPAG1e, namely a 
plakin, rod, and PRD domain, consistent with the domain 
structure of the plakin family of proteins. Such isoforms are 
predicted to link the neurofilament IF cytoskeleton to corti-
cal actin lining the axon (Yang et al., 1996; Leung et al., 1999a). In 
contrast, the transcription start site encoding neuronal BPAG1n3 
begins within the F-actin–binding domain and was otherwise 
thought to resemble BPAG1n1 and n2. Biochemical analyses 
further indicated that the BPAGn3 N-terminal half indeed lacks  
F-actin binding, but, with its weak MT-binding activity, this iso-
form along with BPAG1n1 and n2 appears to endow these sensory 
neuronal plakins with the combined potential to integrate all three 
cytoskeletal networks (Fig. 1; Yang et al., 1999).

Subsequent studies led to the identification of what appears 
to be spectraplakin sensory neural BPAG1 isoforms that are more 
robustly expressed than the BPAG1 neuronal plakins (Leung  
et al., 2001a; Young and Kothary, 2007). The three identified 
thus far, namely BPAG1a1/BPAG1n4, BPAG1a2, and BPAG1a3, 
are derived from the same N-terminal exons of BPAG1n1–3, 
respectively. In these cases, however, their C-terminal segments 
are derived from the exons encoding the spectrin repeat region 
and downstream EF hands and GAR domain (Fig. 1; Leung et al., 
2001b; Jefferson et al., 2006).

The presence of the GAR domain, which mediates consid-
erably stronger MT binding than the plakin domain (Sun et al., 
2001), confers new functions for these isoforms. In addition to 
the aforementioned vesicular transport and cytoplasmic traffick-
ing roles ascribed to BPAG1n4, these other spectraplakins have 
the ability to function in stabilizing the long MTs of the neuronal 
axons by tethering to the cortical actin network (BPAG1a2) and 
by interconnecting MTs (BPAG1a3). Finally, an additional study 
suggests that BPAG1e has isoforms BPAG1eA, BPAG1eS, and 
BPAG1eB that exist in muscle (Okumura et al., 2002). Collec-
tively, the BPAG1 gene encodes a diverse array of plakin and 
spectraplakin isoforms, and, with >80 different exons, there are, 
no doubt, additional BPAG1 isoforms awaiting characterization.

The vab-10 locus in the nematode C. elegans generates 
two sets of isoforms from a common 5 start site but different 
3 regions resulting from alternate splicing (Fig. 1 and Table 1; 
Bosher et al., 2003). VAB-10A has a C terminus with plakin 
repeats, and VAB-10B has a C terminus with spectrin repeats. 
The two isoforms have different distributions in the epidermis. 
VAB-10A is essential for epidermis–ECM attachment, similar 
to BPAG1e; however, VAB-10B maintains a connection be-
tween the apical and basal epidermis and plasma membranes 
during morphogenesis, more similar to the Drosophila spectra-
plakin Shot (Gregory and Brown, 1998; Bosher et al., 2003). 
In line with these functions, VAB-10A closely resembles plec-
tin and BPAG1e, whereas VAB-10B is more similar to ACF7/
MACF1 and BPAG1a (Bosher et al., 2003).

Functions of spectraplakin proteins  
in invertebrate animals
As outlined in the previous section, Drosophila and C. elegans 
both contain a single spectraplakin gene, shortstop (shot)/kakapo 

2002; Karashima and Watt, 2002; Fontao et al., 2003; Lapouge 
et al., 2006).

The PRDs of BPAG1e have been shown to bind to IFs, 
linking them to hemidesmosomes (Guo et al., 1995). Similarly, 
the nematode plakin VAB-10A has been shown to affect the sta-
bility of IFs in fibrous organelles, an analogous structure to 
hemidesmosomes in C. elegans (Bosher et al., 2003). The PRDs 
of desmoplakin have also been shown to bind to IFs, linking 
them to hemidesmosomes and desmosomes (Choi et al., 2002). 
For plectin, IF binding seems to be mediated by the linker re-
gion between PRD 5 and 6 rather than the PRDs themselves 
(Nikolic et al., 1996).

Interestingly, Drosophila lacks cytoplasmic IFs, but they do 
have Kakapo/Short Stop, which contains conserved plectin repeats 
(Röper et al., 2002; Röper and Brown, 2003). The plectin repeats 
in the invertebrate spectraplakins are not organized into the groups 
of 4.5 tandem repeats that are so well conserved in the plakins, sug-
gesting that they do not form the same PRD globular domain struc-
ture (Röper et al., 2002). Together, these features suggest that the 
PRD may have functions that extend beyond IF binding. Plectin 
has also been reported to bind not only IFs but also F-actin and 
MTs, even though it lacks the classical CH1/CH2 actin-binding 
domains or the GAR MT-binding domains of the spectraplakins 
(Foisner and Wiche, 1991; Janda et al., 2001).

Spectraplakins: Few genes, many isoforms
Although the number of spectrin family genes in the genome is 
limited, different tissue-specific promoters and alternative splic-
ing have evolved to generate a variety of cytoskeletal binding 
proteins to fit the demands of a range of tissues (Table 1). Dif-
ferent transcription start sites in spectraplakin genes result in at 
least four different N termini in the single encoded Drosophila 
spectraplakin Shot and in mammalian BPAG1. At least three 
start sites are present in the other mammalian spectraplakin 
gene encoding the ACF7/MACF1 proteins (Fig. 1 and Table 1; 
Röper et al., 2002). In addition to altering their cytoskeletal as-
sociations, the alternate start sites also confer tissue specificity 
(Table 1). Drosophila Shot isoforms A and B, which contain 
full F-actin–binding domains, are expressed in the central ner-
vous system, whereas isoforms C and D are not (Lee et al., 2000). 
BPAG1e is specific to the skin epidermis, whereas BPAG1a1 
(also referred to as BPAG1n4) is highly expressed in the periph-
eral nervous system, and BPAG1b is specific to the muscle 
(Yang et al., 1996; Leung et al., 2001b; Groves et al., 2010; 
Steiner-Champliaud et al., 2010). Mammalian ACF7/MACF1 
is also expressed broadly, including the central nervous system 
and the epidermis (Karakesisoglou et al., 2000).

Differential splicing of transcripts from the Dst/BPAG1 
gene has led to several additional fascinating cytoskeletal 
linker proteins. Depending on promoter usage, the BPAG1 
gene has been shown to be expressed in the epidermis, periph-
eral nervous system, and muscle, with tissue-specific patterns 
and roles for different isoforms. The first mammalian BPAG1 
isoforms reported were BPAG1e followed by BPAG1n1 and n2. 
The two BPAG1n isoforms are derived from distinct neuronal 
transcriptional start sites that produce different short peptides 
preceding the F-actin–binding domain (Bernier et al., 1996; 
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Functions of spectraplakins  
in vertebrate animals
The presence of two spectraplakin genes in the mammalian 
genome has allowed for additional diversification of cytoskel-
etal dynamics, a feature exploited by these higher organisms. 
Like their invertebrate counterparts, mammalian spectrapla-
kins display their most essential functions in muscle, neurons, 
and skin epithelium, i.e., tissues which maintain elaborate yet 
dynamic cytoskeletal networks (Röper et al., 2002; Bosher  
et al., 2003; Jefferson et al., 2004; Wu et al., 2008). For exam-
ple, mice lacking BPAG1 display skin blistering and sensory 
neuron and muscle degeneration, with each cell type manifest-
ing gross defects in cytoskeletal organization. Termed dystonia 
musculorum (dt/dt), Dst/BPAG1 mutant mice begin to display 
defect features at birth, and by the second week of life, signs 
of global sensory neuron degeneration and loss-of-limb co-
ordination become striking (Duchen et al., 1964; Brown et al., 
1995; Guo et al., 1995). Dst/BPAG1 knockout mice also dis-
play marked accumulation of intracellular vesicles in sensory 
neurons and severely disrupted retrograde transport (Guo et al., 
1995; Liu et al., 2003).

Ultrastructural analysis of dt/dt dorsal root ganglion re-
vealed disorganized neurofilaments and a disrupted MT net-
work (Dalpé et al., 1998). Loss of BPAG1 in dt/dt neurons 
results in short, disorganized, unstable MTs defective in axonal 
transport (Yang et al., 1999). Increasing evidence suggests that 
despite the presence of neurofilament aggregates in the degen-
erating axons of Dst/BPAG1-null mice and the ability of some 
BPAG1 isoforms to bind neurofilaments (Yang et al., 1996), 
these interactions do not contribute to the dt/dt phenotype. Thus, 
mice lacking neurofilaments appear to be phenotypically nor-
mal, and, when these mice are crossed with the Dst/BPAG1 
knockout mouse, the resultant double knockout mice are indis-
tinguishable phenotypically from the Dst/BPAG1 single knock-
out (Yang et al., 1999). These findings suggest that a key function 
of BPAG1 is to orchestrate the organization and stabilization of 
the MT network of sensory neurons to maintain axonal trans-
port (Yang et al., 1999; Liu et al., 2003). In summary, these data 
point to the critical functions of additional BPAG1 isoforms in 
the nervous system.

Another contributor to the neuronal phenotype of the dt/dt 
mice is BPAG1a2, which associates with the ER (Young and 
Kothary, 2008). F-actin strongly associates with BPAG1a2,  
expressed in Cos-1 cells, at the ER, and expression of an ER 
chaperone protein is altered in dt/dt sensory neurons. Young 
and Kothary (2008) have posited that BPAG1a2 links actin 
filaments to the ER membrane, likely through its N-terminal 
actin-binding domain, and that this functions critically in main-
taining neuronal integrity. Loss of expression of BPAG1a2  
results in ultrastructural defects at the ER in sensory neurons and 
in vivo induction of ER stress proteins, leading to neurodegenera-
tion through induction of a proapoptotic caspase cascade (Ryan 
et al., 2012b). Moreover, BPAG1a2 contains a transmembrane 
region responsible for targeting the protein to the perinuclear 
region of the cell, and this isoform may be involved in cytoskel-
etal organization and membrane attachment in the region of the 
nucleus (Young et al., 2006).

and vab-10, respectively, and both genes have two major iso-
forms. Genetic analyses of vab-10 mutants reveal that VAB-10A 
is an essential component of fibrous organelles, which mediate 
muscle connection to the cuticle across the epidermis in C. elegans 
(Bosher et al., 2003). With loss of VAB-10A, the number of  
fibrous organelles is reduced, and the epidermis cannot attach to 
the underlying basement membrane enriched in ECM proteins. 
In contrast, loss of VAB-10B results in increased epidermal 
thickness. It has been proposed that VAB-10B may protect cells 
from mechanical shearing forces generated within a cell, and, 
given VAB-10B’s conserved actin- and MT-binding domains, 
it seems likely that VAB-10B attaches cortical actin and an-
chors it to the MT network (Bosher et al., 2003). In this model, 
isoform VAB-10A protects against external forces, whereas 
VAB-10B protects against internal forces within the epidermis. 
VAB-10B also functions in direct nuclear migration and gonadal 
distal tip cell migration in C. elegans by regulating the polar-
ized alignment of MTs (Kim et al., 2011).

Mutations in Drosophila shot result in a wide variety  
of cellular and tissue defects. These include perturbations  
in actin–MT organization, cell–cell adhesion and integrin-
 mediated epidermal attachment to muscle (Röper and Brown, 
2003), developmental aberrations in the foregut and tracheal 
tubes (Lee et al., 2003), defects in neuronal growth, defects 
in formation and maintenance of tendon cells, and defects  
in MT association with the fusome during oogenesis (Röper 
and Brown, 2004).

The actin- and MT-binding domains of Shot are essen-
tial for axon extension; mutant Shot axons navigate along the 
sensory axon substrate but then terminate prematurely (Lee  
et al., 2000; Sanchez-Soriano et al., 2009). The actin-binding 
CH domain is essential for Shot function in the nervous sys-
tem but dispensable in tendon cells (Bottenberg et al., 2009). 
Similarly, the plakin domain of Shot is necessary for compart-
mentalization in neurons and axonal growth but is not essen-
tial in tendon cells (Bottenberg et al., 2009). It is possible that 
Shot plays a role in targeting MTs from the apical to basal 
surface during tendon cell development. Shot has been shown 
to associate with EB1 and APC1 (Subramanian et al., 2003), 
and these molecules are known to regulate cortical targeting 
of MTs. Tendon cells have highly organized arrays of stable 
MTs, and it is also possible that Shot may mediate this organi-
zation via stabilizing and bundling MTs, a known function of 
ACF7/MACF1 (Sun et al., 2001).

Shot also regulates filopodia formation. Interestingly, this 
function is not dependent on Shot binding to F-actin but instead 
reliant on its EF-hand motifs (Sanchez-Soriano et al., 2009). 
Sanchez-Soriano et al. (2009) show that Shot EF-hand motifs 
interact with a translational regulator, Kra/eIF5C. They have 
proposed that this interaction might lead to local translation 
events that influence subcellular concentrations of actin and 
actin regulators, which could govern polarized induction of new 
filopodia. Lastly, Shot is enriched between adherens junctions 
and the apical side of MTs in developing Drosophila photo-
receptors at the zone known as the rhabdomere terminal web. 
It is thought that Shot acts as an actin–MT cross-linker during 
photoreceptor morphogenesis (Mui et al., 2011).
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protein (+TIP) that mediates cortical interactions through asso-
ciation of MT ends with the actin cytoskeleton and the plasma 
membrane (Akhmanova and Steinmetz, 2008; Gupta et al., 
2010). Moreover, ACF7/MACF1 directly binds the +TIP pro-
tein EB1 and exhibits EB1-dependent plus-end tracking of MTs 
in vivo (Fig. 2; Slep et al., 2005).

In MACF1-null primary endodermal cells, extending MTs 
fail to coalign with F-actin at the plasma membrane (Kodama  
et al., 2003). In HeLa cells, ACF7/MACF1 is required for the 
cortical localization of MT tip-binding protein CLASP2, sug-
gesting that ACF7/MACF1 has a role in MT stabilization and 
cell motility (Drabek et al., 2006). The consequences of loss of 
ACF7/MACF1 are less-stable, long MTs with skewed cytoplas-
mic trajectories. This is disastrous for the developing mouse 
embryo, where the full ACF7/MACF1 knockout causes pre-
implantation lethality (Kodama et al., 2003).

In mammalian cells, F-actin bundling provides stabilizing 
forces for capture, growth, and guidance of MTs (Kaverina  
et al., 2002; Kodama et al., 2003). ACF7/MACF1 deficiency 
compromises the growth of MTs along F-actin to focal adhe-
sions (FAs), thus impairing FA dynamics (Fig. 2; Wu et al., 
2008). ACF7/MACF1’s effect on FA dynamics in epidermal 
cells is reliant on these polarized MTs that are stabilized by the 
underlying actin fibers. The stabilized MTs at sites of FAs are 
thought to serve as macromolecular tracks to deliver factors 
such as dynamin that promote FA turnover (Kaverina et al., 
1998, 1999; Krylyshkina et al., 2002, 2003; Ezratty et al., 2005). 
Thus, when ACF7/MACF1 is missing and MT ends that nor-
mally converge at peripheral FA are unable to do so, FAs become 
highly stabilized and refractile to the normal dynamics required 
for efficient cell migration (Wu et al., 2008).

Exactly how ACF7/MACF1 functions in targeting plus-
ended MT growth along actin fibers to polarized FAs is still 
not fully clear. However, ACF7/MACF1’s binding domains 
for F-actin, MTs, and MT plus-end proteins are not sufficient to 
rescue the defects in FA cytoskeletal dynamics and migration 
functions of ACF7/MACF1-null keratinocytes in vitro. One 
additional element in this equation is an intrinsic actin-regulated 
ATPase domain in ACF7/MACF1 (Wu et al., 2008). Although 
further experiments will be required to define its precise role,  
it might help to maintain essential +TIP proteins at the plus 
ends of MTs during their coordinated growth along F-actin.

A related cellular process that relies on ACF7/MACF1 is 
the transport of vesicles from the TGN to the cell periphery 
along cytoskeletal tracks (Kakinuma et al., 2004). Kakinuma  
et al. (2004) showed that the TGN protein p230, which is anchored 
to TGN membranes, interacts with ACF7/MACF1, allowing for 
transport of glycophosphatidylinositol-anchored proteins along 
the MT and actin cytoskeleton.

ACF7/MACF1 isoforms are broadly expressed and pres-
ent early in embryonic development. In the epidermis, BPAG1e 
and ACF7/MACF1 are both expressed in the basal keratino-
cytes, and, yet, loss of each of these genes in epidermis leads to 
very different abnormalities, most likely a result of the distinct 
isoforms expressed by these genes. Whether the severe pheno-
types in the nervous system and muscle lacking BPAG1 or 
ACF7/MACF1 are also reflective of isoform-specific functions 

A recently uncovered function of BPAG1a2 in protein 
trafficking has been identified. BPAG1a2 associates with MT-
associated protein 1B around the centromere, promoting MT 
acetylation. Stabilized MTs maintain the cis-Golgi, promoting 
anterograde trafficking of motor proteins (Ryan et al., 2012a). 
These findings suggest that spectraplakins may mediate axo-
nal transport by regulating organelle organization. Although 
it is clear that BPAG1a2 and BPAG1a1/1n4 are vital players 
in sensory neurons, many questions still remain regarding the 
full repertoire of BPAG1 isoforms in the sensory nervous sys-
tem, their localizations and interactions, and their relative im-
portance in understanding the neuronal degeneration seen in 
dt/dt mutant mice.

In the epidermis, loss of BPAG1e imparts a selective fra-
gility to the base of the columnar basal cells. Upon mechanical 
pressure, the cells break, leading to internal cell degeneration, 
resulting in blisters and compromised wound healing (Guo  
et al., 1995). The epidermal-specific features of the dt/dt mu-
tant mice resemble those of bullous pemphigoid, a human dis-
order in which patients produce autoantibodies against BPAG1 
(Labib et al., 1986; Mueller et al., 1989; Diaz et al., 1990). 
Autoantibodies produced in this disorder are targeted to a pro-
tein region specific to BPAG1e and not found in the neuronal 
isoforms (Guo et al., 1995). Additionally, a BPAG1e-specific 
mutation has been found in humans with an inherited skin fra-
gility disorder (Groves et al., 2010). This mutation within the 
coiled-coil domain of BPAG1e is associated with loss of the 
hemidesmosomal inner plaque but not the outer plaque. Anal-
ogous to the skin blistering seen in BPAG1-null epidermis 
(Guo et al., 1995), this resulted in an intraepidermal fragility 
of the basal cells and an autosomal recessive form of epider-
molysis bullosa simplex (Groves et al., 2010; Liu et al., 2012). 
Most cases of epidermolysis bullosa simplex are autosomal 
dominant and involve dominant-negative mutations in kera-
tins 5 and 14, the basal keratins constituting the IF network that 
binds to both hemidesmosomes and desmosomes within this 
layer (Fuchs and Cleveland, 1998).

Hamill et al. (2009) showed that BPAG1e is an essential 
component of the signaling pathway in which 4-integrin deter-
mines front-to-rear cell polarity and processivity of cell migra-
tion. Moreover, loss of BPAG1e leads to decreased activity of 
Rac1 and cofilin and to the amount of Rac1 that associates with 
4-integrin in keratinocytes. Overexpression of constitutively 
active Rac1 or cofilin can rescue the polarity defects in BPAG1e 
mutant cells (Hamill et al., 2009). In wild-type (WT) kerati-
nocytes, BPAG1e, Rac1, and cofilin are recruited to the lead-
ing edges, causing localized remodeling of the actin network, 
lamellipodia formation, and promoting cell migration (Hamill 
et al., 2009).

Among spectraplakins, mammalian ACF7/MACF1 has 
been the most extensively studied with regards to cytoskeletal 
coordination. Originally named for its function as an actin cross-
linking factor, ACF7 plays a major role in integrating coordinated 
MT and actin dynamics in mammalian cells and hence has also 
been referred to as MACF1 (MT–actin cross-linking factor 1). 
ACF7/MACF1 enhances MT–actin colocalization in vitro 
(Leung et al., 1999b). ACF7/MACF1 is an MT plus-end–tracking 
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underlying ECM substratum (Wu et al., 2011). Together, 
these findings suggest that ACF7/MACF1 regulates migra-
tion by promoting FA dynamics through its ability to coordi-
nate MT/F-actin dynamics.

In addition to promoting cell motility, ACF7/MACF1 also 
participates in establishing proper cellular polarity during skin 
wound repair. Wu et al. (2011) showed that GSK3- directly phos-
phorylates ACF7/MACF1, further substantiating the link between 
Wnt signaling and ACF7/MACF1. Moreover, GSK3- phosphory-
lation of sites within the MT-binding domain of ACF7/MACF1 
uncouples its ability to bind to MTs. Thus, when localized Wnt sig-
naling occurs upon wounding, the polarized inhibition of GSK3- 
enables ACF7/MACF1–MT binding to be stabilized at the mi-
grating front of the stem cells streaming from hair follicles during 
wound repair. Mutagenesis experiments reveal that functional 
ACF7/MACF1, but not GSK3-–refractile ACF7/MACF1, is able 
to restore polarized MT growth and stem cell migration to MACF1-
null backskin (Wu et al., 2011). Collectively, these findings suggest 
that ACF7/MACF1 may facilitate directed migration of bulge stem 
cells in response to wounding through its ability to coordinate MT 
dynamics and polarization of hair follicle stem cells (Fig. 2). Con-
sistent with these findings, it has been shown that ErbB2-induced 
repression of GSK3- is required for MT capture and targeting of 
ACF7/MACF1 to the plasma membrane in breast carcinoma cells 
(Zaoui et al., 2010).

Another interesting and novel dimension to the multifac-
eted functions of spectraplakins comes from studies on Magellan, 
the single spectraplakin found in zebrafish (Dosch et al., 2004). 
During oogenesis, this fish spectraplakin plays a critical role in 
the formation of the animal vegetal axis (Gupta et al., 2010). 
The Balbiani body, a transient structure composed of organelles 
including mitochondria, ER, and Golgi, is the first marker of 
asymmetry in the fish oocyte. In Magellan mutants, the Balbiani 
body is abnormally large and does not localize to the oocyte 
cortex as it does in the WT (Gupta et al., 2010). Magellan could 
directly regulate Balbiani size and localization through binding to 
cytoskeletal elements within the Balbiani body. Alternatively, 
loss of Magellan could impair MT network stability and indi-
rectly prevent Balbiani body localization to the vegetal cortex 
of the oocyte (Gupta et al., 2010). Moreover, the nucleus in the 
mutant oocyte is asymmetrically localized. This is interesting 
given that ACF7/MACF1a3 has been shown to localize to the 
outer nuclear envelope and may have a role in tethering the 
nucleus to the MT network (Gupta et al., 2010).

Conclusion and prospects
The research on spectraplakins over this past decade has cata-
pulted this fascinating group of multifunctional cytoskeletal 
linker proteins to the forefront of proteins that function in such 
diverse processes as cell migration, cell signaling, tissue integrity 
and maintenance, and axonal extension. Spectraplakins contain 
domain structures related to two protein superfamilies, spec-
trins and plakins. The complex gene structure allows for a 
diverse array of promoter usage and exon splicing, yielding a 
plethora of context-, cell type–, and temporally specific ways of 
assembling functional domains to suit the specific cytoskeletal–
junctional requirements of polarized cells within multicellular 

or whether they are attributable to differences in temporal or 
cell type–specific expression patterns is not yet fully resolved.

Another interesting twist for ACF7/MACF1, not yet shown 
for any of the BPAG1 isoforms, is a role in the Wnt signaling path-
way (Chen et al., 2006). In one strain, MACF1/ embryos formed 
a neural plate but not a primitive streak, node, or mesoderm (Chen 
et al., 2006). This phenotype was very similar to that described for 
loss of Wnt3, the earliest-acting Wnt in mammals (Liu et al., 1999), 
and for loss of the Wnt coreceptors LPR5 and LPR6 in LRP5/6 
double knockout embryos (Kelly et al., 2004). Chen et al. (2006) 
provided evidence suggesting that ACF7/MACF1 can bind to 
Axin, a component of the APC–Axin–GSK3-–-catenin com-
plex, which normally promotes -catenin phosphorylation 
and degradation and prevents Wnt signaling. By binding to Axin, 
Chen et al. (2006) surmise that ACF7/MACF1 might be a positive 
regulator in translocating Axin to Wnt receptors Fzd/LRP5/6 at 
the cell membrane and sequestering GSK3- kinase activity and 
stabilizing -catenin. T cell factor/-catenin transcription assays 
are in agreement with this notion.

Goryunov et al. (2010) underscored the importance of ACF7/
MACF1 in nervous system development by generating a condi-
tional knockout (cKO). MACF1 cKO brains displayed disorganized 
cerebral cortex, heterotopia of the hippocampal pyramidal layer, 
aplasia of the corpus callosum, anterior and hippocampal commis-
sures, altered shapes of the lateral ventricles, and hypotrophic thal-
amocortical fibers. Mutant forms of ACF7/MACF1c that lack 
the actin-binding domain cannot compensate for loss of ACF7/
MACF1a, arguing that the actin-binding capacity of ACF7/MACF1 
is essential in the brain. Consistent with this notion, the MACF1a 
cKO phenotype is accompanied by defects in cell-autonomous 
migration and noncell-autonomous guidance (Goryunov et al., 
2010). Loss of ACF7/MACF1 also results in a 25–35% decrease in 
axon length (Sanchez-Soriano et al., 2009), and the defects in axon 
outgrowth suggest that axon guidance is also disrupted in these 
animals (Goryunov et al., 2010).

ACF7/MACF1 may also play a role in the peripheral ner-
vous system. Results from in vitro cotransfection experiments 
suggest that acetylcholine receptors are anchored to the mem-
brane in mammalian skeletal muscle via binding to rapsyn, which 
interacts with the actin-binding domain of ACF7/MACF1, tether-
ing acetylcholine receptors to the actin cytoskeleton (Antolik et al., 
2007). Whether this may also be a function of BPAG1 isoforms 
remains to be addressed.

Wu et al. (2008, 2011) elucidated the function of ACF7/
MACF1 in mammalian skin by specifically deleting the MACF1 
gene in skin epidermal cells. MACF1 cKO animals showed no 
gross morphological changes in skin or hair coat; however, 
when challenged to respond to injury, cKO skin exhibited a sig-
nificant delay in repairing full-thickness wounds. The delayed 
wounding response is rooted in impaired epidermal migration, 
as also indicated by monolayer scratch assays performed on 
cultured primary keratinocytes isolated from cKO backskin and 
WT littermate controls (Fig. 2). Moreover, knockout keratino-
cytes displayed 60% decreased mean speed on a fibronectin 
matrix as compared with WT keratinocytes (Wu et al., 2008). 
This aberrant migration seen in MACF1-null keratinocytes 
results from more stable FAs and enhanced adherence to the 
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organisms. Thus, the relative paucity of spectraplakin genes is 
compensated for by the richness of their encoded isoforms.

Defects in spectraplakins have led to an array of different 
degenerative disorders, and, yet, defects in coordinated cytoskel-
etal dynamics and cellular polarity are also features of tumorigen-
esis. In this regard, it may be noteworthy that serum BPAG1 
autoantibody has been identified as a novel marker for human 
melanoma (Shimbo et al., 2010). Although initially established as 
a gene expressed by keratinocytes, BPAG1 is now known to be 
expressed in many cell types, including mouse F10 and human 
(AA375 and G361) melanoma cell lines and tumors as well as 
normal human melanocytes (Shimbo et al., 2010). Which BPAG1 
isoforms are expressed by melanocytes, how this might change in 
melanoma, and whether there is a direct relevance between loss 
of BPAG1 and melanoma progression await future explorations.

Although ACF7/MACF1 has not been implicated in tumor-
igenesis, recent studies suggest it may nevertheless play a role 
in human cancer. In a comprehensive mutational analysis of 
human cancer, ACF7/MACF1 was identified as a candidate 
cancer gene in breast cancer (Sjöblom et al., 2006). It is impor-
tant to note that the identification by Sjöblom et al. (2006) of 
new genes has been questioned after reanalysis of their data 
with different statistical methods and background mutation 
rate assumptions (Rubin and Green, 2007). That said, a more 
recent study detected alternative exons in ACF7/MACF1 tran-
scripts of adenocarcinoma tumors from patients with nonsmall 
cell lung carcinoma (Misquitta-Ali et al., 2011). Given ACF7/
MACF1’s reported function in the Wnt signaling pathway, it 
will be interesting to see whether the increased inclusion of 
the alternative exon contributes to the altered Wnt signaling 
often associated with lung cancer. With their exceptional size, 
domain modularity, and isoform variability, spectraplakins 
harbor the diversity that it takes not only to govern normal cel-
lular processes but in addition to create a variety of abnormal 
phenotypes when mutated. Further study of spectraplakins is 
likely to continue to unravel interesting and exciting new func-
tions in both physiological and pathological settings.
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