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ABSTRACT
The GIT proteins, GIT1 and GIT2, are GTPase-activating proteins
(inactivators) for the ADP-ribosylation factor (Arf ) small GTP-binding
proteins, and function to limit the activity of Arf proteins. The PIX
proteins, α-PIX and β-PIX (also known as ARHGEF6 and ARHGEF7,
respectively), are guanine nucleotide exchange factors (activators) for
the Rho family small GTP-binding protein family members Rac1 and
Cdc42. Through their multi-domain structures, GIT and PIX proteins
can also function as signaling scaffolds by binding to numerous
protein partners. Importantly, the constitutive association of GIT and
PIX proteins into oligomeric GIT–PIX complexes allows these two
proteins to function together as subunits of a larger structure that
coordinates two distinct small GTP-binding protein pathways and
serves as multivalent scaffold for the partners of both constituent
subunits. Studies have revealed the involvement of GIT and PIX
proteins, and of the GIT–PIX complex, in numerous fundamental
cellular processes through a wide variety of mechanisms, pathways
and signaling partners. In this Commentary, we discuss recent
findings in key physiological systems that exemplify current
understanding of the function of this important regulatory complex.
Further, we draw attention to gaps in crucial information that remain to
be filled to allow a better understanding of the many roles of the GIT–
PIX complex in health and disease.
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Introduction
Cell-surface receptors activate intracellular signaling through
mediators such as small GTP-binding proteins, heterotrimeric
G-proteins and protein kinases. Individual receptors often activate
multiple downstream pathways and cells are generally stimulated by
more than one kind of signal at once. Cells must integrate these
multiple signals in order to perform their specialized functions. The
GIT–PIX complex is one prominent mechanism that cells utilize to
integrate signals from multiple GTP-binding protein and protein
kinase pathways to control cell polarity, adhesion and migration
(Hoefen and Berk, 2006; Rosenberger and Kutsche, 2006;
Randazzo et al., 2007; Frank and Hansen, 2008). Here, we
discuss exciting new data that identified so-far-unknown pathways
regulated by this complex, its physiological roles in neurons and
immune cells in vivo, and its dysregulation in cancer.

GIT proteins
The GIT proteins, GIT1 and GIT2, are GTPase-activating proteins
(GAPs) for ADP-ribosylation factor (Arf ) small GTP-binding

proteins (Premont et al., 1998; Vitale et al., 2000) and belong to
the family of ArfGAP proteins (Kahn et al., 2008). Because Arf
proteins have no intrinsic GTPase activity, active GTP-bound Arf
proteins require ArfGAP proteins to deactivate them by converting
bound GTP to GDP (Randazzo et al., 1994). Mammals express
two GIT proteins, GIT1 and GIT2, whereas zebrafish –because
they have two GIT2 genes (git2a and git2b) – express three GIT
proteins (Yu et al., 2011). Caenorhabditis elegans and Drosophila
melanogaster have each only a single GIT gene (git-1 and Git,
respectively) (Lucanic and Cheng, 2008; Bahri et al., 2009).
Mammalian GIT1 was first identified as a binding partner for G-
protein-coupled receptor (GPCR) kinases (GRKs), and named
GRK-interacting partner 1 (GIT1) (Premont et al., 1998). GIT1
and GIT2 also were identified soon after by other groups using
distinct approaches, and were given different names [e.g. cool-
associated tyrosine phosphorylated proteins 1 and 2 (Cat-1 and
Cat-2) (Bagrodia et al., 1999); p95 paxillin-kinase linker
(p95PKL) (Turner et al., 1999); or p95-ADP ribosylation factor
GTPase-activating protein, PIX-, paxillin-interacting proteins 1
and 2’ (p95-APP1 and -2) (Di Cesare et al., 2000). Now, GIT1
and GIT2 are the official protein symbols, and most commonly
used (see also Box 1).

The GIT proteins share a conserved domain architecture, which
includes the N-terminal zinc finger ArfGAP domain, three ankyrin
repeats, a region containing two near-repeats with homology with
the yeast Spa2 protein (Spa2-homology domain, SHD), a coiled-
coil, a poorly conserved linker region and a focal adhesion targeting
(FAT) domain (Fig. 1). Purified GIT proteins deactivate all Arf
proteins (Vitale et al., 2000), but are linked functionally to plasma
membrane Arf6 as found in cellular studies (Di Cesare et al., 2000;
Claing et al., 2000; Meyer et al., 2006; Miura et al., 2009; Jones
et al., 2009). Over 100 GIT-associated proteins and dozens of direct
partners have been described (Table SI). The most prominent GIT-
binding partners are the p21-activated kinase-interacting exchange
factors α-PIX and β-PIX (Bagrodia et al., 1999; Zhao et al., 2000;
Premont et al., 2000), which bind to the SHD region. The coiled-
coil domain is responsible for dimerization of GIT proteins by
forming a parallel coiled-coil (Premont et al., 2004; Schlenker and
Rittinger, 2009). The FAT domain is a four-helix bundle and the
binding site for the focal adhesion adaptor protein paxillin in a
manner that is similar to paxillin binding to the FAT domain of focal
adhesion kinase (Schmalzigaug et al., 2007a; Zhang et al., 2008).

GIT1 has two splice variants in human and mouse due to an
alternative exon that encodes nine amino acids at the start of the
SHD region (in rat, this sequence is fused to the adjacent exon so
that rat GIT1 is always the longer variant). Mammalian GIT2
undergoes extensive alternative splicing (Premont et al., 2000).
GIT2-short, a GIT2 variant with a truncated C-terminus that lacks
the FAT domain, is abundant in immune cells. GIT2 internal
splicing involves five contiguous in-frame blocks of sequence
(called A-E) including most of the non-conserved linker region
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encoded by four exons that are spliced independently. The
functional significance of GIT variants remains unclear, beyond
GIT2-short being unable to bind paxillin through the (missing) FAT
domain – although GIT2-short has been reported to weakly bind to
paxillin anyway (Mazaki et al., 2001).

PIX proteins
The two mammalian PIX proteins α-PIX and β-PIX (also known as
ARHGEF6 and ARHGEF7, respectively) are guanine nucleotide
exchange factors (GEFs, activators) of small GTP-binding proteins
that are members of the Rho family (Manser et al., 1998).C. elegans
and Drosophila have single PIX genes, PIX-1 and dPIX,
respectively (Lucanic and Cheng, 2008; Parnas et al., 2001). PIX
proteins were also given alternative names: 85 kDa SH3 domain-
containing proline-rich protein (p85SPR) (Oh et al., 1997), and
cloned out of library-1 and -2 (cool-1 and cool-2) (Bagrodia et al.,
1998), although the most commonly used names are α-PIX and
β-PIX (see also Box 1).
The two PIX proteins share a conserved domain structure (Fig. 1).

The N-terminus of α-PIX contains a calponin homology (CH)
domain that is present in β-PIX forms early in development,
whereas the SH3 domain is at the N-terminus of adult β-PIX forms.
PIX SH3 domains bind to p21-activated protein kinases 1–3 (PAK1,
PAK2, PAK3) (Manser et al., 1998). The Dbl homology (DH) and
pleckstrin homology (PH) domains function as a RhoGEF. PIX
proteins activate p21 Rac1 and Cdc42, but not RhoA (Manser et al.,
1998) and, interestingly, it is Rac1 and Cdc42 that activate PAKs
(Manser et al., 1994), making Rac1–(PIX–PAK) and Cdc42–(PIX–
PAK) complexes a common functional unit in many reports. The
GIT-binding domain (GBD) is an unstructured region that binds to
the SHD of GIT proteins (Zhao et al., 2000). The coiled-coil forms a

parallel trimer, indicating that PIX-PIX self-association is trimeric
(Schlenker and Rittinger, 2009; Im et al., 2010). Finally, one
C-terminal variant of β-PIX ends with a PDZ target motif that binds
to PDZ proteins, including shank and scribble (Park et al., 2003;
Audebert et al., 2004). A large number of α-PIX and β-PIX partners
have been identified (Table SI). Whereas α-PIX comprises one
isoform containing all domains, β-PIX exhibits complex alternative
splicing and multiple bands are found following western blotting of
cell extracts. In addition to alternative transcription start sites that
include or skip the CH domain, there are two distinct C-termini,
with or without the PDZ target motif, as well as variants that lack the
coiled-coil region (Kim et al., 2000; Koh et al., 2001). These distinct
forms are still mostly uncharacterized.

The GIT–PIX complex
Oligomeric partners
The GIT–PIX complex functions as a scaffold and coordination
center that can be recruited for multiple signaling pathways, and
moves to several locations in the cell in response to specific signals.
Once in place at the membrane, the complex dampens Arf signaling
and increases Rac1 and/or Cdc42 activity (Fig. 2), and also serves as
a localized scaffold for associated signaling pathways (Fig. 3).

GIT and PIX proteins are unique among the ArfGAPs and
RhoGEFs – and, indeed, among signaling regulators in general – in
forming a constitutively associated oligomeric complex able to
regulate two distinct GTP-binding protein families. Because
GIT and PIX proteins each constitutively self-associate through
coiled-coils, they form GIT–PIX oligomers (Premont et al., 2004;
Schlenker and Rittinger, 2009). In size-exclusion chromatography,
native or recombinant GIT–PIX complexes elute together at an
apparent mass of ∼1 MDa (Paris et al., 2003; Premont et al., 2004;
Totaro et al., 2012). Coiled-coil structures suggest that one
GIT dimer binds one PIX trimer to form a five-subunit complex
(GIT2–PIX3; Fig. 2) (Schlenker and Rittinger, 2009), although this
has not been demonstrated directly and multimers may exist.
Pulldown of GIT or PIX quantitatively captures the other partner
(Premont et al., 2004). GIT and PIX appear unstable when not in a
complex (Premont et al., 2004) because T-cells of α-PIX-deficient
mice have reduced levels of GIT2 (Missy et al., 2008), GIT1-
deficient mice have reduced levels of PIX in the brain (Won et al.,
2011) and GIT2-deficient mice have reduced levels of PIX in
immune organs (Hao et al., 2015). Nevertheless, despite clear
evidence that GIT and PIX are tightly associated and function
together, many publications continue to report on GIT or PIX
proteins individually, ignoring potential involvement of the other
partner.

The formation of oligomeric GIT–PIX complexes has several
implications, some of which remain to be experimentally tested.
First, by forming a tight complex, GIT and PIX proteins
simultaneously scaffold the partners of either subunit and,
potentially multiple copies per complex. For example, the PIX
partner PAK can readily be found in association with GITs
following co-immunoprecipitation (Zhao et al., 2000; Premont
et al., 2000). Therefore, studies reporting the association of a protein
with GIT or PIX need to be interpreted with caution when only one
of them has been tested, until direct protein–protein interaction is
determined (see Table SI).

Next, targeted subcellular localization of one subunit controls the
localization of the other. GIT–PIX complexes are found in many
locations, including focal adhesion complexes and leading edges in
migrating cells, on intracellular vesicles, in neuronal synapses,
associated with centrioles, as well as bound to nuclear DNA at sites

Box 1. GIT and PIX gene expression.
GIT and PIX proteins are present in all cells, although individual isoforms
exhibit tissue-specific expression. Northern blots of organ tissues
derived from human and rat have shown that both GIT1 and GIT2 are
ubiquitously expressed, with the GIT2-short variant specifically enriched
in immune cells (Premont et al., 1998, 2000). Expression of GIT1 and
GIT2 within tissues was compared directly by using gene trap LacZ
reporter mice; GIT2 is widely expressed in all tissue, whereas GIT1 is
highly expressed in the vasculature and ductular cells of many organs
(Schmalzigaug et al., 2007b). GIT1 and GIT2 are widely expressed
throughout brain, except for the lack of GIT1 in cerebellar granule cells.
Expression of PIX proteins has been mapped by using northern blotting
of tissue RNAs and western blotting of tissue lysates, so intra-tissue
differences remain mostly unknown. Gene expression of β-PIX is
ubiquitous, whereas that of α-PIX is more restricted, with high
expression in heart, skeletal muscle and immune cells (Manser et al.,
1998).

Three distinct lines of global GIT1-knockout mice have poor post-natal
survival (Pang et al., 2009; Schmalzigaug et al., 2009a; Won et al.,
2011), whereas two distinct strains of mice lacking GIT2 survive normally
(Mazaki et al., 2006; Schmalzigaug et al., 2009b). β-PIX knockout mice
exhibit embryonic lethality (Omelchenko et al., 2014), whereas α-PIX-
deficient mice survive normally (Missy et al., 2008). In the β-PIX-deficient
mouse, lethality results from defective cell migration during early
embryogenesis (Omelchenko et al., 2014). Experiments with GIT2 in
Xenopus (Köster et al., 2010) and GIT2a in zebrafish (Yu et al., 2011)
demonstrated cell migration defects during gastrulation. GIT1-knockout
lethality has been reported to result from poor angiogenesis in the lungs
(Pang et al., 2009). Interestingly, in zebrafish themutant bubbleheadwith
a vascular leakage phenotype is a hypomorphic allele of β-PIX (Liu et al.,
2007).
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of damage (Frank and Hansen, 2008; Lu et al., 2015). GIT–PIX
complexes are dynamic within cells and exhibit high mobility
among compartments, such as when cells adhere or migrate
(Manabe et al., 2002) or during activation of chromaffin cells to
release stored vesicles (Meyer et al., 2006). GIT and PIX each bind
partner proteins that localize the complex to specific cellular
locations. These proteins include the GIT partners paxillin (to focal
adhesions; Turner et al., 1999), piccolo and stonin-2 (to presynaptic
active zones in neurons; Kim et al., 2003; Podufall et al., 2014) and
liprin-α (to postsynaptic membranes; Ko et al., 2003), as well as the
β-PIX PDZ partners scribble (to epithelial cell–cell contacts and
synapses; Audebert et al., 2004; Richier et al., 2010) and shank (to
postsynaptic membranes; Park et al., 2003).
Furthermore, the tight linkage of an ArfGAP and RhoGEF

suggests a coordination of GAP and GEF functions. In GIT–PIX-
dependent systems, elevated Rac1 and/or Cdc42 activity has been
found to be associated with reduced Arf6 activity (Albertinazzi
et al., 2003; Hajdo-Milasinovic et al., 2009; Jones et al., 2009;
Bhanot et al., 2010). However, a coordinated regulation, as opposed
to merely a colocalization of GAP and GEF functions, has not been
demonstrated.
In addition to the above, GIT–PIX has a complex relationship

with small GTP-binding proteins beyond just regulating Arf, Rac
and/or Cdc42. Although it has been suggested that ArfGAP proteins
act as Arf effectors (Zhang et al., 1998; Kon et al., 2011), it remains
unclear whether activated Arf alters the function of GIT or PIX.
Similarly, Rac1 and/or Cdc42, and their PAK effectors have been
reported to bind to or affect GIT–PIX. But, in addition to PIX
binding to inactive Rac1 and/or Cdc42 during activation, active
Rac1 and/or Cdc42 (and other Rho family members) have been

reported to also bind to GIT–PIX (Brown et al., 2002; Shin et al.,
2004; Gu et al., 2006; ten Klooster et al., 2006; Hajdo-Milasinovic
et al., 2009; Tay et al., 2010; Wilson et al., 2014). The effects
binding of active Rho family proteins has to GIT–PIX remain ill-
defined and appear somewhat contradictory because GIT and PIX
have each been reported to directly bind Rac1 and/or Cdc42 in cell-
based studies where both are present, clouding interpretation. Active
Cdc42 was reported to stimulate PIX GEF activity toward Rac1
(Feng et al., 2004; Baird et al., 2005). GIT and PIX can be
phosphorylated by PAK (Shin et al., 2002; Webb et al., 2006;
Rennefahrt et al., 2007). These multiple feedback loops may
amplify local Rac1– and Cdc42–PAK signaling in complex ways
(Li et al., 2003; Feng et al., 2006; Mazaki et al., 2006). Furthermore,
whereas GIT–PIX has been reported to scaffold many signaling
molecules, it remains unclear which partners bind simultaneously
and may be able to function together.

Finally, although GIT and PIX are tightly associated, there are
reports suggesting that GIT or PIX proteins also act independently
(Loo et al., 2004; Feng et al., 2004; Fiuza et al., 2013). As most
studies employ the overexpression of GIT or PIX in cells in the
presence of the endogenous proteins, accurately interpreting such
results can be difficult. For example, the conclusion that GIT1
activates PAK independently of PIX is based on experiments using
GIT and PIX mutants that, in protein overlay assays, have been
reported to prevent their interaction (Loo et al., 2004); however,
these mutants do not inhibit binding to each other in cells (Premont
et al., 2004). Another potential explanation for any apparent
independent functions is that specific splice variants, such as
β2-PIX variants that lack the coiled-coil (Koh et al., 2001), may not
form stable GIT–PIX complexes. Further experiments are needed to
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Fig. 1. Domain structure of GIT andPIX proteins, including alternative splicing isoforms.GIT1 andGIT2 share the N-terminal ArfGAP domain, three ankyrin
repeats (Ank), the Spa2 homology domain (SHD) – as indicated with two Spa2-like repeats – a coiled-coil (CC) dimerization domain and the C-terminal focal
adhesion-targeting (FAT) domain. For GIT1, alternative splicing of a single exon encoding nine amino acids (±9) at the start of the SHD can occur. For GIT2,
alternative splicing of five internal in-frame regions (A,B,C,D,E), as well as of a distinct exon (D′) that leads to a truncated C-terminus lacking the FAT
domain is possible. α-PIX and β-PIX share the calponin homology (CH) domain, SH3 domain, Dbl homology (DH) domain, pleckstrin homology (PH) domain, a
GIT-binding domain (GBD) and a CC domain for trimerization. α-PIX has not been reported to undergo alternative splicing, but β-PIX has alternative N- and
C-termini (β1CT and β2CT), and can undergo internal alternative splicing. β1-PIX variants have a PDZ target motif at the extreme C-terminus for binding to PDZ-
domain proteins, but β2-PIX variants have a distinct C-terminal sequence that lacks the PDZ target and the coiled-coil domain. Adult β-PIX lacks theN-terminal CH
domain that is found in embryonic β-PIX. β-PIX-c lacks the region (denoted as C) between the PH and GBD, whereas β-PIX-b has a sequence inserted (denoted
as B) between the GBD and CC domain. Prominent phosphorylation sites are shown in red, and domain partners in parentheses above.
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investigate the structure and dynamics of the GIT–PIX complex, to
fully understand the regulation of complex formation and to clarify
whether GIT or PIX forms have independent functions.

GIT–PIX complexes: a node for signal integration
The best-known role for GIT–PIX is that in cell adhesion and
migration, where binding of GITs to the focal adhesion adaptor
protein paxillin localizes GIT–PIX and associated PAKs to integrin-
anchored focal adhesions that are forming or dissolving during cell
motility (reviewed by Hoefen and Berk, 2006; Frank and Hansen,
2008). In this role, GIT–PIX serves as a dynamic link between cell
adhesion and/or motility and cytoskeletal changes.
The GIT–PIX complex is an effector of upstream signaling that is

initiated by GPCRs, receptor tyrosine kinases (RTK) and integrins
(Frank and Hansen, 2008). These signals are mediated by
heterotrimeric G-proteins (Li et al., 2003; Seo et al., 2004; Chahdi
et al., 2005; Chahdi and Sorokin, 2010a,b), by tyrosine
phosphorylation through RTKs and non-receptor tyrosine kinases
including Src and focal ahesion kinase (Brown et al., 2005; Zhang
et al., 2005), and by serine/threonine kinases, such as CaM kinase II
and protein kinases A, C and D (Chahdi and Sorokin, 2008;
Saneyoshi et al., 2008; Huck et al., 2012; Kong et al., 2014; Shirafuji
et al., 2014; Nagy et al., 2015). GITs are also prominent substrates
for Src family kinases (Haendeler et al., 2000; Brown et al., 2005;
Heckel et al., 2009). Src/FAK-mediated phosphorylation of GIT2 at
amino acid residues Y286, Y392 and Y592 is required for binding to
paxillin at focal adhesions (Brown et al., 2005) but the cognate
residues in GIT1 are not necessary for paxillin association
(Schmalzigaug et al., 2007a). However, both GIT1 and GIT2
phosphorylated at Y392 bind to the SH2-SH3 adaptor proteins Nck1
and Nck2 (Frese et al., 2006; Segura et al., 2007). Phosphorylated
GIT–PIX also binds to 14-3-3 proteins, with GIT2 phosphorylated
at S415 being a main 14-3-3-binding site (Angrand et al., 2006;
Chan et al., 2011). In β-PIX, amino acid residues S516 and T526 are

also main sites for PKA phosphorylation (Chahdi and Sorokin,
2008). How these many events interact remains unknown.

Inmammals,GIT1 functions as a scaffold for theRas–Raf–MEK–
ERK pathway after its stimulation by the angiotensin-II–GPCR
pathway or the epidermal growth factor (EGF) receptor pathway
(Yin et al., 2004, 2005; Zhang et al., 2009). Phosphorylation ofGIT1
by Src kinase promotes its interaction with MEK1 (Zhang et al.,
2009). GIT2 and PIX involvement remains unexplored, but PAK
phosphorylation is known to facilitate MEK–ERK1/2 coupling
(Frost et al., 1997; Eblen et al., 2002), suggesting that scaffolding
through GIT1 directs PAK-mediated phosphorylation of MEK1.

In Drosophila and mammals, GIT–PIX acts as a scaffold for the
Hippo signaling pathway by binding to all three elements of this
kinase pathway: Hpo/MST1/2, Wts/LATS1/2 and the transcription
coactivator Yki/YAP1 (Heidary Arash et al., 2014; Dent et al.,
2015). Active MST1 phosphorylates LATS that, in turn,
phosphorylates YAP1, thereby targeting it for degradation. In
Drosophila, GIT–PIX scaffolding of the Hippo pathway mediates
the activation of Hpo/MST1/2 in response to cadherin cell–cell
adhesion signals to reduce tissue growth (Dent et al., 2015).

Compared with the studies addressing the GEF and scaffolding
functions, there are fewer reports that examine the ArfGAP activity
of GITs or the GIT–PIX complex, possibly owing to the unknowing
use of GAP-deficient GIT constructs in many studies. We found that
GIT proteins that bear tags at their N-termini, including Flag or
6xHis, lack the ability to act as functional ArfGAPs (Fig. 4).
Therefore, in all our studies GIT proteins are tagged at the C-
terminus, which does not affect their ArfGAP activity (Premont
et al., 1998; Vitale et al., 2000) and does not interfere with their
binding to paxillin or association with focal adhesions
(Schmalzigaug et al., 2007a).

Myriad studies have identified new GIT- and PIX-binding
partners and functions, expanding the potential roles of these two
proteins. However, only few studies have integrated these new
findings with prior knowledge, so there is a significant gap in our
understanding of how partners and pathways might function
together or whether, indeed, they do. However, studies in model
organisms that lack GIT or PIX proteins are highlighting the
physiological functions regulated by GIT–PIX in particular organs
and systems.

Functions in the nervous system
Because ARHGEF6 (α-PIX) (Kutsche et al., 2000) and PAK3
(Allen et al., 1998) are human X-linked intellectual disability genes,
GIT proteins have been expected to regulate cognition. Indeed, loss
of GIT1 in three distinct knockout mice strains leads to severe
defects in learning and memory (Schmalzigaug et al., 2009a;
Menon et al., 2010; Won et al., 2011; Hong andMah, 2015), similar
to the cognitive defects in mice that lack α-PIX (Ramakers et al.,
2012), or in PAK1/PAK3-double-knockout mice (Huang et al.,
2011). Cognitive functions in GIT2- or β-PIX-deficient mice have
not been reported but GIT2-knockout mice exhibit anxiety-like
behavior (Schmalzigaug et al., 2009b). Loss of GIT1 in mice also
leads to microcephaly due to a reduction in neuron size rather than
neuron number (Hong and Mah, 2015), which is similar to the lack
of PAK1 plus PAK3 in mice (Huang et al., 2011). Drosophila
lacking dGIT also have a smaller mushroom body (brain) (Hong and
Mah, 2015).

GIT1 has been associated with attention deficit hyperactivity
disorder (ADHD) in mice and humans (Lee and Silva, 2011). A
specificGit1 gene trap (knockout) mouse strain has been reported to
have an ADHD-like phenotype that is characterized by

PIX
PIX

Arf

Cellular events
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Rac/Cdc42
?

PIX

GIT

GIT

Substrate
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P
P

Fig. 2. Oligomeric GIT-PIX complexes (GIT2–PIX3) regulate pathways that
are mediated by membrane-associated Arf and Rac/Cdc42 small
GTPases.GIT proteins hydrolyse GTP bound to membrane-associated active
Arf proteins, inhibiting Arf-activated signaling events (red inhibitory line).
PIX proteins activate membrane-associated Rac or Cdc42 (Rac/Cdc42) by
facilitating both the release of GDP from inactive Rac/Cdc42 and the binding of
GTP (red arrow). Active Rac/Cdc42 binds to and activates effectors (green
arrow), including PIX-bound PAK, that then phosphorylate substrates to
regulate cellular events (black arrow). PAK can also phosphorylate GIT and
PIX (black arrows), whereas active Rac/Cdc42 binds to GIT and PIX proteins
(grey arrows), suggesting that they are potential Rac/Cdc42 effectors. The net
effect of these two types of feedback event remains unclear. Similarly,
although ArfGAP proteins have been suggested to act as effectors for activated
Arf, it remains unknown whether binding of active Arf to GIT alters other GIT
functions (blue arrow). Whether ArfGAP and RhoGEF activities are integrated
within the complex is currently unclear.
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hyperactivity and psychostimulant-induced locomotor calming
(Won et al., 2011). However, a different knockout mouse strain
with no interfering markers did not display hyperactivity
(Schmalzigaug et al., 2009a). Analysis of flies lacking dGIT also
failed to demonstrate hyperactivity (Klein et al., 2015). One single-
nucleotide polymorphism (SNP) in the human GIT1 gene has been
associated with ADHD in a Korean cohort (Won et al., 2011), but
studies of GIT1 SNPs found no association with ADHD in a
Brazilian cohort (Salatino-Oliveira et al., 2012) or in three distinct

cohorts in a large-scale study (Klein et al., 2015). Therefore, at this
time, this association remains controversial.

GIT–PIX has also been associated with neurodegenerative
diseases. Brain tissue from Huntington’s disease patients showed
substantial accumulation of a C-terminal proteolytic fragment of
GIT1, and GIT1 interacts with huntingtin (and several associated
proteins) and enhances the aggregation of mutant huntingtin
(Goehler et al., 2004). α-PIX (Eriguchi et al., 2010) and PAK1
(Luo et al., 2008) also interact with huntingtin and enhance its
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aggregation, suggesting that GIT1, α-PIX and PAK1 function
together in the pathology of Huntington’s. Mutations in the leucine-
rich-repeat kinase 2 (LRRK2) are the most common genetic defect
in Parkinson’s disease, a motor disability resulting from death of
neurons within the striatum (Wallings et al., 2015). LRRK2 has both
protein kinase activity and a small GTP-binding protein-like
domain. Interestingly, β-PIX is a GEF for the LRRK2 GTPase
domain and is phosphorylated by LRRK2 (Haebig et al., 2010;
Häbig et al., 2013). Casein-kinase-1α-mediated phosphorylation of
LRRK2 reduced β-PIX binding and increased the amount of GTP-
bound LRRK2 (Chia et al., 2014). Although GIT proteins have not
been directly associated with LRRK2, it is noteworthy that the
LRRK2 GTPase domain has been reported to be de-activated by
other ArfGAPs (Xiong et al., 2012; Stafa et al., 2012).
GIT–PIX is found in both excitatory and inhibitory neurons, both

presynaptically and postsynaptically, consistent with multiple roles
in neurotransmission. GIT and PIX regulate migration of neurons,
neuritogenesis and branching of neuronal processes (Zhang et al.,
2003, 2005; Dyer et al., 2010; Totaro et al., 2012; Häbig et al., 2013;
Santiago-Medina et al., 2013). Interestingly, neuronal axon
branching in primary rat hippocampal neurons required α-PIX
and GIT2 but not β-PIX and GIT1 (Totaro et al., 2012), suggesting a
specificity whose molecular basis remains unexplored. The release
of neurotransmitter vesicles is restricted to the presynaptic active
zone through a macromolecular complex called the presynaptic
cytoplasmic matrix or cytomatrix (Gundelfinger and Fejtova, 2012).
GIT1, in complex with β-PIX and paxillin, binds the cytomatrix
proteins piccolo (Kim et al., 2003) and stonin-2 (Podufall et al.,
2014) to regulate localized neurotransmitter vesicle release and
reuptake. In Drosophila, dGIT interacts with stoned B at the
periphery of the synaptic active zone, and dgit mutant flies have
defective synaptic vesicle recycling (Podufall et al., 2014). In the
mouse calyx of Held synapse, presynaptic GIT1, or GIT1 together
with GIT2, constrains the probability of synaptic vesicle release
without altering the readily releasable pool of vesicles; however,
GIT2 alone has no significant effect (Montesinos et al., 2015). In

adrenal chromaffin cells, neuroendocrine vesicle exocytosis
requires both GIT1 and β-PIX, which regulate Arf6 activity to
control phospholipase D that promotes vesicle fusion with the
membrane (Meyer et al., 2006; Momboisse et al., 2009). β-PIX also
contributes to presynaptic function by regulating vesicle targeting
(Sun and Bamji, 2011).

Post-synaptic neurotransmitter receptors are localized on
dendritic spines, thin projections from neurons containing the
post-synaptic density, a specialized network of proteins that enables
clustering of neurotransmitter receptors in close proximity to the site
of neurotransmitter release from presynaptic neurons (Carlisle and
Kennedy, 2005). Dendritic spines undergo rapid actin-based shape
changes, and actin regulators are important modulators of spine
morphology and synapse formation. GIT and PIX proteins act as
key regulators of spine morphology and synapse formation (see
Frank and Hansen, 2008). Mice deficient in GIT1 have reduced
dendritic spine density in vivo (Menon et al., 2010), whereas α-PIX-
deficient mice show increased spine density with an increase in
spine length and branching (Ramakers et al., 2012). There are no
reports of the effects of GIT2 or β-PIX knockout on dendritic spines
in vivo. However, GIT1 and β-PIX were reported to work together
with Rac1 and PAK3 to regulate spine morphogenesis and synapse
formation in rat primary hippocampal neurons (Zhang et al., 2003,
2005) and in Drosophila (Parnas et al., 2001). GIT1 stabilizes
surface expression of post-synaptic glutamatergic AMPA receptors,
the primary receptor mediating at excitatory synaptic
neurotransmission, through an interaction with a complex formed
by liprin-α and GRIP1 bound to the AMPA receptor (Ko et al.,
2003). Excitatory synaptic connections can be strengthened by the
maturation and stabilization of spines following excitation-induced
Ca2+ influx. Ca2+-mediated activation of calmodulin (CaM)-
dependent protein kinases (CaMKs) promotes phosphorylation of
the GIT1-β-PIX complex at Ser516 of β-PIX; this stimulates GEF
activity to increase the level of active Rac1, promoting the formation
and stabilization of mature dendritic spines (Saneyoshi et al., 2008).
Neuronal activation leads to increased localization of GIT1–β-PIX
within spines and, thus, enhanced activity of Rac1 and PAK (Zhang
et al., 2003; Webb et al., 2007). In addition to Ca2+ signals, the
correct localization of spines involves the regulation of GIT1–β-PIX
through integrin-α5 (Webb et al., 2007) and ephrinB (Segura et al.,
2007). Signaling through ephrinB promotes Src-mediated
phosphorylation of GIT1 or GIT2 at Tyr392, which allows the
SH2-SH3 adaptor protein Grb4 to bind to ephrinB, in order to
recruit GIT–PIX to regulate spine formation (Segura et al., 2007).
During post-natal brain maturation in mammals, maturation of
synaptic connections is marked by a transition to adult-type synaptic
GluN1/GluN2 NMDA receptors from extrasynaptic NMDA
receptors containing GluN3A, a subunit whose expression fades
by adulthood. GluN3-containing NMDA receptors repress the
formation of stable synaptic spines, in part by direct binding of the
tail of GluN3A toGIT1, which prevents localization of GIT1 -β-PIX
within forming spines (Fiuza et al., 2013). Intriguingly, binding of
GluN3A to GIT1 reduced co-immunoprecipitation of GIT1 with β-
PIX, whereas loss of GluN3A increased the association between
GIT1 and β-PIX (Fiuza et al., 2013), suggesting that GluN3A
binding regulates complex formation.

Functions in the immune system
Cell migration and direction sensing within a chemoattractant
gradient are crucial to correct immune function. Leukocytes, such as
neutrophils, form the vanguard of the innate immune system and
rush to sites of infection to kill invading organisms. The ability of
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neutrophils to orient themselves in a gradient of chemoattractant
requires GIT2, α-PIX and PAK1 (Li et al., 2003; Mazaki et al.,
2006). Activation of chemoattractant receptors at the leading edge
of the cell releases G-protein βγ-subunits that, together with PIX-
activated Cdc42, stimulate PAK. GIT2 and α-PIX function through
Arf1 and G-protein βγ-subunits to generate superoxide radicals in
order to elicit the immune response (Mazaki et al., 2012). Loss of
GIT2 also mislocalizes the direction of superoxide release (Mazaki
et al., 2006). In T-cells, IL2 activates Rac1 through PKCθ-mediated
phosphorylation of α-PIX at Ser225 and Ser488 (Llavero et al.,
2015). In rat basophilic leukemia cells, depletion of GIT1 but not
GIT2 alters chemokine-directed cell migration (Gavina et al., 2010).
In T lymphocytes, loss of β-PIX reduces their ability to migrate
towards the chemokine CXCL12 (Volinsky et al., 2006), whereas
knockout of GIT2 increases their migration towards it (Phee et al.,
2010).
Adaptive immunity involves the recognition of non-self antigens,

which are presented to T- and B-cells by antigen-presenting cells
through a specialized cell–cell contact, the immune synapse. In T-
cells, activation of the T-cell receptor by antigen leads to activation
of PAK1 through a GIT–PIX complex, which together are recruited
to the immune synapse (Ku et al., 2001; Phee et al., 2005). The SAP
adaptor protein, a T-cell signaling protein that is mutated in X-
linked lymphoproliferative disease, binds to the SH3 domain of PIX
to couple SLAM receptors to Cdc42 activation during T-cell
activation (Gu et al., 2006). Accordingly, mice deficient in α-PIX or
GIT2 exhibit immune abnormalities. Loss of α-PIX reduces the
number of mature T- and B-cells in blood, and reduces their
proliferation in culture by preventing PAK1 activation at immune
synapses (Missy et al., 2008). This is in part due to reduced ability of
immature CD4+/CD8+ thymocytes to survive selection in the
thymus for cells with rearranged T-cell receptors that do not react to
self-antigens (Phee et al., 2010).
GIT–PIX has also been implicated in diseases with an

autoimmune component. For instance, GIT2-deficient mice
exhibit elevated susceptibility to colon damage in two models of
colitis and after peritoneal infection with E. coli (Wei et al., 2014).
GIT2 interacts with and regulates the NFκB signaling pathway
(Wang et al., 2011), and loss of GIT2 augments the signaling of the
Toll-like receptor TLR4 to NFκB by facilitating deubiquitination of
the E3 ligase TRAF6, which links TLR4 to NFκB (Wei et al., 2014).
This leads to a dramatic increase in pro-inflammatory cytokines and
amplified tissue damage. By contrast, GIT2-knockout mice exhibit
less liver inflammation through T-cells, have lower chemokine
levels and reduced liver injury compared to wild-type controls in the
concanavalin-A-induced hepatitis model (Hao et al., 2015). Thus,
GIT2 has multiple effects on inflammation by affecting the ability of
immune cells to mature, to home to sites of injury and to regulate
responses to injury. α-PIX has been suggested to be a potential
player in Crohn’s disease and ulcerative colitis (Chang et al., 2014),
whereas β-PIX is thought to facilitate recognition of bacterial
muramyl dipeptide through the receptor NOD2 to chemokine
production and release (Eitel et al., 2008).

Functions in cancer
GIT and PIX proteins are important regulators of cell adhesion and
spreading, cell–cell contact and cell migration (Hoefen and Berk,
2006; Frank and Hansen, 2008), and all these are crucial processes
in cancer cells (Hanahan and Weinberg, 2011). Therefore, it is not
surprising that GIT and PIX are increasingly found to be associated
with cancer. Searches for biomarkers for various tumors have
identified both GIT and PIX. GIT1 is elevated in cervical cancer cell

lines (Yoo et al., 2012), liver and colon cancer (Peng et al., 2013;
Chen et al., 2015), melanoma (Huang et al., 2013), non-small cell
lung cancer (Chang et al., 2015) and clear cell renal cancer (Lu et al.,
2015), whereas GIT2 is downregulated in breast cancer
(Sirirattanakul et al., 2015). α-PIX is overexpressed in glioma
(Yokota et al., 2006) and downregulated in melanoma following
TNFα treatment (de Lima et al., 2013). β-PIX expression was
reported to be elevated in breast cancers (Ahn et al., 2003).

Several mechanisms for GIT–PIX activity in cancer cell
proliferation, migration and/or metastasis have been proposed.
Among these is the control of epidermal growth factor (EGF)
receptor ubiquitylation and degradation by PIX proteins. The SH3
domain of PIX binds to the Casitas B-lineage lymphoma (Cbl)
family ubiquitin E3 ligases c-Cbl and Cbl-b (Flanders et al., 2003;
Seong et al., 2014). Binding of Cbl or PAK to PIX SH3 is mutually
incompatible (Jozic et al., 2005), and overexpression of Cbl
displaces PAK from β-PIX (Flanders et al., 2003). Cbl ubiquitin
ligases mark EGFR for degradation, limiting cell proliferation;
however, Cbl cannot regulate EGFRs when it is bound to PIX (Wu
et al., 2003; Feng et al., 2006). Cbl also ubiquitylates PIX proteins
for degradation (Schmidt et al., 2006; Seong et al., 2014; Kortüm
et al., 2015). Activated Cdc42 promotes binding of Cbl to β-PIX and
also promotes PIX GEF activity in a positive feedback loop (Wu
et al., 2003). Similarly, stimulation with EGF increases the
association of c-Cbl with α-PIX, but α-PIX also strongly
promotes EGFR recycling through an undefined mechanism that
is independent of its GEF activity or binding to c-Cbl (Kortüm et al.,
2015). Knocking down β-PIX (Stevens et al., 2014) or α-PIX
(Seong et al., 2014) in glioblastoma cells increased Cbl activity,
reduced migration and invasiveness, resulting in reduced
tumorigenicity in culture and in vivo. A distinct mechanism for
EGFR degradation involves sorting nexin 6 (Snx6) (Cavet et al.,
2008). Activation of EGFR promotes GIT1 phosphorylation and
binding to Snx6 in endosomes, where Snx6 sorts EGFR for
degradation and recycling. Thus, knockdown of GIT1 reduces
EGFR degradation rate, whereas overexpression of GIT1 and Snx6
enhances EGFR degradation (Cavet et al., 2008). However, how this
mechanism intersects with PIX and/or Cbl in controling EGFR has
not yet been examined.

GIT1 also contributes to cell transformation by regulating Arf.
NIH3T3 cells that have been transformed by activated mutant
Cdc42 lose the ability to form colonies in soft agar when GIT1 is
knocked down (Yoo et al., 2012). ArfGAP-defective mutant GIT1
augments growth in soft agar, and coexpression of GIT1 (or GAP-
deficient GIT1) with activated mutant Arf6 further increases this
(Yoo et al., 2012). This suggests that GIT1 regulates anchorage-
independent growth through its paxillin-dependent localization to
focal adhesions where it locally regulates Arf proteins, which are
required for formation of invadopodia and for anchorage
independent growth (Tague et al., 2004; Hashimoto et al., 2004).

GIT1 also interacts with methionine adenosyltransferase 2B
(MAT2B) in liver cancer and colon cancer cells. MAT2B binding
increases GIT-mediated scaffolding of MEK and Erk proteins,
thereby amplifying signaling of the proliferative Ras–MEK–Erk
pathway. Knockdown of MAT2B or GIT1 reduces Erk signaling
and proliferation of tumor cells, whereas overexpression of GIT1
and of MAT2B increased proliferation and metastasis of lung tumor
cells in an orthotopic lung tumor model (Peng et al., 2013; Peng
et al., 2015). Intriguingly, MAT2B synthesizes S-adenosyl
methionine, the methyl donor required for DNA and histone
methylation, suggesting that GIT1 also contributes to the regulation
of epigenetic modifications during cancer progression.
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MicroRNAs (miRNAs) have received much attention in cancer,
both as biomarkers of cancers and as regulators of oncogenes and
tumor suppressors (Esquela-Kerscher and Slack, 2006). GIT and
PIX genes have been shown to be targets of miRNAs during cancer
invasion and metastasis. GIT2 is a target of miR-210 in pancreatic
cancer cells, in which hypoxia increases levels of miR-210 to reduce
GIT2 (Chen et al., 2012). By contrast, GIT2 regulates levels of miR-
146a; knockdown of GIT2 increases the level of miR-146a in an
ArfGAP-dependent manner (Zhou and Thiery, 2013), suggesting
that Arf has a role in the maturation of this miRNA. Endogenous
levels of GIT2 inhibit the processing of miR-146a, which, in turn,
inhibits induction of epithelial–mesenchymal transition (EMT) – a
key process in metastasis – by reducing the expression of EMT-
promoting factors such as Zeb1.
GIT1 is the target of three distinct miRNAs. It is a direct target

gene for miR-491-5p; low levels of miR-491-5p in oral squamous
carcimona cells have been associated with a poor survival rate of
patients, whereas overexpression of miR-491-5p reduces the
metastatic potential of tumors (Huang et al., 2013). GIT1
overexpression counteracts miR-491-5p-mediated inhibition of
cell migration and in vivo lung metastasis, whereas silencing of
GIT1 mimics the ability of miR-491-5p to inhibit migration,
invasion and metastasis. In patient samples, low miR-491-5p levels
and high expression of GIT1 correlates with the potential to
metastasize to lymph nodes (Huang et al., 2013). Huang and
colleagues also demonstrated that GIT1 is a direct target of miR-
149, which was found to suppress breast cancer metastasis (Chan
et al., 2014). There, knockdown of GIT1 reduced migration and
invasion of highly metastatic cells in culture, as well as metastasis in
vivo, whereas overexpression of GIT1 reversed the miR-149-
mediated inhibition of cell migration and invasion, as well as
metastasis in a less metastatic cell line. LowmiR-149 and high GIT1
expression have been associated with advanced breast cancer and
lymph node metastasis (Chan et al., 2014). Finally, GIT1 is a target
for miR-138 in non-small cell lung cancer (Li et al., 2015).
Expression of miR-138 or knockdown of GIT1 reduces cell growth
and EMT, whereas re-expression of GIT1 in miR-138-expressing
cells partially reverses these effects. In medulloblastoma cells,
ARHGEF6 (α-PIX) has been shown to be a target of miR-135a, and
re-expression of miR-135a in highly tumorigenic cells reduces α-
PIX expression and tumorigenicity (Hemmesi et al., 2015).
However, to date, no studies have assessed whether miRNA-

altered expression level of GIT changes the level of PIX (or vice
versa), nor whether overexpression of one member of the GIT–PIX
complex in patient tumor samples results in overexpression of other
subunits.

Conclusions
The GIT–PIX complex is a crucial integration center for numerous
signaling pathways, in addition to its well-known roles in membrane
and vesicle trafficking, and cytoskeletal dynamics through
regulating Arf and Rac/Cdc42 (Fig. 2). In vivo studies have
shown that GIT1 and GIT2, as well as α-PIX and β-PIX, share many
functions but that, however, they are not redundant. There is clearly
a tight linkage between GIT and PIX proteins and most cells contain
the two GIT and PIX isoforms and potentially multiple splice
variants of GIT2 and β-PIX. However, the importance of this
diversity for cell function is unknown, as are the mechanisms by
which complexes are assembled to contain or exclude mixtures of
GIT or PIX isoforms. Furthermore, although there are studies that
suggest functions for GIT without PIX or for PIX without GIT, it
has not yet been unequivocally demonstrated whether GIT and PIX

are always associated, or whether they can associate and/or
dissociate under particular conditions. The existence of GIT2 and
β-PIX variants without coiled-coil domains (Fig. 1) indicates that at
least some variants may not function within an oligomeric complex.
An intrinsic dynamics of self-association of GIT1 into ‘closed’ and
‘open’ states has also been proposed (Totaro et al., 2007, 2014), but
the structure of these states remains to be determined. Structural
studies of GIT–PIX are needed to clarify these issues, and to
understand how the GAP and GEF activities of GIT and PIX might
be coupled. Additionally, research is needed that integrates the
knowledge of GIT–PIX regulation, to develop a better
understanding of how the many, seemingly distinct, cellular
signals that intersect at GIT–PIX complexes are functionally linked.
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Eitel, J., Krüll, M., Hocke, A. C., N’Guessan, P. D., Zahlten, J., Schmeck, B.,
Slevogt, H., Hippenstiel, S., Suttorp, N. and Opitz, B. (2008). Beta-PIX and
Rac1 GTPase mediate trafficking and negative regulation of NOD2. J. Immunol.
181, 2664-2671.

Eriguchi, M., Mizuta, H., Luo, S., Kuroda, Y., Hara, H. and Rubinsztein, D. C.
(2010). alpha Pix enhances mutant huntingtin aggregation. J. Neurol. Sci. 290,
80-85.

Esquela-Kerscher, A. and Slack, F. J. (2006). Oncomirs - microRNAs with a role in
cancer. Nat. Rev. Cancer 6, 259-269.

Feng, Q., Baird, D. and Cerione, R. A. (2004). Novel regulatory mechanisms for the
Dbl family guanine nucleotide exchange factor Cool-2/alpha-Pix. EMBO J. 23,
3492-3504.

Feng, Q., Baird, D., Peng, X., Wang, J., Ly, T., Guan, J.-L. and Cerione, R. A.
(2006). Cool-1 functions as an essential regulatory node for EGF receptor- and
Src-mediated cell growth. Nat. Cell Biol. 8, 945-956.
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