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Abstract
The mammalian striatin family consists of three proteins, striatin, S/G2 nuclear autoantigen, and
zinedin. Striatin family members have no intrinsic catalytic activity, but rather function as
scaffolding proteins. Remarkably, they organize multiple diverse, large signaling complexes that
participate in a variety of cellular processes. Moreover, they appear to be regulatory/targeting
subunits for the major eukaryotic serine/threonine protein phosphatase 2A. In addition, striatin
family members associate with germinal center kinase III kinases as well as other novel
components, earning these assemblies the name striatin-interacting phosphatase and kinase
(STRIPAK) complexes. Recently, there has been a great increase in functional and mechanistic
studies aimed at identifying and understanding the roles of STRIPAK–like complexes in cellular
processes of multiple organisms. These studies have identified novel STRIPAK or STRIPAK-like
complexes and have explored their roles in specific signaling pathways. Together, the results of
these studies have sparked increased interest in striatin family complexes because they have
revealed roles in signaling, cell cycle control, apoptosis, vesicular trafficking, Golgi assembly, cell
polarity, cell migration, neural and vascular development, and cardiac function. Moreover,
STRIPAK complexes have been connected to clinical conditions, including cardiac disease,
diabetes, autism, and cerebral cavernous malformation. In this review, we discuss the expression,
localization, and protein domain structure of striatin family members. Then we consider the
diverse complexes these proteins and their homologs form in various organisms, emphasizing
what is known regarding function and regulation. Finally, we will explore possible roles of striatin
family complexes in disease, especially cerebral cavernous malformation.
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1. Introduction
The mammalian striatin family consists of three proteins, striatin (HUGO Gene
Nomenclature Committee (HGNC) approved symbol, STRN), S/G2 nuclear autoantigen
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(SG2NA; HGNC approved symbol, STRN3), and zinedin (HGNC approved symbol,
STRN4) (Benoist et al., 2006). Of note, there is not a STRN2 member of the striatin family
because, confusingly, STRN2 is an alias for an unrelated protein, striamin. While the striatin
family of proteins are highly expressed in the central and peripheral nervous systems and are
probably important for brain function, they are also expressed in many other tissues. Thus,
while they may have specialized functions, they likely also carry out one or more functions
common to many different cell types. Striatin family members have no intrinsic catalytic
activity, but rather function as scaffolding proteins harboring a variety of protein-protein
interaction domains. Strikingly, they are capable of organizing multiple diverse, large
signaling complexes, which participate in a variety of cellular processes.

To date, the only striatin family-associated proteins found in nearly all striatin family
complexes are the structural A and catalytic C subunits of protein phosphatase 2A (PP2A)
(Moreno et al., 2000), a major eukaryotic serine/threonine phosphatase that exists primarily
as heterotrimers made of an A subunit, a C subunit, and one of many “B-type” regulatory/
targeting subunits. Based on the altered substrate specificity of striatin family-associated
PP2A and the lack of other B-type subunits in these complexes, striatin family members
were postulated to comprise a novel B‴ family of PP2A B-type regulatory subunits (Moreno
et al., 2000).

Recent proteomic analysis of striatin family-associated proteins revealed the additional
presence of germinal center kinase III (GCKIII) kinases together with PP2A and other
components, earning these striatin family complexes the name striatin-interacting
phosphatase and kinase (STRIPAK) complexes (Goudreault et al., 2009). In addition,
separate STRIPAK-like complexes have been found that are not yet known to contain both
PP2A and a kinase.

In the last few years, members of striatin family complexes have been connected to clinical
conditions. These include cerebral cavernous malformation (CCM), a common type of
angioma that can cause symptoms ranging from headaches to stroke, cardiac dysfunction,
cancer, diabetes, and autism. While striatin family complexes have been linked to these
conditions, specific mechanistic roles for STRIPAK complexes in disease remain to be
delineated.

Recently, there has been a great increase in the number of functional and mechanistic studies
aimed at identifying and understanding the roles of STRIPAK and STRIPAK–like
complexes in cellular processes of multiple organisms. Novel complexes have been
identified, and their roles in specific signaling pathways have been explored, often by
mutating or depleting the striatin family member or associated proteins. Together, the results
of these studies have sparked increased interest in striatin family complexes because they
have revealed roles in signaling, cell cycle control, apoptosis, vesicular trafficking, Golgi
assembly, cell polarity, cell adhesion, cell migration, neural and vascular development, and
disease.

In this review, we will first introduce striatin, SG2NA, and zinedin and briefly discuss their
expression, localization, and protein domain structure. Next, we will consider the diverse
complexes these proteins and their homologs form from yeast to man, including what is
known regarding function and regulation. Finally, we will explore possible roles of
STRIPAK complexes in disease.

2. The striatin family of proteins
The mammalian striatin family of proteins comprises three highly homologous proteins
whose domain structure and intracellular localization are very similar. Functional homologs
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exist in other species as distant as fungi (Bloemendal et al., 2012, Lisa-Santamaria et al.,
2012, Poggeler and Kuck, 2004, Tanabe et al., 2001), implying the conservation of at least
one cellular function. The presence of multiple striatin family members in higher eukaryotes
and distinct expression patterns for these proteins in different tissues suggests that different
striatin family members may have both redundant and specialized functions, which may be
cell-type specific.

2.1. Striatin
Striatin, named after the striatum where it is found most abundantly in the brain, was first
isolated from a rat brain synaptosomal fraction (Castets et al., 1996). Striatin is a 780 amino
acid protein with four protein-protein interaction domains including a caveolin-binding
domain, a coiled-coil domain, a Ca2+-calmodulin (CaM)-binding domain, and a Tryptophan-
Aspartate (WD)-repeat domain (Fig. 1) (Castets et al., 2000). Consistent with the presence
of the caveolin-binding and Ca2+-CaM-binding domains, striatin has been reported to bind
caveolin-1 (Cav-1) and binds CaM in the presence of Ca2+ (Castets et al., 1996, Gaillard et
al., 2001). Striatin is found throughout the central and peripheral nervous systems, especially
in the striatum and motor neurons; however, its expression is also detected in many other
tissues including, but not limited to, lung, liver, kidney, skeletal and cardiac muscle, testes,
B and T lymphocytes, and fibroblasts (Castets et al., 1996, Castets et al., 2000, Moqrich et
al., 1998, Moreno et al., 2000). Because the localization of striatin family members in the
central and peripheral nervous systems has been reviewed previously (Benoist et al., 2006),
it will only be discussed briefly here. Striatin exhibits a somato-dendritic localization in
neurons with a high density in dendritic spines (Castets et al., 1996, Salin et al., 1998). In
contrast, striatin is largely absent from axons. The enrichment of striatin within dendritic
spines and the presence of a functional Ca2+-CaM-binding domain prompted the early
hypothesis that striatin function is likely regulated by Ca2+-dependent signaling in
postsynaptic neurons (Castets et al., 1996). Consistent with this possibility, the distribution
of striatin in cytosolic, detergent soluble, and detergent-insoluble fractions of brain was
found to change depending on the presence or absence of calcium during lysis (Bartoli et al.,
1998). Striatin’s distribution in brain structures involved in motor control led to the
suggestion that striatin may be involved in control of motor function (Salin et al., 1998).
Support for this idea was obtained subsequently through experiments in which striatin was
downregulated in rat brains by intracerebro-ventricular infusion of striatin antisense
oligonucleotides, resulting in decreased striatin in the striatum and reduced nocturnal
locomotor activity (Bartoli et al., 1999). Moreover, downregulation of striatin in motor
neurons in vitro impaired the growth of dendrites but not axons, supporting a role for striatin
in dendritic growth and remodeling (Bartoli et al., 1999). This latter role is also supported by
more recent data indicating that Drosophila Mob4 (dMob4), a functional homolog of the
striatin-associated protein, Mob3/phocein (referred to as Mob3 from here on), regulates
neurite outgrowth in Drosophila (Schulte et al., 2010). Thus, striatin is implicated broadly in
neuronal function.

2.2. S/G2 nuclear autoantigen (SG2NA)
Similar to striatin, SG2NA binds to CaM in the presence of Ca2+ and is characterized by the
four protein-protein interaction domains common to striatin family members (Fig. 1)
(Castets et al., 2000, Moreno et al., 2000). Two major isoforms of SG2NA exist as a result
of alternative splicing: a 713 amino acid protein, SG2NAα, which excludes exons 8 and 9,
and a full-length 797 amino acid protein, SG2NAβ (Fig. 1) (Benoist et al., 2006).
Additional, more minor splice variants also exist (Benoist et al., 2006, Sanghamitra et al.,
2008). SG2NA was first cloned using autoantibodies from a cancer patient (Muro et al.,
1995). Based on immunofluorescence using both crude and affinity-purified patient sera,
SG2NA was first reported to be a nuclear protein whose expression level peaked during the
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S and G2 phases of the cell cycle (Muro et al., 1995). Seemingly paradoxically, SG2NA was
subsequently shown by others to be primarily a cytosolic and membrane-bound protein like
striatin (Castets et al., 2000, Moreno et al., 2001). The reason for the almost exclusive
nuclear staining using cancer patient antisera is not known, but it is not due to a difference in
cell type used since the two different antibody staining patterns were found when the same
cell type was used (Baillat et al., 2001, Zhu et al., 2001). The cancer patient serum may
recognize an SG2NA epitope only accessible in immunofluorescence staining on a nuclear-
localized splice variant of SG2NA. Consistent with this possibility, rSTRN3γ, a novel,
nuclear-localized splice variant of rat SG2NA lacking all but one WD-repeat was recently
reported to organize an estrogen-inducible complex of PP2A and estrogen receptor α (ERα)
(Tan et al., 2008). Also consistent with possible nuclear function, the N-terminal region of
SG2NA has been reported to possess transcriptional activation activity, although this
activity was largely absent in the context of the full-length protein (Zhu et al., 2001). In
brain, SG2NA shows the highest expression in cerebellum and cortex. Like striatin, SG2NA
exhibits somato-dendritic localization in neurons with high concentration in dendritic spines
and is also found in other tissues (Castets et al., 2000, Moreno et al., 2001).

2.3. Zinedin
Zinedin, a 753 amino acid protein, was identified and cloned through a homology search for
proteins highly homologous to striatin and SG2NA (Castets et al., 2000). Like striatin and
SG2NA, zinedin binds to CaM in a Ca2+-dependent manner and shares the four protein-
protein interaction domains common to striatin family members (Fig. 1) (Castets et al.,
2000). In brain, zinedin is expressed most abundantly in the hippocampus (Benoist et al.,
2008). Similar to other striatin family members, zinedin shows somato-dendritic localization
in neurons with high concentration in dendritic spines and is expressed in a variety of other
tissues (Benoist et al., 2008, Castets et al., 2000, Gaillard et al., 2006, Gordon et al., 2011).

3. Domain structure of the striatin family proteins
As mentioned above, four conserved protein-protein interaction domains are found in all
three striatin family members (Fig. 1) (Castets et al., 2000). These domains provided some
of the first clues as to possible functions of striatin family members as well as to their
regulation. Subsequent studies validated the importance of these domains for assembly of
striatin family complexes, for proper subcellular localization, and for interaction with
important signaling molecules and pathways. Below, we briefly discuss the four main
interaction domains and the available data regarding their possible roles in striatin family
function.

3.1. The caveolin-binding domain
Caveolins are small integral membrane proteins that are major components of caveolae,
specialized, invaginated, cholesterol-rich lipid rafts in the plasma membrane of cells (for
reviews, see (Boscher and Nabi, 2012, Chidlow and Sessa, 2010, Parton and Simons,
2007)). The density of caveolae varies with cell type and caveolae are especially abundant in
vascular endothelial cells, smooth muscle cells, fibroblasts, adipocytes, and epithelial cells.
Caveolin-1 (Cav-1) is synthesized in the endoplasmic reticulum, where it oligomerizes and
then is transported to the Golgi apparatus ((Hayer et al., 2010) and references therein). At
the Golgi, Cav-1 oligomers interact with cholesterol and the Cav-1-cholesterol complexes
are transported to the plasma membrane where additional proteins termed cavins participate
in caveolae formation and regulation. In addition, oligomerized Cav-1 scaffolds exist in the
plasma membrane apart from caveolae and participate in Cav-1-dependent regulation of
signaling not occurring in the caveolae (Lajoie et al., 2009).
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Caveolins interact with many signaling proteins via an approximately 20 amino acid stretch
of amino acids in their N-termini termed the caveolin scaffolding domain (Li et al., 1996).
Striatin family members contain a caveolin scaffolding domain-interaction motif
corresponding to the consensus φXXXXφXXφ, where φ is an aromatic amino acid and X is
any amino acid (Castets et al., 2000, Couet et al., 1997). This motif is conserved in striatin
family homologs from many species, including Drosophila (Chen et al., 2002), which has no
recognizable caveolins (Le Lay and Kurzchalia, 2005). Consistent with the presence of this
motif, mammalian striatin, SG2NA, and zinedin were reported to interact with Cav-1
(Gaillard et al., 2001).

Little is known about the possible functional role of the striatin-caveolin interaction. This
interaction has been hypothesized to be important for localization of striatin to Cav-1-rich
dendritic spines of neurons (Benoist et al., 2006) but this possibility needs to be tested.
Association of Cav-1 with striatin family members may have relevance to striatin’s role in
organizing a membrane signaling complex for rapid, non-genomic activation of endothelial
nitric oxide synthase (eNOS) by ERα(Lu et al., 2004) (Fig. 2). Since rapid estrogen
activation of eNOS is known to occur in caveolae (Chambliss and Shaul, 2002, Chambliss et
al., 2000, Kim et al., 1999) and to be regulated by caveolin (for review, see (Mineo and
Shaul, 2012)), one might presume that at least a portion of plasma membrane-bound striatin
is localized to caveolae. Thus, like eNOS, it is possible that striatin is targeted to caveolae
via its interaction with Cav-1. In turn, striatin likely recruits ERα to caveolae since
overexpression of striatin increases the amount of ERα at the plasma membrane (Lu et al.,
2004). More research is necessary to investigate these possibilities. In this regard, Cav-1 null
mice and derivative cells (Razani et al., 2001) should be very useful for determining whether
the loss of Cav-1 alters the localization, assembly, or function of striatin family complexes.

3.2. The Ca2+-Calmodulin-binding domain
All striatin family members bind CaM in a Ca2+-dependent manner (Castets et al., 1996,
Castets et al., 2000, Moreno et al., 2000). Bartoli and colleagues used deletion mapping and
site-directed mutagenesis to narrow down the domain on striatin responsible for Ca2+-CaM-
binding and to identify critical residues (Bartoli et al., 1998). They designated striatin amino
acids 149-166 as the Ca2+-CaM-binding domain because of the basic amphiphilic helical
nature of this amino acid stretch, a feature common to many Ca2+-CaM-binding domains in
proteins, and because of the ability of a W155G/Q158P double mutation in striatin to
completely abolish Ca2+-CaM binding (Bartoli et al., 1998). However, the exact limits of the
Ca2+-CaM-binding domain need to be established experimentally.

Currently, it is not clear how the striatin family of proteins functions in Ca2+ signaling. It
has been hypothesized that they might function as Ca2+ sensors that respond to changes in
intracellular Ca2+ concentration and convey the signals to other proteins (Benoist et al.,
2006) (Fig. 2). Interestingly, the presence of calcium reduced the interaction of striatin with
GST-Cav-1 (Gaillard et al., 2001) while, in separate experiments, the presence of
physiologically relevant calcium levels during cell lysis increased the amount of striatin
found in the cytosol (Bartoli et al., 1998). Together, these results suggest that calcium
signaling may modulate striatin family interaction with Cav-1 and thus regulate striatin
family subcellular localization. Of note, this may be analogous to what occurs with eNOS
regulation by Cav-1 and Ca2+-CaM. Cav-1 inhibits eNOS both in vitro and in vivo, and
Ca2+/CaM plays a positive role in dissociation of eNOS from Cav-1 (Garcia-Cardena et al.,
1997, Ju et al., 1997, Michel et al., 1997, Razani et al., 2001). Moreover, estradiol has been
reported to cause Ca2+-dependent translocation of eNOS from the plasma membrane to
intracellular sites proximal to the nucleus (Goetz et al., 1999). Thus, based on these data one
might hypothesize that the estrogen-activated striatin-ERα-eNOS rapid signaling complex
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(Lu et al., 2004) might be regulated at the level of both striatin and eNOS by opposing
effects of Cav-1 and Ca2+-CaM binding.

Recently, it was found that deletion of the Ca2+-CaM-binding domain of striatin greatly
enhances the binding of the GCKIII subfamily sterile 20-like kinases, Mst3 and Mst4, to
striatin (Gordon et al., 2011). Binding of another member of the complex, Mob3, was
unaffected. Similar deletions on either side of the Ca2+-CaM-binding domain had little to no
effect on Mst3 binding (Mst4 binding was not assayed). Thus, the Ca2+-CaM-binding
domain may negatively regulate the binding of Mst3 and Mst4 to wild-type striatin.
Although direct testing of an effect of Ca2+-CaM binding on Mst3 and Mst4 association
with striatin has yet to be done, it is tempting to speculate based on calcium effects on
striatin localization that Ca2+-CaM binding may regulate Mst3 and Mst4 binding to striatin
by altering striatin subcellular localization.

3.3. The coiled-coil domain
Oligomerization of a wide variety of proteins is enabled by α-helical coiled-coils in which
two or more α-helices intertwine like strands of a rope (for a review, see (Burkhard et al.,
2001)). Hetero-oligomerization of striatin family members was first discovered for striatin
and SG2NA by coimmunoprecipitation of the endogenous proteins (Moreno et al., 2001).
Subsequently, this finding was confirmed and extended to demonstrate homo-
oligomerization of SG2NA and hetero-oligomerization of zinedin with SG2NA and striatin
(Gaillard et al., 2006). Based on these data, all striatin family members likely form homo-
and hetero-oligomers. By deletion analysis of SG2NA, the coiled-coil domain was shown to
be critical for these higher order associations to occur (Gaillard et al., 2006).

Initially, amino acids 70-116 of striatin were identified using the computer algorithms Coil
and Paircoil as the likely coiled-coil domain (Castets et al., 2000). However, when the
predicted coiled-coil domain of SG2NA (corresponding to amino acids 65-115 of striatin)
was fused to GFP, oligomerization did not occur (Castets et al., 2000). More recently, it was
found that deletion of striatin amino acids 53-66, which include the caveolin-binding domain
(53-63), abolished striatin oligomerization (Gordon et al., 2011). These findings prompted a
re-examination of the N- and C-terminal limits of striatin family oligomerization domains
using NCOILS and Paircoil2 algorithms, resulting in the conclusion that the coiled-coil
domain of striatin family members has a very high probability of including striatin amino
acids 64-120 (Gordon et al., 2011). Moreover, there was a high probability that the N-
terminal end of the domain might extend even further to include part or the entire caveolin-
binding domain (Fig. 1, brackets with asterisk). Finally, it was suggested that the complete
loss of striatin oligomerization caused by loss of amino acids 53-66 was consistent with the
possibility that a trigger sequence, a short sequence absolutely necessary for coiled-coil
formation, might exist at the N-terminal end of the striatin family coiled-coil (Gordon et al.,
2011). These possibilities will need to be investigated further to better understand the
mechanism of, and residues involved in, striatin family oligomerization.

Determining the higher order oligomeric state of striatin family members could provide
important insights into the organization of striatin family complexes and into the molecular
mechanisms of their regulation and function. Being composed of heptad repeats, the striatin
family coiled-coil domain likely forms a left-handed coiled-coil. However, whether striatin
family members oligomerize in a parallel or antiparallel manner and form dimers, trimers, or
even higher order oligomers is not known. An antiparallel association of striatin family
members has been proposed based on sequence analysis (Gaillard et al., 2006). Such an
arrangement might help explain how Ca2+-CaM binding on one side of the coiled-coil
domain might reduce caveolin binding on the other side because these domains would be in
proximity to one another (Gaillard et al., 2006). Analyses with Multicoil, PrOCoil, and
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SCORER 2.0 suggest that striatin family coiled-coil domains are more likely to form a
parallel dimer than a parallel trimer (Armstrong et al., 2011, Mahrenholz et al., 2011, Wolf
et al., 1997); however, these algorithms do not address antiparallel versus parallel topology.
Analysis with LOGICOIL (Vincent et al., 2013), a more recent algorithm designed for the
first time to predict multiple coiled-coil oligomeric states (antiparallel dimer, parallel dimer,
trimer, or tetramer) solely from protein sequence, yielded scores indicating that either a
parallel dimer or a trimer was most likely, but an anti-parallel dimer was also possible.
Striatin members contain a conserved ‘trimerization motif’ (Gordon et al., 2011, Kammerer
et al., 2005), but it was shown recently that this type of oligomerization state determinant
needs to be located within the trigger sequence of a coiled-coil to influence the topology of
the coiled-coil (Ciani et al., 2010). As neither a trigger sequence nor precise ends of the
striatin family coiled-coil domain are known, additional experimentation will be necessary
to determine the higher order oligomerization state of these proteins.

The coiled-coil domain of striatin family members has been proposed to be a ‘routing
motif’, targeting striatin family members to dendritic spines (Gaillard et al., 2006).
However, while deletion analysis showed that the coiled-coil domain is necessary for
targeting of SG2NA to dendritic spines, it was not shown to be sufficient (Gaillard et al.,
2006). Furthermore, the coiled-coil is required for oligomerization, which is essential for
PP2A binding (Gordon et al., 2011), and may be necessary for binding of other striatin
family-associated proteins such as CTTNBP2, which interacts within the first 200 amino
acids of striatin (Chen et al., 2012). Therefore, there are multiple reasons that loss of the
coiled-coil domain might alter the subcellular localization of SG2NA in neurons, and more
research will be required to elucidate the molecular basis for this observation.

3.4. The Tryptophan-Aspartate (WD)-repeat domain
WD-repeat domains consist of four or more copies of a conserved, approximately 40 amino
acid sequence motif usually having a glycine-histidine (GH) dipeptide at the beginning and a
tryptophan-aspartate (WD) dipeptide at the C-terminus (for reviews, see (Li and Roberts,
2001, Smith, 2008)). All WD-repeat domains are thought to fold into βpropeller structures
that create a stable platform for interaction with other proteins. Because of its basic and
versatile function, this domain is found in a wide variety of proteins involved in multiple
cellular processes. Among WD-repeat proteins, the striatin family proteins are unique in the
fact that they are the only members that associate with CaM (Castets et al., 1996).

The WD-repeat domain of striatin family members is likely to be important for association
of several different striatin family member-associated proteins. First, the armadillo repeat
domain (ARD) of the adenomatous polyposis coli (APC) protein has been reported to bind
to striatin via the striatin WD-repeat domain (Breitman et al., 2008). Second, Mob3 may
interact with this domain because deletion mutants of striatin that remove most or all of the
WD-repeats significantly reduced Mob3 binding in cells (Gordon et al., 2011). Third, a
number of CCT/TRiC chaperonin proteins (also called tailless complex polypeptide-1 or
TCP-1 proteins) have been identified as striatin-associated proteins (Goudreault et al.,
2009). The presence of TCP-1 proteins in striatin complexes suggests that striatin associates
with the TCP-1 ring complex, TRiC, which is composed of multiple TCP-1 proteins. The
TRiC complex is involved in the folding of a number of proteins, including WD-repeat-
containing proteins (Valpuesta et al., 2002). Therefore, TCP-1 proteins may be involved in
the folding of striatin WD-repeats and may bind to those WD-repeats. Indeed, using deletion
mutagenesis and co-immunoprecipitation assays we have found that striatin’s WD-repeat
domain is required for association with TCP-1 proteins (K. Bockbrader and D. Pallas,
unpublished), suggesting that CCT/TRiC chaperonin proteins bind to striatin family WD-
repeat domains and assist in their folding. Finally, a fourth protein that may interact with the
WD-repeat domain of striatin family members is Gαi. Striatin forms an estrogen-inducible
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complex containing PP2A, ERα, Gαi, and eNOS in endothelial cells (Lu et al., 2004). While
ERα binds within the first 203 amino acids of striatin, Gαi does not, indicating that Gαi
binds to more C-terminal amino acids of striatin. Based on this data and the role of WD-
repeat domains in mediating association of heterotrimeric G proteins, it was hypothesized
that Gαi likely binds to the WD-repeat domains of striatin (Lu et al., 2004). In summary, the
striatin family WD-repeat domains are likely critical for striatin family regulation of
estrogen receptor signaling and APC and Mob3 function, which will be discussed below in
section 4.

4. Composition and function of striatin family complexes
Numerous clues about the function of striatin family proteins have emerged since the
discovery of striatin nearly two decades ago. These clues have come from the identification
and study of striatin family proteins and their associated proteins (Table 1), and the
elucidation and study of different striatin family complexes. Early studies of striatin
complexes demonstrated that mammalian striatin family members associate with Ca2+-
calmodulin (Castets et al., 1996, Castets et al., 2000, Moreno et al., 2000), Cav-1 (Gaillard
et al., 2001), PP2A (Moreno et al., 2000), and Mob3 (Baillat et al., 2001, Moreno et al.,
2001). In addition, two-dimensional gel analyses revealed the presence of a number of
additional striatin family-associated proteins (Moreno et al., 2001, Moreno et al., 2000).
Subsequently, the discovery that mammalian striatin family complexes contained not only
PP2A but also GCKIII kinases led to these complexes being termed STRIPAK (striatin
interacting phosphatase and kinase) complexes. In the last decade, the number of new
proteins identified in striatin family complexes has exploded, revealing multiple distinct
complexes with diverse functions in multiple organisms.

While our knowledge of the composition of the striatin family complexes has increased
greatly, much remains to be determined regarding the function of these complexes and the
roles of the various striatin family-associated proteins. The fact that striatin family members
associate with numerous proteins (Table 1) involved in multiple signaling pathways suggests
that striatin family complexes have a range of functions in cellular regulation, some of
which are illustrated in Fig. 2 and discussed further below. Moreover, how striatin
complexes are targeted to different subcellular locations and functions is only beginning to
be understood, and much of what we know is inferred from what we know about the
localization of proteins that associate with STRIPAK.

Insights have also been obtained from what is known about the function of homologues in
other organisms. Model organisms such as budding yeast, fission yeast, filamentous fungi,
and fruit flies serve as useful tools for gaining insights that have application to cellular and
developmental processes in higher eukaryotes. Homologs of striatin family members and
several other components of STRIPAK complexes have been identified in these organisms
and have been shown to be important in cellular and developmental processes (see Table 2
for homologs of STRIPAK components in various species). In a couple instances,
mammalian STRIPAK components have been shown to functionally complement these
homologs (Lisa-Santamaria et al., 2012, Poggeler and Kuck, 2004), increasing the
confidence that many of the insights gained from these model systems will have
applicability to mammalian systems.

In this section, we will discuss the major complexes that striatin family members form in
different organisms, the cellular signaling pathways in which they have been implicated, and
what is known about targeting and regulation of these complexes. While most of this
discussion will be grouped by organism in the subsections 4.1.1–4.1.4 below, in some cases
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related results from other organisms will be integrated to emphasize the generality of the
results.

4.1. STRIPAK and STRIPAK-like complexes
4.1.1. STRIPAK and STRIPAK-like complexes in mammals—The core mammalian
STRIPAK complex contains the A and C subunits of PP2A, the mammalian Mps one binder
homolog, Mob3, the GCKIII subfamily of the mammalian sterile 20-like (Mst) kinases
including Mst3 (Stk24), Mst4 (MASK), and Ysk1 (Sok1; Stk25), cerebral cavernous
malformation 3 (Ccm3; also called programmed cell death 10 or PDCD10) protein, and
Fam40a/Fam40b, which were renamed striatin interacting proteins 1 and 2 (STRIP1/
STRIP2) (Goudreault et al., 2009, Kean et al., 2011) (Fig. 3 and Table 1). This core complex
binds additional proteins in a mutually exclusive manner to form distinct STRIPAK
complexes containing either a cortactin-binding protein 2 family member (CTTNBP2 or
CTTNBP2NL) or sarcolemmal membrane-associated protein (SLMAP) and a suppressor of
IKKε (SIKE) family member (Goudreault et al., 2009) (Fig. 3 and Table 1). In mammalian
cells, striatin family members have also been reported to complex with other proteins, such
as dynein (Goudreault et al., 2009), GIPC (GAIP-interacting protein, C terminus) (Varsano
et al., 2006), APC protein (Breitman et al., 2008), the deubiquitinase (DUB), Trabid (Tran et
al., 2013, Tran et al., 2008), and CCT/TCP-1 chaperonin proteins (Goudreault et al., 2009)
(Table 1). The compositions of the striatin family complexes containing these latter proteins
remain to be determined, but they may be part of classic STRIPAK complexes described
above (Goudreault et al., 2009). Alternatively, some of them may be members of what we
term STRIPAK-like complexes, which share some basic elements with STRIPAK
complexes, but have not been shown to contain both PP2A and a kinase. In our discussions
below, we will make this distinction in terminology, realizing that in some cases the
association of PP2A or a kinase may occur and may simply not have been demonstrated yet.
Examples of STRIPAK-like complexes include both nuclear (Tan et al., 2008) and plasma
membrane (Lu et al., 2004) striatin family complexes that regulate genomic and non-
genomic estrogen signaling, respectively. These will be discussed below in section 4.2.

4.1.1.1. Negative regulation of kinases by STRIPAK-associated protein phosphatase
2A: Given that a phosphatase and several kinases have been identified in STRIPAK
complexes, it seems likely that the functions of these complexes are regulated by reversible
phosphorylation carried out by these enzymes. Many of the STRIPAK constituents are
phosphoproteins (Goudreault et al., 2009, Moreno et al., 2001), and the phosphorylation of
Striatin, SG2NA, Mob3, and a number of other striatin-family-associated proteins is
enhanced by treatment of cells with the okadaic acid at concentrations that inhibit PP2A
(Moreno et al., 2001). These results indicate that STRIPAK components are indeed being
reversibly phosphorylated and are consistent with the idea that striatin-associated PP2A may
be the relevant phosphatase. This hypothesis has been validated for the GCKIII kinase,
Mst3, by demonstrating that point mutants in striatin that reduce PP2A binding cause
hyperphosphorylation and activation of Mst3 (Gordon et al., 2011). The other GCKIII
kinases also appear to be regulated by PP2A. Mst4 undergoes a gel shift consistent with
hyperphosphorylation in okadaic acid-treated cells (Gordon et al., 2011) and Ysk1 is
dephosphorylated and partially inactivated by purified PP2A in vitro (Pombo et al., 1996).
Thus, STRIPAK complexes negatively regulate Mst3 and likely the other related GCKIII
kinases as well by recruiting them together with PP2A (Gordon et al., 2011, Goudreault et
al., 2009). Since the GCKIII kinases play important roles in multiple cellular processes
including cell cycle, cell growth and transformation, cell survival, apoptosis, Golgi
assembly, cell polarity, and cell migration (for review, see (Ling et al., 2008)), STRIPAK
likely regulates these events at least in part through PP2A-dependent regulation of these
kinases (see also section 5.5 below).
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STRIPAK may also regulate members of the GCKIV subfamily of kinases. For example, the
GCKIV subfamily kinase Misshapen (Msn)-like kinase 1 (Mink1) was identified as a new
STRIPAK component (Fig. 3 and Table 1) on the basis that it associates with zinedin and a
number of the other established components of STRIPAK complexes (Hyodo et al., 2012).
Mink1 is important for cytokinesis, particularly for the abscission process, and knockdown
of either Mink1 or zinedin in HeLa cells produces multinucleated cells as a result of
abnormal abscission (Hyodo et al., 2012). Zinedin enhances the dephosphorylation of Mink1
by PP2A in vitro (Hyodo et al., 2012), suggesting that, similar to the negative regulation of
GCKIII kinases by striatin (Gordon et al., 2011), zinedin may coordinate the negative
regulation of Mink1 by PP2A. Mink1 phosphorylation increases during mitosis (Hyodo et
al., 2012), a time when PP2A is known to be inhibited (Wurzenberger and Gerlich, 2011).
Based on gel shift experiments, Mink1 begins to be dephosphorylated within one hour after
release of cells from nocodazole-induced cell cycle arrest (Hyodo et al., 2012), consistent
with the reactivation of PP2A at mitotic exit (Wurzenberger and Gerlich, 2011). These
results suggest that negative regulation of Mink1 by zinedin-associated PP2A may be
required for Mink1 function in abscission.

Other STRIPAK complexes likewise appear to function in regulation of cytokinesis based
on several additional studies. A genome-wide phenotypic profiling study found that loss of
striatin in HeLa cells results in an increase in binuclear cells (Neumann et al., 2010). GFP-
SG2NA stably expressed in HeLa cells associates with Mink, and knockdown of SG2NA or
of STRIP1 in HeLa cells increases DNA content, generating binuclear cells as well as
dysmorphic and fragmented nuclei (Frost et al., 2012). Mob3 knockdown also causes a
striking increase in cellular DNA content, and induces abnormal spindles, mitotic failure,
and cell death (Frost et al., 2012). Consistent with these results, in Drosophila S2 cells,
dMob4 localizes to mitotic centrosomes and kinetochores and depletion of dMob4 results in
defective centrosome separation and abnormal spindles with disorganized poles and splayed
kinetochore (K) fibers (Trammell et al., 2008). Knockdown of SLMAP in HeLa cells causes
only a minor increase in cellular DNA content, but increases the quantity of pericentrin foci
in interphase cells (Frost et al., 2012). Given that striatin family association with PP2A
increases its activity towards Cdk-mediated phosphorylations (Moreno et al., 2000),
STRIPAK complexes may regulate multiple mitotic substrates to help coordinate mitotic
progression. Together, these findings clearly indicate that STRIPAK function is important
for mitotic progression and cytokinesis.

Other findings suggest that STRIPAK complexes are involved in additional functions in
mammals. For example, because zinedin knockdown cells are defective in attachment and
spreading after mitosis, zinedin-scaffolded STRIPAK complexes may have a role in focal
adhesion formation following mitosis (Hyodo et al., 2012). As this phenotype is not seen
upon Mink1 knockdown (Hyodo et al., 2012), another STRIPAK-associated kinase may be
involved. SG2NA and zinedin have been reported to bind the GCKIV subfamily kinase
Map4k4 (Frost et al., 2012, Hyodo et al., 2012) (Fig. 3), which is a mediator of tumor
necrosis factor alpha (Tnf-α) and interleukin-1β production in response to an inflammatory
stimulus (Aouadi et al., 2009). Map4k4 has also been identified as a modulator of cancer
cell motility and invasion (Collins et al., 2006). Therefore, it will be important to investigate
whether STRIPAK complexes may play a role in the regulation of inflammation, cancer cell
migration, and other functions in which Map4k4 has been implicated.

Finally, zinedin also appears to interact with the Mink-related GCKIV subfamily kinase,
Tnik (Hyodo et al., 2012). Although the significance of this interaction has yet to be
examined, a recent study showed that Tnik functions as an effector of the small G protein,
Rap2A, to induce brush border formation upon polarization of intestinal epithelial cells
(Gloerich et al., 2012). Rap2A activation of Tnik causes relocalization of Mst4 from Golgi
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to the apical membrane of polarized intestinal epithelial cells, promoting Mst4-mediated
phosphorylation of the actin binding protein, ezrin, and subsequent microvilli formation.
Tnik phosphorylates Mst4 in vitro, suggesting that phosphorylation of Mst4 by Tnik in
polarized epithelial cells may mediate the effects of Tnik on Mst4. Interestingly, the
STRIPAK component, Ccm3, is known to enhance the amount of Mst4 outside the Golgi
(Kean et al., 2011) and increases Mst4 phosphorylation of ezrin/radixin/moesin (ERM)
proteins (Fidalgo et al., 2012). Thus, we speculate that Ccm3 will be important for Mst4
phosphorylation of ezrin and thus for microvilli formation in intestinal epithelial cells. Since
striatin family members promote localization of Mst4 to Golgi (Kean et al., 2011) and likely
negatively regulate Mst4 (Gordon et al., 2011), striatin family members may negatively
regulate Mst4 function in brush border formation. Therefore, It will be of great interest to
investigate a potential role of Tnik association with zinedin in Tnik-induced relocalization of
Mst4 and induction of brush border formation. In summary, one common function of
mammalian STRIPAK complexes is to regulate (and perhaps be regulated by) a variety of
kinases that play roles in diverse cellular functions.

4.1.1.2. STRIPAK-like adenomatous polyposis coli complexes: Striatin, SG2NA, and
Zinedin have been reported to complex with the APC tumor suppressor protein, and striatin
has been proposed to function together with APC in regulation of tight junctions (TJs)
(Breitman et al., 2008) (Fig. 2). APC associates with diverse proteins and thus regulates
multiple cellular processes including Wnt signaling, cell-cell adhesion, migration, and
polarity (Buda and Pignatelli, 2011). The association between APC and striatin appears to be
mediated by interaction of the APC ARD domain and the striatin WD-repeat domain
(Breitman et al., 2008). In epithelial cells, striatin co-localizes at sites of cell-cell contact
with both APC and the TJ protein, ZO-1, but not with the adherens junction (AJ) protein, β-
catenin (Breitman et al., 2008). Consistent with this result, initial evidence suggests that
striatin complexes with ZO-1. Intriguingly, the localization of striatin and APC is
interdependent. Moreover, actin filament integrity is important for APC and striatin
localization to cell junctions, and conversely, striatin and APC are important for the normal
organization of filamentous actin and the localization of ZO-1, suggesting a role for striatin
and APC in TJ function (Breitman et al., 2008). Whether striatin mediates its effects through
APC’s known function in regulation of actin is not known. Initial experiments suggest that
striatin is not necessary for formation of TJs (Breitman et al., 2008). However, more
thorough testing for a role for striatin function in TJ formation needs to be performed using
not only striatin depletion, but also striatin overexpression, depletion and overexpression of
other striatin family members (since they also bound APC and could be redundant), time-
courses of TJ reformation, and measurements of transepithelial resistance to monitor TJ
function.

While striatin family members have been demonstrated to bind APC, it remains to be
determined whether other STRIPAK components are also present. Very recently, STRIPAK
components, including all three striatin family proteins, STRIP1 (Fam40a), SLMAP,
CTTNBP2, and CTTNBP2NL, were found associated with the APC-deubiquitinating
enzyme, Trabid (Tran et al., 2013, Tran et al., 2008). Trabid also associates with the E3
ligase, HectD1, which is thought to transfer K63 polyubiquitin to APC, increasing APC
binding to Axin (Tran et al., 2013). Like striatin, Trabid and HectD1 both bind to the ARD
domain of APC (Tran et al., 2013, Tran et al., 2008). Striatin proteins appear to be required
for HectD1 binding to the APC ARD domain, and it has been proposed that Trabid, striatin,
and HectD1 might be in a complex together (Tran et al., 2013). In addition, striatin family
proteins are important for proper subcellular localization of APC (Breitman et al., 2008,
Tran et al., 2013). Thus, STRIPAK may function together with Trabid and HectD1 to
regulate APC localization and function. Of note, knockdown of striatin family members had
little effect on β-catenin protein levels and signaling, suggesting that they may not function
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in APC regulation of β-catenin stability (Tran et al., 2013). However, the ARD domain of
APC also interacts with a B′-directed PP2A complex (Seeling, 1999), and it is possible that
B′-directed PP2A may be able to compensate for striatin loss. Interestingly, Trabid
knockdown in PC3 prostate cancer cells increases stress fiber formation and cell spreading
and decreases cell migration (Bai et al., 2011), demonstrating that Trabid has an important
role in regulation of the actin cytoskeleton. Whether this function is connected to the effects
of striatin knockdown on actin cytoskeleton organization is not known. In addition, whether
the Trabid-STRIPAK-like complex is equivalent to the striatin-APC complex studied in
epithelial cells by Breitman and colleagues (Breitman et al., 2008) remains to be seen. In
any case, many questions remain to be addressed regarding STRIPAK function in this
system.

4.1.1.3. Possible functions of sarcolemmal membrane-associated protein (SLMAP), and
suppressor of IKKε (SIKE), and cortactin-binding protein 2 (CTTNBP2) family
members in STRIPAK complexes: Other potential functions of STRIPAK complexes are
suggested by studies of individual STRIPAK components. For example, SLMAP is actually
a family of integral membrane proteins containing C-terminal regions of coiled-coil
structure, which mediate SLMAP homo-oligomerization (Guzzo et al., 2005, Guzzo et al.,
2004b, Wigle et al., 1997). Multiple SLMAP isoforms are expressed by alternative splicing
from a single gene in a tissue-specific and developmentally regulated manner, including a
larger, apparently ubiquitous isoform (SLMAP3), and smaller isoforms (SLMAP1 and
SLMAP2) predominantly found in cardiac, slow-twitch, and smooth muscle (Guzzo et al.,
2005, Wielowieyski et al., 2000, Wigle et al., 1997). SLMAP3 consists of two isoforms (M1
and M2), generated by use of two alternative initiator codons (Guzzo et al., 2004a).
Moreover, SLMAP isoforms can contain either of two possible transmembrane domains,
TM1 or TM2, which are critical for subcellular targeting, generating even more diversity
(Byers et al., 2009, Guzzo et al., 2005, Wielowieyski et al., 2000). Because of the diversity
of SLMAP isoforms, it will be important to determine which of these isoforms can associate
with the core STRIPAK complex. The answer to this question will provide insight as to
which SLMAP functions might be mediated by SLMAP-containing STRIPAK complexes
and which SLMAP isoforms might target STRIPAK complexes to different subcellular
locations.

Several studies have addressed the subcellular localization of SLMAPs. SLMAPs appear to
reside in the sarcolemma, transverse (T)-tubules, and sarcoplasmic reticulum (SR) of muscle
cells and in the outer nuclear envelope, endoplasmic reticulum, mitochondria, and
centrosomes of non-muscle cells, but not in Golgi (Byers et al., 2009, Frost et al., 2012,
Guzzo et al., 2005, Guzzo et al., 2004b, Wigle et al., 1997). In addition, SLMAP binds to,
and co-localizes with, myosin in cardiomyocytes (Guzzo et al., 2005). Interestingly, SLMAP
has been implicated in myoblast fusion (Guzzo et al., 2004b). Myoblast differentiation
induces expression of a new SLMAP isoform while exogenous expression of SLMAP3 or
SLMAP1 inhibits myoblast fusion (Guzzo et al., 2004b). Given the role of STRIPAK in cell
fusion in other organisms, it will be key to determine whether other STRIPAK components
also play a role in myoblast fusion. Very recently, Map4k4 has been identified as a negative
regulator of myoblast differentiation, including myoblast fusion (Wang et al., 2013). Since
SG2NA and zinedin bind Map4k4 (Frost et al., 2012, Hyodo et al., 2012), it is tempting to
speculate that a STRIPAK complex that includes SLMAP and Map4k4 might be involved.
However, a STRIPAK complex containing CTTNBP2NL may also be involved, since
CTTNBP2NL was recently found complexed with Map4k4 (Herzog et al., 2012).

SIKE, another STRIPAK component, is a small coiled-coil-containing protein that was
originally identified as a novel suppressor of toll-like receptor 3 (TLR3)- and virus-initiated
activation of interferon regulatory factor 3 (IRF-3) (Huang et al., 2005). Thus, a SIKE-
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directed STRIPAK complex might function to regulate activation of IRF-3. SIKE binds to
the IKK-related kinases, IKKε and TBK1, and inhibits their ability to interact with the
double stranded RNA sensor protein, RIG-1, the adaptor protein, TRIF, and IRF-3. Virus
infection or double stranded RNA activation of TLR3 greatly reduces the interaction of
SIKE with TBK1 and induces a portion of SIKE to move to a monomeric/homodimeric pool
(Huang et al., 2005). Therefore, it will be important to determine whether these same
effectors modulate the association of SIKE with the STRIPAK core proteins or whether
SIKE functions in this pathway independent of STRIPAK.

FGFR1 (fibroblast growth factor receptor 1) Oncogene Partner 2 (FGFR1OP2) is a SIKE-
related protein that is also found in STRIPAK complexes, probably mutually exclusively
with SIKE (Goudreault et al., 2009). FGFR1OP2 was identified originally as a protein
whose mRNA transcript (wit3.0) was induced in rat gingiva undergoing wound healing after
extraction of a tooth (Sukotjo et al., 2002). Consistent with this, existing data indicate that
FGFR1OP2 helps to facilitate wound healing. FGFR1OP2 is specifically induced in wound-
associated oral fibroblasts, concomitant with an increase in the ability of these fibroblasts to
contract collagen gel in vitro (Sukotjo et al., 2002). Increased FGFR1OP2 expression upon
oral wounding is necessary and perhaps sufficient for the increased ability of wound
fibroblasts to contract collagen gel in vitro (Lin et al., 2010, Sukotjo et al., 2002, Sukotjo et
al., 2003). Moreover, FGFR1OP2 has also been reported to be important for fibroblast cell
migration and to be induced to associate with the cytoskeleton upon oral wounding (Lin et
al., 2010). In skin, where FGFR1OP2 is not induced upon wounding, wound closure was
accelerated by exogenous expression of FGFR1OP2 via lentivirus infection (Lin et al.,
2010). Together, these results support the hypothesis that FGFR1OP2 plays a role in wound
healing in vivo, perhaps in facilitating the closure of the wound (Lin et al., 2010). Results of
additional studies suggest that particular FGFR1OP2 single nucleotide polymorphisms may
correlate with excessive jawbone atrophy (Kim et al., 2012, Suwanwela et al., 2011).
Therefore, efforts have begun to identify small molecules that regulate FGF1OP2 expression
(Cheng and Nishimura, 2012). Given the fact that FGFR1OP2 is a STRIPAK component,
future experiments should address the possible involvement of FGFR1OP2-directed
STRIPAK function in oral wound healing.

STRIP1 and STRIP2 were recently implicated as having roles in cytoskeletal organization,
cell morphology and migration (Bai et al., 2011). Intriguingly, depletion of each of these
proteins revealed distinct phenotypes that varied with cell type. For example, STRIP1
knockdown in PC3 prostate cancer cells increased cortical actin, lamellipodia formation, and
reduced cell spreading, while STRIP2 knockdown in the same cells altered microtubule
organization and induced cell elongation. Thus, STRIP1 and STRIP2 may target distinct
STRIPAK complexes to regulate cytoskeletal organization and function.

Different STRIPAK complexes function in different subcellular compartments, but little is
known about how they are directed to distinct locations. Likely candidates for targeting
STRIPAK include the additional proteins bound by the core STRIPAK complex such as
SLMAP, SIKE, FGFR1OP2, CTTNBP2, and CTTNBP2NL. While striatin, SG2NA, Mob3,
and STRIP1 localize primarily to the Golgi, SLMAP localizes to the outer nuclear envelope,
some endoplasmic reticulum structures, and to centrosomes and associated membranous
material, but not to Golgi (Frost et al., 2012, Guzzo et al., 2005, Guzzo et al., 2004a).
Localization of SLMAP can be isoform-dependent (Frost et al., 2012, Guzzo et al., 2005,
Guzzo et al., 2004a). Therefore, different SLMAPs have the potential to target STRIPAK
complexes to distinct subcellular locations, although this remains to be directly
demonstrated. Based on the localizations of the different STRIPAK components and the
effects of their knockdown, it has been speculated that STRIPAK complexes may have roles
such as linking centrosomes to the Golgi, targeting Golgi fragments to the centrosome at
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mitosis, regulating Golgi fragmentation at the G2/M transition, and regulating centrosome
duplication (Frost et al., 2012).

CTTNBP2 and CTTNBP2NL may also target STRIPAK complexes to distinct locations.
Although both CTTNBP2 and CTTNBP2NL are cortactin-binding proteins that bind the
STRIPAK core complex, the subcellular distribution of these related proteins is different
because they target cortactin to different populations of actin fibers (Chen et al., 2012).
CTTNBP2 colocalizes with cortactin in the cell cortex of COS cells more than
CTTNBP2NL does, while CTTNBP2NL colocalizes with cortactin at the stress fibers more
than CTTNBP2 does (Chen et al., 2012, Goudreault et al., 2009). In neurons, CTTNBP2, but
not CTTNBP2NL, stably localizes to spines of neuronal dendrites, regulates dendritic spine
density, and is important for targeting striatin and zinedin to dendritic spines (Chen et al.,
2012). Consistent with this distribution of function, CTTNBP2 is highly expressed in brain
while CTTNBP2NL is only expressed at a low level. Overexpression of CTTNBP2NL is
unable to rescue the spine density phenotype in CTTNBP2 knockdown neurons, suggesting
that it may not target STRIPAK to dendritic spines (Chen et al., 2012). Thus, it is possible
that CTTNBP2 and CTTNBP2NL target STRIPAK complexes to different subcellular
compartments. However, more experiments are needed to address this important topic.

While striatin family members are concentrated at dendritic spines, no definitive data exist
that demonstrate a role for striatin in dendritic spinogenesis or maintenance. Since
CTTNBP2 is important for the proper size and density of dendritic spines and targets
STRIPAK to dendritic spines, STRIPAK may contribute to CTTNBP2 function in dendritic
spines. However, CTTNBP2 also targets cortactin to dendritic spines, and cortactin
overexpression completely rescues spine density defects in CTTNBP2 knockdown neurons,
while CTTNBP2 defective in binding cortactin does not (Chen et al., 2012, Chen and Hsueh,
2012). Thus, while cortactin is clearly important for CTTNBP2 function in dendritic spines,
the role of the core STRIPAK complex in CTTNBP2 function remains to be determined.

Interestingly, recent studies reveal that synaptic signaling modulates the localization of
striatin and zinedin to dendritic spines. Three minutes after treatment of neurons with N-
methyl-D-aspartate (NMDA), the immunoreactivity of striatin family members in dendritic
spines decreases as does the colocalization of striatin and zinedin with CTTNBP2, which
remains in dendritic spines (Chen et al., 2012). Moreover, fifteen minutes after NMDA
treatment, the amount of CTTNBP2 and striatin in complex together was reduced. We
speculate that NMDA treatment may alter striatin and zinedin localization by increasing the
concentration of calcium in dendritic spines, thus promoting Ca2+-CaM binding to
STRIPAK complexes and, consequently, reducing the association of striatin and zinedin
with proteins that bind proximal to their Ca2+-CaM-binding domain. NMDA receptors
(NMDARs) are glutamate-gated ion channels that are very permeable to calcium and their
activation causes rapid increases in calcium from a resting concentration of approximately
50 nM to well over 1 μM in dendritic spines (Connor et al., 1994, Muller and Connor,
1991). As mentioned previously, calcium reduces the interaction of striatin with GST-Cav-1
(Gaillard et al., 2001) and increases the amount of striatin found in the brain cytosol (Bartoli
et al., 1998). Because CTTNBP2 interacts within the N-terminal 200 amino acids of striatin
(Chen et al., 2012) that contain the striatin family Ca2+-CaM-binding domain, calcium
might also reduce CTTNBP2 binding to striatin and zinedin. Given that the affinity of brain
striatin for Ca2+-CaM is very low in 0.1 μM calcium and greatly increased in 1 μM calcium
(Bartoli et al., 1998), the previous results are consistent with the idea that increased calcium
levels from NMDAR activation reduce striatin association with Cav-1 and CTTNBP2 and
help promote redistribution of striatin family members to the cytosol of neurons. In addition,
other changes that occur upon NMDA treatment such as redistribution of cortactin and actin
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to the dendritic shaft may contribute to striatin relocalization as well (Chen et al., 2012,
Chen and Hsueh, 2012, Hering and Sheng, 2003).

4.1.2. STRIPAK and STRIPAK-like complexes in Drosophila
4.1.2.1. STRIPAK-like complex regulation of the Drosophila Jnk pathway: The sole
Drosophila striatin family homolog, Cka (Connector of Kinase to AP-1) (Table 2), was
originally discovered as a novel scaffolding protein that positively regulates Drosophila Jun
N-terminal kinase (dJnk) signaling in two developmental events: epithelial sheet movement
required for embryonic dorsal closure and apoptosis of cells in wing imaginal disks (Chen et
al., 2002). Cka forms complexes containing the dJnk pathway components Hep
(Hemipterous; dJnk kinase), Bsk (Basket; dJnk), and the Jra (Jun-related antigen; dJun) and
Kay (kayak; dFos) proteins that dimerize to make up the AP-1 transcription factor (Chen et
al., 2002). Cka promotes dJnk signaling by enhancing both phosphorylation of dJnk by Hep
and phosphorylation of dJun and dFos by dJnk, resulting in activation of AP-1-regulated
transcription, which functions to promote both proper dorsal closure and apoptosis in wing
imaginal disks. Expression of Hep or dJun and dFos increases the nuclear localization of
Cka in 293T cells, suggesting that the Cka complex may translocate to the nucleus to
promote AP-1-dependent transcription (Chen et al., 2002). However, further
experimentation will be necessary to dissect how Cka localization may play a role in dJnk
signaling. Also, because Drosophila PP2A binds to Cka (Horn et al., 2011, Ribeiro et al.,
2010) and negatively regulates the Jnk pathway, it will be important to determine whether
PP2A functions in Cka-dJnk pathway signaling complexes.

4.1.2.2. STRIPAK complex regulation of the Drosophila Erk pathway: In a recent study
mapping signaling networks in Drosophila by identifying synthetic interactions, Cka was
implicated as a positive regulator of Ras-Raf-Erk (extracellular signal-regulated kinase)
signaling (Horn et al., 2011). Cka was shown to function downstream of the epidermal
growth factor receptor (EGFR), to maintain basal phosphorylation of Drosophila Erk (dErk),
and to enhance expression of Ras-Raf-Erk pathway target genes (Horn et al., 2011).
Consistent with results from others (Ribeiro et al., 2010), proteomic analysis of Cka
complexes revealed that Cka forms a complex with Drosophila GckIII (dGckIII) kinase and
the Drosophila PP2A C subunit, Mts (Horn et al., 2011). Like Cka, dGckIII functions
positively downstream of EGFR in the Ras-Raf-Erk signaling pathway and interacts with
Mts (Friedman and Perrimon, 2006, Horn et al., 2011). Together, these results support the
idea of a Drosophila STRIPAK (dSTRIPAK) complex containing dGckIII and PP2A that
functions as a positive regulator of Ras-Raf-Erk signaling.

A similar STRIPAK complex may also positively regulate Ras-Raf-Erk signaling in
mammalian cells. Mammalian striatin family members bind PP2A (Moreno et al., 2000) and
the mammalian GCKIII kinases, Mst3, Mst4, and Ysk1 (Goudreault et al., 2009). Moreover,
SG2NA and striatin, as well as Mst3 and Mst4, are important for maintaining basal Erk
phosphorylation in mammalian cells (Friedman and Perrimon, 2006, Horn et al., 2011).
Because dGckIII also interacts with dRaf, dGckIII and Cka have been hypothesized to be
constituents of the Raf activation complex known to contain PP2A (Friedman and Perrimon,
2006, Horn et al., 2011). However, despite the common binding partners shared between
dRaf and Cka, neither Cka and dRaf nor mammalian striatin family members and Raf have
been demonstrated to exist in the same complex. Thus, the role of striatin family members in
the Ras-Raf-Erk pathway in these organisms needs to be clarified further.

In the synthetic interaction study described above (Horn et al., 2011), genetic interactions
found for Cka in regard to effects on cell proliferation included Msn, the Drosophila
homolog of the mammalian Mink1 kinase, as well as PP2A C subunit (Mts) and Rho1, the
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Drosophila homolog of the mammalian GTPase, RhoA (ras homolog gene family member
A). For each of these proteins, the combined effect of their knockdown with Cka depletion
was less than predicted if no genetic interaction was manifested. A genetic interaction
between Rho1 and Cka is very interesting, given the possible role of mammalian RhoA in
CCM discussed below in section 5. Although Msn knockdown alone had no effect on cell
proliferation, it substantially rescued the negative effect of Cka knockdown on cell
proliferation (Horn et al., 2011). Msn is a positive upstream regulator of dJnk signaling in
dorsal closure (Liu et al., 1999, Su et al., 1998) and has been reported to complex with Cka
(Ribeiro et al., 2010). We speculate that under limiting Cka concentrations, Msn knockdown
might increase the available Cka to function positively in the Ras-Raf-Erk pathway. In
support of this possibility, evidence suggesting the coexistence of independent Cka
complexes in the same cell has been reported (Ribeiro et al., 2010) (see section 4.1.2.3
below). The existence of multiple STRIPAK and STRIPAK-like complexes in the same cell
type suggests that experiments knocking down common components should be interpreted
with caution.

4.1.2.3. Negative regulation of kinases by Drosophila STRIPAK-associated PP2A:
Further evidence in support of the idea that STRIPAK complexes target PP2A to negatively
regulate a variety of kinases comes from the study of the Hippo (Hpo) pathway in
Drosophila (Ribeiro et al., 2010). Hpo is the Drosophila homolog of the mammalian GCKII
kinases, Mst1 and Mst2, and is critically involved in the control of tissue size (Wu et al.,
2003). Although Mst1 and Mst2 were not found in proteomic analyses of mammalian
STRIPAK complexes (Glatter et al., 2009, Goudreault et al., 2009), Hpo associates with,
and is negatively regulated by, PP2A in the dSTRIPAK complex (Ribeiro et al., 2010). The
dSTRIPAK complex containing Hpo is organized by Cka and appears to contain at a
minimum the Drosophila PP2A A (PP2A-29B) and C (Mts) subunits, the Mob3 functional
homolog, dMob4, and homologs of mammalian STRIP, FGR10P2/SIKE, and Ccm3
(Ribeiro et al., 2010). Consistent with its role as a negative regulator of Hpo, the Hpo-
associated protein dRassf (Drosophila ras association domain family protein) complexes
with Hpo and Cka and promotes the association of Hpo with Cka. Similar dSTRIPAK
components were found associated with dRassf by proteomic analysis, with the major
exception that dRassf associates with both a CTTNBP2 homolog and a FGR10P2/SIKE
homolog (Ribeiro et al., 2010), which are thought to be in mutually exclusive complexes in
mammalian cells (Goudreault et al., 2009). Interestingly, while affinity purifications of
proteins associated with either Cka or dMob4 from Drosophila Kc167 cells contained, in
addition to Hpo, the STE20-like kinases, dGckIII/Stlk3 and Msn, complexes recovered by
affinity purification of Hpo or dRassf did not include these kinases. These results suggest
that, as for mammalian striatin family members, dSTRIPAK forms mutually exclusive
complexes with different kinases to regulate diverse cellular processes.

4.1.3. STRIPAK-like complexes in yeasts
4.1.3.1. STRIPAK-like complexes in Saccharomyces cerevisiae: Homologs of
components of the STRIPAK complex are also found in the budding yeast, Saccharomyces
cerevisiae (S. cerevisiae) (Table 2). The yeast FAR (Factor arrest) complex is composed of
six FAR family proteins (Far3 and Far7-11), some of which are homologs of mammalian
STRIPAK components, including Far8 (striatin), Far9/Far10 (SLMAP), and Far11
(STRIP1/2) (Goudreault et al., 2009, Kemp and Sprague, 2003). Far11 interacts with the
PP2A A (Tpd3) and C subunits (Pph21, Pph22, Pph3) (Lisa-Santamaria et al., 2012,
Pracheil et al., 2012, Uetz et al., 2000), suggesting that, like mammalian STRIPAK, the
yeast FAR complex targets PP2A to regulate different cellular processes. Although the FAR
complex was originally discovered as being necessary for pheromone-induced cell cycle
arrest in budding yeast (Kemp and Sprague, 2003), additional functions have been ascribed
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to it. Recently, all of the FAR complex proteins and yeast PP2A catalytic subunits were
identified as being important for caspase-10-induced death in yeast (Lisa-Santamaria et al.,
2012). In this study, loss of Far11 was partially complemented by mammalian STRIP1 and
STRIP2, supporting the idea that the FAR complex is functionally similar to the mammalian
STRIPAK complex. Also analogous to mammalian cells, FAR complex components were
found to be concentrated in the endoplasmic reticulum-Golgi. The phenotype of caspase-10-
induced death includes some attributes of autophagy and apoptosis as well as impairment of
the intra-S checkpoint (Lisa-Santamaria et al., 2012). Caspase-10 induces the
dephosphorylation of the autophagy inducer protein, Atg13, and of Rad53 (yeast CHK2),
which participates in the intra-S checkpoint. Far11 is necessary for caspase-10-induced
dephosphorylation of Atg13, and the induction of autophagy by caspase-10 expression,
nitrogen starvation, or rapamycin treatment (Lisa-Santamaria et al., 2012). Far11 is also
required for caspase-10-induced dephosphorylation of Rad53 and prevention of cell cycle
arrest initiated by the intra-S checkpoint (Lisa-Santamaria et al., 2012). Thus, the FAR
complex likely targets PP2A to regulate Atg13 and Rad53 phosphorylation, and thus
autophagy and DNA damage-induced arrest.

The fact that loss of Far11 rescues rapamycin-induced autophagy suggests that the FAR
complex is involved in the rapamycin-sensitive TORC1 (target of rapamycin complex 1)
kinase signaling pathway, which is regulated by nutrient availability and is known to
regulate autophagy (Lisa-Santamaria et al., 2012, Wullschleger et al., 2005). However,
results from other recent studies indicate that the FAR complex also negatively regulates the
less rapamycin-sensitive TORC2 signaling pathway, because loss of any member of the
FAR complex at least partially suppresses the lethality of a TORC2-deficient mutant
(Baryshnikova et al., 2010, Pracheil et al., 2012). Far11 does not regulate TORC2 but rather
functions downstream of this complex, at a minimum to negatively regulate the
phosphorylation of Slm1, a TORC2 substrate required together with the functionally
redundant protein, Slm2, for polarization of the actin cytoskeleton (Audhya et al., 2004,
Fadri et al., 2005, Pracheil et al., 2012). Loss of actin polarization due to Slm1/Slm2
mutation can be partially rescued by overexpression of Rho1, indicating that Slm1/Slm2
may regulate actin polarization at least in part through regulation of Rho GTPases (Fadri et
al., 2005). Thus, Far11 may also function upstream of Rho GTPases. Deletion of the gene
encoding Far11 (Baryshnikova et al., 2010, Pracheil et al., 2012) or Sac7 (Pracheil et al.,
2012), a Rho GTPase activating protein (GAP) that negatively regulates actin cytoskeleton
dynamics, restores polarization of the actin cytoskeleton lost in a TORC2-deficient mutant.
Moreover, deletion of the gene encoding the Rho activator, Rom2, greatly impaired the
ability of loss of Far11 to rescue the lethality of a mutant TORC2, suggesting that Far11
may function upstream of Rho GTPases (Pracheil et al., 2012). Thus, Far11 clearly functions
downstream of TORC2 to negatively regulate actin polarization, perhaps in part by
modulating Rho GTPase signaling.

An important question is whether Far11 functions in TORC2 regulation of actin polarization
as part of the FAR complex or whether Far11 has FAR complex-independent roles in
TORC2 signaling. While loss of any FAR complex member at least partially suppressed the
lethality of a TORC2-deficient mutant, loss of Far11 was more effective than loss of any
other FAR complex member (Pracheil et al., 2012). However, this cannot be equated with
differences in rescue of actin polarization. Unfortunately, the effects of deletion of the other
FAR complex members on Slm1 phosphorylation and actin polarization have not been
assayed. Comparable to loss of Far11, loss of the PP2A family catalytic subunit, Ppg1,
partially rescued actin polarization in a TORC2-deficient mutant (Baryshnikova et al.,
2010). Thus, Far11 may target Ppg1 to regulate actin polarization. Deletion of Rts1, the
yeast PP2A B′ regulatory/targeting subunit, was also found to negatively regulate Slm1
phosphorylation and to suppress the lethality of a TORC2 mutant, leading the authors to
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propose that Rts1 might interact with PP2A A and C subunits in the FAR complex to
regulate Slm1 phosphorylation (Pracheil et al., 2012). However, no data evidencing a
physical interaction between Far11 and Rts1 exists to support this conclusion. Moreover, the
phosphatase calcineurin also counteracts TORC2 phosphorylation of Slm1 (Bultynck et al.,
2006, Daquinag et al., 2007). Thus, multiple phosphatase complexes oppose TORC2-
mediated phosphorylation of Slm1 and further experimentation will be necessary to
determine whether Rts1 interacts physically with the FAR complex to function in TORC2
regulation of actin polarity, or perhaps functions redundantly with the FAR complex.

Finally, the results from the study by Pracheil et al. are consistent with the possibility that
the yeast FAR complex may function upstream of Rho GTPases (Pracheil et al., 2012).
Interestingly, a high throughput two-hybrid screen identified an interaction between Far11
and Rho4 (Uetz et al., 2000), a Rho GTPase that functions together with Rho3 in activation
of formins, actin filament nucleators (Dong et al., 2003). Although further experimentation
is necessary to clarify these results, they are intriguing because of the possible implications
that the STRIPAK complex might be an upstream regulator of RhoA in controlling actin
cytoskeleton organization and dynamics in mammalian cells.

4.1.3.2. STRIPAK-like complexes in Schizosaccharomyces pombe: Although functional
conservation of some STRIPAK components has been demonstrated, there is also evidence
for distinct functions of STRIPAK-like complexes in different organisms. Frost and
colleagues have proposed that the STRIPAK-like complexes have undergone functional
repurposing over the course of evolution (Frost et al., 2012). For example, although
STRIPAK components in S. cerevisiae function together in the FAR complex to regulate
cell cycle arrest in response to pheromone signaling, components of this complex (Far3 and
Far7) appear to be lacking in Schizosaccharomyces pombe (S. pombe) and metazoa and new
partners are found. In addition, comparison of the genetic interaction profiles of genes for
STRIPAK component homologs demonstrated that in S. pombe, but not in S. cerevisiae, the
genetic interaction patterns of genes encoding Far8, Far10, and Far11 are correlated with
those of multiple genes involved in mitosis and cytokinesis. For example, strong synthetic
genetic interactions are found between the S. pombe FAR genes and the gene for the mitotic
exit phosphatase Cdc14 ortholog, Clp1, and mutation of S. pombe Far8, Far10, or Far11
together with Clp1 induces abnormal morphologies and increased ploidy not seen in the
single mutants. In contrast, similar double mutants in S. cerevisiae did not show
exacerbation of the cdc14 single mutant phenotype. In addition, the results from this study
provided support for other functions for STRIPAK-like homologs in yeast. For example, in
S. cerevisiae, genetic interactions were found between FAR complex genes and genes
encoding the PP2A family catalytic subunit, Ppg1, the TORC2 kinase complex, and the
endoplasmic reticulum-mitochondria encounter structure (ERMES), as well as lipid
synthesis genes. In S. pombe, FAR complex genetic interactions correlated with those of
genes encoding actomyosin contractile ring components, Pck1 kinase, Golgi components,
and the PP2A catalytic subunit, Ppa3. Interestingly, strong synthetic genetic interactions of
S. pombe with the PP2A B′ regulatory subunit, Par1, were found, prompting the authors to
propose that Par1 (B′)-directed PP2A may compensate for FAR (STRIPAK)-directed PP2A.
This possibility may have relevance to the question raised above in section 4.1.3.1
concerning PP2A B′ (Rts1) and FAR function in regulating TORC2 in S. cerevisiae. It is
also consistent with the implication of both a STRIPAK-like complex and B′ in regulation of
the septation initiation network (SIN) in S. pombe (see below).

In S. pombe, a STRIPAK-like complex has been implicated in the regulation of septation
(Singh et al., 2011). The S. pombe septation initiation network (SIN) is critical for septum
formation in cells at the completion of mitosis (Balasubramanian et al., 2004, Krapp and
Simanis, 2008, Singh et al., 2011). Hyperactivity of the SIN (e.g., caused by mutation of
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negative regulators of the SIN or overexpression of certain positive SIN components) results
in premature septum formation and, consequently, cellular compartments lacking nuclei.
Conversely, inhibition of the SIN (e.g., caused by mutation of SIN components) reduces or
prevents septation, resulting in multinucleated, elongated cells. Components of the SIN are
anchored to the spindle pole body (SPB) via association with the scaffolding proteins,
Cdc11 and Sid4, which in turn are tethered to the SPB protein, Ppc89. Central to the
function of the SIN is the ras superfamily GTPase, Spg1, which is negatively regulated by a
two-component GAP consisting of Cdc16 and Byr4. GTP-bound, active Spg1 on the SPB
recruits Cdc7, the primary effector of Spg1 and the first of three kinases in the SIN. While
Cdc7 initially localizes to both mother and daughter SPB in early mitosis, Cdc16-Byr4 is
recruited to the mother SPB, presumably inactivating Spg1 in that location and consequently
reducing Cdc7 binding to that SPB. Thus, one hallmark of a functioning SIN is the
progression to an asymmetric localization of Cdc7 (on the daughter SPB) in mitosis.

Recently, a STRIPAK-like complex called the SIN-inhibitory PP2A complex (SIP) was
identified that is a weak inhibitor of the SIN (Singh et al., 2011). Constituents of the SIP
include homologs of the mammalian STRIPAK components, Csc1 (SLMAP homolog),
Csc2 (STRIP1/2 homolog), Csc3 (striatin homolog), Paa1 (S. pombe PP2A A subunit), and
Ppa3 (a novel, previously uncharacterized S. pombe PP2AC subunit), as well as Csc4, a
protein of unknown function. Like components of the SIN, the SIP localizes to the SPB in a
manner dependent on Ppc89 (Matsuyama et al., 2006, Singh et al., 2011). SIP localization to
the SPB appears to be dependent on Cdk activity (Singh et al., 2011). Interestingly, while
the SIP localizes to both SPB in early mitosis, as mitosis progresses it localizes only to the
mother SPB, the SPB without Cdc7. Similar to loss of function mutations in the Spg1 GAP
proteins, loss of SIP components abolishes the asymmetric localization of Cdc7 in mitosis
and promotes septum formation during interphase. Moreover, the SIP promotes
dephosphorylation of the SIN scaffolding protein, Cdc11, and loss of the SIP results in loss
of Byr4 binding to the mother SPB. These and other lines of evidence suggest that one
function of the SIP may be to promote the asymmetric localization of Cdc7 by
dephosphorylating Cdc11 at the mother SPB, increasing recruitment of Byr4 (Singh et al.,
2011), which binds hypophosphorylated Cdc11 (Krapp et al., 2003). However, another
possibility is that SIP may indirectly regulate Cdc11 phosphorylation and/or may have
additional targets in the SIN.

Of note, another PP2A catalytic subunit, Ppa2, also appears to be a negative regulator of the
SIN (Singh et al., 2011), but whether it is present in the SIP is not known. Most likely Ppa3,
Ppa2, or both participate in regulating the SIN in a separate PP2A complex since S. pombe
PP2A B′ B-type regulatory/targeting subunits have also been shown to localize to SPB, to
negatively regulate the SIN, and to be important for Cdc11 dephosphorylation (Jiang and
Hallberg, 2000, 2001, Krapp et al., 2003, Le Goff et al., 2001, Tanabe et al., 2001).
Interestingly, the multiseptation defect of a S. pombe B′ double deletion mutant was rescued
by overexpression of a human B′ subunit, indicating remarkable functional conservation in
this process (Tanabe et al., 2001). In addition, the S. pombe PP2A B B-type subunit has also
been implicated as a negative regulator of the SIN (Lahoz et al., 2010). The involvement of
multiple PP2A complexes in regulation of the SIN may explain why the STRIPAK-like SIP
complex is only a weak negative regulator of the SIN. Thus, it will be important to
determine the genetic and phenotypic interactions of these PP2A complexes in regulation of
the SIN, and the specific targets in the SIN that they regulate. Finally, while components of
the SIP localize to the SPB, Csc2 and Csc3 also localize to the nuclear envelope, consistent
with reports that the Aspergillus nidulans and N. crassa striatin homologs are found in the
nuclear envelope (Dettmann et al., 2013, Wang et al., 2010) and that mammalian SLMAP
localizes primarily to the outer nuclear envelope and some endoplasmic reticulum structures,
as well as in centrosomes (Frost et al., 2012, Guzzo et al., 2005, Guzzo et al., 2004a).
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In summary, STRIPAK or STRIPAK-like complexes from yeast to humans regulate
numerous cellular events including mitosis and cytokinesis. Some of these functions may be
partially redundant with other PP2A holoenzyme forms, especially B′-directed
holoenzymes, leading to masking of some of their roles. Thus, future studies should include
investigations of the effects of co-targeting of B′- and striatin family-directed PP2A to
increase our insight into the function of STRIPAK and STRIPAK-like complexes.

4.1.4. STRIPAK-like complexes in filamentous fungi—STRIPAK-like complexes
have been implicated in sexual development and cell-cell fusion in filamentous fungi. Cell-
cell fusion is a fundamental process involved in both vegetative growth and sexual
development in filamentous fungi. Similar to cell fusion in higher eukaryotes, it involves
communication between cells, cell adhesion, and fusion of cell membranes (Fleissner et al.,
2008). Thus, understanding this process in fungi may provide important insights applicable
to higher eukaryotes where cell-cell fusion is involved in processes such as fertilization,
myoblast fusion, fusion of macrophages to form multinucleated giant cells, and placental
development (Fleissner et al., 2008). Moreover, some fungi such as those of the genus
Fusarium can be pathogenic in animals or plants, and understanding the biochemical basis
for their virulence may help in the development of new anti-mycotics or increased resistance
in plants. In this section, we will first provide a brief background on growth and sexual
development of filamentous fungi and then discuss insights from studying STRIPAK-like
complex function in filamentous fungi.

4.1.4.1. Growth and sexual development of filamentous fungi: Filamentous fungi such as
Neurospora crassa (N. crassa) and Sordaria macrospora (S. macrospora) grow as mycelial
colonies comprising a system of interconnected, multinucleate hyphal tubes (hyphae) (for
reviews, see (Engh et al., 2010, Fleissner et al., 2008)). In N. crassa and S. macrospora, new
colonies can be initiated when spores produced through sexual reproduction, called
ascospores, germinate to produce a new colony. N. crassa, but not S. macrospora, can also
reproduce asexually by producing asexual spores, called conidia, and the start of new N.
crassa fungal colonies often involves fusion of multiple conidia (conidial germlings). After
either type of germination, mycelial colonies are formed by vegetative growth involving
hyphal tip growth and branching. During vegetative growth of both N. crassa and S.
macrospora, hyphal fusion occurs to create the interconnected network of the colony, which
allows the flow of organelles and cytoplasmic constituents between hyphae. Although septa
are formed in the vegetative hyphae of many fungi, subdividing hyphae into chambers, these
septa have pores that allow a similar movement of organelles and cytoplasmic constituents.
In N. crassa, where mating occurs between two different mating types, conidia also function
as male gametes. Sexual reproduction to produce ascospores involves production of
specialized female reproductive hyphae called ascogonia. These ascogonia develop into
female reproductive structures termed protoperithecia, and then male cells (microconidia or
macroconidia) from a different mating type fuse with ascogonial hyphae emanating from
protoperithecia. Finally, protoperithecia mature to form perithecia, fertile fruiting bodies
containing ascospores that have been produced through meiosis. In S. macrospora, which is
self-fertile, similar development from ascogonia to protoperithecia and then perithecia
occurs, but with self-fertilization that does not involve conidia. As will become clear in the
following subsections, STRIPAK-like complexes appear to play critical roles in growth,
sexual development, and virulence of filamentous fungi.

4.1.4.2. STRIPAK-like complex function in Neurospora crassa growth and
development: The N. crassa STRIP1/2 homolog, Ham-2 (Table 2), was originally identified
as a protein required for sexual development and hyphal fusion (Xiang et al., 2002). Ham-2
loss or mutation resulted in slower growth, shorter aerial hyphae, female sterility, and
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hyphal fusion defects, despite normal vegetative hyphal architecture. Subsequently, Ham-2
was determined to be necessary for the chemotropic, polarized growth of conidial
anastomosis (hyphal fusion) tubes required to facilitate fusion of conidial germlings (Roca et
al., 2005). Moreover, Ham-2 mutant macroconidia lacked the ability to attract conidial
anastomosis tubes from wild-type conidial germlings, indicating that Ham-2 was necessary
for producing the yet unidentified chemoattractant. Because the Map kinase, Mak-2, and the
Map kinase kinase, Nrc-1, also demonstrated these same defects, it was hypothesized that
Ham-2 functions together with the Map kinase pathway to regulate chemotropic polarized
growth in conidia and conidial germlings (Roca et al., 2005). In support of this possibility, a
functional interaction between Mak-2 and Ham-2, Mob3, and some other STRIPAK-like
complex components was recently reported (Dettmann et al., 2013). However, this
functional interaction was not shown to affect tropic interactions of conidial germlings.
Results from budding yeast also support the idea of cooperative functioning of STRIPAK-
like complexes and Map kinases. Map kinase signaling is also important for chemotropic
polarized growth in response to pheromone during mating in budding yeast (Arkowitz,
2009), where the FAR complex containing a Ham-2 homolog is necessary to maintain the
G1 phase cell cycle arrest required for sexual polarized growth (Kemp and Sprague, 2003).
Interestingly, another member of the FAR complex, Far9, a homolog of SLMAP, has been
shown to be required for secretion of the yeast pheromone, α-factor (Bonangelino et al.,
2002). Thus, STRIPAK-related complexes likely function together with Map kinases in
regulating aspects of chemotropic polarized growth in both yeast and filamentous fungi.

Recently, Simonin and colleagues reported that N. crassa Ham-2, Ham-3 (striatin homolog),
and Ham-4 (SLMAP homolog) mutants all display a similar reduction in growth rate, short
aerial hyphae, dramatically reduced conidiation (production of conidia), enlarged vacuoles,
and delayed formation of protoperithecia (Simonin et al., 2010). In addition, like Ham-2
mutants, loss of Ham-3 or Ham-4 caused loss of chemotropic interactions during germling
fusion and these strains were highly defective in germling and hyphal fusion. While Ham-3
and Ham-4 were not required for chemotropic interactions during mating and sexual fusion
(Ham-2 was not able to be evaluated), they were required for proper ascosporogenesis. Their
loss resulted in defects in the morphology, number, and/or size of the ascospores produced
and increased the osmotic fragility of the ascospores that were produced (Simonin et al.,
2010). These data support the idea that Ham-2, Ham-3, and Ham-4 function together as a
STRIPAK-like complex in these developmental processes.

Another N. crassa STRIPAK component homolog, Mob3, was implicated in sexual
development and asexual cell fusion in a study examining the relationship between NDR
kinases and Mob proteins in N. crassa (Maerz et al., 2009). While N. crassa Mob1 regulates
the NDR kinase Dbf2, and Mob2a and Mob2b regulate the NDR kinase Cot1, Mob3
functions independently of NDR kinases (Maerz et al., 2009). Loss of Mob3 in N. crassa
had little effect on growth and caused a weak conidiation defect, but dramatically reduced
conidial germling and hyphal fusion and the development of protoperithecia. When ΔMob3
cells were used as the male in crosses with wild-type cells, development progressed further,
but very few ascospores were produced, indicating that like Ham-2 and Ham-3, Mob3 has a
role in ascosporogenesis (Maerz et al., 2009). Using a morphology-based screening protocol,
another group recently identified 24 genes required for hyphal cell fusion in N. crassa (Fu et
al., 2011). A number of these genes, including, but not limited to, Ham-2, Ham-3, and
Mob3, had been previously implicated in hyphal fusion. Among the novel genes identified
were the genes encoding the PP2A C subunit (Fu et al., 2011), another known component of
STRIPAK complexes. Like Ham-2, Ham-3, and Ham-4, N. crassa PP2A C subunit is also
critical for production of conidia (Nargang et al., 2012). Recently, similar results were
obtained regarding the role of N. crassa STRIPAK-like components in vegetative hyphal
fusion, except that while Ham-2, Ham-3, and the PP2A catalytic subunit, Ppg1, were found
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to be essential for hyphal fusion of conidial germlings, Ham-4 and Mob3 were found to be
less important (Dettmann et al., 2013). Thus, five known homologs of STRIPAK
components regulate hyphal fusion and conidiation in N. crassa, consistent with the idea that
a N. crassa STRIPAK-like complex regulates these developmental processes and others in
which these proteins have been implicated.

4.1.4.3. STRIPAK-like complex function in Sordaria macrospora growth and
development: A STRIPAK-like complex also appears to regulate developmental processes
in S. macrospora, a close relative of N. crassa. Mutation of S. macrospora Pro11 (Table 2),
a striatin homolog found localized primarily in membranes, caused an increased density of
aerial hyphae but no general growth defect (Poggeler and Kuck, 2004). It also resulted in a
reduction in the number of protoperithecia, and a block in development from protoperithecia
to perithecia. Strikingly, expression of mouse striatin fully restored the ability to develop
fertile fruiting bodies and produce normal ascospores, although the frequency of abnormal
asci with reduced numbers of ascospores was still modestly increased. Thus, striatin is a
functional homolog of Pro11 (Poggeler and Kuck, 2004). A nonsense point mutation
(Q437stop) in the S. macrospora STRIP1/2 homolog, Pro22, or deletion of its gene also
caused defects in hyphal fusion and protoperithecia development, and a block in the
developmental progression from protoperithecia to perithecia (Bloemendal et al., 2012,
Bloemendal et al., 2010, Rech et al., 2007). Protoperithecia formed were clearly less
differentiated and contained thin-walled hyphae (Bloemendal et al., 2010). As mentioned
above, protoperithecia develop from specialized female hyphae called ascogonia.
Interestingly, the ascogonia of a Pro22 mutant largely lacked intercalary septa (Bloemendal
et al., 2010). The absence of septa was specific to these sexual reproductive structures as
septation of vegetative hyphae was normal, suggesting that Pro22 may play a role in
regulating septation specifically during sexual development. In contrast, a C-terminal
truncation mutant of Pro11 that retains 545 out of the 845 amino acids found in the full-
length protein did not show a similar defect (Bloemendal et al., 2010). However, we
hypothesize that this difference may be due to dissimilarities in the relative severity of the
Pro22 and Pro11 mutations. A more recent analysis shows that the Pro11 truncation mutant
analyzed in this study has substantial residual activity in other assays for sexual
developmental (Bloemendal et al., 2012). As evidence for the generality of results obtained
in S. macrospora, multiple STRIPAK homologs, including a Pro22 homolog, Csc2, and a
Pro11 homolog, Csc3, have been implicated in control of septation in S. pombe (Singh et al.,
2011). Finally, a role for Pro22 in septation is consistent with the report that a S. cerevisiae
Pro22 homolog, Far11, was found to bind to Rho4 (Uetz et al., 2000), a small GTPase
whose N. crassa homolog is required for septation (Rasmussen and Glass, 2005).

S. macrospora Mob3 (SmMob3) is also essential for hyphal fusion and fruiting body
development. Loss of SmMob3 expression caused slower growth, increased aerial hyphae
density, greatly reduced numbers of protoperithecia, and a block in development from
protoperithecia to perithecia (Bernhards and Poggeler, 2011), phenotypes which are similar
to those caused by a Pro11 mutation in N. crassa (Poggeler and Kuck, 2004). RNAi
knockdown of Pro11 in a ΔSmMob3 strain or deletion of Pro11 caused an even earlier block
in sexual development, with almost no ascogonia production and complete loss of
protoperithecia development (Bernhards and Poggeler, 2011, Bloemendal et al., 2012).
Moreover, a mutant Pro11 strain was unable to complement a ΔSmMob3 strain (Bernhards
and Poggeler, 2011). These results support the idea that S. macrospora striatin and Mob3
homologs function together, perhaps as a complex in these processes (Bernhards and
Poggeler, 2011), but that Pro11 has Mob3-independent functions. However, unlike
mammalian striatin, which was able to partially complement a Pro11 mutant strain (Poggeler
and Kuck, 2004), expression of mouse Mob3 was unable to complement SmMob3 loss
(Bernhards and Poggeler, 2011).
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4.1.4.4. STRIPAK-like complex function in Fusarium verticillioides and Fusarium
graminearum growth, development, and virulence: The striatin family homolog, Fsr1
(Table 2), plays a critical but undefined role in the virulence of the plant pathogenic
filamentous fungi, Fusarium verticillioides (F. verticillioides) and Fusarium graminearum
(F. graminearum) (Shim et al., 2006). F. verticillioides defective for Fsr1 display reduced
radial growth on agar, fewer aerial mycelia, and inability to penetrate and grow in maize
stalk in a stalk-rot assay (Shim et al., 2006, Yamamura and Shim, 2008). While Fsr1 is not
critical for male fertility in F. verticillioides, it is required for female fertility and the
development of perithecia (Shim et al., 2006). Similarly, deletion of Fsr1 in F. graminearu
also leads to a block in perithecia development and significantly reduced head blight
symptoms of this fungus on barley (Shim et al., 2006). In F. verticillioides, the growth and
virulence defects of a ΔFsr1 strain could be rescued by expression of an Fsr1 mutant lacking
the WD-repeat domain or by expression of a mutant lacking both the WD-repeat domain and
the caveolin-binding domain (Yamamura and Shim, 2008). Given the importance of the
WD-repeats for Mob3 binding in mammalian cells (Gordon et al., 2011), it will be
interesting to determine if the F. verticillioides Mob3 homolog is dispensable for virulence.
Also of note, caveolins do not appear to be expressed in fungi (Field et al., 2007) and some
of the fungal striatin homologs lack a full consensus caveolin-binding domain (Couet et al.,
1997); thus, the function of this stretch of amino acids in fungal striatin homologs is
currently unclear. Interestingly, the growth and virulence defects of the ΔFsr1 strain could
not be rescued by expression of a mutant lacking both the WD-repeat domain and the coiled-
coil domain (Yamamura and Shim, 2008). Thus, at least in the absence of the WD-repeat
domain, the coiled-coil domain is required for normal growth and virulence, while the WD-
repeat domain appears to be dispensable for both.

4.1.4.5. STRIPAK-like complex function in Aspergillus nidulans growth and
development: In A. nidulans, a fungus that produces cleistothecia (closed fruiting bodies)
instead of perithecia, the striatin homolog, StrA (Table 2), is important for colony growth,
conidiation, conidia germination, and sexual development (Wang et al., 2010). Loss of StrA
expression reduces the number and size of cleistothecia. It also reduces the number of
ascospores and increases the amount of abnormal (unseparated or improper shaped)
ascospores, indicating a role for StrA in ascosporogenesis. On the other hand,
overexpression of StrA decreased conidiation but increased the number of cleistothecia,
demonstrating that StrA positively influences sexual development. All things considered, the
roles for A. nidulans StrA are very similar to the roles described for STRIPAK component
homologs from N. crassa, S. macrospora, F. verticillioides, and F. graminearu.

4.1.4.6. Structure-function analysis of the Sordaria macrospora STRIPAK-like
complex: The functional similarities of the fungal STRIPAK component homologs
described above suggest that they could function together in a STRIPAK-like complex in
filamentous fungi. Recently, the first direct demonstration of a physical STRIPAK-like
complex in fungi was reported for S. macrospora. The STRIP1/2 homolog, Pro22, forms a
complex with the striatin homolog, Pro11, and the SmPP2A A and C subunits (Bloemendal
et al., 2012). Pro11 also interacts with SmMob3, expanding the likely complex further. A
similar STRIPAK-like complex was subsequently described in N. crassa that also included
the N. crassa SLMAP homolog, Ham-4 (Dettmann et al., 2013). Results of a yeast two-
hybrid analysis of deletion mutants from S. macrospora were also generally in good
agreement with published results regarding mammalian STRIPAK structure-function
(Bloemendal et al., 2012, Gordon et al., 2011, Kean et al., 2011). One exception was that the
two-hybrid analysis provided evidence for an interaction of SmPP2AA with Pro11 residues
111–281, which includes only residues C-terminal to the Pro11 coiled-coil domain
(Bloemendal et al., 2012). This is in apparent contrast to results from mammalian cells,
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which showed that the coiled-coil domain is necessary for PP2A association with striatin
family members and that point mutants within this domain can dissociate PP2A without loss
of oligomerization (Gordon et al., 2011, Kean et al., 2011). Moreover, purified mammalian
PP2A A subunit directly interacts with SG2NA residues 57–169, which include the coiled-
coil and a short stretch of amino acids after the coiled-coil domain (Gordon et al., 2011,
Kean et al., 2011). Further experimentation will be necessary to determine whether these
results arise from a difference between mammalian and fungal STRIPAK organization.
Another interesting finding from the two-hybrid results was the discovery that Pro22 may
interact with the C-terminal half of SmPP2AA independently of Pro11 (Bloemendal et al.,
2012). While this result provides new insight into the organization of the fungal STRIPAK
complex (Bloemendal et al., 2012), we speculate that it may have another important
implication as well. If Pro22 indeed interacts with PP2A independently of striatin family
members, then it may be capable of targeting other PP2A complexes (dimer or trimer) in
addition to STRIPAK complexes. One prediction of this hypothesis is that STRIP1/2
homologs will be found to have cellular roles not wholly explained by STRIPAK function.
A potential example of such a function may be found in FAR complex regulation of TORC2
signaling in yeast (discussed above in section 4.1.3.1).

Finally, functional analysis of C-terminal deletion mutants of Pro11 provided some
interesting correlative results. First, consistent with the requirement for SmMob3 for
development from protoperithecia to perithecia (Bernhards and Poggeler, 2011), the Pro11
WD-repeat domain, the likely binding domain for SmMob3, is critical for development from
protoperithecia to perithecia (Bloemendal et al., 2012). Second, wild-type ascogonial
development, but not protoperithecia development, was supported by a mutant containing
the coiled-coil domain, but lacking most sequences C-terminal to that domain. The ability of
different Pro11 sequences to support different aspects of sexual development suggest that
different Pro11-associated proteins may be more important for some stages of development
than others.

In summary, functional studies of STRIPAK component homologs, the demonstration of
physical interactions between these proteins, and the ability of mammalian striatin to
functionally substitute for a fungal striatin homolog indicate the existence of a fungal
STRIPAK-like complex that plays important roles in growth, conidiation, germling and
hyphal fusion, sexual development, ascosporogenesis, and virulence. Much remains to be
elucidated regarding the mechanisms by which the fungal STRIPAK-like complex
contributes to these processes. Consideration of these events reveals that, among other roles,
STRIPAK-like complexes function in cell-cell communication and polarized growth during
sexual development, cell-cell fusion events, and meiosis.

Similarities between the roles of STRIPAK-like complexes in filamentous fungi and yeast
provide additional insight. In budding yeast, the STRIPAK-like FAR complex also
participates in regulation of polarized growth during mating (Kemp and Sprague, 2003).
Interestingly, in neither yeast nor fungi do STRIPAK-like complexes appear to be critical
for polarized growth unrelated to mating, such as budding in yeast or hyphal growth in
fungi. This is consistent with the possibility that they play a regulatory role in this process
during sexual development, although additional roles cannot be excluded. The role of Mob3
in these functions is intriguing. Fungal Mob3 is critical for cell fusion events, full sexual
development and proper ascosporogenesis. Consistent with this, the striatin family WD-
repeat domain shown to be important for Mob3 binding (Gordon et al., 2011) is also
required for sexual development in filamentous fungi (Bloemendal et al., 2012). While
Mob3 is related to other Mob proteins, including those in yeast, there is no direct Mob3
homolog in yeast. Moreover, the striatin homolog in budding yeast, Far8, lacks a WD-repeat
domain (Goudreault et al., 2009). Thus, it appears that both Mob3 and its binding site on
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striatin homologs are lacking in yeast. Whether the absence of Mob3 in yeast indicates that
its role in cell-cell fusion in yeast is played by a non-STRIPAK-like yeast component is
unknown. Similarities in STRIPAK component homolog function in yeast and fungi include
roles in mating factor/chemotropic agent secretion and polarized growth during sexual
development and mating. Whether STRIPAK-like complex components play a role in the
actual fusion events and what their role in ascosporogenesis might be remains to be
determined, but their implication in cellular processes such as vesicular trafficking,
microtubule organization, cell wall integrity pathway, cytokinesis and abscission in different
organisms suggests possible directions that should be explored.

4.2. STRIPAK-like complexes and estrogen receptor signaling
Estrogens regulate cellular functions by signaling via their receptors, ERα and ERβ, through
both genomic and non-genomic pathways (O’Lone et al., 2004, Raz et al., 2008). Genomic
effects of estrogen refer to ligand-dependent activation of ERs as transcription factors in the
nucleus to modulate gene expression. Nongenomic effects of estrogen are mediated by ER
localized to the caveolae (Chambliss et al., 2000), and in endothelial cells involve rapid
activation of several kinases, including Erks and Akt, and activation of eNOS (for reviews,
see (Raz et al., 2008, Wu et al., 2011)). Ligand-independent regulation of ERs through the
action of kinases and phosphatases has also been proposed (Lu et al., 2003).

Striatin family members serve as scaffolds for formation of separate PP2A/ERαcomplexes
involved in genomic and non-genomic signaling by estrogens (Lu et al., 2004, Tan et al.,
2008). Rat STRN3γ, a nuclear-localized splice variant of SG2NA, organizes an estrogen-
inducible STRIPAK-like complex containing PP2A and ERα to facilitate downregulation of
ERα transcriptional activity by PP2A-mediated dephosphorylation of ERα(Tan et al., 2008)
(Fig. 2). On the other hand, striatin organizes an estrogen-enhanced STRIPAK-like complex
for rapid, non-genomic ERαsignaling at the plasma membrane that contains PP2A, ERα,
Gαi, and eNOS (Lu et al., 2004). Striatin binds ERα directly and targets it to the cell
membrane. The first 203 amino acids of striatin and residues 183–253 of ERα are sufficient
for formation of the striatin-ERα complex. Importantly, disruption of striatin binding to ERα
using an ERαblocking peptide (aa176-253) inhibited striatin-ERα complex formation and
estrogen-induced eNOS activation. However, the blocking peptide may have prevented
other proteins like PP2A from interacting with ERα as well since the same peptide was
previously shown to bind PP2A (Lu et al., 2003). More recently, striatin knockdown in
endothelial cells was shown to block rapid activation of Akt and eNOS by estrogen,
demonstrating clearly that striatin is essential for activation of these enzymes by non-
genomic estrogen signaling (Bernelot Moens et al., 2012).

Nitric oxide produced by estrogen-activated eNOS has vasoprotective effects. These effects
include vasodilation, enhanced growth and migration of endothelial cells, and inhibition of
the growth and migration of vascular smooth muscle cells (Wu et al., 2011). A crucial role
for the striatin-ERα complex in vasoprotection is supported by results from a mouse model
in which striatin-ERα blocking peptide (aa176-253) was expressed (Bernelot Moens et al.,
2012). The peptide disrupted the striatin-ERα complex in cells, inhibited estrogen-induced
endothelial cell migration, and abolished estrogen inhibition of vascular smooth muscle cell
growth. The relevance of these effects was strengthened by the fact that expression of the
peptide prevented estrogen-mediated protection against vascular injury in a carotid artery
injury mouse model (Bernelot Moens et al., 2012). These results represent a major advance
in our understanding of non-genomic ERα signaling. However, an alternative approach such
as generation of an endothelial-targeted striatin knockout mouse will be necessary to
confirm striatin’s role because of the caveat mentioned above to experiments utilizing a
blocking peptide. Nevertheless, as noted previously (Lu et al., 2004), the discovery of
specific complexes that regulate genomic and non-genomic ERα signaling may facilitate the
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development of specific modulators for each pathway. Such modulators would represent
potential therapeutic tools for combating diseases such as breast cancer and cardiovascular
disease where differential modulation of these ERα signaling pathways could be beneficial.
Also, given that disruption of the striatin-ERα complex was not lethal in mice, it is possible
that mutations in striatin, ERα or other components of this assembly that disrupt these
complexes will be found in humans. Thus, it would be interesting to look for such disrupting
mutations in striatin, ERα, and other components of these complexes in cardiovascular
patients, particularly among premenopausal women, since estrogen receptor signaling has
been reported to have a protective function against cardiovascular diseases.

Interestingly, endothelial cell striatin was recently reported to complex with another steroid
hormone receptor, the mineralocorticoid receptor (MR) (Pojoga et al., 2012). MR is
activated by aldosterone, a mineralocorticoid that functions to enhance sodium uptake in
cells that express the MR receptor. In rodent models, increasing aldosterone plasma
concentrations increases the striatin protein level in heart tissue (Pojoga et al., 2012,
Ricchiuti et al., 2011). Similarly, aldosterone treatment increases striatin protein and mRNA
levels in endothelial cells in a MR-dependent manner (Pojoga et al., 2012). Together, these
data suggest that aldosterone regulates striatin levels via activation of the MR. Given the
role of striatin in targeting ERα to the cell membrane and orchestrating regulation of ERα
non-genomic signaling by estrogen (Lu et al., 2004), aldosterone regulation of striatin levels
via the MR has the potential to modulate estrogen non-genomic signaling (Pojoga et al.,
2012). Additional studies will be necessary to further investigate the nature of the proposed
striatin-MR complex and whether striatin family members form additional complexes with
other steroid hormone receptors.

4.3. STRIPAK and vesicular trafficking
The fact that striatin family members have been found in all mammalian cells tested to date
is consistent with the idea that they may participate in one or more functions common to all
cell types. Multiple lines of evidence suggest that one such function might be their
involvement in endocytosis and vesicular trafficking. Striatin, SG2NA, and the striatin
family-associated protein Mob3 are located in the Golgi, cytoplasm, and plasma membrane
(Baillat et al., 2001, Moreno et al., 2001). The association of SG2NA and Mob3 with the
Golgi is rapidly altered by treatment of cells with brefeldin A (Baillat et al., 2001), which
inhibits certain guanine nucleotide exchange factors for ARFs, small monomeric G proteins
that regulate coatamer protein binding to membranes and thus vesicular trafficking
(Donaldson et al., 1992). The fact that Mob3 has sequence homology with the σ light chain
subunit of clathrin adaptor complexes led to the hypothesis that Mob3 might be a component
of a new type of Arf-dependent coat protein involved in vesicular transport (Baillat et al.,
2001). Additional evidence for a role of Mob3 (and potentially striatin family members) in
endocytosis and vesicular transport came from the finding that Mob3 interacts with
nucleoside-diphosphate kinase (NDPK), epidermal growth factor receptor substrate 15
(Eps15), and dynamin I, and also that Mob3 partially colocalizes with dynamin I in neurons
(Baillat et al., 2002). NDPK, Eps15, and dynamin I are involved in membrane dynamics,
including clathrin-dependent endocytosis. Eps15 (Fazioli et al., 1993) is an endocytic coat
adaptor protein involved in ligand-induced receptor endocytosis of receptor tyrosine kinases
(RTKs) like EGFR. This function is critical for homeostatic limiting of RTK signaling and
down-regulation of RTK signaling after ligand-induced activation (for reviews, see (Marmor
and Yarden, 2004, van Bergen En Henegouwen, 2009)). Mammalian Eps15 has been shown
to interact directly with dynamin I and in C. elegans the two proteins interact genetically
(Salcini et al., 2001). Dynamin I is a GTPase that functions in the fission of clathrin-coated
vesicles from the plasma membrane during endocytosis. NDPK interacts directly with
dynamin I (Baillat et al., 2002), and based on work in Drosophila, is thought to regulate
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endocytosis by providing a local pool of GTP for dynamin I (Krishnan et al., 2001). Thus,
STRIPAK may regulate endocytosis and vesicular trafficking through Mob3 (Fig. 2).

Results from studies with dMob4, the Drosophila Mob3 functional homolog, also support a
role for Mob3 in endocytosis and vesicular trafficking. Analysis of dMob4 mutants revealed
that dMob4 is important for microtubule organization, axonal transport, synapse assembly,
and neurite growth and branching (Schulte et al., 2010, Sepp et al., 2008). Moreover, dMob4
mutants displayed phenotypes similar to other known endocytic mutants, including
Drosophila Eps15. One model that could explain many of the observed defects is that
dMob4 is important for proper localization or activity of NDPK, which is needed to supply
GTP for dynamin I function and mictrotubule polymerization.

Mammalian striatin and SG2NA are also known to associate with GIPC (GAIP-interacting
protein, C terminus), a protein involved in receptor (e.g., VEGFR2 and TrkA) endocytosis
and trafficking, further corroborating a possible role of striatin family members in vesicular
trafficking (Varsano et al., 2006). Although the significance of the interaction between GIPC
and striatin family members was not explored, GIPC and striatin family members might
collaborate in endocytosis of cell surface receptors to regulate receptor-mediated signaling
pathways. This model would be consistent with the association of Eps15 with Mob3
mentioned above.

In filamentous fungi, a possible role for STRIPAK component homologs in vesicular
trafficking has also begun to be investigated. An overexpressed, functional GFP-fusion
protein of the S. macrospora STRIP1/2 homolog, Pro22, localized to vesicular and tubular
vacuolar structures near the tips of the growing hyphae and in ascogonia (Bloemendal et al.,
2010), suggesting that it may be involved in some aspect of vacuolar function. Perhaps
related, in N. crassa, mutations in Ham-2 (STRIP1/2 homolog), Ham-3 (striatin homolog),
or Ham-4 (SLMAP homolog) caused an enlarged vacuole phenotype (Simonin et al., 2010).
In A. nidulans, GFP-tagged striatin (StrA) was found mainly in the endoplasmic reticulum
and nuclear envelope (Wang et al., 2010). Although the Mob3 proteins of filamentous fungi
such as N. crassa and S. macrospora are much larger than Mob3 proteins from animals such
as nematodes, fruit flies, and mammals, they share a conserved mob domain (Bernhards and
Poggeler, 2011). As with Mob3 from animals, sequences homologous to the σ light chain
subunit of clathrin adaptor complexes are found within their conserved mob domain (Baillat
et al., 2001, Bernhards and Poggeler, 2011), suggesting that these Mob3 proteins may
function in endocytosis. Loss of S. macrospora Mob3 (SmMob3) resulted in no detectable
effect on endocytosis as measured by comparing internalization of the lipophilic dye,
FM4-64 (Bernhards and Poggeler, 2011). Similarly, loss of the A. nidulans striatin homolog,
StrA, had no effect on FM4-64 internalization (Wang et al., 2010). However, only certain
endocytic mutants affect FM4-64 internalization in yeast (Vida and Emr, 1995). Thus, it is
still possible that SmMob3 functions in one or more endocytic pathways that do not regulate
FM4-64 internalization.

In yeast, members of the STRIPAK-related FAR complex have been implicated in vesicular
trafficking. Based on experiments using fluorescent fusion proteins, the S. cerevisiae
STRIP1/2 homolog, Far11, predominantly localizes to late Golgi vesicles at the cellular
periphery, while the S. cerevisiae SLMAP homolog, Far9, mainly localizes to the
endoplasmic reticulum-Golgi (Lisa-Santamaria et al., 2012). Far9, also called Vps64, is
important for proper sorting of proteins to the vacuole and for secretion of α-factor, but not
for its processing (Bonangelino et al., 2002). In addition, Far11 (Ynl127) has a weak effect
on protein sorting to the vacuole (Bonangelino et al., 2002). Thus, the FAR complex may be
involved in intracellular trafficking and possibly exocytosis. In addition, during a global
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analysis of protein localization in S. pombe, the S. pombe STRIP1/2 homolog (gene name
SPBC27B12.04c) was found to be localized to the vacuole (Matsuyama et al., 2006).

In summary, substantial evidence from multiple organisms implicates a role for STRIPAK
components in vesicular trafficking. However, much additional research is needed to
determine the specific pathways in which they participate, the roles of the different
STRIPAK components, and the mechanisms and regulation of their function.

5. The role of STRIPAK in diseases
STRIPAK complexes have been connected to a number of clinical conditions and diseases,
including heart disease, diabetes, autism, cancer, and cerebral cavernous malformation.
Evidence supporting these connections, and possible mechanistic involvement of STRIPAK
complexes will be discussed below.

5.1. STRIPAK and heart disease
Several connections to cardiac disease have been reported. First, the striatin gene was
discovered in one of twenty-two loci containing common variants associated with cardiac
ventricular conduction and QRS interval length (Sotoodehnia et al., 2010). Prolonged QRS
duration is associated with sudden cardiac death. Second, an 8 base-pair deletion in the 3′
untranslated region of striatin resulting in reduced striatin mRNA was recently implicated in
a canine model of arrhythmogenic right ventricular cardiomyopathy (ARVC) (Meurs et al.,
2010), a disease where prolonged QRS interval is a common electrocardiographic
abnormality and can be predictive of an adverse outcome (Lemola et al., 2005, Steriotis et
al., 2009, Zhao et al., 2011). Third, an association was found between dilated
cardiomyopathy (DCM) in Boxer dogs and the same 8 base-pair striatin deletion, especially
with the homozygous genotype (Meurs et al., 2013). As discussed previously, the STRIPAK
component SLMAP has isoforms that appear to be specific for select muscle tissues
(including cardiac tissue) and is located in the sarcolemma, T-tubules, and SR in cardiac
muscle. SLMAP has therefore been postulated to play a structural role in the arrangement of
the excitation-contraction coupling apparatus (Guzzo et al., 2005). However, SLMAP also
has the potential to recruit STRIPAK components to these locations to regulate heart muscle
function. Recently, transgenic overexpression of SLMAP in mice was found to induce
pathologic cardiac remodeling, including apparent expansion of SR membranes, increased
expression of cardiac fetal genes, and age-related impairment of contractility and relaxation
(Nader et al., 2012). Intriguingly, transgenic overexpression of SLMAP greatly reduced the
expression of some key SR Ca2+ handling proteins, including the SR Ca2+-ATPase, Serca2a,
calsequestrin, and triadin. Reductions in each of these proteins have been linked to heart
failure in humans (Chopra and Knollmann, 2009, Marks, 2013, Roux-Buisson et al., 2012).
Most recently, two SLMAP mutations were identified that were associated with Brugada
syndrome (Ishikawa et al., 2012), a cardiac channelopathy characterized by a high incidence
of ventricular fibrillation and sudden cardiac death (Brugada and Brugada, 1992, Chen and
Priori, 2008, Ishikawa et al., 2013). While the main disease-causing gene found to date for
Brugada syndrome is SCN5A, which encodes the α-subunit of the cardiac sodium channel,
hNav1.5 (Chen and Priori, 2008), mutations in the cardiac L-type calcium channel have also
been found (Antzelevitch et al., 2007), and the genetic cause of many cases of Brugada
syndrome is still not known. Expression of the newly identified SLMAP mutants in
cardiomyocytes showed that they could act in a dominant-negative manner to reduce cell
surface expression of hNav1.5 and, consequently, reduce hNav1.5 current (Ishikawa et al.,
2012). The dominant-negative action of these mutants is consistent with their heterozygous
status in Brugada syndrome patients. Considered together, these data link STRIPAK
components to heart disease and justify further investigations into possible roles of
STRIPAK complexes in heart function and disease.
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5.2. STRIPAK and diabetes
Two components of STRIPAK have been implicated in diabetes through mouse models or
patient studies. SLMAP is elevated in two different type 2 diabetes mouse models. Type 2
diabetes db/db mice are a monogenic mouse model with defective leptin receptors. Blood
glucose and triglyceride levels are elevated in db/db mice as compared to heterozygous db/+
controls and acetylcholine-induced relaxation of small mesenteric arteries in homozygous
db/db mice is significantly reduced as compared to db/+ controls, indicating vascular
dysfunction (Ding et al., 2005). Levels of the 35kDa SLMAP1 protein and SLMAP mRNA
in vascular tissue of these mice correlate with these changes. In particular, SLMAP
expression in vasculature is increased in db/db mice but reduced by activation of peroxisome
proliferator-activated receptor γ (PPARγ), which restores normal levels of blood glucose,
triglycerides, and acetylcholine-induced relaxation in db/db mice. Moreover, upon removal
of the PPARγ agonist, SLMAP expression, blood glucose and triglyceride levels revert to
higher levels typical of db/db mice and the defect in acetylcholine-induced relaxation
returns. Thus, SLMAP expression correlates with endothelial dysfunction and elevated
glucose and triglycerides in this diabetic mouse model (Ding et al., 2005).

Although it was proposed that SLMAP expression might be regulated by PPARγ(Ding et al.,
2005), additional evidence suggests that it may be regulated indirectly by the changes in
glucose and/or triglyceride levels (Chen and Ding, 2011). In the polygenic Tally Ho type 2
diabetes mouse model, expression of SLMAP1 and SLMAP2 was reported to be elevated in
adipose tissue of hyperglycemic mice and to be increased in Tally Ho adipocytes incubated
in high glucose (Chen and Ding, 2011). Some evidence suggests an association of SLMAP2
with the glucose transporter, Glut-4. Consistent with this, downregulation of SLMAP in
Tally Ho adipocytes reduced glucose uptake (Chen and Ding, 2011). Thus, expression of
specific SLMAP isoforms appear to be regulated by glucose levels and, conversely, SLMAP
may have a role in regulating glucose uptake.

Ysk1, another component of STRIPAK complexes, has also been implicated in control of
glucose uptake (Nerstedt et al., 2012). Knockdown of Ysk1 in rat myoblasts enhances
expression of the glucose transporters, Glut1 and Glut4, and hexokinase-2, enhances insulin-
stimulated glucose uptake, increases the expression of uncoupling protein 3, and increases
lipid oxidation (Nerstedt et al., 2012). Correspondingly, Ysk1 mRNA was found to be
significantly elevated in skeletal muscles of type 2 diabetic patients (Nerstedt et al., 2012).
Considered together, the results from these studies are consistent with the possibility that
SLMAP-directed STRIPAK plays a role in regulation of glucose uptake in diabetes-relevant
tissues and may therefore be a potential drug target for this disease.

5.3. STRIPAK and autism
The gene for the STRIPAK component CTTNBP2 (also called CORTBP2 or CBP90) was
initially investigated as a possible autism susceptibility gene because it is located within the
q31 band of human chromosome 7, which was a candidate site for an autism susceptibility
locus (AUTS1) and contained the severe speech and language disorder locus, SPCH1
(Cheung et al., 2001). Although that initial study did not implicate CTTNBP2 in autism, a
more recent study found a male autism patient with a de novo 2 base pair frame shift
deletion in CTTNBP2 that is likely to disrupt protein function, providing the first evidence
that mutations in CTTNBP2 may cause autism (Iossifov et al., 2012). Consistent with the
finding of increased spine density in autism spectrum disorders (Hutsler and Zhang, 2010,
Penzes et al., 2011), CTTNBP2 is stably localized to the spines of neuronal dendrites, is
important for targeting STRIPAK to dendritic spines, and regulates dendritic spine density
(Chen et al., 2012). However, since CTTNBP2 is important for spinogenesis and/or
maintenance of spine density and spine density increases in autism spectrum disorders, the
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autism patient frame shift mutation would be anticipated to cause enhanced CTTNBP2
function. The mutation is predicted to alter the CTTNBP2 coding sequence after amino acid
759 of the 1663 amino acid form of the protein (Iossifov et al., 2012), retaining N-terminal
sequences shown to mediate complex formation with striatin (and presumably STRIPAK).
Studies to date have only examined the role of a short 630 amino acid splice variant form of
CTTNBP2 that is the major form of the protein found in mouse and rat brain (Chen and
Hsueh, 2012). Thus, to elucidate the effects of the autism patient CTTNBP2 mutation on
CTTNBP2 function, it will be important to determine the forms of CTTNBP2 expressed in
human brain, the function of the longer form of the protein, and the effect of the autism
patient frameshift mutation on the levels and function of all the forms of CTTNBP2,
including the effect on the targeting of the STRIPAK complex to dendritic spines.

5.4. STRIPAK and cancer
The striatin gene was identified as a novel fusion partner for platelet derived growth factor
receptor alpha (PDGFRA), leading to PDGFRA activation and contributing to the
development of chronic eosinophilic leukaemia (Weber et al., 2001). The fusion contributes
the striatin oligomerization domain to PDGFRA and also disrupts the negative regulatory
WW-like domain of PDGFRA. While not formally demonstrated as of yet, both of these
alterations could contribute to development of the disease.

In a separate study, the gene for the STRIPAK component, FGFR1OP2, was identified as
one of a number of partner genes found fused to the FGFR1 in 8p11 myeloproliferative
syndrome (EMS) (Grand et al., 2004). The partner proteins, including FGFR1OP2, promote
dimerization and ligand-independent activation of FGFR1. In the case of FGFR1OP2, this
probably occurs by dimerization via the FGFR1OP2 coiled-coil domains (Grand et al., 2004,
Lin et al., 2010). Because of the number of unrelated proteins that can mediate the
dimerization of FGFR1 in EMS, it is likely that there may not be any additional contribution
of FGFR1OP2 (and thus STRIPAK) to the pathogenesis of EMS beyond mediating
dimerization; however possible effects of reduction in cellular FGFR1OP2 on STRIPAK
function remain to be determined.

5.5. STRIPAK and cerebral cavernous malformation (CCM)
The identification of Ccm3 as a component of the STRIPAK complex implicated striatin
family complexes in a common vascular disease called cerebral cavernous malformation
(CCM) (Goudreault et al., 2009), which can be caused by mutation of Ccm3 (Bergametti et
al., 2005). Cerebral cavernous malformations are characterized by abnormally enlarged
capillary cavities lacking supportive smooth muscle and are predominantly found in the
central nervous system, especially the brain (for reviews on CCM, see (Chan et al., 2010,
Faurobert and Albiges-Rizo, 2010, Labauge et al., 2007, Riant et al., 2010). Symptoms of
this disease include headache, recurrent hemorrhages, stroke, seizure, or even death, while
many carriers are asymptomatic.

Functions of Ccm3 as a part of, and independent of, STRIPAK are under active
investigation in an effort to solve the molecular mechanisms underlying CCM pathogenesis.
Ccm3 is critical for tethering GCKIII kinases to striatin family members in STRIPAK
complexes (Kean et al., 2011), and GCKIII kinases have been implicated in Ccm3 function
and thus CCM (Chan et al., 2011, Fidalgo et al., 2010, Fidalgo et al., 2012, Ma et al., 2007,
Preisinger et al., 2004, Voss et al., 2009, Yoruk et al., 2012, Zhang, 2012, Zheng et al.,
2010). Therefore, STRIPAK may regulate Ccm3-GCKIII function in CCM-relevant
pathways. Because excellent reviews on CCM exist and a full assessment of CCM literature
is beyond the scope of this review, we will not present a comprehensive analysis of the
disease. Rather, we will provide background important for discussing possible functions of
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STRIPAK in the context of CCM pathogenesis, with a special focus on what is known about
Ccm3 since it is the only CCM disease protein known to associate with STRIPAK. To do
this, in the sections that follow we will first provide a brief background on CCM and then
discuss what is known regarding Ccm3 functions, Ccm3 regulation of GCKIII kinases,
Ccm3, GCKIII kinase, and STRIPAK regulation of RhoA signaling, and how mutations in
Ccm3, GCKIII kinases, or STRIPAK components might contribute to CCM.

5.5.1. CCM disease—Approximately one in 200–250 people in the general population is
affected by CCM, among which sporadic cases account for the majority of cases (Del
Curling et al., 1991, Robinson et al., 1991). The rest consist of autosomal-dominantly
inherited (familial) forms with incomplete penetrance. Most of the inherited forms are likely
recessive at the level of the cell, with a secondary somatic mutation being required to cause
a malformation (see discussion of the two-hit hypothesis below). The bulk of familial CCM
cases arise from loss-of-function mutations in one of three CCM loci: Ccm1 (K-Rev
interaction trapped 1; Krit1)(Laberge-le Couteulx et al., 1999, Sahoo et al., 1999), Ccm2
(Osmosensing Scaffold for MEKK3; OSM; Malcavernin)(Denier et al., 2004, Liquori et al.,
2003), or Ccm3 (Bergametti et al., 2005). However, there are still cases without detectable
mutations in these genes, suggesting that additional CCM genes may exist (Riant et al.,
2010). Epigenetic silencing of one of the CCM genes might explain some CCM cases
lacking Ccm1-3 protein mutations, but there are other possibilities as well (Akers et al.,
2009).

CCM lesions have clusters of dilated blood vessels surrounded by a thin layer of
endothelium without supportive smooth muscle cells, making them susceptible to recurrent
hemorrhages. The dilated vessels in CCM lesions are characterized by compromised or
absent endothelial cell-cell junctions, gaps between endothelial cells, and lack of normal
ensheathing cells (Burkhardt et al., 2010, Clatterbuck et al., 2001, Schneider et al., 2011, Tu
et al., 2005, Wong et al., 2000). This compromised blood-brain barrier in turn is thought to
allow chronic low-level leakage of red blood cells and to help predispose these lesions to
hemorrhage, resulting in the hemosiderin deposits often seen in CCM. Consistent with the
observed defects in endothelial cell-cell junctions, altered distribution and expression of the
vascular adhesion molecule, CD31, and the major TJ and AJ proteins, occludin and VE-
cadherin are seen, including detection of their expression beyond the intima of small vessels
and capillaries and in surrounding brain tissues of CCM lesions (Burkhardt et al., 2010).
Similarly, another study reported altered expression and redistribution of the tight junction
proteins occludin, claudin-5, and ZO-1 as well as down-regulation of the major endothelial
cell glucose transporter, GLUT-1 (Schneider et al., 2011). Moreover, infiltration of a variety
of immune cells, likely due to defective tight junctions and blood brain barrier, is also
detected in lesions (Shi et al., 2009). However, it is unclear whether this inflammatory
response contributes to CCM lesion genesis. These and other similar observations have led
to the conclusion that the Ccm1, Ccm2, and Ccm3 proteins are important for the proper
assembly and/or stability of endothelial cell-cell junctions.

The symptoms arising from mutations in any of the three CCM genes cannot be
distinguished and Ccm1, Ccm2, and Ccm3 are known to exist in complex with each other,
suggesting that Ccm proteins are engaged in similar pathways (Hilder et al., 2007, Labauge
et al., 2007, Stahl et al., 2008, Voss et al., 2007). However, several lines of evidence suggest
that Ccm3 may have roles that overlap, but are not identical to those of Ccm1 and Ccm2.
For example, fewer individuals in Ccm3-affected families present with disease; onset of
symptoms tends to be earlier in patients with Ccm3 mutations; and individuals with Ccm3
mutations may have a higher risk of cerebral hemorrhage as compared to those with Ccm1
or Ccm2 mutations (Denier et al., 2006). Similarly, endothelial-specific knockout of Ccm3
in newborn mice caused earlier onset of CCM lesions and a more severe phenotype than the
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analogous knockout of Ccm2 (Chan et al., 2011). Also, global Ccm3 knockout embryos die
earlier than Ccm1 and Ccm2 disrupted embyros (Chan et al., 2011, He et al., 2010),
indicating that Ccm3 has a more critical function earlier in embryonic development than
Ccm1 and Ccm2. Moreover, unlike Ccm1 and Ccm2, Ccm3 has been reported to not be
important for the establishment of circulation (Chan et al., 2011). Thus, Ccm3 may have
roles that overlap with, but are not identical to, those of Ccm1 and Ccm2 in CCM-relevant
pathways (Fig. 4A). As will be discussed in the next section, the functions of Ccm3 relevant
to CCM are still being elucidated and much remains to be determined. Even less is known
about how STRIPAK might regulate Ccm3 in one or more of these functions, although this
too is currently under investigation.

Development of CCM lesions seems to follow a two-hit mechanism, which means that
somatic mutations need to be induced in the background of heterozygous germline
mutations to achieve a biallelic mutation of one of the three CCM genes and ultimately
develop lesions (Akers et al., 2009, Gault et al., 2009, Gault et al., 2005, Kehrer-Sawatzki et
al., 2002, Pagenstecher et al., 2009). This biallelic mutation hypothesis is consistent with the
occurrence of multiple lesions in familial cases and a single lesion in sporadic cases (Akers
et al., 2009, Pagenstecher et al., 2009, Rigamonti et al., 1988). Studies using Ccm1 and
Ccm2 heterozygous mouse models also support the two-hit mutation theory since most of
these mice do not develop CCM lesions during the short lifespan of the mouse unless the
rate of somatic mutations is induced by loss of Trp53, the mouse gene for the p53 tumor
suppressor, or by loss of the gene encoding Msh2, a key mismatch repair protein (McDonald
et al., 2011, Plummer et al., 2004, Shenkar et al., 2008).

CCM lesions are found most typically in the brain even though expression of Ccm proteins
has been detected in various tissues, leading to a question of what cell type underlies disease
pathology. Immunohistochemical analyses and sequencing of amplified genes from lesions
made up of different cell types showed that the second, disease-causing somatic mutation in
a CCM gene is exclusively found in endothelial cells in all three forms of inherited CCM,
indicating that mutations in endothelial cells lead to formation of lesions (Akers et al., 2009,
Pagenstecher et al., 2009). Most evidence from CCM animal models supports this
conclusion as well (Boulday et al., 2009, Boulday et al., 2011, Chan et al., 2011, He et al.,
2010, Kleaveland et al., 2009, McDonald et al., 2011, Whitehead et al., 2009), although
results from one study suggest that Ccm3 loss in neuroglial cells could contribute as well
(Louvi et al., 2011). In addition, only a subset of germline mutation-carrying endothelial
cells in human familial CCM lesions shows the additional somatic mutation in one of three
CCM genes, demonstrating endothelial cell mosaicism within lesions (Pagenstecher et al.,
2009). This result suggests that Ccm protein-deficient endothelial cells may have dominant
effects within lesions. Given that cell-cell adhesion involves the cooperative effort of
neighboring cells, defects in cell junctions could conceivably cause such a dominant effect.

5.5.2. Cerebral cavernous malformation 3 (Ccm3) functions—An important
question is how Ccm3 loss causes CCM. In this section we will discuss reported functions of
Ccm3 that may be relevant to CCM, and in the following sections we will relate these
functions to regulation of GCKIII kinases by Ccm3 and STRIPAK. Ccm3 has been
implicated in control of apoptosis, cell proliferation, cell migration, cell-cell adhesion, cell
polarity, and vascular development. Ccm3 was originally discovered as a gene termed TF-1
cell apoptosis related gene-15 (TFAR15) whose mRNA and protein products increased in
the TF-1 myeloid cell upon GM-CSF deprivation-induced apoptosis (Wang et al., 1999).
Consistent with this initial finding, Ccm3 expression is induced in serum-starved human
umbilical vein endothelial cells (HUVECs) undergoing apoptosis (Chen et al., 2009).
However, the role that Ccm3 plays in apoptosis is more controversial. Results from several
studies support a proapoptotic role for Ccm3. For example, Ccm3 knockdown reduced
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apoptosis in HUVECs (Chen et al., 2009, Zhu et al., 2010), human brain microvascular
endothelial cells (HBMECs) (Zhu et al., 2010), and CCM patient endothelial cells (CCM-
ECs) (Zhu et al., 2010). Correspondingly, overexpression of wild-type Ccm3, but not CCM
patient-derived Ccm3 mutants, induced apoptosis in HeLa cells, suggesting that aberrant
apoptosis due to loss of pro-apoptotic Ccm3 might contribute to CCM pathology (Chen et
al., 2009). In contrast, others have reported an anti-apoptotic role for Ccm3. For example,
overexpression of Ccm3 was found to reduce apoptosis in HUVECs (Schleider et al., 2011).
Also, Ccm3 knockdown induced apoptosis in some malignant T cell lines while in other
lines it did not (Lauenborg et al., 2010). Discrepancies in the observed role of Ccm3 in
apoptosis may stem from the use of different cell lines and approaches. Thus, it is difficult to
make generalizations regarding Ccm3 function in apoptosis. Moreover, whether Ccm3
function in apoptosis plays an important role in CCM pathogenesis is still questionable, and
further evidence is necessary to address this hypothesis.

Roles for Ccm3 in cell proliferation and migration have also been described. Ccm3
knockdown increased proliferation in HUVECs, HBMECs, and CCM-ECs (Zhu et al.,
2010). Consistent with those results, overexpression of Ccm3 reduced cell proliferation in
HUVECs (Schleider et al., 2011). In addition, one study reported that Ccm3 knockout in
neuroglial cells in a mouse model caused increased proliferation, survival, and activation of
astrocytes (Louvi et al., 2011). However, Ccm3 knockdown inhibited proliferation in some
malignant T cell lines while in other lines it did not (Lauenborg et al., 2010). Thus, while
Ccm3 may suppress cell proliferation in endothelial cells and astrocytes, there may also be
cell type-specific effects. Regarding Ccm3 effects on migration, Ccm3 knockdown was
reported to specifically increase migration of CCM-ECs but not HUVECs or HBMECs (Zhu
et al., 2010), while overexpression of Ccm3 reduced migration of HUVECs (Schleider et al.,
2011). Thus, Ccm3 can negatively regulate migration of endothelial cells in vitro and it is
possible that aberrant migration might contribute to CCM.

Ccm3 is critical for vascular development. As has been reported for Ccm2 (Kleaveland et
al., 2009, Whitehead et al., 2009), depletion of Ccm3 in HUVECs caused increased
angiogenic sprouting but defective lumen formation (Chan et al., 2011, Zhu et al., 2010).
Cranial vasculature lumenization defects are also caused by morpholino knockdown of
Ccm3 in zebrafish (Yoruk et al., 2012). Ccm3 overexpression reduces the ability of
HUVECs to form capillary-like structures (Schleider et al., 2011), suggesting that either too
much or too little Ccm3 may interfere with angiogenesis. Similar to deletion of Ccm1 and
Ccm2 (Boulday et al., 2009, Cunningham et al., 2011, Kleaveland et al., 2009, Whitehead et
al., 2009, Whitehead et al., 2004), loss of Ccm3 in mice was also reported to cause defects in
cell-cell junctions and vascular integrity (He et al., 2010). Endothelial cell-specific
inactivation caused increased vessel size, decreased vessel density, compromised vessel
integrity, and disruption of TJs and AJs (He et al., 2010). Correspondingly, human dermal
microvascular endothelial cells (HMVECs) knocked down for Ccm3 also displayed
disruption of TJs and AJs. A second study also reported vascular defects in Ccm3 knockout
mice, including increased venous size and venous rupture, but reported no effects on TJs
(Chan et al., 2011). These studies additionally demonstrated that endothelial cell-specific
knockout of Ccm3 in mice causes vascular defects not observed when Ccm3 is inactivated
specifically in neuronal or smooth muscle cells (Chan et al., 2011, He et al., 2010),
suggesting that, as for Ccm1 and Ccm2 (Boulday et al., 2009, Boulday et al., 2011, Chan et
al., 2011, Cunningham et al., 2011), endothelial cells are the most important tissue in which
Ccm3 function is required for development of normal vasculature.

On the molecular level, Ccm3 was reported to regulate the homeostatic level of total and
plasma membrane-localized VEGFR2 in endothelial cells and, consequently, the ability of
endothelial cells to respond appropriately to VEGF (He et al., 2010). Ccm3 appeared to
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stabilize VEGFR2 by binding via its N-terminal region to VEGFR2 and blocking
endocytosis and degradation of VEGFR2 (Fig. 2). Conversely, expression of C-terminally
truncated Ccm3 mutants found in patients caused destabilization of VEGFR2 by enhancing
its internalization and degradation (He et al., 2010). However, controversy exists since
another report failed to find a connection between Ccm3 and VEGF signaling (Chan et al.,
2011). In addition, Ccm2 overexpression did not stabilize VEGFR2 (He et al., 2010) and
Ccm2 loss caused defects in endothelial cell junctions and increased VEGF-induced
vascular permeability rather than decreasing it (Kleaveland et al., 2009, Whitehead et al.,
2009). However, given the connection of striatin family members and Mob3 to endocytosis,
the known association of Ccm3 with striatin family complexes, and the fact that mammalian
striatin and SG2NA associate with GIPC, a protein involved in VEGFR2 endocytosis and
trafficking (Varsano et al., 2006), it will be important to investigate the possibility that
STRIPAK may orchestrate Ccm3 regulation of VEGFR2.

5.5.3. Ccm3 as a regulatory adaptor of germinal center kinase III (GCKIII)
kinases—Emerging evidence suggests that Ccm3 is critical for STRIPAK regulation of
GCKIII kinases by PP2A and that misregulation of GCKIII kinases by mutant Ccm3
contributes to CCM pathogenesis. Mammalian GCKIII kinases regulate diverse cellular
processes including cell polarization, cell migration, neuronal differentiation, cell cycle, cell
growth and transformation, and cell survival and death (for reviews, see (Ling et al., 2008,
Sugden et al., 2013)). Ccm3 binds GCKIII kinases (Ma, 2007, Rual et al., 2005, Voss et al.,
2007) and has been implicated in many of these same processes, likely because most
functions attributed to Ccm3 are mediated through the associated GCKIII kinases. Ccm3 has
two domains, an N-terminal dimerization domain and a C-terminal focal adhesion targeting
(FAT)-homology domain (Li et al., 2010) (Fig. 5). Most Ccm3 mutations found in CCM
patients affect the FAT-homology domain; therefore, disruption of complexes formed
through this domain may be the central cause of CCM development due to Ccm3 mutations
(Li et al., 2010). However, since Ccm3 mutants from patients often express poorly, it is
difficult to rule out a contribution from loss of associations mediated by the N-terminal
region of Ccm3 as well.

Ccm3 forms multiple independent complexes in cells through associations mediated by
these domains (Fig. 5). For example, Ccm3 binds GCKIII kinases via its N-terminal
dimerization domain (Ceccarelli, 2011). In addition, via its FAT-homology domain, Ccm3
binds directly to striatin family members in STRIPAK complexes (Goudreault et al., 2009,
Kean et al., 2011), binds Ccm2 as a component of a Ccm1-Ccm2-Ccm3 complex (Hilder et
al., 2007, Li et al., 2010, Stahl et al., 2008, Voss et al., 2007), and binds paxillin to form yet
another complex (Li et al., 2010). Thus, Ccm3 may bring GCKIII kinases to each of these
complexes. Ccm3 has been clearly demonstrated to recruit GCKIII kinases to the STRIPAK
complex (Kean et al., 2011). In addition, all three GCKIII kinases associate with Ccm2
(Costa et al., 2012, Voss et al., 2007), consistent with the possibility that Ccm3 brings
GCKIII kinases to the Ccm1-Ccm2-Ccm3 complex (Fig. 6, top right). However, it remains
to be determined whether GCKIII kinases are present in the Ccm3-paxillin complex. Based
on mass spectrometry data, the majority of Ccm3 has been suggested to be in STRIPAK
complexes (Kean et al., 2011). By tethering GCKIII kinases to striatin family members in
these complexes, Ccm3 brings these kinases in proximity to STRIPAK-bound PP2A, which
appears to modulate GCKIII function by downregulating their kinase activity (Gordon et al.,
2011). Conversely, GCKIII kinases may regulate STRIPAK function by phosphorylating its
components (Fig. 6, top left), many of which are phosphorylated (see, for example (Moreno
et al., 2001)); however, no direct evidence for a GCKIII kinase substrate in STRIPAK has
been reported.
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Ccm3 not only participates in the negative regulation of GCKIII kinases by tethering them
to STRIPAK complexes (Gordon et al., 2011, Kean et al., 2011) but it also positively
regulates these kinases by promoting their stability (Fidalgo et al., 2010). Consequently,
GCKIII function is critically linked to the physical integrity of Ccm3. For example, Ccm3
regulates Golgi assembly, Golgi and centrosome polarization, and cell migration by
stabilizing GCKIII kinases (Fidalgo et al., 2010) (Fig. 2). Ccm3 interacts with both GM130,
a Golgi-resident protein that faces the cytoplasm, and GCKIII kinases and localizes to the
Golgi apparatus. Similarly, Mst4 and Ysk1 are targeted to the Golgi via GM130 where they
are activated to regulate cell polarization and migration (Preisinger et al., 2004). Depletion
of Ccm3 induces ubiquitination and proteasome-mediated degradation of GCKIII kinases
and causes disassembly of the Golgi, defective Golgi and centrosome reorientation in wound
healing assays, and reduced cell migration (Fidalgo et al., 2010). Ccm3’s role in Golgi
assembly is mediated in part by Ysk1 phosphorylation of its downstream target, 14-3-3ζ
(Preisinger et al., 2004), since loss of Ccm3 decreases the amount of phosphorylated
14-3-3ζ, and a 14-3-3ζ phosphomimetic mutant rescues the dispersed Golgi phenotype
caused by Ccm3 depletion (Fidalgo et al., 2010). Importantly, clinically relevant Ccm3
mutants that do not interact with Ysk1, Mst3, or Mst4 are unable to rescue the effects of
Ccm3 depletion, suggesting that interaction of Ccm3 with these GCKIII kinases is important
for Golgi function and cell polarity and migration, and may play a critical role in CCM
pathology (Fidalgo et al., 2010).

In the experiments just described, Ccm3 protein level was shown to positively influence cell
migration in SaOS2 and HeLa cells (Fidalgo et al., 2010). However, Ccm3 is also able to
negatively regulate migration of endothelial cells (see section 5.5.2). One possible
mechanism for Ccm3 negative regulation of cell migration may be through Ccm3 regulation
of Mst3, which has been shown to inhibit cell migration by phosphorylating, and thus
inhibiting, the paxillin phosphatase, protein-tyrosine phosphatase (PTP)-PEST, leading to
increased paxillin tyrosine phosphorylation (Lu et al., 2006). As Ccm3 reduction leads to
concomitant reduction in Mst3, Ccm3 might negatively regulate endothelial cell migration
in part via this indirect regulation of paxillin phosphorylation by Mst3. In this regard it is
interesting that Ccm3 directly binds paxillin (Li et al., 2010), although whether Ccm3, Mst3,
paxillin, and PTP-PEST form a quaternary complex is not yet known (Fig. 6, bottom right).

GCKIII kinases have been implicated in most of the other functions of Ccm3 as well. Ccm3
works together with Mst4 to promote cell growth and transformation by modulating the Erk
pathway (Ma et al., 2007). Furthermore, the ability of Ccm3 to promote either cell survival
or death may be determined in part by the GCKIII kinase with which it interacts. For
example, Ccm3 enhances the phosphorylation of the ERM family of proteins by Mst4 to
protect cells from death induced by oxidative stress (Fidalgo et al., 2012) while, in contrast,
Ccm3 interacts with Ysk1 to promote apoptosis under oxidative stress (Zhang, 2012). In
addition, GCKIII kinases have been connected to the function of Ccm3 in vascular
lumenization, because depletion of Ysk1 and either Mst3 or Mst4 in human endothelial cells
replicates the lumen formation defects seen with Ccm3 knockdown (Chan et al., 2011). In
Drosophila, which has no Ccm1 or Ccm2 orthologs or vascular system, loss of Ccm3 or the
single dGckIII kinase results in tracheal tube lumenization failure. The tracheal tube
lumenization defect caused by loss of Ccm3 cannot be rescued by a Ccm3 mutant that
cannot bind to dGckIII, indicating that Ccm3 functions through dGckIII in this process.
These and the other studies mentioned above clearly demonstrate both physical and
functional connections between Ccm3 and GCKIII kinases in cellular processes that may be
relevant to development of CCM.

In addition, results of several studies in zebrafish suggest that the interaction between Ccm3
and GCKIII kinases may be critical for CCM pathogenesis. A small N-terminal Ccm3 in-
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frame deletion mutant found in a CCM patient family and/or the equivalent deletion in
zebrafish is defective in binding Ysk1, Mst3, and Mst4, but still forms a ternary complex
with Ccm1 and Ccm2 (Voss et al., 2009, Zheng et al., 2010). This finding not only revealed
a short stretch of residues in Ccm3 important for binding GCKIII kinases but also implicated
Ccm3 signaling through GCKIII kinases in CCM. Interestingly, Ysk1 phosphorylated two
residues within this binding site in vitro (Voss et al., 2009, Voss et al., 2007). In zebrafish,
simultaneous inactivation of its two redundant Ccm3 genes (Ccm3a and Ccm3b) or
morpholino-induced in-frame skipping of the newly identified GCKIII binding site in
Ccm3a combined with repression of Ccm3b resulted in severe cardiac dilation and
pericardial edema, similar to Ccm1 or Ccm2 depletion (Voss et al., 2009, Zheng et al.,
2010). In addition, low level depletion of all three GCKIII kinases or of a combination of
Ccm3 and either Mst3 or Ysk1, but not any single GCKIII kinase by itself, led to the similar
cardiovascular phenotypes, again supporting the importance of the interaction between
Ccm3 and GCKIII kinases in cardiovascular development and disease (Zheng et al., 2010).
These results indicate that Ccm3 and the interaction of Ccm3 with multiple GCKIII kinases
are necessary for proper cardiovascular development in zebrafish. They also support the idea
that loss of Ccm3 interaction with GCKIII kinases contributes to CCM development (Voss
et al., 2009, Zheng et al., 2010). Yet another study using zebrafish provides additional
evidence for the cooperative work between Ccm3 and GCKIII kinases in vascular
development (Yoruk et al., 2012). Although morpholino knockdown of Ccm3 did not cause
the previously reported dilated heart phenotype, marked pericardial edema and lack of
circulation were seen. In addition, this study showed for the first time cranial vasculature
defects due to Ccm3 depletion. These defects developed rapidly and did not seem to be due
to overproliferation or apoptosis (Yoruk et al., 2012), consistent with previous results from a
CCM mouse model system targeting Ccm2 (Boulday et al., 2011). Notably, Ysk1 depletion
also caused cranial vasculature defects and overexpression of Ysk1 rescued the cranial
vascular defects in Ccm3-depleted zebrafish, but not the dilated heart phenotype or
circulation defects of in Ccm2-depleted zebrafish (Yoruk et al., 2012). These results indicate
that Ysk1 works downstream of Ccm3 and that Ccm3 positively modulates Ysk1 function in
cranial vasculature morphogenesis. Based on obtaining a more severe defect upon reduction
of both Ccm2 and Ccm3 and the lack of rescue of Ccm2 by Ysk1 overexpression, the
authors suggested that Ccm2 and Ccm3 act through distinct pathways in cranial vascular
morphogenesis (Fig. 4B). This hypothesis was in agreement with a similar hypothesis
previously put forward by others based on mouse model and mammalian cell data (Chan et
al., 2011). However, as illustrated in Figure 4A and discussed below in section 5.5.5, we
propose that these results and those of others could be better explained by a model in which
Ccm3 and GCKIII kinases function together with Ccm2-Ccm1, but also have at least one
independent function. In summary, results from multiple organisms strongly suggest that the
primary role of Ccm3 is as an adapter that regulates GCKIII kinase function, that CCM-
relevant Ccm3 functions are largely if not wholly carried out through these kinases, and that
loss of GCKIII function contributes to the development of CCM.

5.5.4. STRIPAK regulation of Ccm3 and GCKIII kinases—Despite the identification
of Ccm3 as a component of the STRIPAK complex in 2009, to date little research has been
done to investigate how STRIPAK might regulate Ccm3-GCKIII kinase function. One study
recently showed that STRIPAK-associated PP2A negatively regulates the activation state of
STRIPAK-bound Mst3 and likely the other STRIPAK-associated GCKIII kinases as well
(Gordon et al., 2011). This regulation affects a substantial portion of cellular Mst3,
indicating that STRIPAK may regulate the majority of cellular GCKIII kinases. Thus, a
major function of STRIPAK may be to employ PP2A to negatively regulate GCKIII kinase
function (Gordon et al., 2011). Since loss of function of Ccm3 and GCKIII kinases activates
CCM-relevant pathways, mutations that enhance the ability of STRIPAK to downregulate
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GCKIII kinases or cause increased expression of striatin family members might contribute
to CCM. Thus it would be interesting to examine the status of STRIPAK components in
CCM patients. Conversely, loss of STRIPAK function might activate Ccm3-GCKIII kinase
function and not lead to CCM. Consistent with this rationale, depletion of striatin family
members enhances cell polarization (Kean et al., 2011), while depletion of Ccm3 or GCKIII
kinases impairs it (Fidalgo et al., 2010, Kean et al., 2011). Considering the fact that Ccm3
and GCKIII kinases are downstream of STRIPAK, it seems unlikely that inhibiting
STRIPAK therapeutically would be of benefit for CCM disease caused by Ccm3 mutations
that abrogate binding to STRIPAK or GCKIII kinases. However, in cases of CCM where
Ccm3-GCKIII signaling is at least partially intact this approach may hold promise.

Ccm3 and striatin family members not only have opposing effects on cell polarization (as
assayed by Golgi reorientation during wound healing) but also on Mst4 localization to the
Golgi (Kean et al., 2011). Depletion of Ccm3 enhances Mst4 localization to the Golgi while,
conversely, depletion of striatin family members reduces Mst4 Golgi localization. Mst4 and
Ysk1 interact with, and are targeted to the Golgi by, the cis-Golgi matrix protein, GM130
(Preisinger et al., 2004). GM130 activates both Ysk1 and Mst4 in vitro, presumably by
promoting their dimerization (GM130 itself forms dimers) and thus autophosphorylation
(Preisinger et al., 2004). Since Ccm3 and GCKIII kinases heterodimerize with each other via
their highly similar homodimerization domains (Ceccarelli, 2011, Zhang et al., 2013), we
speculate that depletion of Ccm3 may enhance interaction of Mst4 with GM130, Mst4
dimerization and thus Mst4 Golgi localization. Consistent with this possibility, Mst4-
GM130 interaction was indeed increased upon Ccm3 knockdown in some experiments
(Kean et al., 2011). These results are consistent with a model (Fig. 6, left half) in which
GCKIII kinases (at least Mst4 and Ysk1) go through a cycle of dimerization (with
concomitant dissociation from Ccm3) and activation promoted by GM130, followed by re-
heterodimerization with Ccm3, and then inactivation by STRIPAK-associated PP2A. Since
STRIPAK-GCKIII complexes are found in the Golgi as well as other membranes but
GM130 is only found in the Golgi, one prediction of this model is that GCKIII kinases in the
Golgi might be more activated than those in other membranes. This has been demonstrated
in the case of Ysk1 (Preisinger et al., 2004).

Since STRIPAK regulation of GCKIII kinases likely depends on tethering of these kinases
to striatin family members by Ccm3, modulation of Ccm3 association with STRIPAK may
regulate GCKIII function. It is interesting that of the four lysines in Ccm3 important for
binding to STRIPAK (Kean et al., 2011) (Fig. 5), two are modified by potentially reversible
covalent modifications. Both lysine 132 and lysine 179 can be ubiquitinated (Wagner et al.,
2011), although whether this plays a role in regulating Ccm3 stability or instead a non-
proteasomal role is not known. Since these lysines are important for association of Ccm3
with Ccm2, paxillin, and striatin family members (Kean et al., 2011, Li et al., 2010), it is
possible that ubiquitination occurs on these sites when they are exposed as a means of
degrading excess Ccm3 not in one of these complexes. However, Lysine 179 can also be
acetylated (Choudhary et al., 2009). While it is possible that this modification might regulate
ubiquitination on this lysine, it is also possible that one or more of these modifications could
serve the purpose of reversibly regulating Ccm3 complex formation with STRIPAK and
other binding partners such as Ccm2 and paxillin. Further experimentation will be required
to investigate these attractive possibilities.

5.5.5. Ccm3 and RhoA signaling—RhoA is a small GTPase that acts through its
effectors, Rho-associated coiled coil-forming kinase (ROCK) and mammalian homolog of
Drosophila diaphanous (mDia), to regulate actin polymerization and stress fiber formation
(Watanabe et al., 1999). In addition, Rho GTPases regulate cell-cell junctions, cell-cell
adhesion, and cell adhesion to extracellular matrix (for review, see (Beckers et al., 2010)).
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Inappropriate activation of the RhoA pathway disrupts cell junction integrity and cell
adhesion, and consequently reduces vascular integrity. Recently, Ccm proteins and GCKIII
kinases were implicated in the negative regulation of RhoA GTPase signaling (Borikova et
al., 2010, Crose et al., 2009, Stockton et al., 2010, Whitehead et al., 2009, Zheng et al.,
2010) and the RhoA pathway was found to be activated in human CCM (Stockton et al.,
2010). Thus, it was postulated that impaired function of Ccm proteins leads to vascular
defects at least in part because of increased RhoA signaling. In the next two sections, we
will discuss some of the key evidence for Ccm protein and GCKIII kinase regulation of
RhoA signaling, as well as possible connections to STRIPAK.

The evidence for Ccm protein involvement in RhoA pathway regulation is clear for Ccm1
and Ccm2. For example, depletion of either Ccm1 or Ccm2 in human endothelial cells
increases the amount of activated (GTP-bound) RhoA, increases stress fibers and monolayer
permeability in a RhoA-dependent manner, and increases ROCK-dependent phosphorylation
of myosin light chain (MLC) and myosin phosphatase binding protein (Stockton et al., 2010,
Whitehead et al., 2009). In murine embryonic endothelial cells, depletion of Ccm1 or Ccm2
also activated RhoA, increased ROCK-dependent phosphorylation of MLC, enhanced RhoA
protein levels, and inhibited endothelial cell invasion of extracellular matrix and vessel-like
tube formation in a ROCK-dependent manner in vitro (Borikova et al., 2010). In vivo data
also support the idea that RhoA activation due to reduced Ccm1 or Ccm2 function likely
contributes to CCM development. First, endothelium in both Ccm1-and Ccm2-deficient
sporadic and familial human CCM showed evidence of activated ROCK, increasing the
relevance of the previous findings to the human disease (Stockton et al., 2010). Second,
treatment with simvastatin, a statin drug that indirectly blocks RhoA isoprenylation and thus
RhoA function, rescued the compromised vascular permeability response in Ccm2
heterozygous mice (Whitehead et al., 2009). Third, treatment with fasudil, a ROCK
inhibitor, rescued vascular leak in Ccm1 and Ccm2 heterozygous mice (Stockton et al.,
2010) and reversed higher vascular leak, reduced lesion genesis, and prevented lesion
maturation in Ccm1+/−Msh2−/− mice (McDonald et al., 2012). Fasudil treatment also
reduced CCM lesion burden in Ccm2+/−Trp53−/− mice (McDonald et al., 2012). Excitingly,
these results suggest that that targeting RhoA-ROCK signaling may be a novel
pharmacological approach to prevent CCM lesion development and to reduce the potential
complications of CCM. At least one clinical trial addressing the efficacy of simvastatin to
reduce vascular leakage is in progress (http://clinicaltrials.gov/ct2/show/NCT01764451).

While the evidence that Ccm1 and Ccm2 function together to down-regulate RhoA signaling
is clear, a role for Ccm3 in the regulation of RhoA signaling has been more controversial. In
SaOS2 osteosarcoma cells, neither stress fiber formation nor RhoA activity was affected by
Ccm3 knockdown either in the presence of serum or in serum-starved conditions (Fidalgo et
al., 2010). In another study, depletion of Ccm3 in HMVECs did not increase stress fiber
formation or enhance phosphorylation of MLC (Chan et al., 2011). These results and the
identification of some distinct roles for Ccm3 in development and signaling led to the
proposal that Ccm3 likely did not signal through RhoA (Chan et al., 2011, Fidalgo et al.,
2010).

In contrast, results of other studies suggest that Ccm3 and its associated GCKIII kinases may
indeed negatively regulate RhoA signaling. For example, using murine embryonic
endothelial cells, Ccm3 depletion was found, like Ccm1 or Ccm2 depletion, to activate
RhoA, to enhance total RhoA protein levels, to increase activated RhoA- and ROCK-
dependent phosphorylation of MLC, and to inhibit endothelial cell invasion of extracellular
matrix and vessel-like tube formation in a ROCK-dependent manner in vitro (Borikova et
al., 2010). Although studies by other groups using HUVECs reported that depletion of
Ccm1, Ccm2, or Ccm3 in HUVECs did not affect the total level of RhoA protein (Stockton
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et al., 2010, Zheng et al., 2010), this discrepancy might be due to differences between mouse
and human endothelial cells as Ccm2 depletion was also found to increase total RhoA levels
in murine brain endothelial (bEND.3) cells (Crose et al., 2009). Additionally, in a separate
study, knockdown of Ccm3, Mst3, or Ysk1 in HUVECs increased stress fiber formation and
RhoA activity similarly to depletion of Ccm2 (Zheng et al., 2010). In vitro, Ysk1, and to a
lesser extent, Mst3, phosphorylated and activated moesin (Zheng et al., 2010), a negative
regulator of RhoA signaling in epithelial and endothelial cells (Speck et al., 2003, Zheng et
al., 2010). Also, Ysk1 overexpression in bovine aortic endothelial cells activated moesin
while depletion of Ccm3 and/or Ysk1 in HMVECs reduced the amount of activated moesin
at cell borders. Thus, Ccm3 may signal through GCKIII kinases to negatively regulate RhoA
signaling in endothelial cells by phosphorylating and activating moesin (Zheng et al., 2010)
(Fig. 6, center right). Combined with the finding that Ccm3 and Ysk1 regulate endothelial
barrier function similar to Ccm2 in vitro, these results led to the postulate that Ccm1, Ccm2,
Ccm3, and GCKIII kinases may function in a linear pathway to regulate endothelial cell
junctions and barrier function (Zheng et al., 2010) (Fig. 4C). Although the reasons for the
negative results in some Ccm3 depletion studies are unclear, the results of the last two
studies support the hypothesis that Ccm3, like Ccm1 and Ccm2, negatively regulates RhoA
signaling. However, it still needs to be determined whether, as is the case for Ccm1 and
Ccm2, inhibiting RhoA-ROCK pathway signaling will provide a therapeutic benefit with a
Ccm3 mouse model and whether the RhoA pathway is activated in human CCM resulting
from Ccm3 mutations. Moreover, additional critical insight may be gained if, in the clinical
trial mentioned above, the efficacy of simvastatin is analyzed on patients with CCM caused
by mutation of Ccm3.

The purpose of Ccm1-Ccm2-Ccm3 complex formation has only begun to be elucidated. A
simplistic view is that it functions to recruit, scaffold, and target modulators of Rho GTPase
signaling to cellular junctions to inhibit RhoA signaling and positively regulate junctional
integrity. For instance, the Ccm1-binding protein, ICAP-1 (Integrin Cytoplasmic Associated
Protein-1), mediates the interaction of β1 integrin with ROCK (Stroeken et al., 2006), while
Ccm2 binds RhoA, at least when the proteins are overexpressed (Whitehead et al., 2009),
and interacts with the E3 ubiquitin ligase Smurf1 to control RhoA degradation (Crose et al.,
2009). In addition, Ccm3 recruits GCKIII kinases, which likely negatively regulate RhoA
signaling via phosphorylation of moesin (Zheng et al., 2010).

Ccm1 is an effector of the small GTPase, Rap1, which promotes junction stability in
endothelial cells by inhibiting RhoA signaling (Cullere et al., 2005, Glading et al., 2007, Liu
et al., 2011). Activation of Rap1 triggers its binding to Ccm1, releasing Ccm1 from
cytoplasmic microtubules and allowing Ccm1 to localize to cell-cell junctions (Glading et
al., 2007, Liu et al., 2011), where it is anchored by binding to HEG1, the mammalian
homolog of the zebrafish heart of glass protein (Gingras et al., 2012, Kleaveland et al.,
2009). Consistent with this localization, Ccm1 binds junction proteins including α/β-catenin,
p120, AF-6, and VE-cadherin (Glading et al., 2007). Presumably, junctional localization of
Ccm1 facilitates junctional localization of the entire Ccm1-Ccm2-Ccm3 complex, although
this has only been directly demonstrated for Ccm2 (Stockton et al., 2010). If that were the
case, then the entire Ccm protein complex may be an effector of Rap1, functioning to
stabilize cell-cell junctions upon Rap1 activation. It is clear that Ccm1 and Ccm2 act as a
complex to negatively regulate RhoA because expression of a Ccm2 point mutant that no
longer binds Ccm1 does not rescue phenotypes caused by Ccm2 depletion, including
activated RhoA-ROCK signaling, increased RhoA-induced stress fibers, and RhoA-
pathway-dependent defects in endothelial monolayer permeability (Stockton et al., 2010).
Moreover, the Ccm2 interaction with Ccm1 is required for localization of either Ccm1 or
Ccm2 to cell-cell junctions (Stockton et al., 2010). However, a requirement for Ccm3 to
associate with Ccm1-Ccm2 for negative regulation of RhoA signaling and junction stability
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has not been established and needs to be investigated. The fact that all three Ccm proteins
regulate total RhoA levels in mouse endothelial cells and are known to associate suggests
that the three proteins may indeed work together as a complex to carry out at least this
function (Borikova et al., 2010).

We speculate that Ccm3-GCKIII is recruited to Ccm2-Ccm1 and thus potentially cell-cell
junctions to facilitate GCKIII regulation of proteins in the Ccm1-Ccm2-Ccm3 complex and
proteins in proximity to this complex that participate in the regulation of RhoA signaling
and junction formation, disassembly, and stability (Fig. 6). To test this idea, it will be
important to search for GCKIII kinase substrates in the Ccm protein complex, junctional
complexes, and among Rho regulatory proteins. For a number of the prospective targets,
phosphorylation is known to negatively regulate RhoA signaling, although GCKIII kinases
have not been implicated in most cases. For example, serine phosphorylation of RhoA
inhibits its activity in vivo (Ellerbroek et al., 2003), phosphorylation of Smurf1 by protein
kinase A increases the degradation of RhoA (Cheng et al., 2011), phosphorylation of the
junctional RhoGEF, Syx, reduces its junctional localization and ability to activate RhoA-
mDia signaling (Ngok et al., 2013, Ngok et al., 2012), and both Mst3 and Mst4 are
important for phosphorylation and activation of ERM proteins, at least in the case of Mst4 in
a Ccm3-dependent manner (Fidalgo et al., 2012). Moreover, Mst3 was found to interact with
the Rho family GEF, Vav2 in a two-hybrid interaction assay (Thalappilly et al., 2008). All
things considered, however, the field is in great need of more insight into the pathways by
which Ccm3 and GCKIII bolster vascular integrity.

In summary, based on the data discussed to this point, we propose a model in which Ccm3
brings GCKIII kinases to Ccm1-Ccm2 to regulate RhoA signaling and cell-cell junction
assembly and stability via phosphorylation of proteins in or proximal to the Ccm protein
complex (Fig. 6). In this model, Ccm3-GCKIII would regulate select aspects of Ccm2-Ccm1
function while also signaling via an additional pathway(s) (Fig. 4A). While many
predictions of this model remain to be tested, the model is consistent with 1) the existence of
a Ccm1-Ccm2-Ccm3 complex; 2) the additional Ccm1-Ccm2-independent localization of
Ccm3; 3) partially overlapping signaling pathways for Ccm3 vs Ccm2-Ccm1; 4) regulation
of RhoA function by the three CCM proteins; 5) regulation of RhoA signaling by Ccm3
through its associated GCKIII kinases; and 6) the known inhibition of RhoA function at
many levels by phosphorylation.

5.5.6. STRIPAK and RhoA signaling—The connections between Ccm3, GCKIII
kinases and RhoA suggest strongly that STRIPAK complexes function on some level to
regulate RhoA signaling and function. Since STRIPAK appears to be a negative regulator of
GCKIII kinases (Gordon et al., 2011), which in turn negatively regulate RhoA signaling,
STRIPAK may be a positive regulator of RhoA signaling. STRIPAK may also compete with
Ccm2-Ccm1 for binding to Ccm3-GCKIII kinases (Kean et al., 2011), and therefore
increases in STRIPAK levels due to enhanced striatin family member expression or stability
might inhibit Ccm3-GCKIII function through the Ccm protein complex, which again would
be predicted to activate RhoA signaling. Because STRIPAK is multifunctional, it may also
regulate RhoA in other ways and/or impinge on pathways downstream of RhoA in positive
or negative directions. Consistent with these ideas, Cka, the Drosophila striatin homolog,
and both Drosophila and human RhoA all positively regulate the Jnk pathway (Chen et al.,
2002, Neisch et al., 2010, Whitehead et al., 2009). Moreover, the synthetic genetic
interaction found for Cka and dRhoA (Rho1) (Horn et al., 2011) (discussed in section
4.1.2.2) supports the idea that Cka and dRhoA function in the same direction to regulate
proliferation. As discussed in section 4.1.3.1, Far11, the budding yeast homolog of the
STRIPAK components STRIP1/2, functions downstream of TORC2 and apparently
upstream of Rho to regulate actin polarization (Baryshnikova et al., 2010, Fadri et al., 2005,
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Pracheil et al., 2012). While this regulation appears to be negative, it is important to note
that yeast lack an obvious Ccm3 homolog, suggesting that the regulation might be through
modulation of phosphorylation by Far complex-associated PP2A. Perhaps related, STRIP1
itself has been implicated in regulation of the actin cytoskeleton, cell spreading, and cell
morphology in mammalian cells (Bai et al., 2011). Together, these findings suggest that
STRIPAK is capable of regulating pathways both upstream and downstream of RhoA.

The identification in a high-throughput screen of an interaction between Far11 and Rho4
(Uetz et al., 2000), a Rho GTPase that functions together with Rho3 in activation of formins,
actin filament nucleators (Dong et al., 2003) suggested that the yeast STRIPAK-like FAR
complex might interact with Rho proteins to modulate their function and/or be regulated
themselves by Rho. Consistent with this possibility, mammalian SG2NA was recently
identified as a novel RhoA effector candidate because it interacts specifically with GTPγ-S-
activated mammalian RhoA and a constitutively active RhoA mutant, but not with inactive
GDP-RhoA or a dominant negative RhoA mutant (Kato et al., 2012). While SG2NA may
indeed be a RhoA effector, these results are also consonant with the idea that SG2NA may
be involved in modulating RhoA activity once it is active, or, based on the clear role of
STRIPAK in vesicular transport, in transporting active RhoA to or from subcellular sites
important for its function. Interestingly, striatin has been reported to localize to cell-cell
junctions and to be important for normal organization of filamentous actin and proper
localization of ZO-1, suggesting that it may regulate TJ formation (Breitman et al., 2008).
Moreover, the STRIPAK components CTTNBP2 and CTTNBP2NL are cortactin binding
proteins that preferentially localize to the cell cortex and stress fibers, respectively
(discusssed in section 4.1.1.3). Although further experimentation is necessary to investigate
and clarify these results, they are intriguing because of the possible implications that the
STRIPAK complex might be a significant regulator and/or effector of RhoA in controlling
actin cytoskeleton organization and dynamics; cell junction assembly, disassembly, and
stability; and vascular integrity in mammalian cells. Therefore, it is of great interest to
determine if modulation of STRIPAK function can indeed regulate RhoA signaling in
endothelial cells and potentially the development of CCM.

6. Conclusions and future directions
In summary, STRIPAK and STRIPAK-like complexes are large, multifunctional protein
assemblies that participate in a wide variety of cellular processes. The roles of these
complexes range from regulation of signal transduction pathways shared by many cell types
to regulation of more specialized signaling pathways and events. Common themes emerging
from studies of STRIPAK and STRIPAK-like complexes in multiple organisms include
STRIPAK regulation of signal transduction pathways, mitosis and cytokinesis, cell polarity,
and protein trafficking, to name a few.

Consistent with the range of functions they possess, there is enormous variation possible in
the composition of STRIPAK complexes, with well over 100 variants predicted. One
challenge in the future will be to understand how cells independently regulate different
STRIPAK complexes to carry out distinct functions. Differential expression of both striatin
family members and some other STRIPAK components in various cell types has been
demonstrated and likely contributes to helping cells regulate these complexes by reducing
the complexity of STRIPAK complexes within any one cell type. However, multiple
STRIPAK complexes are clearly present in the same cell. Based on subcellular localization
studies, accessory targeting proteins like SLMAPs and CTTNBP2 probably localize
STRIPAK complexes to different subcellular locations, providing for spatial separation of
distinct STRIPAK complexes that facilitates selective regulation. However, many questions
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remain in regard to how this is achieved and modulated in response to extrinsic and intrinsic
cues, and other mechanisms likely contribute and remain to be elucidated.

In addition to understanding the molecular details of how multiple STRIPAK complexes are
orchestrated within a single cell, there are a number of key questions raised in this review
about function, regulation, and contributions of STRIPAK and STRIPAK components to
human disease. We highlight a number of these key questions here but many additional
areas of investigation are mentioned throughout the review. Moreover, our model shown in
Fig. 6 summarizes several testable hypotheses regarding STRIPAK, Ccm3, and GCKIII
kinase function and regulation that need to be addressed in the future.

An important question to resolve is whether STRIPAK components have STRIPAK-
independent functions. This question is significant because, in a number of studies, only one
STRIPAK component was implicated in a particular function or connected to a particular
disease. Thus, it will be important to assess the involvement of other members of the
STRIPAK complex in these functions or diseases to rule out the possibility that the reported
findings represent STRIPAK-independent functions of individual STRIPAK components.

An additional pertinent area of investigation in the future will be to elucidate the role of
covalent modification of STRIPAK components in STRIPAK function and regulation. The
presence of PP2A and various kinases in STRIPAK complexes, the knowledge that many
STRIPAK components are phosphorylated and become hyperphosphorylated in the presence
of an inhibitor of PP2A family phosphatases, and the finding that STRIPAK-associated
PP2A appears to regulate GCKIII kinase phosphorylation and activity suggest that
STRIPAK functions are intricately regulated by reversible phosphorylation. Moreover, these
same findings suggest that a major mechanism of STRIPAK function is to direct PP2A to
key substrates, many of which are likely kinases. Similar targeting of PP2A to substrates by
STRIPAK-like complexes in other organisms suggests that this is a general theme in
STRIPAK function.

Yet another area of future inquiry stems from the likelihood that STRIPAK complexes play
critical roles in mammalian nervous system development and function. STRIPAK
components have been broadly implicated in neuronal function and multiple findings
support the idea that STRIPAK function in neurons may be regulated by Ca2+ signaling. In
addition, the localization of all three striatin family members to dendritic spines and the
identification of a CTTNBP2 mutant that may contribute to the development of autism
provide further impetus for dissecting the roles STRIPAK complexes play in nervous system
development and function. Development of mouse models for select STRIPAK components
would greatly facilitate these and other investigations of STRIPAK function in mammalian
cells.

Studies of STRIPAK-like complexes in lower eukaryotes have made substantial
contributions to elucidating mammalian STRIPAK functions and have provided direction
for future experimentation in mammalian systems. For example, investigations of STRIPAK
homologs in lower eukaryotes have uncovered some novel functions not yet studied in
mammalian cells. Examples of these functions include roles for STRIPAK complexes in
cell-cell communication, sexual development, and protein secretion. Although all of these
functions might not be conserved in mammals, their potential significance justifies making a
substantial effort to determine if they are indeed conserved. In other cases, the evidence
supporting certain roles for STRIPAK is much stronger in lower eukaryotic model systems,
providing incentive for further study of these functions in mammalian cells. For instance,
while STRIPAK-like complexes are clearly important for cell-cell fusion events in
filamentous fungi, in mammals the STRIPAK components SLMAP and Map4k4 have been
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connected to myoblast fusion but it is not known whether a STRIPAK complex is involved.
The results with filamentous fungi support the idea that STRIPAK may be important for
cell-cell fusion events in general. Thus, future studies should address the possible role of
STRIPAK not only in myoblast fusion, but also fertilization and other mammalian cell-cell
fusion events.

Related to the above-mentioned area of inquiry, it will be also be important to sort out
possible functional and mechanistic differences between STRIPAK and STRIPAK-like
complexes in different organisms. For example, Ccm3 is only found in metazoans.
Therefore, the general theme of targeting GCKIII (and perhaps other) kinases to STRIPAK
via Ccm3 must be unique to metazoan organisms. In theory, this might imply possible
differences in function for STRIPAK and STRIPAK-like complexes in metazoan and non-
metazoan organisms. Consistent with this possibility, while GCKIII homologs have been
described in non-metazoans (for examples, see (Leonhard and Nurse, 2005, Pombo et al.,
2007, Rohlfs, 2007, Seiler et al., 2006)), none have been reported as components of
STRIPAK-like complexes. Whether this signifies a true difference in targets or simply
reflects limitations in the current sampling of STRIPAK and STRIPAK-like complexes in
non-metazoans needs to be determined. Even within metazoans, it is unclear how GCKII,
GCKIV, and other kinases such as Jnk are targeted to STRIPAK and STRIPAK-like
complexes. Addressing these gaps in knowledge will be important to understanding both
common and unique themes of STRIPAK and STRIPAK-like function in different
organisms.

One of the most exciting areas of inquiry will be elucidating the roles of STRIPAK
complexes in CCM. Given the demonstrated importance of dysregulated RhoA signaling for
the development of CCM and the evidence connecting STRIPAK to RhoA signaling, it will
be key to investigate the role(s) of STRIPAK in RhoA activation and signaling, in regulation
of actin cytoskeleton, and in the assembly, disassembly, and stability of cell-cell junctions,
as well as the possibility of targeting STRIPAK therapeutically in some cases of CCM. In
addition, because GCKIII kinases negatively regulate RhoA signaling, their genes are
candidate CCM genes. While functional redundancy among these kinases might reduce the
likelihood of finding their genes mutated in CCM cases, the studies described in this review
suggest that partial loss of multiple GCKIII kinases or a GCKIII kinase and Ccm3 might
promote the development of CCM.

This review presents a summary of our current knowledge of the many forms and functions
of STRIPAK and STRIPAK-like complexes. Clearly, much additional work will be required
to fully define the intricate functions of these complexes and, importantly, to uncover the
molecular basis underlying the growing number of links between STRIPAK and a variety of
human diseases.
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Abbreviations

AJ adherens junction

APC adenomatous polyposis coli

ARD armadillo repeat domain

ARVC arrhythmogenic right ventricular cardiomyopathy

Bsk Basket

CaM calmodulin

Cav-1 caveolin-1

CCM cerebral cavernous malformations

Ccm3 cerebral cavernous malformation 3

CCM-ECs CCM patient endothelial cells

CCT/TRiC chaperonin containing TCP-1/TCP-1 Ring Complex

Cka connector of kinase to AP-1

CTTNBP2/NL cortactin-binding protein 2/Cortactin-binding protein 2, N-terminal-like

DCM dilated cardiomyopathy

dErk Drosophila extracellular signal-regulated kinase

dJnk Drosophila Jun N-terminal kinase

dMob4 Drosophila Mob3 functional homolog

dRassf Drosophila ras association domain family protein

DUB deubiquitinase

EGFR epidermal growth factor receptor

EMS 8p11 myeloproliferative syndrome

eNOS endothelial nitric oxide synthase

Eps15 epidermal growth factor receptor substrate 15

ERα Estrogen receptor alpha

Erk extracellular signal-regulated kinase

ERM ezrin/radixin/moesin

ERMES endoplasmic reticulum-mitochondria encounter structure

FAR factor arrest

FAT focal adhesion targeting

FGFR1OP2 fibroblast growth factor receptor 1 oncogene partner 2

GAP GTPase activating protein

GCKIII germinal center kinase III

GH glycine-histidine

GIPC GAIP-interacting protein, C terminus

HBMECs human brain microvascular endothelial cells
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HEG1 heart of glass 1

Hep Hemipterous

HGNC HUGO Gene Nomenclature Committee

HMVECs human dermal microvascular endothelial cells

Hpo Hippo

HUVECs human umbilical vein endothelial cells

ICAP-1 integrin cytoplasmic associated protein-1

IRF-3 interferon regulatory factor 3

Jra Jun-related antigen

Kay kayak

Krit1 K-Rev interaction trapped 1

Map4k4 Mitogen-activated protein kinase kinase kinase kinase 4

MASK Mst3 and Sok1-related kinase

mDia mammalian homolog of Drosophila diaphanous

MEKK3 mitogen-activated protein kinase kinase kinase 3

Mink1 Msn-like kinase 1

MLC myosin light chain

Mob3 monopolar spindle-one-binder family 3

MR mineralocorticoid receptor

Msn Misshapen

Mst mammalian sterile 20-like

NDPK nucleoside-diphosphate kinase

NLS nuclear localization signal

NMDA N-methyl-D-aspartate

NMDARs N-methyl-D-aspartate receptors

OSM osmosensing scaffold for MEKK3

PDCD10 programmed cell death 10

PDGFRA platelet derived growth factor receptor alpha

PPARγ peroxisome proliferator-activated receptor γ

PP2A protein phosphatase 2A

PTB phosphotyrosine-binding

PTP protein-tyrosine phosphatase

RhoA ras homolog gene family member A

ROCK Rho-associated coiled coil-forming kinase

RTKs receptor tyrosine kinases

SG2NA S/G2 nuclear autoantigen
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SIKE suppressor of IKKε

SIN septation initiation network

SIP SIN-inhibitory PP2A complex

SLMAP sarcolemmal membrane-associated protein

Sok1 Sterile 20/oxidant stress-response kinase 1

SPB spindle pole body

SR sarcoplasmic reticulum

STRIPAK striatin-interacting phosphatase and kinase

STRIP1/2 striatin interacting proteins 1 and 2

TFAR15 TF-1 cell apoptosis related gene-15

TJ tight junction

TLR3 toll-like receptor 3

Tnf-α tumor necrosis factor alpha

Tnik TRAF2- and NCK-interacting kinase

TORC1 target of rapamycin complex 1

WD tryptophan-aspartate

Ysk1 yeast Sps1/Sterile-20-related kinase 1
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Fig. 1. Domain structures of striatin family members
The domain structures of the human striatin family proteins, including striatin (780 amino
acids), the two major isoforms of SG2NA (SG2NAα: 713 aa; SG2NAβ: 797 aa), and zinedin
(753 aa), are shown drawn to scale. Four protein-protein interaction domains (labeled for
striatin and color-coded for comparison in SG2NAα/β and zinedin) are highly conserved
among the striatin family members and also throughout different species. Cav: Caveolin-
binding domain; C-C: Coiled-coil domain; CaM: Ca2+-CaM-binding domain; WD-repeat:
WD-repeat domain. The bracket with an asterisk (*) denotes the putative extended coiled-
coil domain regions based on analyses using NCOILS and Paircoil2 algorithms (Gordon et
al., 2011). Of note, some of the domains in SG2NA and zinedin are only predicted regions
based on sequence comparisons and have not been experimentally verified.
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Fig. 2. Model of the STRIPAK complex in signaling pathways
The core STRIPAK complex is depicted in the center of the diagram with some of the
STRIPAK components that are thought to mediate several functions of the STRIPAK
complex. Other STRIPAK components are omitted for simplicity of the figure. Some of the
known or potential connections of STRIPAK components to signaling pathways and cellular
events are depicted by arrows and described below starting with clathrin-dependent
endocytosis and proceeding clockwise around the depicted cell. First, through Mob3 the
STRIPAK complex may associate with components of clathrin-dependent endocytosis (for
example, Eps15) and function in this process. Second, the STRIPAK complex might also
function in caveolae-dependent endocytosis by interacting with Cav-1. Third, striatin targets
ERα to membranes, probably caveolae, and forms a STRIPAK-like complex containing
ERα, Gαi, and eNOS to regulate rapid nongenomic ERα signaling. Fourth, striatin binds
APC and regulates organization of TJs. Fifth, Ccm3 forms dynamic complexes with either
STRIPAK or other Ccm proteins to regulate GCKIII activity and function and cell junction
stability. Sixth, Ccm3 stabilizes VEGFR2 on the cell surface by inhibiting its internalization.
Seventh, GCKIII kinases, Ccm3, and STRIPAK function in Golgi assembly, cell polarity,
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and cell migration. Eighth, rat STRN3γ and PP2A modulate ERα-mediated transcriptional
activity in nucleus. Ninth, the STRIPAK complex is predicted to be involved in Ca2+

signaling by binding to Ca2+-CaM through the Ca2+-CaM-binding domain, thus responding
to changing Ca2+ concentrations in cells. While only changes in Ca2+ concentrations due to
influx of extracellular calcium are indicated as an example, Ca2+ concentration changes
resulting from release of intracellular calcium such as in response to inositol trisphosphate
production might also regulate STRIPAK function.

Hwang and Pallas Page 63

Int J Biochem Cell Biol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Mammalian STRIPAK complexes
Shown is a schematic of the core mammalian STRIPAK complex (Goudreault et al., 2009)
and some of its various accessory proteins. Core STRIPAK components include a striatin
family member, the PP2A A/C heterodimer, Mob3, STRIP1 or STRIP2, and a GCKIII
kinase bound via Ccm3. Binding of different, mutually exclusive accessory proteins to the
STRIPAK core results in the formation of different STRIPAK complexes. For example,
SLMAP and SIKE are not detected in STRIPAK complexes containing CTTNBP2/NL and
vice versa. In addition, some STRIPAK complexes contain alternative kinases (see text)
such as Mink1 and Map4k4 and Tnik (latter not shown in figure). Association of GCKIII,
Mink1, and Map4k4 kinases to the STRIPAK core is likely mutually exclusive. For this
reason their binding is shown as competitive (arrows). However, whether Mink1 and
Map4k4 bind via Ccm3 or directly to striatin family members is not known. Additional
proteins that bind to striatin family members including Ca2+-CaM, Cav-1, ERα, APC, MR,
CCT, dynein and others (see text and Table 1) are not shown for simplicity and because the
composition of the complexes in which some of these proteins participate are not known.
Together, however, it is clear that well over a hundred variations of STRIPAK and
STRIPAK-like complexes exist in mammalian cells.
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Fig. 4. Alternative models for Ccm protein function in vascular development and integrity
(A) Based on the evidence discussed in the text, we propose a model in which Ccm3/
GCKIII has overlapping functions with Ccm1/Ccm2. This model is consistent with the
common function of these proteins in vascular development and integrity, the fact that
Ccm3, Ccm2, and Ccm1 form a complex together, and the differences reported for Ccm3
versus Ccm1 and Ccm2 in CCM mouse models, zebrafish, and human CCM. The arrow
from Ccm3 to Ccm2/Ccm1 indicates that Ccm3 functions together with these proteins, not
necessarily upstream of them, while the arrow from Ccm3 directly to vascular development
and integrity represents a Ccm2/Ccm1-independent pathway. (B) In an alternative model,
Ccm3/GCKIII acts only through a distinct pathway from Ccm1 and Ccm2 in vascular
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development and in promoting vascular integrity (for examples, see (Chan et al., 2011,
Yoruk et al., 2012)). (C) In a third model, Ccm3/GCKIII signals together with Ccm1/Ccm2
in a common pathway in vascular development and in promoting vascular integrity (for
example, see (Zheng et al., 2010)). Each of these models is consistent with mutation in any
one of CCM genes leading to development of CCM, but the first model is the most
compatible with existing data.
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Fig. 5. Ccm3 forms different complexes by associating with alternative binding partners through
its N- and C-terminal domains
Ccm3 has a dimerization domain at its N-terminus and a FAT-homology domain at its C-
terminus. The Ccm3 dimerization domain mediates homodimerization of Ccm3 proteins and
binding of GCKIII kinases, two mutually exclusive events. The Ccm3 FAT-homology
domain mediates binding of Ccm2, Paxillin, or striatin family members (striatins) to form
multiple, independent complexes. Ccm3 may recruit GCKIII kinases to each of these
complexes. Four lysines in the FAT-homology domain known to be important for complex
formation with its binding partners are indicated.
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Fig. 6. Proposed model of CCM pathology
Binding of GCKIII monomers to GM130 in the Golgi induces GCKIII dimerization,
autophosphorylation, and activation (lower left). Activated GCKIII kinases are bound and
stabilized by Ccm3 (center) and targeted to the STRIPAK complex (upper left), the Ccm
protein complex (upper right), the PTP-PEST-Paxillin complex (lower right), moesin (center
right), and potentially to other unknown pathways. By binding to Ccm2 protein, Ccm3 is
thought to bring GCKIII kinases to Ccm2 and Ccm1, forming a complex that regulates cell-
cell junction formation, disassembly, and stability (upper right). Dashed arrows indicate
potential phosphorylation of proteins by GCKIII kinases. For example, GCKIII kinases
might phosphorylate STRIPAK components (upper left), Ccm proteins (upper right), Ccm
protein-associated proteins (represented in the diagram by Smurf1, which is regulated by
phosphorylation, but not currently known to be a substrate of GCKIII kinases), or
neighboring junctional proteins. Both the Ccm1-Ccm2-Ccm3 complex and GCKIII kinase-
phosphorylated moesin inhibit RhoA signaling (right), maintaining junctional homeostasis.
Depletion of Ccm1, Ccm2, Ccm3, or GCKIII kinases leads to enhanced RhoA activity,
junctional instability, and onset of CCM. Since STRIPAK negatively regulates Ccm3-
GCKIII kinases, loss of STRIPAK function is expected to inhibit CCM-relevant pathways,
and not induce CCM.
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Table 1

STRIPAK components and other relevant striatin family member-associated proteins.

Protein Name Description Reference(s)

STRIPAK components

PP2AC Protein phosphatase 2A catalytic subunit (Moreno et al., 2000)

PP2AA Protein phosphatase 2A structural subunit (Moreno et al., 2000)

Striatin Striatin family member; putative protein phosphatase 2A B‴ regulatory subunit;
STRN

(Moreno et al., 2000)

SG2NA Striatin family member; putative protein phosphatase 2A B‴ regulatory subunit;
STRN3

(Moreno et al., 2000)

Zinedin Striatin family member; putative protein phosphatase 2A B‴ regulatory subunit;
STRN4

(Castets et al., 2000)

Mob3 Monopolar spindle-one-binder family 3; Phocein (Baillat et al., 2001, Moreno et al.,
2001)

Ccm3 Cerebral cavernous malformation 3; Programmed cell death 10 (PDCD10) (Goudreault et al., 2009)

Mst3 Member of germinal center kinase III (GCKIII) subfamily of sterile 20-like kinases;
Mammalian sterile-20-like kinase 3; Sterile 20-like kinase 24 (STK24)

(Goudreault et al., 2009)

Mst4 Member of germinal center kinase III (GCKIII) subfamily of sterile 20-like kinases;
Mammalian sterile-20-like kinase 4; Mst3 and Sok1-related kinase (MASK)

(Goudreault et al., 2009)

Ysk1 Member of germinal center kinase III (GCKIII) subfamily of sterile 20-like kinases;
yeast Sps1/Sterile-20-related kinase 1; Sterile 20-like kinase 25 (Stk25); Sterile 20/
oxidant stress- response kinase 1 (Sok1)

(Goudreault et al., 2009)

STRIP1/2 Striatin-interacting protein 1/2; previously called Fam40a/Fam40b (Goudreault et al., 2009)

SLMAP Sarcolemmal membrane-associated protein (Goudreault et al., 2009)

CTTNBP2/NL Cortactin-binding protein 2/Cortactin-binding protein 2, N-terminal-like (Goudreault et al., 2009)

SIKE Suppressor of IKKε (Goudreault et al., 2009)

FGFR1OP2 FGFR1 (fibroblast growth factor receptor 1) Oncogene Partner 2 (Goudreault et al., 2009)

Mink1 Misshapen-like kinase 1 (Hyodo et al., 2012)

Other proteins that associate with STRIPAK or one of its components

Map4k4 Mitogen-activated protein kinase kinase kinase kinase 4; Nck-interacting kinase
(NIK); Hepatocyte progenitor kinase-like/germinal center kinase-like kinase (HGK)

(Frost et al., 2012, Herzog et al.,
2012, Hyodo et al., 2012)

Tnik TRAF2- and NCK-interacting kinase (Hyodo et al., 2012)

Dynein A motor protein (Goudreault et al., 2009)

APC Adenomatous polyposis coli protein (Breitman et al., 2008)

ERα Estrogen receptor alpha (Lu et al., 2004)

Gαi Heterotrimeric guanine nucleotide binding (G) protein subunit (Lu et al., 2004)

eNOS Endothelial Nitric Oxide synthase (Lu et al., 2004)

Cav-1 Caveolin-1 (Gaillard et al., 2001)

CaM Calmodulin (Castets et al., 1996)

GIPC GAIP-interacting protein, C terminus (Varsano et al., 2006)

Eps15 Epidermal growth factor receptor substrate 15 (Baillat et al., 2002)

NDPK Nucleoside-diphosphate kinase (Baillat et al., 2002)

Dynamin I GTPase involved in endocytosis (Baillat et al., 2002)

TCP-1 proteins Members of the chaperonin-containing TCP1 complex (CCT) (Goudreault et al., 2009)
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