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Mind the (sr)GAP – roles of Slit–Robo GAPs in neurons, brains
and beyond
Bethany Lucas1, * and Jeff Hardin1,2,‡

The Slit–Robo GTPase-activating proteins (srGAPs) were first
identified as potential Slit–Robo effectors that influence growth cone
guidance. Given their N-terminal F-BAR, central GAP and C-terminal
SH3 domains, srGAPs have the potential to affect membrane
dynamics, Rho family GTPase activity and other binding partners.
Recent research has clarified how srGAP family members act in
distinct ways at the cell membrane, and has expanded our
understanding of the roles of srGAPs in neuronal and non-neuronal
cells. Gene duplication of the human-specific paralog of srGAP2 has
resulted in srGAP2 family proteins that may have increased the density
of dendritic spines and promoted neoteny of the human brain during
crucial periods of human evolution, underscoring the importance of
srGAPs in the unique sculpting of the human brain. Importantly,
srGAPs also play roles outside of the nervous system, including during
contact inhibition of cell movement and in establishing and maintaining
cell adhesions in epithelia. Changes in srGAP expression may
contribute to neurodevelopmental disorders, cancer metastasis and
inflammation. As discussed in this Review, much remains to be
discovered about how this interesting family of proteins functions in a
diverse set of processes in metazoans and the functional roles srGAPs
play in human disease.
KEY WORDS: Slit–Robo GAP, Brain evolution, srGAP2, C. elegans,
Cell–cell adhesion, Contact inhibition

Introduction

As cells migrate, change shape and modulate cell–cell contacts, they
must dynamically modulate the curvature of their phospholipid
membranes and recruit different protein complexes to
microdomains that exhibit differences in curvature and/or lipid
composition. The Bin-Amphiphysin-Rvs (BAR) domain is one of
several protein motifs that allows cells to interact with phospholipid
membranes with a range of curvatures (for in-depth reviews of
membrane curvature-generation, see Jarsch et al., 2016; McMahon
and Boucrot, 2015). BAR domains homodimerize and are localized
to membranes through electrostatic interactions between positively
charged residues on the BAR domain and negatively charged lipids
(Frost et al., 2008; Mim and Unger, 2012) (Fig. 1A).
In this Review, we focus on a class of BAR domain-containing
proteins that has generated significant interest in both the
neurodevelopmental and evolutionary fields, the Slit–Robo
GTPase-activating proteins (srGAPs; Fig. 1B). srGAPs were
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originally named because their C-terminal SH3 domain binds the
intercellular domain of the Roundabout (Robo) family receptors,
whose canonical ligands are members of the Slit family of secreted
proteins (Wong et al., 2001). srGAPs are prevalent in neural tissues
(Bacon et al., 2009; Chen et al., 2012b; Waltereit et al., 2008; Wong
et al., 2001), and their loss can lead to severe congenital neurological
disabilities in humans (Chen et al., 2012a; Ellery et al., 2014; Endris
et al., 2002; Gunnarsson and Foyn Bruun, 2010; Peltekova et al.,
2012; Riess et al., 2012; Rincic et al., 2016; Shuib et al., 2009).
There are four srGAPs in vertebrates: srGAP1, also known as
Rho GTPase-activating protein 13 (ARHGAP13); srGAP2, also
known as formin-binding protein 2 (FNBP2) or ARHGAP14;
srGAP3, also known as Wiskott–Aldrich syndrome protein family
Verprolin-homologous protein (WAVE)-associated RacGAP
Protein (WRP) or mental disorder-associated GAP (MEGAP);
and srGAP4, commonly referred to as ARHGAP4, and also known
as C1 or p115 Rho GAP. srGAP1, srGAP2 and srGAP3 are 60–80%
identical to one another, whereas ARHGAP4 is less well conserved,
with only 51% identity to srGAP3 (BLAST; https://blast.ncbi.nlm.
nih.gov/; Fig. 1B). Through their centrally located GTPaseactivating protein (GAP) domains, the srGAPs regulate the
activity of RhoGTPase family members, in turn modulating
cytoskeletal dynamics during a wide variety of processes, both
within and outside of the nervous system. In addition to conferring
the ability to bind Robo receptors, the C-terminal SH3 domain of
srGAPs is critical for their interactions with proteins involved in
regulating actin architecture, cell migration and cell adhesion, such
as lamellipodin (also known as RAPH1) (Endris et al., 2011) and
Wave1 (also known as WASF1) (Soderling et al., 2002). Here, we
examine recent findings that clarify how srGAPs interact with
membranes and with their effectors, and how srGAPs may influence
diverse cellular events in neuronal and non-neuronal tissues.
srGAPs display varying phospholipid-binding specificities

srGAPs contain a specialized type of BAR domain, known as an
inverse F-BAR (IF-BAR), which induces evaginations in cell
culture (Carlson et al., 2011; Endris et al., 2011; Guerrier et al.,
2009; Ma et al., 2013; Sporny et al., 2017; Wang et al., 2014;
Zaidel-Bar et al., 2010); the presence of a unique F-BAR extension
(F-BARx) may help produce this membrane curvature (Guerrier
et al., 2009; Sporny et al., 2016) (Fig. 1C,D). Like other BAR
domain-containing proteins, srGAPs can exist in an autoinhibited
state with regards to lipid binding (Rao et al., 2010), which may be
facilitated by interactions between the SH3 domain and the F-BAR
domain, thereby preventing the protein from effectively inducing
membrane bends (Guerrier et al., 2009; Guez-Haddad et al., 2015)
(Fig. 1C), similar to how Drosophila Nervous Wreck and human
BIN1 act (Chen et al., 2014; Kelley et al., 2015; Rao et al., 2010;
Stanishneva-Konovalova et al., 2016; Vázquez et al., 2013; Wu and
Baumgart, 2014). The N- and C-termini of SRGP-1, the single
srGAP in Caenorhabditis elegans, directly physically interact,
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supporting this hypothesis (Zaidel-Bar et al., 2010). Furthermore,
the F-BAR domains of srGAP1, srGAP2 and srGAP3 (CoutinhoBudd et al., 2012) and SRGP-1 (Zaidel-Bar et al., 2010) all induce
longer filopodia than the full-length proteins. Such results are
consistent with C-terminus-induced autoinhibition of membrane
bending, which is mediated by the N-terminus; alternatively, the Cterminus of srGAPs could have additional roles in restricting
membrane evagination that are independent of direct binding to the
N-terminus.
srGAP2 and srGAP3 interact with lipids through positively
charged residues on one surface of their F-BAR domains (Carlson
3966

Fig. 1. srGAPs are BAR domain proteins with characteristic functional
domains. (A) BAR domains (blue) allow proteins to dimerize and interact with
specific phospholipids (dark gray) at the membrane. FCH-Bin, Amphiphysin,
Rvs (F-BAR) domains interface with membranes through their concave
surfaces. Inverse BAR (I-BAR) and inverse F-BAR (IF-BAR) domains
associate with membranes through their convex surfaces, generally interfacing
with evaginations. Pinkbar associates with non-curved planar membranes
through its convex surface. (B) Domain structure of srGAPs. Vertebrate
srGAPs have three highly conserved domains: the lipid-binding F-BAR
domain, a GAP domain that serves to inactivate Rho GTPase family members,
and the SH3 domain, which is important for multiple protein-protein
interactions. Regions mediating known binding interactions are indicated for
each family member; see main text for references. (C) Diagrammatic
representation of two srGAP2 monomers within an inferred homodimer, based
on a rendering of PDB 5I6J, as originally reported in Sporny et al. (2017). The FBAR and extended F-BAR domains (F-BARx) interact to stabilize the
homodimer. (D) Structure of the presumed homodimer based on
crystallographic data (PDB 5I6J; rendered using UCSF Chimera). (E) Possible
model for autoinhibition of the F-BAR domain. When the F-BAR domains of two
srGAP proteins homodimerize, membrane evaginations are generated (left).

et al., 2011; Sporny et al., 2017). Because of the similarity in
curvature induced by srGAP1, srGAP2 and srGAP3 and their high
level of sequence identity (Coutinho-Budd et al., 2012), it is
assumed that the general mechanism by which they interact with
membranes is similar. Nevertheless, the three proteins do exhibit
differences in lipid-binding specificity and effects on membrane
curvature. srGAP2 is recruited by lipids other than
phosphatidylinositol (4,5)-bisphosphate, which is a key lipid in
recruiting both srGAP1 and srGAP3. Additionally, srGAP2 more
potently facilitates filopodium formation (in terms of both number
and length) than srGAP1 and srGAP3. Although, in general,
srGAPs promote membrane evagination, intriguingly, in some
contexts the F-BAR domain of srGAP1 appears to restrict
membrane bending (Coutinho-Budd et al., 2012). Moreover,
srGAP1 to 3 have differing localizations along filopodia, with
srGAP2 uniquely localizing to tips of extending filopodia. How the
three proteins work together to promote the formation of membrane
bends in some areas and to restrict them elsewhere remains to be
determined.
Perhaps the most crucial question about the interactions of srGAPs
with the plasma membrane relates to precisely what functional role
the F-BAR domain plays in vivo. Do F-BAR domains bend
membranes, sense their curvature, or both? Answering this question
is surprisingly difficult. That overexpression of srGAPs and
especially their F-BAR domains leads to membrane evaginations is
clear (Guerrier et al., 2009; Zaidel-Bar et al., 2010) and indicates that
srGAPs can bend membrane outward. But is production of additional
curved membrane surface via srGAPs necessary? Structure–function
experiments in C. elegans in srgp-1 loss-of-function backgrounds
indicates that the F-BAR domain is necessary to keep SRGP-1 in
close proximity to the plasma membrane (Zaidel-Bar et al., 2010; our
observations). These findings also suggest that induction of curvature
is a normal function of SRGP-1, since the leading edge of migrating
epidermal cells displays reduced curvature when SRGP-1 is depleted
(Zaidel-Bar et al., 2010). Such studies are, however, far from
definitive; moreover, these studies do not cleanly separate curvature
recognition from curvature induction. Doing so would require
introducing mutations into srGAPs that prevent membrane bending
without preventing binding to curved membranes. No such mutations
are currently known. Perhaps, at present, on balance, it is best to say
that srGAPs likely create curvature, in addition to whatever other
functions they may play in recognizing membranes that have been
curved via other means.

Journal of Cell Science

REVIEW

srGAPs show varying specificities for Rho family GTPases

As is true for their lipid-binding specificities, various srGAPs
appear to have both unique and overlapping GAP specificities:
srGAP1 inactivates Cdc42 and RhoA (Wong et al., 2001), srGAP2
specifically stimulates the GTPase activity of Rac1 (Guerrier et al.,
2009; Ma et al., 2013; Mason et al., 2011), and srGAP3 inactivates
both Cdc42 and Rac1 (Soderling et al., 2002; Waltereit et al., 2012;
Yang et al., 2006). Whether srGAP1 also inactivates Rac1 is
controversial (Ma et al., 2013; Wong et al., 2001; Yamazaki et al.,
2013), although expression of a constitutively active Rac1 increases
membrane recruitment of srGAP1, supporting an interaction
(Yamazaki et al., 2013). Finally, ARHGAP4 has a less-specific
RhoGAP activity, as it stimulates the GTPase activity of Rac1,
Cdc42 and RhoA in rats (Foletta et al., 2002), although another
study found that ARHGAP4 only inactivates RhoA in mice
(Christerson et al., 2002). SRGP-1 in C. elegans has specificity
mainly for CED-10/Rac (Neukomm et al., 2011), which may
represent an evolutionarily basic function of srGAPs.
The srGAP C-terminus acts as a scaffold for protein
interaction

Although the F-BAR domain and GAP activity are both crucial for
srGAP function, they are not the only important domains in the
srGAPs. Through their C-terminal SH3 domains, srGAPs interact
with other proteins that contribute to cell migration (for schematics,
see Fig. 1B). srGAP3, for example, localizes to focal adhesions and
interacts with lamellipodin through its SH3 domain (Endris et al.,
2011). Lamellipodin, which is negatively regulated by srGAP3, is
important for modulating actin dynamics at the leading edge of cells
(Chang et al., 2006; Hansen and Mullins, 2015; Krause et al., 2004;
Quinn et al., 2008). Similarly, the SH3 domain of srGAP2 interacts
with the formin FMNL1 and both directly and indirectly inhibits its
actin-severing capabilities (Mason et al., 2011). Furthermore,
ARHGAP4 interacts with MAP/ERK kinase kinase 1 (MEKK1;
also known as MAP3K1) (Christerson et al., 2002). At least for
srGAP2, regions flanking the SH3 domain appear to modulate highaffinity ligand binding at the SH3 site itself (Guez-Haddad et al.,
2015).
The most C-terminal portion of the srGAPs is poorly conserved,
both among the vertebrate srGAPs (Wong et al., 2001; Wuertenberger
and Groemping, 2015) and when compared to SRGP-1 in C. elegans
(Zaidel-Bar et al., 2010). C-terminal truncations of ARHGAP4 fail to
regulate axon outgrowth (Vogt et al., 2007), suggesting the C-terminal
regions are important for function. Although the functional importance
of the interaction is currently unknown, the C-terminus of srGAP3 is
responsible for its interaction with the BAR domain proteins
endophilin-A1 and endophilin-A2, as well as with amphiphysin, all
of which are involved in synaptic vesicle endocytosis (Wuertenberger
and Groemping, 2015). Other potential srGAP interactors include the
protein arginine methyltransferase PRMT5 (arginine methylated
srGAP2; Guo and Bao, 2010) and the SWI/SNF chromatin
remodeler Brg1 (srGAP3; Dai et al., 2014; see Fig. 1B). Clearly,
further elucidation of srGAP interactors will enhance our
understanding of the role of the different srGAPs as protein scaffolds.
One potentially useful avenue for elucidating evolutionarily
fundamental aspects of the function of the C-terminus of srGAPs is
the single srGAP family member in C. elegans, SRGP-1. Although
it has well-conserved F-BAR and GAP modules, SRGP-1 lacks an
SH3 domain (Zaidel-Bar et al., 2010). Given the known promiscuity
of SH3 domains as protein scaffolds, the fact that SRGP-1 lacks this
domain may mean that it has fewer C-terminal-binding partners than
human srGAPs, potentially simplifying the analysis of SH3-
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independent C-terminal-binding partners. Of particular interest is
whether SRGP-1 retains the ability to bind the C. elegans Robo
homolog SAX-3 given that the Slit–Robo system in C. elegans, in
many respects, functions in a manner similar to that in vertebrates
(Hao et al., 2001; Zallen et al., 1998).
srGAPs modulate neurite outgrowth and spinogenesis

Given the interactions srGAPs engage in through their N-terminal
F-BAR domain (membrane lipids), their GAP domain (Rho family
GTPases) and their C-terminus (e.g. actin-binding proteins),
manipulation of srGAP expression might be expected to affect
cell migration. Indeed, increased expression of srGAPs most often
leads to a decrease in cell migration (Guerrier et al., 2009; Vogt
et al., 2007; Yamazaki et al., 2013; Yang et al., 2006). Filopodium
formation, as well as neurite initiation and outgrowth, are promoted
by overexpression of srGAP1 (Ma et al., 2013) or srGAP2 (Guerrier
et al., 2009; Ma et al., 2013); the ability of srGAP2 to bend
membranes is required for this effect (Guerrier et al., 2009).
srGAPs have most often been proposed to play roles in axon
guidance, downstream of the protein Slit. Slit typically acts as a
repellent and is assumed to be a diffusible ligand, although it has
also been proposed to act as a signal displayed on the surface of
cells (Fritz et al., 2015) through heparan sulfate proteoglycans
(HSPGs) (Ypsilanti et al., 2010). In response to binding to the Slit
ligand, the CC3 domain of the receptors Robo1 and Robo2
interacts with the SH3 domain of srGAPs (Mason et al., 2011;
Wong et al., 2001). The ability of srGAPs to bind Robo receptors,
combined with their GAP activity towards Rho family GTPases,
suggests that srGAPs could be involved in the spatial regulation of
Rho GTPase activity in migrating cells. Recruitment of srGAPs
provides an appealing mechanism whereby growth cone repulsion
could occur: subcellular recruitment of srGAPs could inactivate
Rho GTPases through their GAP activity, thereby reducing local
actin polymerization asymmetrically, leading to subsequent
turning of the growth cone away from regions of higher Slit
concentration (Fig. 2A). Consistent with this model, Slit binding to
Robo1 increases the interaction of srGAP1 with Cdc42 (Wong
et al., 2001).
Despite the appeal of models in which srGAPs act to transduce
repulsive signals downstream of Slit and Robo, however, clear
functional evidence for a direct regulation of growth cone motility
by srGAPs (e.g. based on loss-of-function analysis), is surprisingly
meager. In the original report that described srGAP1,
overexpression of a dominant-negative srGAP1 construct in the
forebrain blocked repulsion of migratory cells from the anterior
subventricular zone (SVZa) of the forebrain in an explant system
(Wong et al., 2001). In srGAP3-knockout mice, loss of srGAP3
results in the abnormal migration of neuroblasts from the ventricular
region into the corpus callosum (Kim et al., 2012). srGAP3 and
ARHGAP4 reduce cell migration and protrusive activity, in a GAPdependent manner, when they are overexpressed in cell culture
(Vogt et al., 2007; Yang et al., 2006). srGAP3 overexpression in
mice reduces neurite outgrowth in a manner dependent on its GAP
domain, similar to what occurs upon expression of a dominantnegative form of its target Rac1 (Soderling et al., 2002). These
studies are consistent with roles for srGAPs in mediating neuronal
migration in response to Slit, but they do not conclusively show that
srGAPs function as the essential link between the receipt of Slit
repulsive cues by Robo and downregulation of Rho GTPase
function. Such a demonstration would require more incisive
epistasis testing using loss-of-function mutants and manipulation
and/or assessment of Rho GTPase activity.
3967

Journal of Cell Science

REVIEW

REVIEW

Journal of Cell Science (2017) 130, 3965-3974 doi:10.1242/jcs.207456

A

B

srGAP2 knockdown cells

Wild-type cells
Protrusion
(non-contact)

srGAP2

Local topology
promotes srGAP2
recruitment?

Repulsion
(contact-induced)

Rac1

Actin turnover

Local repulsive cue?
(e.g., substrate
bound Slit)
Local topology ?

Key

Slit
F-actin

Robo

srGAP

Active Rho
GTPase

Inactive Rho
GTPase

Fig. 2. Role of vertebrate srGAPs in cell repulsion. (A) srGAPs as effectors of Slit–Robo signaling in neurons. The boxed region in the neuron is enlarged
below. srGAP (blue) can bind to Robo ( purple) receptor when Robo is bound to its ligand Slit ( pink). In turn, the srGAPs locally inactive RhoGTPases (green).
Because of the asymmetric localization of active RhoGTPases, actin polymerizes asymmetrically, leading to movement away from the Slit cue (yellow arrow).
This pathway operates in neuronal cells (Wong et al., 2001), leukocytes (Sherchan et al., 2016; Ye et al., 2010) and fibroblasts (Fritz et al., 2015). The Slit
guidance cue can be distributed as a diffusible gradient, as shown here in pink, or may be displayed on the surface of neighboring cells via HSPGs. (B) srGAPs as
potential ‘adhesion buffers’ during contact inhibition of locomotion. Red arrows in the central portion of the panel indicate the direction of cell migration. Upon
collision, wild-type fibroblasts in culture (left) undergo contact-mediated repulsion and migrate away from one another. Prior to collision (top enlargement),
srGAP2 may respond to or modulate membrane topology to promote leading-edge dynamics. After collision (bottom enlargement), additional srGAP2 may be
recruited to sites of cell–cell contact, leading to locally decreased Rac1 activity, which promotes repulsion. One proposed mechanism for presenting repellant is
HSPG-immobilized Slit on or near the cell surface (Fritz et al., 2015). In contrast, in srGAP2-knockdown cells (right) there is no transduction of repulsive
cues to Rac1 inhibition, and cells remain in prolonged contact after collision.
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spine length (Waltereit et al., 2012). Another set of studies did not
find differences in spine density and morphology frequencies
between srGAP3 mutant and wild-type mice, but this may be due
to differences in the nature of the lesion (Bertram et al., 2016;
Waltereit et al., 2012) or the genetic backgrounds used (Kim et al.,
2012; Waltereit et al., 2012).
srGAPs are expressed in different neuronal cell types

In addition to their differential effects at the subcellular level,
srGAPs show broad differences in their expression in various
neuronal cell types. In situ hybridization shows that srGAP1–3 and
ARHGAP4 are expressed throughout the developing central nervous
system and portions of the peripheral nervous system in mice and
rats, such as in dorsal root ganglia (Bacon et al., 2009; Chen et al.,
2012b; Christerson et al., 2002; Foletta et al., 2002; Waltereit et al.,
2008; Wong et al., 2001). srGAP2 and srGAP3 are present in zones
of proliferation and differentiation in the developing brain, and
therefore may be involved in neural differentiation. srGAP2 is
expressed in the ventricular and subventricular zones in humans,
regions in which neural progenitors divide to produce postmitotic
neurons (Charrier et al., 2012). srGAP3 is expressed in rat neural
stem cells and/or neural progenitor cells in the subventricular zone.
srGAP3 also localizes to the neocortex throughout development and
adulthood (Waltereit et al., 2008). Loss of srGAP3 leads to
decreased viability and differentiation of these cells, while srGAP2
expression appears to decrease normally during cell differentiation
(Jiao et al., 2016; Lu et al., 2013; Ma et al., 2013). srGAP3 is one of
only two genes downregulated in ventricular zone progenitors
mutant for the key neuronal differentiation transcription factor
neurogenin, suggesting that srGAP3 expression may be important
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Although downregulation of Cdc42 or Rac1 may explain much of
the inhibitory activity of srGAPs on neuronal outgrowth, the
specific molecular mechanisms by which srGAPs negatively affect
migration are likely to be more complex than solely through simple
direct regulation of Rho GTPases. The propensity of srGAPs to
promote membrane bending through their F-BAR domains may
also affect the motility of the growth cone, at least in the case of
srGAP overexpression; excessive branching of leading processes
could lead to decreased cell migration, presumably owing to
increased competition among supernumerary protrusions (Guerrier
et al., 2009). Further complicating the picture is the cross-regulation
of Rho family GTPases. For example, it has been suggested that
because srGAP2 and srGAP1 both locally inactivate Rac1, the
subsequent activation of RhoA could result in increased filopodium
formation through the formin mDia (Guerrier et al., 2009; Yamazaki
et al., 2013) (a pathway reviewed in Mellor, 2010).
In addition to their effects on growth cones, srGAPs affect other
aspects of neuronal function. In vivo, srGAP3 may be particularly
important for the formation of dendritic spines, small extensions
orthogonal to the shaft of dendrites that receive inputs from excitatory
axons (Kessels and Qualmann, 2015; Lei et al., 2016; Rochefort and
Konnerth, 2012). Wave1 mutant mice, in which the Wave1 lesion
leads to reduced binding between Wave1 and srGAP3, display spine
defects (Soderling et al., 2007). Mice heterozygous or homozygous
for a putative null conditional srGAP3 mutation likewise have defects
in spine formation (Carlson et al., 2011). srGAP3 homozygous null
mice have significantly fewer spines than wild-type mice, and even
heterozygous mice have fewer mature mushroom-shaped spines.
Similarly, mice heterozygous or homozygous for a mutation that
mimics a human srGAP3 deletion have a significantly increased

during specification of these cells (Mattar et al., 2004). In contrast,
srGAP3 appears to inhibit differentiation of Neuro2A cells in
culture; this negative effect is dependent on its GAP domain, as the
loss of srGAP3 could be rescued by a constitutively active Rac1, but
not by a GAP-mutated srGAP3 (Chen et al., 2011; Gao et al., 2016).
How GAP activity could negatively regulate neuronal
differentiation is unclear.
Given their purported roles in neuronal function, significant
attention has focused on srGAPs in the clinic. Chromosomal
abnormalities associated with srGAP genes are associated with
human neurological disorders and numerous studies in mice support
a functional role for srGAPs in the etiology of neurological
disorders (see Box 1).
The paralog srGAP2C has a unique role in human brain
evolution

Given their apparent roles in neuronal development and function,
one might expect that changes in expression of srGAPs might be
correlated with the evolution of the human brain. One piece of
evidence for such an evolutionary role arose from improved
annotation of the srGAP2 locus, which showed that there were
multiple paralogs of srGAP2 on chromosome I, termed srGAP2A,
srGAP2B and srGAP2C (Dennis et al., 2012) (Fig. 3A). Two gene
duplication events correlate with key milestones in hominin
evolution. A gene duplication event ∼3.5 million years ago
created a first srGAP2 paralog, srGAP2B. Although the timing of
this event is somewhat controversial (Almecija et al., 2015; Skinner
et al., 2015b), this duplication occurred at approximately the same
time that Australopithecus spp. may have begun using stone tools
(Dennis et al., 2012; Skinner et al., 2015a; Thompson et al., 2015).
Later, and less controversially, a second paralog, srGAP2C, arose at
about the time that the earliest members of the genus Homo were
using tools and at a time when significant expansion of the

Box 1. srGAPs in neurological disease
There is tantalizing evidence that srGAPs are crucial to proper
neurodevelopment (Ramakers, 2002). The first hint that srGAPs may
be playing a role in disease came with the discovery of 3p-syndrome.
Individuals with this syndrome have a wide array of symptoms, including
intellectual deficits, ptosis (drooping of the upper eyelid) and
microcephaly (Schwyzer et al., 1987; Verjaal and De Nef, 1978).
Attention has focused on loss of srGAP3 ( previously called MEGAP)
within the chromosome arm deleted in 3p-patients (Endris et al., 2002;
Riess et al., 2012). Patients with the opposite defect, partial trisomy 3p
syndrome, in which a small chromosomal region containing srGAP3 is
duplicated, display intellectual disability and psychomotor retardation
(Bittel et al., 2006; Natera-de Benito et al., 2014). Microdeletion of a
chromosomal region that includes srGAP2 in humans may lead to
reduced gyrification of the brain (Rincic et al., 2016). Rare copy number
variations in an srGAP2 paralog are found in individuals with autism
spectrum disorders (Dennis et al., 2012; Nuttle et al., 2013), and a
mutation within srGAP2 has been associated with early infantile epileptic
encephalopathy (Saitsu et al., 2012). While suggestive, further studies
will be required to show that deletion of srGAP genes are the definitive
causative agents in these disorders. Studies in mice reinforce these
analyses of human patients. Mice deficient for srGAP3 or its interactors
have multiple neural impairments, including decreased social behavior
and anxiety (Soderling et al., 2003; Waltereit et al., 2012), schizophreniaand autism-like symptoms (Bertram et al., 2016; Waltereit et al., 2012),
hydrocephalus (Bertram et al., 2016; Kim et al., 2012; Koschützke et al.,
2015; Waltereit et al., 2012), ciliary defects (Koschützke et al., 2015), and
issues with learning and memory (Carlson et al., 2011; Soderling et al.,
2007, 2003; Waltereit et al., 2012).
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neocortex began (Dennis et al., 2012; Huang et al., 1995). These
correlations between gene duplication events and elaboration of
brain structures in the Homo lineage provide an exciting path for
future evolutionary studies.
How might the srGAP2C paralog have promoted brain evolution?
srGAP2C is a truncated paralog of srGAP2A that only contains a
partial F-BAR domain (Fig. 3A); it is present in all modern human
populations, as well as in Neanderthal and Denisovan remains (Ho
et al., 2017). srGAP2C interacts with lipids but is incapable of
inducing filopodia, unlike the ancestral srGAP2A (Charrier et al.,
2012). The truncated srGAP2C can, however, bind to srGAP2A to
form a heterodimer; in this case, srGAP2C binding inhibits the
ability of srGAP2A to induce membrane curvature (Charrier et al.,
2012; Sporny et al., 2017) and to bind the CC3 domain of Robo1,
although its GAP activity remains intact (Sporny et al., 2017)
(Fig. 3B). While the CC3 domain of Robo1 may not be the sole
region of the C-terminus of Robo1 that interacts with srGAPs, this
result does suggest that srGAP2A and srGAP2C heterodimerization
can affect recruitment of srGAPs to Robo receptors. Moreover, this
result suggests that a further five amino acid changes that are
specific to srGAP2C increase its ability to heterodimerize with
srGAP2A compared with other srGAP2 paralogs (Sporny et al.,
2017). This strong interaction between srGAP2A and srGAP2C, in
turn, leads to co-regulation of spine density, timing of spine
maturation and spine morphology, which are all keys to the neoteny
seen in human brains (Charrier et al., 2012) (Fig. 3B). Furthermore,
srGAP2C is able to affect density and maturation of both inhibitory
and excitatory synapses by inhibiting multiple domains of
srGAP2A (Fossati et al., 2016; Sporny et al., 2017). srGAP2C is
uniquely restricted in terms of copy number variation throughout
human populations (Dennis et al., 2012), suggesting that there is a
strict selection for correct srGAP2C gene dosage. Consistent with
this idea, duplications of chromosomal segments that include
srGAP2C, which would in turn increase srGAP2C-mediated
antagonism of srGAP2A, are associated with intellectual
disability and autism spectrum disorders (Dennis et al., 2012).
In conclusion, srGAPs have been implicated in the functions of
numerous neuronal cell types in vertebrates, including humans,
from growth cones and dendritic spines to larger-scale organization
of the brain and the density of synaptic connections associated with
emergence of Homo sapiens. The exciting challenge for the future
will be to correlate specific biochemical functions of srGAP homoand hetero-dimers with these larger-scale effects on neuronal
tissues.
srGAPs have roles beyond the nervous system

Thus far, the focus of this Review has been on the key roles of
srGAPs in the peripheral and central nervous system, including in
brain architecture. Several recent studies, however, have
demonstrated that srGAPs have more general roles in metazoans.
One role involves contact inhibition of locomotion (CIL), a classical
behavior of cultured cells in which cells reduce protrusive activity
when they collide with other cells (Abercrombie and Heaysman,
1953, 1954). Knockdown of srGAP2 in fibroblasts in vitro leads to a
failure of such cell–cell repulsion (Fritz et al., 2015). In this system,
srGAP2 spatiotemporally regulates Rac activation downstream of
Slit–Robo signals, thereby limiting the extension phase of cell–cell
contacts and resulting in a failure of cell repulsion. In this sense,
srGAP2 may act as a contact-dependent ‘protrusive activity buffer’
to limit protrusions at sites of cell contact (Fig. 2B).
The in vivo relevance of CIL is not entirely clear, but the above
result suggests that srGAPs may have roles at sites of cell–cell
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contact in the intact tissues of multicellular organisms. Support for
this possibility comes from studies in the nematode C. elegans,
which has proven to be a convenient model organism to study the
role of srGAPs outside of the nervous system. Because SRGP-1 is
the sole srGAP homolog in C. elegans, there are no issues of
potential functional redundancy. SRGP-1 is ∼32% identical to
srGAPs (BLAST; https://blast.ncbi.nlm.nih.gov/), although it lacks
the C-terminal SH3 domain of the vertebrate srGAPs (Fig. 4A).
SRGP-1 is expressed in neuronal cells, but, significantly, it is also
expressed broadly in epithelial tissues. Like other srGAPs, SRGP-1
localizes to curved membranes and induces long membrane
evaginations when overexpressed (Zaidel-Bar et al., 2010). Loss
of SRGP-1 leads to a delay in the completion of ventral enclosure of
the epidermis, which normally spreads to cover underlying cells,
predominantly neuroblasts (Fig. 4B). In addition, ventral neuroblasts
occasionally fail to seal a transient cleft (termed the ventral cleft) in
sensitized genetic backgrounds in which the function of the cadherin–
catenin complex is impaired, suggesting SRGP-1 normally aids the
establishment of cadherin-dependent cell–cell adhesions during
morphogenesis (Zaidel-Bar et al., 2010). How SRGP-1 modulates
cell–cell adhesion is unclear. Migrating ventral epidermal cells in
srgp-1 mutants have smoother membranes than wild-type embryos.
Defects in epithelial sealing events may therefore be due to a decrease
in the plasma membrane surface area that is available for junction
formation at the leading edge (Fig. 4B). In addition to its role in
morphogenesis, SRGP-1 negatively regulates cell corpse engulfment,
apparently through its CED-10/RacGAP activity (Neukomm et al.,
2011, 2014). Although the SRGP-1 RacGAP domain appears to be
less important than its F-BAR domain during epithelial sheet sealing
(Zaidel-Bar et al., 2010), it is possible that downregulation of CED10/Rac contributes to successful epithelial sheet sealing, as
downregulation of Rac has been shown to be important for
3970

stabilizing cadherin-dependent adhesions (Braga, 2016; Ratheesh
et al., 2013; Yamada and Nelson, 2007).
Studies of SRGP-1 implicate srGAPs in enhancing nascent
adherens junction formation. Recent work in Caco2 cells, however,
supports the opposite effect for vertebrate srGAP1 (Liang et al.,
2017). Knockdown of the scaffolding protein cortactin leads to
reduced Rho activity at E-cadherin-containing cell–cell junctions,
weakening adhesion. Rho activity cannot be restored by a mutant
cortactin carrying non-phosphorylatable mutations at three key
tyrosine residues (3YF cortactin). Interestingly, based on coimmunoprecipitation and mass spectrometry assays, more srGAP1
associates with 3YF cortactin than with wild-type protein;
conversely, in vitro phosphorylation of cortactin decreases its
association with srGAP1. srGAP1 localizes to adherens junctions in
a cortactin-dependent manner, and knockdown of srGAP1 leads to a
reduction in RhoA activity at junctions (Liang et al., 2017). Taken
together, these results suggest that tyrosine-dephosphorylated
cortactin recruits srGAP1 to junctions, where it negatively
regulates RhoA and thus weakens adherens junctions (Fig. 4C).
One signaling pathway that may co-opt srGAP1 junctional
recruitment is the hepatocyte growth factor (HGF) pathway. The
HGF receptor, Met, is a receptor tyrosine kinase associated with
partial epithelial–mesenchymal transition and loss of adherens
junctions in cultured cells (Mangold et al., 2011). In vivo, Met is
required for normal organogenesis in the liver and kidney, and high
levels of HGF/Met are associated with poor cancer prognosis and
metastasis (Trusolino et al., 2010). Although it is not likely that this
is the only means by which HGF leads to reduced cell–cell
adhesion, HGF-dependent reduction of RhoA activity is srGAP1dependent in this system (Liang et al., 2017) (Fig. 4C). An earlier
report connected HGF signaling to Slit2–Robo1 signaling via Rac1
in human cell lines; in this system, loss of Slit–Robo signaling led to
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Fig. 3. Evolutionary history of srGAP2 paralogs. (A) srGAP2A, the ancestral form of srGAP2, contains an F-BAR domain, an extended F-BAR domain
(F-BARx), a GAP domain and an SH3 domain. srGAP2A is an essential gene. srGAP2B arose as a partial duplication of srGAP2A ∼3.4 million years ago (mya),
producing a protein that only contains the F-BAR and F-BARx domains. srGAP2B, in turn, duplicated ∼2.4 mya to produce srGAP2C and again ∼1 mya to produce
srGAP2D. After these duplications, srGAP2B accumulated two nonsynonymous mutations (R79C, V366L), while srGAP2C accumulated five crucial
nonsynonymous mutations (R73H, R108W, R205C, R235H, R250Q) that are important for antagonism of srGAP2A (Sporny et al., 2017). srGAP2D, likely a
nonessential pseudogene, lacks the third exon, which normally encodes part of the F-BAR domain. (B) Non-human mammals express only the equivalent of
human srGAP2A, and exhibit dendritic spines that are shorter and less numerous than in humans (blue box). In humans or in rodents that express
exogenous srGAP2A and srGAP2C, srGAP2C inhibits srGAP2A, causing the dendritic spine necks to be longer, and the spines themselves to become more
densely packed (red box).
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Fig. 4. Potential roles of srGAPs in cadherin-based adhesion. (A) Domain
map of C. elegans SRGP-1, which lacks the SH3 domain found in vertebrate
srGAPs. (B) Schematic of an enclosing C. elegans embryo. The boxed area is
expanded on the right. Because epidermal cells make contact at the ventral
midline and build nascent junctions, here, SRGP-1 (dark blue crescents) may
increase surface area at the leading edge to facilitate efficiency of junction
formation. HMR-1/cadherin (light blue box), HMP-2/β-catenin ( purple ellipse)
and HMP-1/α-catenin (yellow ellipse) form nascent junctions between
opposing cells in the enclosing ventral epidermis. (C) Model for HGFdependent regulation of Rho activity at adherens junctions through cortactin
and srGAP1 in Caco2 cells. Tyrosine-phosphorylated cortactin (yellow P) does
not associated with srGAP1. Steady-state signaling at junctions may activate a
kinase that maintains most cortactin in a phosphorylated state. HGF leads to
desphosphorylation of cortactin, allowing recruitment of srGAP1. srGAP1 in
turn decreases Rho activity via its GAP domain, thereby destabilizing
cadherin-dependent cell–cell adhesion.

increased Rac1 activation and exacerbated the effects of HGF
(Stella et al., 2009). In the future, it will be interesting to see how
various Slit–Robo signals and srGAPs combine to regulate HGFdependent effects.
In addition to roles in cell–cell adhesion, srGAP1 may also play a
role in regulating adhesion and migration of cells in fibrillar
collagen matrices (Kutys and Yamada, 2014). A screen for guanine
nucleotide exchange factors (GEFs) that regulate fibroblast
migration on collagen identified βPix (also known as ARHGEF7),
a dual-specificity GEF that regulates Cdc42 and Rac1 (Zhou et al.,
2016). Knockdown of βPix leads to loss of polarized Cdc42 activity
and blocks cell migration in fibrillar collagen microenvironments.
Significantly, knockdown of Cdc42 or βPix, but not Rac1, leads to
increased intracellular RhoA activity in fibroblasts migrating on
fibrillar collagen. Surprisingly, co-immunoprecipitation and mass
spectrometry analysis of βPix knockdown and βPix-expressing cells
identified srGAP1 as a βPix-binding partner. Knockdown of
srGAP1 phenocopies βPix or Cdc42 knockdown in 3D collagen
matrices, suggesting that in addition to any direct roles in regulating

Clinical roles for srGAPs outside of the nervous tissue have also been
described. A gain-of-function mutation in srGAP1 and a mutation in Slit2
have been implicated in congenital anomalies of the kidney and urinary
tract (CAKUT) (Hwang et al., 2015), consistent with disruption of the
nephrogenic field in Robo2-knockout mice (Wainwright et al., 2015).
srGAP1 and Arhgap4 are also candidate genes for regulating
inflammatory
responses.
srGAP1
offers
protection
from
neuroinflammation after brain injury in rats (Sherchan et al., 2016), and
differential srGAP1 expression in leukocytes may regulate their differing
chemotactic responses (Ye et al., 2010). Like the Slit–Robo system,
which has been implicated in gastric (Huang et al., 2015) and pancreatic
cancer (Bailey et al., 2016; Biankin et al., 2012), srGAPs have also been
connected to cancer. An oncogenic fusion between srGAP3 and RAF1 is
causative in some cases of pilocytic astrocytoma (Forshew et al., 2009;
Jones et al., 2009), and mutations in a putative enhancer region of
srGAP2 have been associated with increased breast cancer risk (Jiang
et al., 2011). Some srGAP mutations in cancers lead to their inability to
inactivate Rho GTPases, for example, mutations that inhibit the ability of
srGAP1 to inactivate Cdc42 are associated with increased susceptibility
to familial non-medullary thyroid carcinoma (He et al., 2013). srGAP3
expression is decreased in the majority of breast cancer cell lines, and
loss of srGAP3 leads to both anchorage-independent growth and
increased cell invasion and/or migration; these changes are GAP
dependent, suggesting that srGAP3 acts as a tumor suppressor through
its ability to inactivate Rac (Lahoz and Hall, 2013). Similar phenotypes
are observed upon srGAP2 loss in osteosarcomas (Marko et al., 2016).
Separating correlation from causation in the numerous clinical studies
that have been reported will be challenging, but these studies clearly
implicate srGAPs in a wide range of human disease.

Cdc42 in migration in collagen matrices, βPix may also mediate
compensatory downregulation of RhoA by recruiting srGAP1 to
sites of attachment to collagen.
These basic cell biological analyses of non-neuronal function of
srGAPs agree well with a wealth of clinical studies, which have
implicated srGAPs in non-neuronal disease (Box 2).
Conclusions and perspectives

srGAPs play diverse roles in fundamental cell migratory and adhesive
events, as well as during cancer and neural development. Continuing to
dissect the functions of srGAPs within and outside of the nervous
system will likely help to uncover potential treatments for a variety of
disorders and diseases. Although members of the srGAP family
have high sequence similarity and similar basic functions in
membrane bending, actin regulation during cell migration, and
neurodevelopment, their C-termini diverge considerably. A thorough
investigation of C-terminal-binding partners for each of the srGAPs, as
has been completed for srGAP3, would help to clarify the roles of
srGAPs in various cell biological events. In particular, srGAP1 has
emerged as an understudied protein, highlighting the need for future
research efforts aimed at elucidating its roles in neuronal and nonneuronal tissues.
Given the identification of srGAPs as modulators of cadherindependent cell–cell adhesion in the C. elegans embryo (Zaidel-Bar
et al., 2010) and in vertebrate tissue culture (Liang et al., 2017),
further studies of the role of srGAPs in cell–cell adhesion events is
also an exciting area for future investigation. While intriguing, the in
vivo relevance of the proposed ‘protrusive activity buffer’ activity of
srGAPs (Fritz et al., 2015) remains to be determined; one possible
role for this function may be to modulate cell–cell adhesion.
Another key unanswered question is the role of the C-terminus of
srGAPs, known to be the nexus for numerous other protein–protein
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interactions, in cell–cell adhesion. Future studies aimed at
elucidating its role may prove highly informative.
Finally, we are only beginning to understand, at a mechanistic
level, how the misregulation of srGAP expression contributes to a
wide variety of cancers. Understanding in more detail the normal
expression patterns of srGAPs and elucidating how abnormalities in
expression correlate with specific cancers may provide insights into
both prognoses and potential best treatment paths for patients whose
cancers are characterized by srGAP misexpression. Clearly,
‘minding’ the srGAPs will involve continued efforts not only to
understand their roles in neurons and brains, but well beyond.
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