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Abstract
Exocytosis is a fundamental cellular process whereby secreted molecules are
packaged into vesicles that move along cytoskeletal filaments and fuse with the
plasma membrane. To function optimally, cells are strongly dependent on
precisely controlled delivery of exocytotic cargo. In mammalian cells,
microtubules serve as major tracks for vesicle transport by motor proteins, and
thus microtubule organization is important for targeted delivery of secretory
carriers. Over the years, multiple microtubule-associated and cortical proteins
have been discovered that facilitate the interaction between the microtubule
plus ends and the cell cortex. In this review, we focus on mammalian protein
complexes that have been shown to participate in both cortical microtubule
capture and exocytosis, thereby regulating the spatial organization of secretion.
These complexes include microtubule plus-end tracking proteins, scaffolding
factors, actin-binding proteins, and components of vesicle docking machinery,
which together allow efficient coordination of cargo transport and release.
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Introduction
Exocytosis is a secretory trafficking process during which mol-
ecules are processed and transported to the cell surface, where 
they can be either released into the extracellular space or inserted 
into the plasma membrane. Secretory transport occurs in multi-
ple steps: after budding from the Golgi, exocytotic vesicles travel 
along cytoskeletal filaments toward the cell periphery, come into  
contact with tethering factors that can restrain them, and subse-
quently dock and fuse with the plasma membrane with the aid of 
soluble NSF attachment protein receptors (SNAREs). Secretion  
can occur constitutively, to maintain cell homeostasis and pro-
vide components of extracellular matrix and cell adhesion struc-
tures (constitutive exocytosis). Alternatively, release of specific 
cargos in many types of differentiated cells can be tightly con-
trolled in both space and time by a variety of signaling pathways 
(regulated exocytosis). Regulated exocytosis plays an important 
role in multiple processes, including synaptic neurotransmission, 
endocrine and paracrine signaling, or the release of hydrolytic  
enzymes by intestinal cells and leukocytes (for review, see 1,2).

Vesicular transport is facilitated by the cytoskeleton, and in  
mammalian cells the major tracks for vesicle transport are microtu-
bules, dynamic hollow tube-like structures with an outer diameter 
of 25 nm and lengths in the order of tens of microns. Microtubules 
have intrinsic polarity, with fast growing plus ends and slowly grow-
ing minus ends. Vesicles are transported along microtubules by two 
types of motors: kinesins, which are mostly plus-end-directed, and 
cytoplasmic dynein, which moves to microtubule minus ends.

In order to function optimally, cells rely heavily on a precisely 
controlled delivery of cargo. To do so, they take advantage of pro-
tein complexes that specifically connect membrane trafficking and 
cytoskeletal organization at the cell cortex. Tethering of microtu-
bule tips, the end points of vesicle transport, to the sites of vesicle 
fusion can provide efficient routes for secretion. In many types of 
mammalian cells, microtubule minus ends are clustered at the inter-
nally positioned microtubule-organizing centers, the centrosome 
and the Golgi apparatus (for review, see 3–5), and the secretory 
trafficking mainly takes place in the direction of microtubule plus 
ends. It should be noted that in polarized epithelia and in neurons, 
microtubule minus ends can also be positioned in the vicinity of cell 
cortex and serve as sites of vesicle delivery. Since the mechanisms 
responsible for cortical microtubule minus-end tethering are only 
beginning to be understood6–11, their connections to exocytosis still 
need to be unraveled.

In contrast, the factors responsible for coordinating the organization 
of microtubule plus ends and secretion have received much atten-
tion. For example, in different types of migrating cells, secretory 
traffic is preferentially directed toward the leading cell edge12,13. 
Such polarization of exocytosis can help to establish and maintain  
cell asymmetry and provide molecules needed for membrane 
protrusion. An important function of exocytosis is formation and 
modification of cell adhesions to extracellular matrix or other 
cells. In particular, it is well established that microtubule plus ends 
can be specifically linked to the vicinity of focal adhesions (FAs)  
to promote their remodeling and thus facilitate efficient cell  
movement (for review, see 14,15).

Complexes responsible for coordinating microtubule plus-end 
organization and exocytosis consist of molecules localized to 
microtubule plus ends and cortical proteins, which can participate, 
often through additional factors, in vesicle tethering and docking. 
At the cortex, these complexes typically comprise different scaf-
folds associated with the actin cytoskeleton or directly with the 
plasma membrane. On microtubules, the major players are micro-
tubule plus-end tracking proteins (+TIPs), a heterogeneous class of 
proteins distinguished by their specific accumulation at the growing 
microtubule plus ends (for review, see 16,17). Here, we provide an 
overview of the mammalian +TIPs involved in cortical microtubule 
tethering, their associated cortical attachment complexes, and their 
roles in exocytosis.

+TIPs involved in cortical microtubule capture
Prominent factors that can autonomously recognize growing 
microtubule ends are the members of end binding (EB) protein  
family18–20. EBs recruit to microtubule tips a plethora of differ-
ent binding partners, which fall into two major classes: proteins 
containing globular cytoskeleton-associated protein-glycine-rich 
(CAP-Gly) domains and proteins with a short linear motif Ser-any 
amino acid-Ile-Pro (SxIP) embedded in unstructured positively 
charged regions (for review, see 17). Mammalian +TIPs well known 
for their involvement in cortical microtubule capture are the CAP-
Gly-containing cytoplasmic linker protein of 170 kDa (CLIP-170), 
p150Glued, the large subunit of the dynein co-factor dynactin, the 
SxIP proteins CLIP-associating proteins CLASP1/2 and the tumor 
suppressor adenomatous polyposis coli (APC).

CLIP-170, the first +TIP to be reported21,22, was proposed to be 
involved in tethering microtubules to the cell cortex via IQGAP123, 
a cortical scaffold protein with interesting roles in exocytosis 
which we will discuss below (Figure 1). In fibroblasts, IQGAP1 
recruits CLIP-170-decorated microtubule plus ends to actin fila-
ments at the leading edge during migration24. Interestingly, subse-
quent biochemical studies showed that IQGAP1 appears to act as 
a cortical hub for multiple +TIPs: for example, it can interact with 
APC, which is found in the same protein complex as CLIP-17024  
(Figure 1). Upon the depletion of APC, the leading edge localiza-
tion of IQGAP1 as well as CLIP170 was perturbed and directional 
migration was affected, suggesting that APC, CLIP170, and IQGAP 
act in a tripartite complex that mediates cortical anchoring of micro-
tubules during cell movement24. Immunoprecipitation experiments 
from fibroblasts also revealed an interaction between IQGAP1 
and CLASP2, which was implicated in polarized cell movement25 
(Figure 1). Furthermore, a complex of IQGAP1 with SKAP, an 
SxIP protein originally identified as a +TIP linking kinetochores 
to spindle microtubules26,27, was shown to orchestrate directional 
migration by coupling dynamic microtubule plus ends to cortical 
regions in breast cancer cells28 (Figure 1). It should be noted that the 
evidence for the function of IQGAP1 as a cortical hub for different 
+TIPs strongly relies on protein interaction data and would profit 
from additional mechanistic cell biological analyses.

APC, which was shown to directly bind to EB129, has been impli-
cated in multiple additional cortical microtubule stabilization  
pathways. In vivo, it localizes to actin-rich cortical protru-
sions where it directly interacts with actin filaments through its  
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C-terminal basic domain30,31. On the basis of in vitro experi-
ments, APC was also suggested to play a role in actin nucleation31. 
Furthermore, APC was shown to stabilize microtubules at the 
cortex in migrating fibroblasts by acting together with the actin-
nucleating factor of the formin family, mDia32. In migrating 
astrocytes, APC directly interacts with the cortical scaffold protein 
Dlg133, thereby directly linking microtubules to the cortex. The 
latter interaction is regulated by the kinase GSK3β, which in turn 
can be  phosphorylated by a Par6-PKCζ complex33.

CLASP1 and CLASP2 form another family of major microtubule 
regulators that accumulate at the microtubule plus ends at the front 
of migrating cells. The asymmetric CLASP distribution is medi-
ated by their spatially controlled phosphorylation through GSK3β, 
which reduces their affinity for microtubule plus ends25,34,35. CLASPs 
are recruited to the cell cortex by directly interacting with the 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3)-binding protein 
LL5β36 (Figure 2). LL5β is part of a large protein assembly tightly 
linked to FAs, which controls FA turnover (see below). Another 

SxIP-containing +TIP shown to participate in organizing microtu-
bules in the vicinity of FAs is the APC-binding protein AMER2/
FAM123, which is directly linked to the plasma membrane by a 
phospholipid-binding domain37–39 (Figure 1).

Also, the dynein-dynactin complex represents an important player 
in microtubule capture at the cortex. In contrast to other +TIPs, 
which promote lateral microtubule attachments to the cortical sites, 
cytoplasmic dynein can form end-on attachments and exert forces 
to position the whole microtubule network in both interphase and 
mitosis40 (for review, see 41,42). Though mostly studied during 
cell division, when secretion is downregulated, cortical dynein was 
also shown to play a role in microtubule tethering to the plasma  
membrane in neurons, where it acts together with the neural 
cell adhesion molecule, and may have a role in stabilization of  
synapses43.

Finally, spectraplakins, a group of very large proteins, have 
been shown to be involved in cortical microtubule stabilization.  

Figure 1. Schematic overview of IQGAP and associated protein functions in cortical microtubule capturing and exocytosis. Through 
its different domains, IQGAP interacts with a subset of microtubule plus-end tracking proteins (+TIPs) (orange) and cortical proteins (blue), 
thereby facilitating the microtubule capture at sites with high exocytotic activity. At the same time, IQGAP controls multiple components 
involved in secretion, including exocytotic vesicle-specific Rab GTPases (yellow), the exocyst complex (purple), and actin (red lines). Single-
headed arrow, protein interaction with regulatory function; double-headed arrow, protein interaction facilitating recruitment; bar-headed line, 
negative regulation; dotted arrow, movement in direction of arrow.
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Spectraplakins have the ability to directly link microtubules and 
actin filaments and are involved in a wide range of cellular proc-
esses. Despite the presence of only two mammalian genes, a vari-
ety of spectraplakin isoforms have been found. This results from 
the existence of alternative tissue-specific promotors and multiple 
splice variants (for review, see 44). Among them, actin crosslink-
ing factor 7 (ACF7), also known as microtubule actin crosslinking 
factor 1 (MACF1), has been studied most extensively. Owing to 
the intrinsic properties of a C-terminal microtubule-binding domain 
and the presence of an SxIP domain, it can interact with microtu-
bules and specifically accumulate at their ends. At the same time, 
the N-terminal calponin homology domains mediate the binding 
to sites rich in actin, such as the cell cortex45. Depletion of ACF7 
was associated with the impaired microtubule growth along F-actin 
fibers toward FAs, and this significantly affected FA turnover and  
cell migration46. Cortical recruitment of ACF7 has been  
connected to the presence of membrane-bound APC, which in 
turn is regulated by GSK347, indicating the interplay of multiple  
pathways in recruiting microtubules to FAs. Recently, ACF7 was 

also shown to be a key player in linking microtubule minus ends 
to the apical membrane of polarized epithelial layers through cal-
modulin-regulated spectrin-associated protein 3 (CAMSAP3)7,8,10. 
Interestingly the ACF7-CAMSAP3 interaction was also associated 
with FA targeting and cell migration9.

Among the numerous links between microtubules and the cell cor-
tex, two broad groups of protein assemblies with clear connections 
to secretion have emerged—IQGAP-containing complexes and 
the CLASP- and LL5-containing cortical microtubule stabilization 
complexes—and these will be discussed in more detail below.

Coordination of cytoskeletal cortical interactions and 
secretion by IQGAP1
As mentioned above, IQGAP1 interacts with multiple +TIPs, 
thereby facilitating the capture of microtubules at specific cortical 
cell regions. At the same time, IQGAP1 plays a role at different 
steps of the secretory pathway, ranging from actin remodeling to 
the control of specific membrane trafficking regulators, such as Rab 
GTPases or the exocyst complex. This functional diversity is based 
on the presence of multiple domains, including a calponin homol-
ogy domain, IQGAP-specific repeats, a calmodulin-binding motif, 
a RasGAP-related domain, and a RasGAP C-terminus, which can 
mediate binding to a surprisingly broad set of proteins.

IQGAP1 is linked to the cortex via S100P and the plasma mem-
brane- and actin-binding protein ezrin48,49 (Figure 1). S100 pro-
teins bind to Ca2+ and the interaction between S100P and IQGAP1 
is strictly Ca2+-dependent48. Also, ezrin has been shown to  
bind to Ca2+-bound S100P and IQGAP1, but since ezrin and 
IQGAP1 do interact in the absence of Ca2+, this interaction appeared 
to be S100P-independent49. Both S100P and ezrin co-localize with 
IQGAP1 in the cortical cell regions, and ezrin depletion reduced 
the cortical localization of IQGAP148,49. Interestingly, ezrin also 
interacts with the APC-binding protein Dlg150, but it is not known 
whether APC, Dlg1, IQGAP1, and ezrin can function in the same 
complex.

IQGAPs are best known as important regulators of actin dynam-
ics.  In turn, the actin cytoskeleton plays a major role in regulating 
all steps of exocytosis. Multiple studies show that the actin net-
work acts as a physical barrier that is removed during exocytosis, 
allowing vesicles to dock and fuse with the plasma membrane 
(for review, see 51,52). Many lines of research also indicate the 
role of actin in directing vesicles to the fusion sites, regulating the 
fusion pores and providing the driving force to complete fusion53–55. 
Undoubtedly, actin regulation is essential for properly functioning 
exocytotic machinery.

IQGAP1 was initially identified as a target for the Rho GTPases 
CDC42 and Rac156,57, two factors involved in actin organization. 
Despite the name, IQGAP1 displays no GAP activity to the Rho 
GTPases56–59. In fact, it is well established that IQGAP1 inhibits 
the GTPase activity of CDC42 and Rac1 to stabilize their GTP-
bound form58,60,61. Accumulated evidence points in the direction 
of CDC42 being an important regulator of post-Golgi traffic in 
an actin-dependent manner62,63. Interestingly, the CDC42-IQGAP 
interaction was directly linked to exocytosis in gastric parietal 

Figure 2. Schematic overview of the cortical microtubule 
stabilizing complex (CMSC) and associated proteins involved in 
microtubule capture and exocytosis. The CMSC (blue) captures 
microtubules through direct interactions with a specific subset of 
microtubule plus-end tracking proteins (+TIPs) (orange). CMSC 
components are found in the proximity of focal adhesions (purple), 
where they regulate microtubule-mediated focal adhesion turnover. 
Furthermore, the CMSC has been shown to directly interact with 
Rab6A/Rab8A-positive vesicles (yellow), thereby facilitating 
secretion. Double-headed arrow, protein interaction facilitating 
recruitment; bar-headed line, negative regulation; dotted arrow, 
movement in direction of arrow.
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cells, epithelial cells that are located in the gastric glands of the  
stomach. In these cells, IQGAP1 and its homologue IQGAP2 are 
expressed and localized differentially64,65. In contrast to IQGAP1, 
which localizes to the basolateral regions of the cells, IQGAP2 
specifically localizes to the apical plasma membrane, where it 
interacts with CDC42. This interaction was shown to be essential 
for polarized secretion64. Biochemical evidence demonstrated that  
IQGAP1 can be phosphorylated by the kinase PKCε at its  
C-terminus, thereby relieving an autoinhibited fold, enhancing 
the binding of IQGAP1 to active CDC4266, and leading to attenu-
ation of exocytosis67. PKCε has also been implicated in exocytosis 
by playing an essential role in the disassembly of actin filaments  
following docking and tethering of the vesicles68–70. Since differ-
ent stages of exocytosis require different actin organizations, these  
data suggest a dynamic interplay between PKCε, CDC42, and 
IQGAP in regulating actin dynamics.

In addition to interacting with indirect actin modifiers like the 
Rho GTPases, IQGAP1 also binds to a set of proteins that directly  
organize the actin cytoskeleton, such as the actin-related pro-
tein (Arp) 2/3 complex and formins. IQGAP can stimulate Arp2/ 
3-dependent actin polymerization through direct as well as indirect 
interactions via the activation of neural Wiskott-Aldrich syndrome 
protein (N-WASp)71,72. Also, mDia1, an actin-nucleating protein of 
the formin family, which was implicated in microtubule regulation 
through APC and other pathways32,73,74, was identified as a binding 
partner for IQGAP1. IQGAP1 specifically interacts with the Rho-
activated form of mDia1 which results in the recruitment of the 
protein and actin assembly at sites with high exocytotic activity, 
like the leading edge of migrating cells75,76.

Next to Rho GTPases, Rab GTPases also belong to the key  
regulators of membrane trafficking and exocytosis. Interestingly, 
Rab27A, a small GTPase that regulates exocytosis of insulin- 
containing vesicles in pancreatic β cells77, has been shown to 
form a complex with IQGAP178. Remarkably, not only exocyto-
sis but also endocytosis of insulin secretory membranes, a process  
essential to maintain a constant cell volume and to allow the reuse 
of exocytotic machinery, strongly depends on complex formation 
between Rab27A and IQGAP1. Depletion of IQGAP1 prevented 
glucose-induced redistribution of Rab27A from the cytosol to 
the plasma membrane78. These data suggest that IQGAP1 partici-
pates in both endocytosis and exocytosis upon glucose stimulation  
in β cells. Whether these functions relate in some way to the  
interactions of IQGAP1 with microtubule-binding proteins is cur-
rently unclear, especially as, strikingly, microtubules in β cells 
restrict, rather than promote, the availability of insulin granules for 
secretion79.

IQGAP1 has been shown to associate with the Exo70, Sec3, and 
Sec8 subunits of the exocyst complex67,80 (Figure 1), an evolution-
arily conserved octameric protein complex, which mediates the 
tethering of exocytotic vesicles prior to fusion and which is impli-
cated in a wide variety of cellular processes (for review, see 81). 
The IQGAP1-exocyst interactions are controlled by CDC42 and 
RhoA67,80. Interestingly, depletion of IQGAP1 strongly affected 
insulin secretion from pancreatic β cells67 and secretion of matrix 
metalloproteinases80, two unrelated cellular processes which both 

strongly rely on exocytosis and the exocyst complex82,83. However, 
it cannot be excluded that these phenotypes are caused by other 
functions of IQGAP1 in exocytosis as described above.

Taken together, the existing data suggest that IQGAP1 is an  
excellent candidate for playing the role of a central hub coor-
dinating cytoskeletal organization and membrane trafficking.  
However, more detailed biochemical and cell biological studies 
will be needed to understand the exact mechanisms underlying its  
activity and unravel which of the numerous proposed interactions 
and functions of IQGAP1 are compatible and cooperative and 
which ones are mutually exclusive.

CLASP- and LL5-associated complexes in 
microtubule organization and secretion
As mentioned above, CLASPs are among the key players  
responsible for cortical microtubule targeting. Through the direct 
interaction with LL5β and its homologue LL5α36,84, they associ-
ate with a large protein assembly, which here will be termed cor-
tical microtubule stabilizing complex (CMSC)36,85–87 (Figure 2).  
As discussed below, this complex has been shown to be a regulator 
of FA turnover and is tightly clustered at the rims of FAs, although 
it does not spatially overlap with them36,85–88. LL5s are PIP3- 
binding proteins, and their membrane recruitment as well as the 
localization of the whole CMSC can be influenced by PI3 kinase 
activity36,89. Recently, Prickle1, a protein known for its role in pla-
nar cell polarity, was shown to participate in the LL5β-dependent 
accumulation of CLASPs in close proximity to FAs at retracting 
cell edges, thus controlling FA disassembly and cell motility90.

CMSC contains several scaffolding proteins, including the SAM 
domain containing proteins liprin-α1 and -β1, a coiled coil adap-
tor ELKS (also known as ERC1, for ELKS/RAB6-interacting/
CAST family member 1), and the ankyrin repeat protein KANK1. 
Liprin-α1 and -β1 were initially identified as interacting partners 
of the protein tyrosine phosphatase LAR91, a transmembrane pro-
tein that is involved in axon guidance (for review, see 92) and in 
the maintenance of excitatory synapses in hippocampal neurons93. 
However, it is unknown whether LAR homologues are present 
and have a functional role in CMSCs. Liprin-α1 directly interacts 
with ELKS94. Both ELKS and the members of the liprin-α fam-
ily are major components of the cytomatrix at the active zone 
(CAZ), the principal site of Ca2+-dependent exocytosis of neuro-
transmitters at neuronal synapses; these proteins thus have com-
plex roles in neurotransmission across different animal species (for 
review, see 95–97). Importantly, CMSC and CAZ have many non- 
overlapping components; for example, CAZ does not contain  
either LL5 or KANK homologues and does not appear to be  
directly connected to microtubules. In addition to coordinating 
the trafficking of neurotransmitter-containing vesicles at the CAZ, 
liprin-α1 was shown to be a key component of the molecular 
machinery underlying the internalization of fibronectin and recy-
cling of fibronectin-bound α5β1-integrin to basolateral membranes 
in endothelial cells, a process essential for defining and maintaining 
cell polarity98.

CMSCs are linked to FAs by KANK1, which directly interacts 
with talin, the core FA protein87 (Figure 2). KANK1 also binds to 
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liprin-β1, and the inhibition of either the liprin-β1-KANK1 or the 
KANK1-talin binding disrupts the CMSC localization around FAs 
and cortical microtubule capture around FAs87. How a direct inter-
action between an FA component and a CMSC component can lead 
to their non-overlapping localization next to each other is currently 
a mystery. KANK2, a KANK1 homologue, also localizes as a tight 
“belt” around FAs and interacts with talin99. Interestingly, it sup-
presses mechanical force transmission across activated integrins by 
interfering with F-actin binding99. The fact that talin might inter-
act with KANK1 and actin in a mutually exclusive manner could 
explain why KANKs localize to the periphery of FAs and not to 
their actin-associated core. It is possible that KANK1 bound to the 
FA periphery acts as a “seed” for CMSC assembly through multiva-
lent interactions between its scaffolding components87 (for review, 
see 100). In addition to coupling the CMSCs to FAs, KANK1 
recruits to the cortex the kinesin-4 family member KIF21A. This 
plus-end-directed motor protein strongly inhibits both microtubule 
growth and catastrophes at the cell cortex, thus cooperating with 
CLASPs in promoting cortical microtubule stability85.

ELKS is a ubiquitously expressed adaptor, which can be recruited 
to the plasma membrane by both LL5s and liprin-α136,94. The effect 
of ELKS depletion on the microtubule organization is relatively 
mild because ELKS does not bind to microtubules and is not essen-
tial for the cortical localization of LL5β or CLASPs but rather plays 
a scaffolding role by concentrating cortical clusters of LL5β and 
CLASPs at the cell periphery36. However, ELKS has been shown to 
be a central player in constitutive exocytosis101. It directly interacts 
with all isoforms of the small GTPase Rab6 (Rab6A, Rab6A′, and 
Rab6B)102, an abundantly expressed Rab GTPase that strongly dec-
orates the Golgi apparatus and cytoplasmic vesicles103–105. Although 
these vesicles were originally believed to be responsible for COPI-
independent transport to the Golgi106,107, detailed imaging studies 
demonstrated that in fact they predominantly fuse with the plasma 
membrane and thus represent carriers of constitutive secretion101.

Rab6A-positive vesicles immobilize and fuse at the cortical FA-
associated sites containing LL5β, and ELKS depletion causes 
strong accumulation of Rab6A-positive vesicles at the cell periph-
ery because although their exit from the Golgi and microtubule-
based transport are not perturbed, their docking and fusion are 
inhibited101. The underlying mechanism is not entirely clear. Similar 
to CAZ components, ELKS-containing complexes might promote 
the interaction between SNAREs located on the vesicles and the 
plasma membrane; however, it is currently unclear whether there 
is a direct connection between SNAREs and ELKS. Furthermore, 
in addition to the direct binding to ELKS, Rab6 also controls the 
recruitment to exocytotic vesicles of another Rab GTPase, Rab8A. 
Rab8A is a well-known player in exocytosis108–111. Interestingly, 
Rab8A interacts with ELKS-positive cortical sites through the bind-
ing partner of ELKS, MICAL3112, a multidomain oxidative enzyme 
which can promote disassembly of actin filaments and potentially 
remodel other protein complexes and also act as a scaffold113,114 (for 
review, see 115).

In migrating cells, CMSCs are strongly clustered around the FAs 
at the leading cell edge and promote their disassembly36,116. Micro-
tubules anchored by CLASPs in the vicinity of FAs serve as tracks 

for transport of exocytotic Rab6-positive vesicles. Secretory traf-
ficking delivers to the cell surface membrane type 1 metallopro-
tease (MT1-MMP), which can degrade the extracellular matrix 
around FAs, resulting in integrin detachment, loss of tension, and 
FA turnover116. These observations help to explain why liprin-α1, 
liprin-β1, LL5β, and ELKS promote invasive behavior and inter-
nalization of integrins in breast cancer cells86,88,117–119. Importantly, 
MT1-MMP delivery and integrin recycling also strongly depend  
on endosomal trafficking, which requires microtubules (for  
review, see 120,121). How exactly endosome trafficking connects 
to CMSC components deserves further investigation. Finally, 
it should be noted that in three-dimensional matrix invasion 
assays, the major function of cortical microtubule stabilization by  
CLASPs and possibly also their partners might be not only to  
direct vesicle traffic but also to mechanically support long pro-
trusions that mesenchymal cells extend in three dimensions to  
penetrate between the matrix fibers122.

LL5β and ELKS were also shown to concentrate at podosomes, 
actin-rich dynamic structures which can remodel the extracellular 
matrix123; and CLASPs, together with a plus-end-directed kinesin-3 
KIF1C, were shown to regulate podosome formation124. Interest-
ingly, podosome-like structures (“synaptic podosomes”) are also 
formed at neuromuscular junctions (NMJs) undergoing remodeling 
during postnatal stages of development, and LL5β, which strongly 
localizes to regions of high density of acetylcholine receptors at 
the NMJ, has been implicated in this process123,125,126. At the NMJ, 
the complexes of LL5β and CLASPs were shown to capture micro-
tubule plus ends and in this way create a route for the delivery of  
vesicles containing acetylcholine receptors to the postsynaptic 
membrane127–129. It is currently unknown whether ELKS participates 
in the regulation of the fusion of acetylcholine receptor-containing 
carriers with the plasma membrane, but this possibility seems quite 
likely, given the involvement of ELKS in secretion and the obser-
vation that ELKS is present at the NMJ130. Taken together, these 
data show that CMSCs or complexes related to them in composition 
regulate both microtubule organization and secretion in different 
types of undifferentiated as well as differentiated cells.

Conclusions and future directions
Microtubules play an essential role in exocytosis by serving as 
tracks for motor proteins that transport secretory carriers. The best 
studied mammalian cell models so far include migrating mesen-
chymal cells, in which a surprisingly diverse set of molecules is 
responsible for attaching and stabilizing microtubules to cortical 
sites close to the leading cell edge. An important unresolved ques-
tion is whether the different complexes described so far, such as 
CMSCs and IQGAP-linked cortical assemblies, represent cooperat-
ing or redundant pathways or whether in vivo they act in the same 
or different cell and tissue settings. Addressing this question will 
require systematic analysis of all major players using the same cel-
lular models and also exploring their expression and interactions in 
tissues. Relevant in this respect is the analysis of tissue-specific iso-
forms of the investigated proteins. For example, whereas IQGAP1 
was extensively studied, much less is known about its homologues 
IQGAP2, which is enriched in the liver and stomach, and IQGAP3, 
which is mainly found in brain and lung tissue131. Their domain 
composition is highly similar to that of IQGAP1 and given their 
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specific expression in tissues with high exocytotic activity, they are 
interesting candidates for having profound but undiscovered roles 
in exocytosis.

Another interesting set of questions concerns the involvement of 
the discussed complexes in regulated secretion. There are strong 
data showing that many of the factors described above are impor-
tant for regulated exocytosis. For example, ELKS and liprin-α are 
well-known players in neurotransmitter release in neurons and 
also are required for exocytotic release of inflammatory media-
tors by mast cells upon induction of allergic responses132. ELKS 
was also found to coincide with the docking and fusion sites of 
insulin in a pancreatic β-cell line; consistent with this observation, 
ELKS clusters show significant overlap with the clusters of the 
SNARE syntaxin 1, and ELKS depletion strongly affected insulin  
exocytosis133. However, as indicated above, the connections  
between CMSC components and SNAREs require further eluci-
dation. Furthermore, microtubule plus ends do not appear to be 
directly connected to the sites of exocytosis in neurons or β cells. 

It is possible that microtubules are linked to secretory sites when  
relatively rapid transport of newly synthesized proteins from the 
Golgi apparatus is functionally important. Direct microtubule- 
based delivery might not be essential when an excess of secretory 
cargo is available or when extensive local recycling of secreted  
molecules takes place, as is the case in neurons. In some cell 
types, such as pancreatic β cells, microtubules may even be used 
to sequester rather than deliver secretory cargo79. Investigating the 
diversity of the mechanisms responsible for vesicle delivery and 
fusion represents an exciting subject for future research.

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

Grant information
This work was supported by the Netherlands Organization for  
Scientific Research ALW Open program (grant 822.02.002) and 
ERC Synergy (grant 609822).

References F1000 recommended

1.	 Burgess TL, Kelly RB: Constitutive and regulated secretion of proteins. Annu 
Rev Cell Biol. 1987; 3: 243–93. 
PubMed Abstract | Publisher Full Text 

2.	 Wu L, Hamid E, Shin W, et al.: Exocytosis and endocytosis: modes, functions, 
and coupling mechanisms. Annu Rev Physiol. 2014; 76: 301–31. 
PubMed Abstract | Publisher Full Text | Free Full Text 

3.	  Akhmanova A, Hoogenraad CC: Microtubule minus-end-targeting proteins. 
Curr Biol. 2015; 25(4): R162–71. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

4.	 Zhu X, Kaverina I: Golgi as an MTOC: making microtubules for its own good. 
Histochem Cell Biol. 2013; 140(3): 361–7. 
PubMed Abstract | Publisher Full Text | Free Full Text 

5.	  Conduit PT, Wainman A, Raff JW: Centrosome function and assembly in 
animal cells. Nat Rev Mol Cell Biol. 2015; 16(10): 611–24. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

6.	  Toya M, Kobayashi S, Kawasaki M, et al.: CAMSAP3 orients the apical-to-
basal polarity of microtubule arrays in epithelial cells. Proc Natl Acad Sci U S A. 
2016; 113(2): 332–7. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

7.	  Khanal I, Elbediwy A, Diaz de la Loza Mdel C, et al.: Shot and Patronin 
polarise microtubules to direct membrane traffic and biogenesis of microvilli 
in epithelia. J Cell Sci. 2016; 129(13): 2651–9. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

8.	  Nashchekin D, Fernandes AR, St Johnston D: Patronin/Shot Cortical 
Foci Assemble the Noncentrosomal Microtubule Array that Specifies the 
Drosophila Anterior-Posterior Axis. Dev Cell. 2016; 38(1): 61–72. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

9.	 Ning W, Yu Y, Xu H, et al.: The CAMSAP3-ACF7 Complex Couples Noncentrosomal 
Microtubules with Actin Filaments to Coordinate Their Dynamics. Dev Cell. 
2016; 39(1): 61–74. 
PubMed Abstract | Publisher Full Text 

10.	 Noordstra I, Liu Q, Nijenhuis W, et al.: Control of apico-basal epithelial polarity 
by the microtubule minus-end-binding protein CAMSAP3 and spectraplakin 
ACF7. J Cell Sci. 2016; 129(22): 4278–88. 
PubMed Abstract | Publisher Full Text 

11.	 Moss DK, Bellett G, Carter JM, et al.: Ninein is released from the centrosome 
and moves bi-directionally along microtubules. J Cell Sci. 2007; 120(Pt 17): 
3064–74. 
PubMed Abstract | Publisher Full Text 

12.	 Schmoranzer J, Kreitzer G, Simon SM: Migrating fibroblasts perform polarized, 

microtubule-dependent exocytosis towards the leading edge. J Cell Sci. 2003; 
116(Pt 22): 4513–9. 
PubMed Abstract | Publisher Full Text 

13.	 Toomre D, Keller P, White J, et al.: Dual-color visualization of trans-Golgi 
network to plasma membrane traffic along microtubules in living cells. J Cell 
Sci. 1999; 112(Pt 1): 21–33. 
PubMed Abstract 

14.	 Small JV, Kaverina I: Microtubules meet substrate adhesions to arrange cell 
polarity. Curr Opin Cell Biol. 2003; 15(1): 40–7. 
PubMed Abstract | Publisher Full Text 

15.	 Stehbens S, Wittmann T: Targeting and transport: how microtubules control 
focal adhesion dynamics. J Cell Biol. 2012; 198(4): 481–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

16.	 Schuyler SC, Pellman D: Microtubule “plus-end-tracking proteins”: The end is 
just the beginning. Cell. 2001; 105(4): 421–4. 
PubMed Abstract | Publisher Full Text 

17.	 Akhmanova A, Steinmetz MO: Control of microtubule organization and 
dynamics: two ends in the limelight. Nat Rev Mol Cell Biol. 2015; 16(12): 711–26. 
PubMed Abstract | Publisher Full Text 

18.	  Bieling P, Laan L, Schek H, et al.: Reconstitution of a microtubule plus-end 
tracking system in vitro. Nature. 2007; 450(7172): 1100–5. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

19.	 Komarova Y, De Groot CO, Grigoriev I, et al.: Mammalian end binding proteins 
control persistent microtubule growth. J Cell Biol. 2009; 184(5): 691–706. 
PubMed Abstract | Publisher Full Text | Free Full Text 

20.	  Maurer SP, Fourniol FJ, Bohner G, et al.: EBs recognize a nucleotide-
dependent structural cap at growing microtubule ends. Cell. 2012; 149(2): 
371–82. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

21.	 Pierre P, Scheel J, Rickard JE, et al.: CLIP-170 links endocytic vesicles to 
microtubules. Cell. 1992; 70(6): 887–900. 
PubMed Abstract | Publisher Full Text 

22.	 Perez F, Diamantopoulos GS, Stalder R, et al.: CLIP-170 highlights growing 
microtubule ends in vivo. Cell. 1999; 96(4): 517–27. 
PubMed Abstract | Publisher Full Text 

23.	  Fukata M, Watanabe T, Noritake J, et al.: Rac1 and Cdc42 capture 
microtubules through IQGAP1 and CLIP-170. Cell. 2002; 109(7): 873–85. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

24.	  Watanabe T, Wang S, Noritake J, et al.: Interaction with IQGAP1 links APC 
to Rac1, Cdc42, and actin filaments during cell polarization and migration. Dev 

Page 8 of 12

F1000Research 2017, 6(F1000 Faculty Rev):469 Last updated: 12 APR 2017

http://www.ncbi.nlm.nih.gov/pubmed/3318877
http://dx.doi.org/10.1146/annurev.cb.03.110187.001331
http://www.ncbi.nlm.nih.gov/pubmed/24274740
http://dx.doi.org/10.1146/annurev-physiol-021113-170305
http://www.ncbi.nlm.nih.gov/pmc/articles/4880020
https://f1000.com/prime/725357586
http://www.ncbi.nlm.nih.gov/pubmed/25689915
http://dx.doi.org/10.1016/j.cub.2014.12.027
https://f1000.com/prime/725357586
http://www.ncbi.nlm.nih.gov/pubmed/23821162
http://dx.doi.org/10.1007/s00418-013-1119-4
http://www.ncbi.nlm.nih.gov/pmc/articles/3748218
https://f1000.com/prime/725792670
http://www.ncbi.nlm.nih.gov/pubmed/26373263
http://dx.doi.org/10.1038/nrm4062
https://f1000.com/prime/725792670
https://f1000.com/prime/726046296
http://www.ncbi.nlm.nih.gov/pubmed/26715742
http://dx.doi.org/10.1073/pnas.1520638113
http://www.ncbi.nlm.nih.gov/pmc/articles/4720291
https://f1000.com/prime/726046296
https://f1000.com/prime/726383808
http://www.ncbi.nlm.nih.gov/pubmed/27231092
http://dx.doi.org/10.1242/jcs.189076
http://www.ncbi.nlm.nih.gov/pmc/articles/4958304
https://f1000.com/prime/726383808
https://f1000.com/prime/726494130
http://www.ncbi.nlm.nih.gov/pubmed/27404359
http://dx.doi.org/10.1016/j.devcel.2016.06.010
http://www.ncbi.nlm.nih.gov/pmc/articles/4943857
https://f1000.com/prime/726494130
http://www.ncbi.nlm.nih.gov/pubmed/27693509
http://dx.doi.org/10.1016/j.devcel.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27802168
http://dx.doi.org/10.1242/jcs.194878
http://www.ncbi.nlm.nih.gov/pubmed/17698918
http://dx.doi.org/10.1242/jcs.010322
http://www.ncbi.nlm.nih.gov/pubmed/14576345
http://dx.doi.org/10.1242/jcs.00748
http://www.ncbi.nlm.nih.gov/pubmed/9841901
http://www.ncbi.nlm.nih.gov/pubmed/12517702
http://dx.doi.org/10.1016/S0955-0674(02)00008-X
http://www.ncbi.nlm.nih.gov/pubmed/22908306
http://dx.doi.org/10.1083/jcb.201206050
http://www.ncbi.nlm.nih.gov/pmc/articles/3514042
http://www.ncbi.nlm.nih.gov/pubmed/11371339
http://dx.doi.org/10.1016/S0092-8674(01)00364-6
http://www.ncbi.nlm.nih.gov/pubmed/26562752
http://dx.doi.org/10.1038/nrm4084
https://f1000.com/prime/1097297
http://www.ncbi.nlm.nih.gov/pubmed/18059460
http://dx.doi.org/10.1038/nature06386
https://f1000.com/prime/1097297
http://www.ncbi.nlm.nih.gov/pubmed/19255245
http://dx.doi.org/10.1083/jcb.200807179
http://www.ncbi.nlm.nih.gov/pmc/articles/2686402
https://f1000.com/prime/715747807
http://www.ncbi.nlm.nih.gov/pubmed/22500803
http://dx.doi.org/10.1016/j.cell.2012.02.049
http://www.ncbi.nlm.nih.gov/pmc/articles/3368265
https://f1000.com/prime/715747807
http://www.ncbi.nlm.nih.gov/pubmed/1356075
http://dx.doi.org/10.1016/0092-8674(92)90240-D
http://www.ncbi.nlm.nih.gov/pubmed/10052454
http://dx.doi.org/10.1016/S0092-8674(00)80656-X
https://f1000.com/prime/1007918
http://www.ncbi.nlm.nih.gov/pubmed/12110184
http://dx.doi.org/10.1016/S0092-8674(02)00800-0
https://f1000.com/prime/1007918
https://f1000.com/prime/1022689


Cell. 2004; 7(6): 871–83. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

25.	 Watanabe T, Noritake J, Kakeno M, et al.: Phosphorylation of CLASP2 by GSK-
3beta regulates its interaction with IQGAP1, EB1 and microtubules. J Cell Sci. 
2009; 122(Pt 16): 2969–79. 
PubMed Abstract | Publisher Full Text 

26.	 Fang L, Seki A, Fang G: SKAP associates with kinetochores and promotes the 
metaphase-to-anaphase transition. Cell Cycle. 2009; 8(17): 2819–27. 
PubMed Abstract | Publisher Full Text 

27.	 Wang X, Zhuang X, Cao D, et al.: Mitotic regulator SKAP forms a link between 
kinetochore core complex KMN and dynamic spindle microtubules. J Biol 
Chem. 2012; 287(47): 39380–90. 
PubMed Abstract | Publisher Full Text | Free Full Text 

28.	  Cao D, Su Z, Wang W, et al.: Signaling Scaffold Protein IQGAP1 Interacts 
with Microtubule Plus-end Tracking Protein SKAP and Links Dynamic 
Microtubule Plus-end to Steer Cell Migration. J Biol Chem. 2015; 290(39): 
23766–80. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

29.	 Su LK, Burrell M, Hill DE, et al.: APC binds to the novel protein EB1. Cancer Res. 
1995; 55(14): 2972–7. 
PubMed Abstract 

30.	 Moseley JB, Bartolini F, Okada K, et al.: Regulated binding of adenomatous 
polyposis coli protein to actin. J Biol Chem. 2007; 282(17): 12661–8. 
PubMed Abstract | Publisher Full Text 

31.	  Okada K, Bartolini F, Deaconescu AM, et al.: Adenomatous polyposis coli 
protein nucleates actin assembly and synergizes with the formin mDia1. J Cell 
Biol. 2010; 189(7): 1087–96. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

32.	  Wen Y, Eng CH, Schmoranzer J, et al.: EB1 and APC bind to mDia to 
stabilize microtubules downstream of Rho and promote cell migration. Nat Cell 
Biol. 2004; 6(9): 820–30. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

33.	 Etienne-Manneville S, Manneville JB, Nicholls S, et al.: Cdc42 and Par6-PKCzeta 
regulate the spatially localized association of Dlg1 and APC to control cell 
polarization. J Cell Biol. 2005; 170(6): 895–901. 
PubMed Abstract | Publisher Full Text | Free Full Text 

34.	 Akhmanova A, Hoogenraad CC, Drabek K, et al.: Clasps are CLIP-115 and -170 
associating proteins involved in the regional regulation of microtubule 
dynamics in motile fibroblasts. Cell. 2001; 104(6): 923–35. 
PubMed Abstract | Publisher Full Text 

35.	 Kumar P, Lyle KS, Gierke S, et al.: GSK3beta phosphorylation modulates 
CLASP-microtubule association and lamella microtubule attachment. J Cell 
Biol. 2009; 184(6): 895–908. 
PubMed Abstract | Publisher Full Text | Free Full Text 

36.	  Lansbergen G, Grigoriev I, Mimori-Kiyosue Y, et al.: CLASPs attach 
microtubule plus ends to the cell cortex through a complex with LL5beta. Dev 
Cell. 2006; 11(1): 21–32. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

37.	 Jiang K, Toedt G, Montenegro Gouveia S, et al.: A Proteome-wide screen for 
mammalian SxIP motif-containing microtubule plus-end tracking proteins. Curr 
Biol. 2012; 22(19): 1800–7. 
PubMed Abstract | Publisher Full Text 

38.	 Siesser PF, Motolese M, Walker MP, et al.: FAM123A binds to microtubules 
and inhibits the guanine nucleotide exchange factor ARHGEF2 to decrease 
actomyosin contractility. Sci Signal. 2012; 5(240): ra64. 
PubMed Abstract | Publisher Full Text | Free Full Text 

39.	 Pfister AS, Hadjihannas MV, Röhrig W, et al.: Amer2 protein interacts with EB1 
protein and adenomatous polyposis coli (APC) and controls microtubule 
stability and cell migration. J Biol Chem. 2012; 287(42): 35333–40. 
PubMed Abstract | Publisher Full Text | Free Full Text 

40.	  Laan L, Pavin N, Husson J, et al.: Cortical dynein controls microtubule 
dynamics to generate pulling forces that position microtubule asters. Cell. 
2012; 148(3): 502–14. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

41.	 Dujardin DL, Vallee RB: Dynein at the cortex. Curr Opin Cell Biol. 2002; 14(1): 
44–9. 
PubMed Abstract | Publisher Full Text 

42.	 McNally FJ: Mechanisms of spindle positioning. J Cell Biol. 2013; 200(2): 131–40. 
PubMed Abstract | Publisher Full Text | Free Full Text 

43.	 Perlson E, Hendricks AG, Lazarus JE, et al.: Dynein interacts with the neural cell 
adhesion molecule (NCAM180) to tether dynamic microtubules and maintain 
synaptic density in cortical neurons. J Biol Chem. 2013; 288(39): 27812–24. 
PubMed Abstract | Publisher Full Text | Free Full Text 

44.	 Suozzi KC, Wu X, Fuchs E: Spectraplakins: master orchestrators of cytoskeletal 
dynamics. J Cell Biol. 2012; 197(4): 465–75. 
PubMed Abstract | Publisher Full Text | Free Full Text 

45.	  Kodama A, Karakesisoglou I, Wong E, et al.: ACF7: an essential integrator of 
microtubule dynamics. Cell. 2003; 115(3): 343–54. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

46.	  Wu X, Kodama A, Fuchs E: ACF7 regulates cytoskeletal-focal adhesion 
dynamics and migration and has ATPase activity. Cell. 2008; 135(1): 137–48. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

47.	 Zaoui K, Benseddik K, Daou P, et al.: ErbB2 receptor controls microtubule 
capture by recruiting ACF7 to the plasma membrane of migrating cells. Proc 
Natl Acad Sci U S A. 2010; 107(43): 18517–22. 
PubMed Abstract | Publisher Full Text | Free Full Text 

48.	 Heil A, Nazmi AR, Koltzscher M, et al.: S100P is a novel interaction partner and 
regulator of IQGAP1. J Biol Chem. 2011; 286(9): 7227–38. 
PubMed Abstract | Publisher Full Text | Free Full Text 

49.	 Nammalwar RC, Heil A, Gerke V: Ezrin interacts with the scaffold protein 
IQGAP1 and affects its cortical localization. Biochim Biophys Acta. 2015; 
1853(9): 2086–94. 
PubMed Abstract | Publisher Full Text 

50.	 Lasserre R, Charrin S, Cuche C, et al.: Ezrin tunes T-cell activation by controlling 
Dlg1 and microtubule positioning at the immunological synapse. EMBO J. 
2010; 29(14): 2301–14. 
PubMed Abstract | Publisher Full Text | Free Full Text 

51.	 Malacombe M, Bader M, Gasman S: Exocytosis in neuroendocrine cells: new 
tasks for actin. Biochim Biophys Acta. 2006; 1763(11): 1175–83. 
PubMed Abstract | Publisher Full Text 

52.	 Eitzen G: Actin remodeling to facilitate membrane fusion. Biochim Biophys Acta. 
2003; 1641(2–3): 175–81. 
PubMed Abstract | Publisher Full Text 

53.	 Sokac AM, Schietroma C, Gundersen CB, et al.: Myosin-1c couples assembling 
actin to membranes to drive compensatory endocytosis. Dev Cell. 2006; 11(5): 
629–40. 
PubMed Abstract | Publisher Full Text | Free Full Text 

54.	 Nightingale TD, Cutler DF, Cramer LP: Actin coats and rings promote regulated 
exocytosis. Trends Cell Biol. 2012; 22(6): 329–37. 
PubMed Abstract | Publisher Full Text 

55.	 Masedunskas A, Sramkova M, Parente L, et al.: Role for the actomyosin complex 
in regulated exocytosis revealed by intravital microscopy. Proc Natl Acad Sci U S A. 
2011; 108(33): 13552–7. 
PubMed Abstract | Publisher Full Text | Free Full Text 

56.	 Kuroda S, Fukata M, Kobayashi K, et al.: Identification of IQGAP as a putative 
target for the small GTPases, Cdc42 and Rac1. J Biol Chem. 1996; 271(38): 
23363–7. 
PubMed Abstract | Publisher Full Text 

57.	 Bashour AM, Fullerton AT, Hart MJ, et al.: IQGAP1, a Rac- and Cdc42-binding 
protein, directly binds and cross-links microfilaments. J Cell Biol. 1997; 137(7): 
1555–66. 
PubMed Abstract | Publisher Full Text | Free Full Text 

58.	 Brill S, Li S, Lyman CW, et al.: The Ras GTPase-activating-protein-related 
human protein IQGAP2 harbors a potential actin binding domain and interacts 
with calmodulin and Rho family GTPases. Mol Cell Biol. 1996; 16(9): 4869–78. 
PubMed Abstract | Publisher Full Text | Free Full Text 

59.	 McCallum SJ, Wu WJ, Cerione RA: Identification of a putative effector for 
Cdc42Hs with high sequence similarity to the RasGAP-related protein IQGAP1 
and a Cdc42Hs binding partner with similarity to IQGAP2. J Biol Chem. 1996; 
271(36): 21732–7. 
PubMed Abstract | Publisher Full Text 

60.	 Hart MJ, Callow MG, Souza B, et al.: IQGAP1, a calmodulin-binding protein with 
a rasGAP-related domain, is a potential effector for cdc42Hs. EMBO J. 1996; 
15(12): 2997–3005. 
PubMed Abstract | Free Full Text 

61.	 Noritake J, Fukata M, Sato K, et al.: Positive role of IQGAP1, an effector of Rac1, 
in actin-meshwork formation at sites of cell-cell contact. Mol Biol Cell. 2004; 
15(3): 1065–76. 
PubMed Abstract | Publisher Full Text | Free Full Text 

62.	 Salvarezza SB, Deborde S, Schreiner R, et al.: LIM kinase 1 and cofilin regulate 
actin filament population required for dynamin-dependent apical carrier 
fission from the trans-Golgi network. Mol Biol Cell. 2009; 20(1): 438–51. 
PubMed Abstract | Publisher Full Text | Free Full Text 

63.	 Egorov MV, Capestrano M, Vorontsova OA, et al.: Faciogenital dysplasia protein 
(FGD1) regulates export of cargo proteins from the golgi complex via Cdc42 
activation. Mol Biol Cell. 2009; 20(9): 2413–27. 
PubMed Abstract | Publisher Full Text | Free Full Text 

64.	 Zhou R, Guo Z, Watson C, et al.: Polarized distribution of IQGAP proteins in 
gastric parietal cells and their roles in regulated epithelial cell secretion. Mol 
Biol Cell. 2003; 14(3): 1097–108. 
PubMed Abstract | Publisher Full Text | Free Full Text 

65.	 Chew CS, Okamoto CT, Chen X, et al.: IQGAPs are differentially expressed and 
regulated in polarized gastric epithelial cells. Am J Physiol Gastrointest Liver 
Physiol. 2005; 288(2): G376–87. 
PubMed Abstract | Publisher Full Text 

66.	 Grohmanova K, Schlaepfer D, Hess D, et al.: Phosphorylation of IQGAP1 
modulates its binding to Cdc42, revealing a new type of rho-GTPase regulator. 
J Biol Chem. 2004; 279(47): 48495–504. 
PubMed Abstract | Publisher Full Text 

67.	 Rittmeyer EN, Daniel S, Hsu S, et al.: A dual role for IQGAP1 in regulating 
exocytosis. J Cell Sci. 2008; 121(Pt 3): 391–403. 
PubMed Abstract | Publisher Full Text 

68.	 Xue R, Zhao Y, Su L, et al.: PKC epsilon facilitates recovery of exocytosis after 
an exhausting stimulation. Pflugers Arch. 2009; 458(6): 1137–49. 
PubMed Abstract | Publisher Full Text 

Page 9 of 12

F1000Research 2017, 6(F1000 Faculty Rev):469 Last updated: 12 APR 2017

http://www.ncbi.nlm.nih.gov/pubmed/15572129
http://dx.doi.org/10.1016/j.devcel.2004.10.017
https://f1000.com/prime/1022689
http://www.ncbi.nlm.nih.gov/pubmed/19638411
http://dx.doi.org/10.1242/jcs.046649
http://www.ncbi.nlm.nih.gov/pubmed/19667759
http://dx.doi.org/10.4161/cc.8.17.9514
http://www.ncbi.nlm.nih.gov/pubmed/23035123
http://dx.doi.org/10.1074/jbc.M112.406652
http://www.ncbi.nlm.nih.gov/pmc/articles/3501077
https://f1000.com/prime/725699084
http://www.ncbi.nlm.nih.gov/pubmed/26242911
http://dx.doi.org/10.1074/jbc.M115.673517
http://www.ncbi.nlm.nih.gov/pmc/articles/4583049
https://f1000.com/prime/725699084
http://www.ncbi.nlm.nih.gov/pubmed/7606712
http://www.ncbi.nlm.nih.gov/pubmed/17293347
http://dx.doi.org/10.1074/jbc.M610615200
https://f1000.com/prime/8892956
http://www.ncbi.nlm.nih.gov/pubmed/20566685
http://dx.doi.org/10.1083/jcb.201001016
http://www.ncbi.nlm.nih.gov/pmc/articles/2894447
https://f1000.com/prime/8892956
https://f1000.com/prime/1020764
http://www.ncbi.nlm.nih.gov/pubmed/15311282
http://dx.doi.org/10.1038/ncb1160
https://f1000.com/prime/1020764
http://www.ncbi.nlm.nih.gov/pubmed/16157700
http://dx.doi.org/10.1083/jcb.200412172
http://www.ncbi.nlm.nih.gov/pmc/articles/2171429
http://www.ncbi.nlm.nih.gov/pubmed/11290329
http://dx.doi.org/10.1016/S0092-8674(01)00288-4
http://www.ncbi.nlm.nih.gov/pubmed/19289791
http://dx.doi.org/10.1083/jcb.200901042
http://www.ncbi.nlm.nih.gov/pmc/articles/2699158
https://f1000.com/prime/1033490
http://www.ncbi.nlm.nih.gov/pubmed/16824950
http://dx.doi.org/10.1016/j.devcel.2006.05.012
https://f1000.com/prime/1033490
http://www.ncbi.nlm.nih.gov/pubmed/22885064
http://dx.doi.org/10.1016/j.cub.2012.07.047
http://www.ncbi.nlm.nih.gov/pubmed/22949735
http://dx.doi.org/10.1126/scisignal.2002871
http://www.ncbi.nlm.nih.gov/pmc/articles/3733483
http://www.ncbi.nlm.nih.gov/pubmed/22898821
http://dx.doi.org/10.1074/jbc.M112.385393
http://www.ncbi.nlm.nih.gov/pmc/articles/3471750
https://f1000.com/prime/14159956
http://www.ncbi.nlm.nih.gov/pubmed/22304918
http://dx.doi.org/10.1016/j.cell.2012.01.007
http://www.ncbi.nlm.nih.gov/pmc/articles/3292199
https://f1000.com/prime/14159956
http://www.ncbi.nlm.nih.gov/pubmed/11792543
http://dx.doi.org/10.1016/S0955-0674(01)00292-7
http://www.ncbi.nlm.nih.gov/pubmed/23337115
http://dx.doi.org/10.1083/jcb.201210007
http://www.ncbi.nlm.nih.gov/pmc/articles/3549965
http://www.ncbi.nlm.nih.gov/pubmed/23960070
http://dx.doi.org/10.1074/jbc.M113.465088
http://www.ncbi.nlm.nih.gov/pmc/articles/3784697
http://www.ncbi.nlm.nih.gov/pubmed/22584905
http://dx.doi.org/10.1083/jcb.201112034
http://www.ncbi.nlm.nih.gov/pmc/articles/3352950
https://f1000.com/prime/1014193
http://www.ncbi.nlm.nih.gov/pubmed/14636561
http://dx.doi.org/10.1016/S0092-8674(03)00813-4
https://f1000.com/prime/1014193
https://f1000.com/prime/1124563
http://www.ncbi.nlm.nih.gov/pubmed/18854161
http://dx.doi.org/10.1016/j.cell.2008.07.045
http://www.ncbi.nlm.nih.gov/pmc/articles/2703712
https://f1000.com/prime/1124563
http://www.ncbi.nlm.nih.gov/pubmed/20937854
http://dx.doi.org/10.1073/pnas.1000975107
http://www.ncbi.nlm.nih.gov/pmc/articles/2972954
http://www.ncbi.nlm.nih.gov/pubmed/21177863
http://dx.doi.org/10.1074/jbc.M110.135095
http://www.ncbi.nlm.nih.gov/pmc/articles/3044979
http://www.ncbi.nlm.nih.gov/pubmed/25554515
http://dx.doi.org/10.1016/j.bbamcr.2014.12.026
http://www.ncbi.nlm.nih.gov/pubmed/20551903
http://dx.doi.org/10.1038/emboj.2010.127
http://www.ncbi.nlm.nih.gov/pmc/articles/2910277
http://www.ncbi.nlm.nih.gov/pubmed/17034880
http://dx.doi.org/10.1016/j.bbamcr.2006.09.004
http://www.ncbi.nlm.nih.gov/pubmed/12914958
http://dx.doi.org/10.1016/S0167-4889(03)00087-9
http://www.ncbi.nlm.nih.gov/pubmed/17084356
http://dx.doi.org/10.1016/j.devcel.2006.09.002
http://www.ncbi.nlm.nih.gov/pmc/articles/2826358
http://www.ncbi.nlm.nih.gov/pubmed/22543050
http://dx.doi.org/10.1016/j.tcb.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21808006
http://dx.doi.org/10.1073/pnas.1016778108
http://www.ncbi.nlm.nih.gov/pmc/articles/3158220
http://www.ncbi.nlm.nih.gov/pubmed/8798539
http://dx.doi.org/10.1074/jbc.271.38.23363
http://www.ncbi.nlm.nih.gov/pubmed/9199170
http://dx.doi.org/10.1083/jcb.137.7.1555
http://www.ncbi.nlm.nih.gov/pmc/articles/2137827
http://www.ncbi.nlm.nih.gov/pubmed/8756646
http://dx.doi.org/10.1128/MCB.16.9.4869
http://www.ncbi.nlm.nih.gov/pmc/articles/231489
http://www.ncbi.nlm.nih.gov/pubmed/8702968
http://dx.doi.org/10.1074/jbc.271.36.21732
http://www.ncbi.nlm.nih.gov/pubmed/8670801
http://www.ncbi.nlm.nih.gov/pmc/articles/450241
http://www.ncbi.nlm.nih.gov/pubmed/14699063
http://dx.doi.org/10.1091/mbc.E03-08-0582
http://www.ncbi.nlm.nih.gov/pmc/articles/363077
http://www.ncbi.nlm.nih.gov/pubmed/18987335
http://dx.doi.org/10.1091/mbc.E08-08-0891
http://www.ncbi.nlm.nih.gov/pmc/articles/2613098
http://www.ncbi.nlm.nih.gov/pubmed/19261807
http://dx.doi.org/10.1091/mbc.E08-11-1136
http://www.ncbi.nlm.nih.gov/pmc/articles/2675621
http://www.ncbi.nlm.nih.gov/pubmed/12631726
http://dx.doi.org/10.1091/mbc.E02-07-0425
http://www.ncbi.nlm.nih.gov/pmc/articles/151582
http://www.ncbi.nlm.nih.gov/pubmed/15458922
http://dx.doi.org/10.1152/ajpgi.00290.2004
http://www.ncbi.nlm.nih.gov/pubmed/15355962
http://dx.doi.org/10.1074/jbc.M408113200
http://www.ncbi.nlm.nih.gov/pubmed/18216334
http://dx.doi.org/10.1242/jcs.016881
http://www.ncbi.nlm.nih.gov/pubmed/19593582
http://dx.doi.org/10.1007/s00424-009-0697-4


69.	 Park Y, Hur E, Choi B, et al.: Involvement of protein kinase C-epsilon in activity-
dependent potentiation of large dense-core vesicle exocytosis in chromaffin 
cells. J Neurosci. 2006; 26(35): 8999–9005. 
PubMed Abstract | Publisher Full Text 

70.	 Mendez CF, Leibiger IB, Leibiger B, et al.: Rapid association of protein kinase 
C-epsilon with insulin granules is essential for insulin exocytosis. J Biol Chem. 
2003; 278(45): 44753–7. 
PubMed Abstract | Publisher Full Text 

71.	 Le Clainche C, Schlaepfer D, Ferrari A, et al.: IQGAP1 stimulates actin assembly 
through the N-WASP-Arp2/3 pathway. J Biol Chem. 2007; 282(1): 426–35. 
PubMed Abstract | Publisher Full Text 

72.	 Benseñor LB, Kan H, Wang N, et al.: IQGAP1 regulates cell motility by linking 
growth factor signaling to actin assembly. J Cell Sci. 2007; 120(Pt 4): 658–69. 
PubMed Abstract | Publisher Full Text 

73.	 Eng CH, Huckaba TM, Gundersen GG: The formin mDia regulates GSK3beta 
through novel PKCs to promote microtubule stabilization but not MTOC 
reorientation in migrating fibroblasts. Mol Biol Cell. 2006; 17(12): 5004–16. 
PubMed Abstract | Publisher Full Text | Free Full Text 

74.	 Bartolini F, Ramalingam N, Gundersen GG: Actin-capping protein promotes 
microtubule stability by antagonizing the actin activity of mDia1. Mol Biol Cell. 
2012; 23(20): 4032–40. 
PubMed Abstract | Publisher Full Text | Free Full Text 

75.	  Brandt DT, Marion S, Griffiths G, et al.: Dia1 and IQGAP1 interact in cell 
migration and phagocytic cup formation. J Cell Biol. 2007; 178(2): 193–200. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

76.	  Bartolini F, Andres-Delgado L, Qu X, et al.: An mDia1-INF2 formin activation 
cascade facilitated by IQGAP1 regulates stable microtubules in migrating 
cells. Mol Biol Cell. 2016; 27(11): 1797–808. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

77.	 Yi Z, Yokota H, Torii S, et al.: The Rab27a/granuphilin complex regulates the 
exocytosis of insulin-containing dense-core granules. Mol Cell Biol. 2002; 
22(6): 1858–67. 
PubMed Abstract | Publisher Full Text | Free Full Text 

78.	 Kimura T, Yamaoka M, Taniguchi S, et al.: Activated Cdc42-bound IQGAP1 
determines the cellular endocytic site. Mol Cell Biol. 2013; 33(24): 4834–43. 
PubMed Abstract | Publisher Full Text | Free Full Text 

79.	  Zhu X, Hu R, Brissova M, et al.: Microtubules Negatively Regulate Insulin 
Secretion in Pancreatic β Cells. Dev Cell. 2015; 34(6): 656–68. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

80.	 Sakurai-Yageta M, Recchi C, Le Dez G, et al.: The interaction of IQGAP1 with the 
exocyst complex is required for tumor cell invasion downstream of Cdc42 and 
RhoA. J Cell Biol. 2008; 181(16): 985–98. 
PubMed Abstract | Publisher Full Text | Free Full Text 

81.	  Martin-Urdiroz M, Deeks MJ, Horton CG, et al.: The Exocyst Complex in 
Health and Disease. Front Cell Dev Biol. 2016; 4: 24. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

82.	 Tsuboi T, Ravier MA, Xie H, et al.: Mammalian exocyst complex is required for 
the docking step of insulin vesicle exocytosis. J Biol Chem. 2005; 280(27): 
25565–70. 
PubMed Abstract | Publisher Full Text 

83.	 Liu J, Yue P, Artym VV, et al.: The role of the exocyst in matrix metalloproteinase 
secretion and actin dynamics during tumor cell invadopodia formation. Mol 
Biol Cell. 2009; 20(16): 3763–71. 
PubMed Abstract | Publisher Full Text | Free Full Text 

84.	 Hotta A, Kawakatsu T, Nakatani T, et al.: Laminin-based cell adhesion anchors 
microtubule plus ends to the epithelial cell basal cortex through LL5alpha/
beta. J Cell Biol. 2010; 189(5): 901–17. 
PubMed Abstract | Publisher Full Text | Free Full Text 

85.	  van der Vaart B, van Riel WE, Doodhi H, et al.: CFEOM1-associated kinesin 
KIF21A is a cortical microtubule growth inhibitor. Dev Cell. 2013; 27(2): 145–60. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

86.	  Astro V, Chiaretti S, Magistrati E, et al.: Liprin-α1, ERC1 and LL5 define 
polarized and dynamic structures that are implicated in cell migration. J Cell 
Sci. 2014; 127(Pt 17): 3862–76. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

87.	  Bouchet BP, Gough RE, Ammon Y, et al.: Talin-KANK1 interaction controls 
the recruitment of cortical microtubule stabilizing complexes to focal 
adhesions. eLife. 2016; 5: pii: e18124. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

88.	 Astro V, Tonoli D, Chiaretti S, et al.: Liprin-α1 and ERC1 control cell edge 
dynamics by promoting focal adhesion turnover. Sci Rep. 2016; 6: 33653. 
PubMed Abstract | Publisher Full Text | Free Full Text 

89.	 Paranavitane V, Coadwell WJ, Eguinoa A, et al.: LL5beta is a 
phosphatidylinositol (3,4,5)-trisphosphate sensor that can bind the 
cytoskeletal adaptor, gamma-filamin. J Biol Chem. 2003; 278(2): 1328–35. 
PubMed Abstract | Publisher Full Text 

90.	 Lim BC, Matsumoto S, Yamamoto H, et al.: Prickle1 promotes focal adhesion 
disassembly in cooperation with the CLASP-LL5β complex in migrating cells. 
J Cell Sci. 2016; 129(16): 3115–29. 
PubMed Abstract | Publisher Full Text 

91.	 Serra-Pagès C, Kedersha NL, Fazikas L, et al.: The LAR transmembrane protein 
tyrosine phosphatase and a coiled-coil LAR-interacting protein co-localize at 
focal adhesions. EMBO J. 1995; 14(12): 2827–38. 
PubMed Abstract | Free Full Text 

92.	 Johnson KG, van Vactor D: Receptor protein tyrosine phosphatases in nervous 
system development. Physiol Rev. 2003; 83(1): 1–24. 
PubMed Abstract | Publisher Full Text 

93.	 Dunah AW, Hueske E, Wyszynski M, et al.: LAR receptor protein tyrosine 
phosphatases in the development and maintenance of excitatory synapses. 
Nat Neurosci. 2005; 8(4): 458–67. 
PubMed Abstract | Publisher Full Text 

94.	 Ko J, Na M, Kim S, et al.: Interaction of the ERC family of RIM-binding proteins 
with the liprin-alpha family of multidomain proteins. J Biol Chem. 2003; 278(43): 
42377–85. 
PubMed Abstract | Publisher Full Text 

95.	 Gundelfinger ED, Fejtova A: Molecular organization and plasticity of the 
cytomatrix at the active zone. Curr Opin Neurobiol. 2012; 22(3): 423–30. 
PubMed Abstract | Publisher Full Text 

96.	 Südhof TC: The presynaptic active zone. Neuron. 2012; 75(1): 11–25. 
PubMed Abstract | Publisher Full Text | Free Full Text 

97.	 Spangler SA, Hoogenraad CC: Liprin-alpha proteins: scaffold molecules for 
synapse maturation. Biochem Soc Trans. 2007; 35(Pt 5): 1278–82. 
PubMed Abstract | Publisher Full Text 

98.	  Mana G, Clapero F, Panieri E, et al.: PPFIA1 drives active α5β1 
integrin recycling and controls fibronectin fibrillogenesis and vascular 
morphogenesis. Nat Commun. 2016; 7: 13546. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

99.	  Sun Z, Tseng HY, Tan S, et al.: Kank2 activates talin, reduces force 
transduction across integrins and induces central adhesion formation. Nat 
Cell Biol. 2016; 18(9): 941–53. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

100.	 Astro V, de Curtis I: Plasma membrane-associated platforms: dynamic scaffolds 
that organize membrane-associated events. Sci Signal. 2015; 8(397): re1. 
PubMed Abstract | Publisher Full Text 

101.	  Grigoriev I, Splinter D, Keijzer N, et al.: Rab6 regulates transport and 
targeting of exocytotic carriers. Dev Cell. 2007; 13(2): 305–14. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

102.	 Monier S, Jollivet F, Janoueix-Lerosey I, et al.: Characterization of novel Rab6-
interacting proteins involved in endosome-to-TGN transport. Traffic. 2002; 3(4): 
289–97. 
PubMed Abstract | Publisher Full Text 

103.	 Del Nery E, Miserey-Lenkei S, Falguières T, et al.: Rab6A and Rab6A’ GTPases 
play non-overlapping roles in membrane trafficking. Traffic. 2006; 7(4): 394–407. 
PubMed Abstract | Publisher Full Text 

104.	 Martinez O, Schmidt A, Salaméro J, et al.: The small GTP-binding protein rab6 
functions in intra-Golgi transport. J Cell Biol. 1994; 127(6 Pt 1): 1575–88. 
PubMed Abstract | Publisher Full Text | Free Full Text 

105.	 Martinez O, Antony C, Pehau-Arnaudet G, et al.: GTP-bound forms of rab6 induce 
the redistribution of Golgi proteins into the endoplasmic reticulum. Proc Natl 
Acad Sci U S A. 1997; 94(5): 1828–33. 
PubMed Abstract | Publisher Full Text | Free Full Text 

106.	 Girod A, Storrie B, Simpson JC, et al.: Evidence for a COP-I-independent 
transport route from the Golgi complex to the endoplasmic reticulum. Nat Cell 
Biol. 1999; 1(7): 423–30. 
PubMed Abstract | Publisher Full Text 

107.	 White J, Johannes L, Mallard F, et al.: Rab6 coordinates a novel Golgi to ER 
retrograde transport pathway in live cells. J Cell Biol. 1999; 147(4): 743–60. 
PubMed Abstract | Publisher Full Text | Free Full Text 

108.	 Ang AL, Fölsch H, Koivisto UM, et al.: The Rab8 GTPase selectively regulates 
AP-1B-dependent basolateral transport in polarized Madin-Darby canine 
kidney cells. J Cell Biol. 2003; 163(2): 339–50. 
PubMed Abstract | Publisher Full Text | Free Full Text 

109.	 Huber LA, Pimplikar S, Parton RG, et al.: Rab8, a small GTPase involved in 
vesicular traffic between the TGN and the basolateral plasma membrane. J Cell 
Biol. 1993; 123(1): 35–45. 
PubMed Abstract | Publisher Full Text | Free Full Text 

110.	  Sato T, Mushiake S, Kato Y, et al.: The Rab8 GTPase regulates apical 
protein localization in intestinal cells. Nature. 2007; 448(7151): 366–9. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

111.	 Hattula K, Furuhjelm J, Tikkanen J, et al.: Characterization of the Rab8-specific 
membrane traffic route linked to protrusion formation. J Cell Sci. 2006; 119(Pt 
23): 4866–77. 
PubMed Abstract | Publisher Full Text 

112.	 Grigoriev I, Yu KL, Martinez-Sanchez E, et al.: Rab6, Rab8, and MICAL3 
cooperate in controlling docking and fusion of exocytotic carriers. Curr Biol. 
2011; 21(11): 967–74. 
PubMed Abstract | Publisher Full Text 

113.	  Terman JR, Mao T, Pasterkamp RJ, et al.: MICALs, a family of conserved 
flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion. 

Page 10 of 12

F1000Research 2017, 6(F1000 Faculty Rev):469 Last updated: 12 APR 2017

http://www.ncbi.nlm.nih.gov/pubmed/16943556
http://dx.doi.org/10.1523/JNEUROSCI.2828-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/12941947
http://dx.doi.org/10.1074/jbc.M308664200
http://www.ncbi.nlm.nih.gov/pubmed/17085436
http://dx.doi.org/10.1074/jbc.M607711200
http://www.ncbi.nlm.nih.gov/pubmed/17264147
http://dx.doi.org/10.1242/jcs.03376
http://www.ncbi.nlm.nih.gov/pubmed/16987962
http://dx.doi.org/10.1091/mbc.E05-10-0914
http://www.ncbi.nlm.nih.gov/pmc/articles/1679669
http://www.ncbi.nlm.nih.gov/pubmed/22918941
http://dx.doi.org/10.1091/mbc.E12-05-0338
http://www.ncbi.nlm.nih.gov/pmc/articles/3469518
http://f1000.com/prime/1088477
http://www.ncbi.nlm.nih.gov/pubmed/17620407
http://dx.doi.org/10.1083/jcb.200612071
http://www.ncbi.nlm.nih.gov/pmc/articles/2064439
http://f1000.com/prime/1088477
https://f1000.com/prime/726256306
http://www.ncbi.nlm.nih.gov/pubmed/27030671
http://dx.doi.org/10.1091/mbc.E15-07-0489
http://www.ncbi.nlm.nih.gov/pmc/articles/4884070
https://f1000.com/prime/726256306
http://www.ncbi.nlm.nih.gov/pubmed/11865063
http://dx.doi.org/10.1128/MCB.22.6.1858-1867.2002
http://www.ncbi.nlm.nih.gov/pmc/articles/135591
http://www.ncbi.nlm.nih.gov/pubmed/24100016
http://dx.doi.org/10.1128/MCB.00895-13
http://www.ncbi.nlm.nih.gov/pmc/articles/3889562
https://f1000.com/prime/725817995
http://www.ncbi.nlm.nih.gov/pubmed/26418295
http://dx.doi.org/10.1016/j.devcel.2015.08.020
http://www.ncbi.nlm.nih.gov/pmc/articles/4594944
https://f1000.com/prime/725817995
http://www.ncbi.nlm.nih.gov/pubmed/18541705
http://dx.doi.org/10.1083/jcb.200709076
http://www.ncbi.nlm.nih.gov/pmc/articles/2426946
https://f1000.com/prime/726337324
http://www.ncbi.nlm.nih.gov/pubmed/27148529
http://dx.doi.org/10.3389/fcell.2016.00024
http://www.ncbi.nlm.nih.gov/pmc/articles/4828438
https://f1000.com/prime/726337324
http://www.ncbi.nlm.nih.gov/pubmed/15878854
http://dx.doi.org/10.1074/jbc.M501674200
http://www.ncbi.nlm.nih.gov/pubmed/19535457
http://dx.doi.org/10.1091/mbc.E08-09-0967
http://www.ncbi.nlm.nih.gov/pmc/articles/2777935
http://www.ncbi.nlm.nih.gov/pubmed/20513769
http://dx.doi.org/10.1083/jcb.200910095
http://www.ncbi.nlm.nih.gov/pmc/articles/2878951
https://f1000.com/prime/718140894
http://www.ncbi.nlm.nih.gov/pubmed/24120883
http://dx.doi.org/10.1016/j.devcel.2013.09.010
https://f1000.com/prime/718140894
https://f1000.com/prime/718475554
http://www.ncbi.nlm.nih.gov/pubmed/24982445
http://dx.doi.org/10.1242/jcs.155663
https://f1000.com/prime/718475554
https://f1000.com/prime/726501956
http://www.ncbi.nlm.nih.gov/pubmed/27410476
http://dx.doi.org/10.7554/eLife.18124
http://www.ncbi.nlm.nih.gov/pmc/articles/4995097
https://f1000.com/prime/726501956
http://www.ncbi.nlm.nih.gov/pubmed/27659488
http://dx.doi.org/10.1038/srep33653
http://www.ncbi.nlm.nih.gov/pmc/articles/5034239
http://www.ncbi.nlm.nih.gov/pubmed/12376540
http://dx.doi.org/10.1074/jbc.M208352200
http://www.ncbi.nlm.nih.gov/pubmed/27378169
http://dx.doi.org/10.1242/jcs.185439
http://www.ncbi.nlm.nih.gov/pubmed/7796809
http://www.ncbi.nlm.nih.gov/pmc/articles/398401
http://www.ncbi.nlm.nih.gov/pubmed/12506125
http://dx.doi.org/10.1152/physrev.00016.2002
http://www.ncbi.nlm.nih.gov/pubmed/15750591
http://dx.doi.org/10.1038/nn1416
http://www.ncbi.nlm.nih.gov/pubmed/12923177
http://dx.doi.org/10.1074/jbc.M307561200
http://www.ncbi.nlm.nih.gov/pubmed/22030346
http://dx.doi.org/10.1016/j.conb.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22794257
http://dx.doi.org/10.1016/j.neuron.2012.06.012
http://www.ncbi.nlm.nih.gov/pmc/articles/3743085
http://www.ncbi.nlm.nih.gov/pubmed/17956329
http://dx.doi.org/10.1042/BST0351278
https://f1000.com/prime/727013100
http://www.ncbi.nlm.nih.gov/pubmed/27876801
http://dx.doi.org/10.1038/ncomms13546
http://www.ncbi.nlm.nih.gov/pmc/articles/5122980
https://f1000.com/prime/727013100
https://f1000.com/prime/726664214
http://www.ncbi.nlm.nih.gov/pubmed/27548916
http://dx.doi.org/10.1038/ncb3402
https://f1000.com/prime/726664214
http://www.ncbi.nlm.nih.gov/pubmed/25759479
http://dx.doi.org/10.1126/scisignal.aaa3312
https://f1000.com/prime/1089150
http://www.ncbi.nlm.nih.gov/pubmed/17681140
http://dx.doi.org/10.1016/j.devcel.2007.06.010
https://f1000.com/prime/1089150
http://www.ncbi.nlm.nih.gov/pubmed/11929610
http://dx.doi.org/10.1034/j.1600-0854.2002.030406.x
http://www.ncbi.nlm.nih.gov/pubmed/16536738
http://dx.doi.org/10.1111/j.1600-0854.2006.00395.x
http://www.ncbi.nlm.nih.gov/pubmed/7798313
http://dx.doi.org/10.1083/jcb.127.6.1575
http://www.ncbi.nlm.nih.gov/pmc/articles/2120294
http://www.ncbi.nlm.nih.gov/pubmed/9050864
http://dx.doi.org/10.1073/pnas.94.5.1828
http://www.ncbi.nlm.nih.gov/pmc/articles/20002
http://www.ncbi.nlm.nih.gov/pubmed/10559986
http://dx.doi.org/10.1038/15658
http://www.ncbi.nlm.nih.gov/pubmed/10562278
http://dx.doi.org/10.1083/jcb.147.4.743
http://www.ncbi.nlm.nih.gov/pmc/articles/2156170
http://www.ncbi.nlm.nih.gov/pubmed/14581456
http://dx.doi.org/10.1083/jcb.200307046
http://www.ncbi.nlm.nih.gov/pmc/articles/2173525
http://www.ncbi.nlm.nih.gov/pubmed/8408203
http://dx.doi.org/10.1083/jcb.123.1.35
http://www.ncbi.nlm.nih.gov/pmc/articles/2119815
https://f1000.com/prime/1087506
http://www.ncbi.nlm.nih.gov/pubmed/17597763
http://dx.doi.org/10.1038/nature05929
https://f1000.com/prime/1087506
http://www.ncbi.nlm.nih.gov/pubmed/17105768
http://dx.doi.org/10.1242/jcs.03275
http://www.ncbi.nlm.nih.gov/pubmed/21596566
http://dx.doi.org/10.1016/j.cub.2011.04.030
https://f1000.com/prime/1007816


Cell. 2002; 109(7): 887–900. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

114.	 Liu Q, Liu F, Yu KL, et al.: MICAL3 Flavoprotein Monooxygenase Forms a 
Complex with Centralspindlin and Regulates Cytokinesis. J Biol Chem. 2016; 
291(39): 20617–29. 
PubMed Abstract | Publisher Full Text | Free Full Text 

115.	 Giridharan SS, Caplan S: MICAL-family proteins: Complex regulators of the 
actin cytoskeleton. Antioxid Redox Signal. 2014; 20(13): 2059–73. 
PubMed Abstract | Publisher Full Text | Free Full Text 

116.	  Stehbens SJ, Paszek M, Pemble H, et al.: CLASPs link focal-adhesion-
associated microtubule capture to localized exocytosis and adhesion site 
turnover. Nat Cell Biol. 2014; 16(6): 561–73. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

117.	 Asperti C, Astro V, Totaro A, et al.: Liprin-alpha1 promotes cell spreading on the 
extracellular matrix by affecting the distribution of activated integrins. J Cell 
Sci. 2009; 122(Pt 18): 3225–32. 
PubMed Abstract | Publisher Full Text 

118.	 Astro V, Asperti C, Cangi MG, et al.: Liprin-α1 regulates breast cancer cell 
invasion by affecting cell motility, invadopodia and extracellular matrix 
degradation. Oncogene. 2011; 30(15): 1841–9. 
PubMed Abstract | Publisher Full Text 

119.	 Chiaretti S, Astro V, Chiricozzi E, et al.: Effects of the scaffold proteins liprin-α1, 
β1 and β2 on invasion by breast cancer cells. Biol Cell. 2016; 108(3): 65–75. 
PubMed Abstract | Publisher Full Text 

120.	  Castro-Castro A, Marchesin V, Monteiro P, et al.: Cellular and Molecular 
Mechanisms of MT1-MMP-Dependent Cancer Cell Invasion. Annu Rev Cell Dev 
Biol. 2016; 32: 555–76. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

121.	  Paul NR, Jacquemet G, Caswell PT: Endocytic Trafficking of Integrins in Cell 
Migration. Curr Biol. 2015; 25(22): R1092-105. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

122.	 Bouchet BP, Noordstra I, van Amersfoort M, et al.: Mesenchymal Cell Invasion 
Requires Cooperative Regulation of Persistent Microtubule Growth by SLAIN2 
and CLASP1. Dev Cell. 2016; 39(6): 708–23. 
PubMed Abstract | Publisher Full Text | Free Full Text 

123.	 Proszynski TJ, Sanes JR: Amotl2 interacts with LL5β, localizes to podosomes 
and regulates postsynaptic differentiation in muscle. J Cell Sci. 2013; 126(Pt 10): 
2225–35. 
PubMed Abstract | Publisher Full Text | Free Full Text 

124.	  Efimova N, Grimaldi A, Bachmann A, et al.: Podosome-regulating kinesin 

KIF1C translocates to the cell periphery in a CLASP-dependent manner. J Cell 
Sci. 2014; 127(Pt 24): 5179–88. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

125.	 Kishi M, Kummer TT, Eglen SJ, et al.: LL5beta: a regulator of postsynaptic 
differentiation identified in a screen for synaptically enriched transcripts at the 
neuromuscular junction. J Cell Biol. 2005; 169(2): 355–66. 
PubMed Abstract | Publisher Full Text | Free Full Text 

126.	 Proszynski TJ, Gingras J, Valdez G, et al.: Podosomes are present in a 
postsynaptic apparatus and participate in its maturation. Proc Natl Acad Sci 
U S A. 2009; 106(43): 18373–8. 
PubMed Abstract | Publisher Full Text | Free Full Text 

127.	  Basu S, Sladecek S, Martinez de la Peña y Valenzuela I, et al.: CLASP2-
dependent microtubule capture at the neuromuscular junction membrane 
requires LL5β and actin for focal delivery of acetylcholine receptor vesicles. 
Mol Biol Cell. 2015; 26(5): 938–51. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

128.	 Basu S, Sladecek S, Pemble H, et al.: Acetylcholine receptor (AChR) clustering 
is regulated both by glycogen synthase kinase 3β (GSK3β)-dependent 
phosphorylation and the level of CLIP-associated protein 2 (CLASP2) mediating 
the capture of microtubule plus-ends. J Biol Chem. 2014; 289(44): 30857–67. 
PubMed Abstract | Publisher Full Text | Free Full Text 

129.	  Schmidt N, Basu S, Sladecek S, et al.: Agrin regulates CLASP2-mediated 
capture of microtubules at the neuromuscular junction synaptic membrane. 
J Cell Biol. 2012; 198(3): 421–37. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

130.	 Tokoro T, Higa S, Deguchi-Tawarada M, et al.: Localization of the active zone 
proteins CAST, ELKS, and Piccolo at neuromuscular junctions. Neuroreport. 
2007; 18(4): 313–6. 
PubMed Abstract | Publisher Full Text 

131.	 Wang S, Watanabe T, Noritake J, et al.: IQGAP3, a novel effector of Rac1 and 
Cdc42, regulates neurite outgrowth. J Cell Sci. 2007; 120(Pt 4): 567–77. 
PubMed Abstract | Publisher Full Text 

132.	 Nomura H, Ohtsuka T, Tadokoro S, et al.: Involvement of ELKS, an active zone 
protein, in exocytotic release from RBL-2H3 cells. Cell Immunol. 2009; 258(2): 
204–11. 
PubMed Abstract | Publisher Full Text 

133.	 Ohara-Imaizumi M, Ohtsuka T, Matsushima S, et al.: ELKS, a protein structurally 
related to the active zone-associated protein CAST, is expressed in pancreatic 
beta cells and functions in insulin exocytosis: interaction of ELKS with 
exocytotic machinery analyzed by total internal reflection fluorescence 
microscopy. Mol Biol Cell. 2005; 16(7): 3289–300. 
PubMed Abstract | Publisher Full Text | Free Full Text

Page 11 of 12

F1000Research 2017, 6(F1000 Faculty Rev):469 Last updated: 12 APR 2017

http://www.ncbi.nlm.nih.gov/pubmed/12110185
http://dx.doi.org/10.1016/S0092-8674(02)00794-8
https://f1000.com/prime/1007816
http://www.ncbi.nlm.nih.gov/pubmed/27528609
http://dx.doi.org/10.1074/jbc.M116.748186
http://www.ncbi.nlm.nih.gov/pmc/articles/5034054
http://www.ncbi.nlm.nih.gov/pubmed/23834433
http://dx.doi.org/10.1089/ars.2013.5487
http://www.ncbi.nlm.nih.gov/pmc/articles/3993057
https://f1000.com/prime/718415303
http://www.ncbi.nlm.nih.gov/pubmed/24859005
http://dx.doi.org/10.1038/ncb2975
http://www.ncbi.nlm.nih.gov/pmc/articles/4108447
https://f1000.com/prime/718415303
http://www.ncbi.nlm.nih.gov/pubmed/19690048
http://dx.doi.org/10.1242/jcs.054155
http://www.ncbi.nlm.nih.gov/pubmed/21151172
http://dx.doi.org/10.1038/onc.2010.562
http://www.ncbi.nlm.nih.gov/pubmed/26663347
http://dx.doi.org/10.1111/boc.201500063
https://f1000.com/prime/726632294
http://www.ncbi.nlm.nih.gov/pubmed/27501444
http://dx.doi.org/10.1146/annurev-cellbio-111315-125227
https://f1000.com/prime/726632294
http://f1000.com/prime/725947349
http://www.ncbi.nlm.nih.gov/pubmed/26583903
http://dx.doi.org/10.1016/j.cub.2015.09.049
http://f1000.com/prime/725947349
http://www.ncbi.nlm.nih.gov/pubmed/27939686
http://dx.doi.org/10.1016/j.devcel.2016.11.009
http://www.ncbi.nlm.nih.gov/pmc/articles/5178967
http://www.ncbi.nlm.nih.gov/pubmed/23525008
http://dx.doi.org/10.1242/jcs.121327
http://www.ncbi.nlm.nih.gov/pmc/articles/3672938
http://f1000.com/prime/723891818
http://www.ncbi.nlm.nih.gov/pubmed/25344256
http://dx.doi.org/10.1242/jcs.149633
http://www.ncbi.nlm.nih.gov/pmc/articles/4265736
http://f1000.com/prime/723891818
http://www.ncbi.nlm.nih.gov/pubmed/15851520
http://dx.doi.org/10.1083/jcb.200411012
http://www.ncbi.nlm.nih.gov/pmc/articles/2171857
http://www.ncbi.nlm.nih.gov/pubmed/19822767
http://dx.doi.org/10.1073/pnas.0910391106
http://www.ncbi.nlm.nih.gov/pmc/articles/2775295
http://f1000.com/prime/725315780
http://www.ncbi.nlm.nih.gov/pubmed/25589673
http://dx.doi.org/10.1091/mbc.E14-06-1158
http://www.ncbi.nlm.nih.gov/pmc/articles/4342029
http://f1000.com/prime/725315780
http://www.ncbi.nlm.nih.gov/pubmed/25231989
http://dx.doi.org/10.1074/jbc.M114.589457
http://www.ncbi.nlm.nih.gov/pmc/articles/4215261
http://f1000.com/prime/720058731
http://www.ncbi.nlm.nih.gov/pubmed/22851317
http://dx.doi.org/10.1083/jcb.201111130
http://www.ncbi.nlm.nih.gov/pmc/articles/3413356
http://f1000.com/prime/720058731
http://www.ncbi.nlm.nih.gov/pubmed/17435594
http://dx.doi.org/10.1097/WNR.0b013e3280287abe
http://www.ncbi.nlm.nih.gov/pubmed/17244649
http://dx.doi.org/10.1242/jcs.03356
http://www.ncbi.nlm.nih.gov/pubmed/19515363
http://dx.doi.org/10.1016/j.cellimm.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/15888548
http://dx.doi.org/10.1091/mbc.E04-09-0816
http://www.ncbi.nlm.nih.gov/pmc/articles/1165411


 

Open Peer Review

  Current Referee Status:

Editorial Note on the Review Process
 are commissioned from members of the prestigious   and are edited as aF1000 Faculty Reviews F1000 Faculty

service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1

, Department of Cell and Tissue Biology, University of California San Francisco, SanTorsten Wittmann
Francisco, CA, USA

 No competing interests were disclosed.Competing Interests:

1

, ,   Wellcome Trust Centre for Cell Biology, School of BiologicalHiroyuki Ohkura Ricardo Nunes Bastos
Sciences, The University of Edinburgh, Edinburgh, UK

 No competing interests were disclosed.Competing Interests:

1

Page 12 of 12

F1000Research 2017, 6(F1000 Faculty Rev):469 Last updated: 12 APR 2017

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

