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Activation of trimeric G proteins has been traditionally viewed
as the exclusive job of G protein-coupled receptors (GPCRs). This
view has been challenged by the discovery of non-receptor activa-
tors of trimeric G proteins. Among them, GIV (a.k.a. Girdin) is the
first for which a guanine nucleotide exchange factor (GEF) activity
has been unequivocally associated with a well defined motif. Here
we discuss how GIV assembles alternative signaling pathways by
sensing cues from various classes of surface receptors and relaying
them via G protein activation. We also describe the dysregulation
of this mechanism in disease and how its targeting holds promise
for novel therapeutics.

Heterotrimeric (henceforth trimeric) G proteins work as
molecular switches that control the flow of information from
extracellular cues perceived by G protein-coupled receptors
(GPCRs)4 at the cell surface to a wide array of intracellular effector
proteins that control cell behavior (1, 2). Resting (GDP-bound) G�
subunits in complex with G�� are activated by ligand-occupied
GPCRs, which are guanine nucleotide exchange factors (GEFs)
and promote the exchange of GDP for GTP on the � subunit (1).
Signaling is turned off by the intrinsic GTPase activity of G�, lead-
ing to reassociation of G� with G��. This well studied sequence of
reactions is commonly referred to as the “G protein cycle” and
represents the core components and events of this signal transduc-
tion mechanism. Extensive work during the last decades has
revealed that this signaling mechanism is dysregulated in major
human diseases such as cancer, fibrosis, neurodegeneration, dia-
betes, and cardiovascular disease. In fact, GPCRs represent the
target for 30–50% of marketed drugs (3).

A less well studied aspect of G protein signaling pertains to
the role of the so-called “accessory proteins” (4). These refer to
a still emerging heterogeneous set of proteins capable of mod-
ulating the activity of G proteins in various ways. Detailed
descriptions of these accessory proteins or some of their sub-
families have been the subject of extensive reviews elsewhere
(4 – 8). Here we will focus on reviewing recent discoveries on a
particular G protein activator called GIV (a.k.a. Girdin). We will
discuss how these recent discoveries provide a new perspective
on how we understand trimeric G protein signaling and its
cross-talk with other signaling pathways, and how this impacts
a variety of cellular processes. We will also discuss the impact of
GIV-mediated signaling in the progression of human diseases
and the future perspectives that this opens for therapeutics.

Accessory Proteins in G Protein Signaling

Historically, the first accessory proteins in G protein signal-
ing (and the best characterized to date) were the RGS proteins
(9 –11). Soon after, a group of GoLoco/GPR proteins was also
identified (12, 13). Although both RGS and GoLoco/GPR pro-
teins work as inhibitors of G� subunits, the molecular mecha-
nisms that they use are different; RGS proteins are GTPase-
activating proteins (GAPs) that accelerate the intrinsic GTPase
activity of G� (9, 10), whereas GoLoco/GPR proteins are gua-
nine nucleotide dissociation inhibitors (GDIs) that block nucle-
otide exchange (12, 14, 15). Of note, these groups of regulators
are structurally well defined by shared signature motifs or
domains. The “GoLoco/GPR motif” (�20 –30 aa) (16, 17) and
the “RGS box” (�120 aa) (10, 18 –20) are sufficient to exert
guanine nucleotide dissociation inhibitor or GTPase-activating
protein activity, respectively, on G� subunits.

Although the identity of tractable domains has propelled the
biological characterization of RGS and GoLoco/GPR proteins
and incentivized efforts to pharmacologically target them (21,
22), the characterization of a third group of accessory proteins
called non-receptor GEFs has progressed at a slower pace. Non-
receptor proteins such as AGS1 (23), Ric-8A (24), Ric-8B (25),
Arr4/Get3 (26), or CSP� (27), among some others (4), have
been described to mimic the action of GPCRs by virtue of their
GEF activity toward different G� subunits. However, these
examples represent a heterogeneous group of proteins, and no
signature domain or motif was described as responsible for
their GEF activity. This precluded the design of tools, such as
GEF-deficient mutants, to unequivocally link the biological
functions of these proteins (26, 28, 29) to their GEF activity
instead of to other functional domains that they may have. In
this regard, the discovery of the first defined GEF motif in GIV
(30) has provided a unique opportunity to further our under-
standing of non-receptor GEFs.

GIV, a Non-receptor GEF for Trimeric G Proteins That
Works via a Defined Motif

GIV is a large (1870-aa) multidomain protein (Fig. 1A) capa-
ble of binding to multiple cellular components (e.g. actin fila-
ments, phosphoinositides, trimeric G proteins, etc.). The iden-

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01GM108733 (to M. G.-M.), R01CA160911 and R01099226 (to P. G.),
and R01CA100768 and R37DK17724 (to M. G. F.) This work was also supported
by the American Cancer Society Grant RSG-13-362-01-TBE (to M. G.-M.) and
the Burroughs Wellcome Foundation (to P. G.). This is the third article in the
Thematic Minireview series “Cell Biology of G Protein Signaling.”

1 To whom correspondence may be addressed. E-mail: mgm1@bu.edu.
2 To whom correspondence may be addressed. E-mail: prghosh@ucsd.edu.
3 To whom correspondence may be addressed. E-mail: mfarquhar@ucsd.edu.
4 The abbreviations used are: GPCR, G protein-coupled receptor; GEF, gua-

nine nucleotide exchange factor; RGS, regulator of G protein signaling;
AGS, activator of G protein signaling; GBA, G� binding and activating
motif; GPR, G protein regulator; RTK, receptor tyrosine kinase; SH2, Src
homology 2; CREB, cAMP-response element-binding protein; aa, amino
acid(s); EGFR, epidermal growth factor receptor.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 11, pp. 6697–6704, March 13, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

MARCH 13, 2015 • VOLUME 290 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 6697

MINIREVIEW



tification of GIV, as well as its initial characterization as a
signaling molecule, was originally reported by several inde-
pendent groups (31–35) before the discovery of its GEF motif.
Anai et al. (33) provided the first evidence directly linking GIV
expression to the enhancement of the PI3K-Akt pathway,
which was confirmed by us (36) and others (37). These and
other studies (31, 38 – 40) indicated that GIV played a critical
role in the response of different cell types to receptor tyrosine
kinase (RTK) and GPCR stimulation. In the current review, we
will focus on the functions of GIV specifically associated with
its ability to bind and modulate G proteins. We direct the read-
ers to other recent reviews covering other functions of GIV
(41).

GIV was originally identified as a G�i3-binding protein in
a yeast two-hybrid screen (34). GIV can bind robustly to the
Gi family members G�i1, G�2, and G�3 and to a lesser extent
to G�s. No significant binding is observed to the represen-
tative members of other G protein subfamilies, such as G�12
and G�q (34). A critical realization (30) came from the iden-
tification of sequence similarity between a stretch of �25
evolutionarily conserved amino acids in the C-terminal
domain of GIV and KB-752. KB-752 is a synthetic peptide
with GEF activity toward G�i proteins but presumed to have
no similarity to any known G protein regulator at the time
(42). A series of studies provided the biochemical basis to
establish GIV as a bona fide GEF for G�i subunits and also
described details on the structural basis for its binding to G
proteins (30, 32, 43– 45). Enzymatic assays with purified
components demonstrated that GIV does not affect the rate
of catalysis of GTP hydrolysis by G�i3 but instead accelerates
the rate of nucleotide exchange, leading to G� subunit acti-

vation consistent with a GEF activity (30, 44). Another fea-
ture shared with other known GEFs is the inability of GIV to
bind G� subunits in the active conformation (GTP-bound)
(30, 32). This ensures the directionality of the reaction
toward signaling activation: i.e. GIV engages G�-GDP as a
substrate and facilitates the nucleotide exchange reaction,
and once GTP is loaded onto the G protein, the complex
dissociates to allow binding of the active G protein to its
effectors, leaving GIV free for a new round of activation.

These studies also provided important structural insights
into the assembly of the GIV-G� complex by using a combi-
nation of homology modeling (based on the x-ray structure
of the KB-752 peptide bound to G�i1 (42)) and site-directed
mutagenesis (30, 45). The conclusion of these studies indi-
cates that conserved hydrophobic residues that align on one
side of a short aliphatic helix in GIV dock onto a hydropho-
bic cleft between the switch II and the �3 helix of G�i (Fig.
1B). This mode of binding explains the inability of GIV to
bind active G�i because the conformation of the switch II
helix in G�i-GTP occludes the predicted binding site (46).
Another important implication of this mode of binding is
that the docking site of GIV on G�i overlaps with the G��
binding region (30). Although it is not known whether GIV
can directly activate a G�i-�� trimer in vitro, it was shown
that GIV can displace G�� from a preformed G�i-�� trimer
in vitro and enhance G��-dependent signaling (e.g. PI3K-
Akt) in cells via its GEF motif (30). A question that remains
open is how much of the action of GIV is mediated by G��
subunits released from G� purely by physical displacement
or by activation of G�i.

FIGURE 1. GIV is a multi-modular protein that activates G�i via its C-terminal GEF motif by assembling a unique GIV-G�i protein-protein interface. A,
schematic representation of the domain organization of GIV. MT, microtubule; GBD, GTPase-binding; PI4P, phosphatidylinositol 4-phosphate; NT, N terminus;
CT, C terminus. B, left, homology model of the GEF sequence of GIV (orange) bound to G�i3 (blue, green, and red) generated as described in Ref. 30. Green denotes
the switch II (SwII) region, and red denotes the �3 helix. Right, same view as is the left panel with a space-filling surface representation of G�i3 colored by
hydrophobicity (red to blue scale indicates increasing hydrophobicity). Three hydrophobic residues in GIV (Leu-1682, Phe-1685, and Leu-1686) are predicted to
dock onto a hydrophobic cleft on G�i3.
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GIV Links Multiple Classes of Surface Receptors to
G Protein Activation

Mapping for the first time the specific motif and residues
in a non-receptor GEF required to bind and activate G pro-
teins has provided a unique advantage over other known
non-receptor GEFs. Designing surgical mutations that pre-
vent the coupling of GIV to G� has served not only to vali-
date that its GEF activity in vitro is mediated by a defined
motif but also to characterize the biological functions spe-
cifically associated with this activity in cells (see below). Ini-
tial experiments dissected a signaling mechanism in which
G�� subunits released upon GIV-mediated G protein acti-
vation resulted in activation of PI3K-Akt (30), a pathway
previously reported to be modulated by GIV via an unknown
mechanism (33). Later work has dramatically expanded the
repertoire of intracellular signals controlled by the GEF
activity of GIV (Fig. 2), including PKA/CREB, ERK1/2, Src,
STAT3, mTOR (mammalian target of rapamycin), and
SMAD2/3, among others (36, 47– 49).

What became apparent early on while investigating the
function of GEF-deficient GIV mutants was that GIV-depen-
dent G protein activation was not important exclusively for
signaling pathways triggered by stimulation of GPCRs.
Instead, the GEF activity of GIV is required to signal down-
stream of multiple RTKs (30, 36, 43, 44, 48). More recently, it
was also shown for Toll-like receptors (TLRs) (47) and trans-
forming growth factor � receptors (TGF�Rs) (47). These
findings have important implications because they place
activation of trimeric G proteins as a critical signal transmis-
sion step in the context of signaling pathways not tradition-

ally believed to utilize them. Interestingly, it has been
recently reported that Ric-8A, another non-receptor GEF for
trimeric G proteins, is required for efficient RTK signaling
(50, 51). However, it has recently been shown that Ric-8
proteins are G protein chaperones (52–54), and it is contro-
versial whether the effects observed for Ric-8 in cells are
mediated by its GEF or its chaperone activity (55, 56). Thus,
the picture that starts to emerge is one in which GIV, and
maybe other non-receptor GEFs, works as a common plat-
form on which inputs from different surface receptors con-
verge to be subsequently transmitted via G protein activa-
tion (Fig. 2). This mechanism is likely to underlie the
signaling rewiring mediated by the GEF activity of GIV in
different pathological conditions (see below).

However, how does GIV become engaged with these differ-
ent surface receptors? This question still remains incompletely
answered. Of all surface receptor classes GIV is linked to, the
molecular mechanisms of coupling are best understood for
RTKs. GIV was first shown (36) to directly bind the tyrosine-
phosphorylated intracellular tail of EGFR, the prototypical
RTK. Subsequent work demonstrated that this mode of binding
is conserved for other RTKs (including insulin receptor � and
VEGFR2) (57), suggesting its generality. However, the struc-
tural basis for this has been elucidated only recently (57). A
stretch of �110 aa in the C-terminal domain of GIV appears to
display structural plasticity: i.e. it is capable of transitioning
from a disordered state to an SH2-like folded domain capable of
binding phosphotyrosine ligands. When a critical residue in
this domain is mutated, binding to phosphotyrosines is lost
and GIV no longer transduces signals downstream of RTKs,

FIGURE 2. The GEF motif of GIV modulates key signaling networks downstream of diverse classes of receptors. Top, a schematic summarizing the diverse
classes of receptors that converge upon GIV and have been shown to require the GEF function of GIV to transduce downstream signaling. Solid lines connecting
the receptor (i.e. RTK) to GIV represent direct coupling by physical interaction, whereas the dotted lines represent coupling by an unknown mechanism. InsR,
insulin receptor; PDGFR, PDGF receptor; VEGFR, VEGF receptor; fMLPR, formylmethionylleucylphenylalanine receptor; LPAR, lysophosphatidic acid receptor;
TGF�R, transforming growth factor � receptor; mTOR, mammalian target of rapamycin; pCREB, phosphorylated CREB; pTyr, phosphotyrosine. Bottom, summary
of different signaling pathways that are either enhanced (green upward arrow) or suppressed (red downward arrow) by the GEF activity of GIV. Numbers indicate
the reference number in the text for the publication where the original finding was reported.
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even in the presence of an intact GEF motif (57). Taken
together, these findings delineate a signal transduction
mechanism in which trimeric G proteins become activated
by RTKs via GIV: i.e. autophosphorylated RTK tails recruit
the SH2-like domain of GIV, which in turn activates G pro-
teins via its GEF motif (Fig. 3).

The GEF Motif of GIV Is Crucial for the Regulation of
Diverse Biological Processes

Considering the variety of surface receptors GIV is coupled
to and the many targets that exist for G proteins, the wide array
of cellular processes GIV is involved in is not surprising. To date
the G protein modulatory function of GIV has been reported to
regulate cell motility and tissue invasion (30, 36, 44, 49, 58),
mitosis (36, 59), autophagy (43), cell survival (47, 48), and intra-
cellular protein trafficking (36, 59).

Cell Motility

When the GEF motif of GIV was initially identified, the best
characterized cellular function of GIV was cell migration. GIV

had been shown to be required for cell motility due to regula-
tion of the actin cytoskeleton remodeling (60). Cells without
GIV showed defects in directional migration and failed to form
actin stress fibers. The observation that depletion of G�i3 or
expression of inactive G�i3 mutants phenocopied GIV deple-
tion (32) prompted the investigation of the G protein regulatory
function of GIV in this process. Cells engineered to express
exclusively GEF-deficient GIV failed to migrate, to form actin
stress fibers, and to activate pro-migratory PI3K signals via G��
(30). This was originally observed in multiple cancer cell lines
but has been subsequently demonstrated to be true for other
cell types including hepatic stellate cells (47) and kidney podo-
cytes (48). It is tempting to speculate that the G protein regula-
tory function of GIV is also required in other cell types such
as endothelial cells, leukocytes, non-transformed fibroblasts,
and smooth muscle cells, which require GIV for cell motility
(32, 40, 60).

Autophagy

The investigation of the role of GIV in autophagy was prompted
by two seemingly unconnected mechanisms of regulation of
this process. On the one hand, autophagy is well known to be
inhibited upon RTK stimulation (e.g. insulin), and on the
other hand, it has been suggested that G protein activation
may also inhibit autophagy (61, 62). GIV was found to be
required for the inhibition of autophagy upon insulin stim-
ulation, and this required an intact GEF motif (43), connect-
ing the two previously unrelated mechanisms. This is an
example of how the ability of GIV to assemble alternative G
protein signaling pathways (e.g. triggered by an RTK) helps
explain previously unappreciated mechanisms of control of
cell behavior.

Cell Survival

In certain cell types such as hepatic stellate cells (47) and
kidney podocytes (48), activation of G proteins by GIV is an
intermediate and required step in pro-survival pathways. In
these cell types, disruption of the GEF motif of GIV triggers
apoptosis, presumably also via impairment of PI3K-Akt signal-
ing. These findings not only expand the repertoire of the cellu-
lar functions of GIV but also suggest that the signaling networks
downstream of GIV may be cell-specific.

Intracellular Trafficking and Mitosis

Two independent groups initially described GIV as a pro-
tein that can localize to endomembranes (34, 35). The bio-
logical significance of this localization was substantiated by
the discovery of the role of GIV in the intracellular traffick-
ing of EGFR (36, 59). Cells expressing GIV mutants that can-
not bind G proteins accumulate EGFR in early endosomes
after ligand stimulation. As a consequence, EGFR signaling is
reprogrammed such that pro-mitotic signals (e.g. ERK) ema-
nating from endosomes are enhanced, whereas pro-migra-
tory signals at the plasma membrane (e.g. PI3K) are inhib-
ited, resulting in a faster rate of proliferation. Interestingly,
this trafficking mechanism controlled by GIV seems to be
mediated by its interaction with G�s and not with G�i (59).
Although GIV binds in vitro more robustly to G�i than to

FIGURE 3. GIV directly binds multiple ligand-activated RTKs via an
SH2-like domain in its C terminus. Top, a schematic summarizing the
sequence of events triggered by growth factors (such as EGF) is shown.
Upon ligand stimulation, RTK dimerization and autophosphorylation of
the cytoplasmic tail are triggered. Specific phosphotyrosines within the
RTK tail (e.g. Tyr-1148 and Tyr-1173 on EGFR) serve as sites for the recruit-
ment of GIV. Such recruitment requires recognition of phosphotyrosine
ligands by an �110-aa stretch within the C terminus of GIV that folds into
an SH2-like domain that stably docks onto autophosphorylated RTK tail.
Close proximity to EGFR facilitates efficient phosphorylation of GIV on
critical tyrosines that bind and activate Class 1 PI3-kinases. InsR, insulin
receptor; PDGFR, PDGF receptor; VEGFR, VEGF receptor. Bottom, molecular
modeling of the interface between the SH2 domain of GIV (red, white, and
blue) and EGFR-derived phosphotyrosine peptide (purple) corresponding
to Tyr(P)-1148 and its flanking residues, a high-affinity binding site for GIV
on the EGF receptor. The acidic, neutral, and basic potentials are displayed
in red, white, and blue, respectively. The electrostatic surface potential of
the phosphotyrosine recognition and binding pocket of the SH2 domain
of GIV is mostly basic. GIV CT, GIV C terminus.
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G�s, the functionality of the GIV-G�s complex in cells sug-
gests that this weaker interaction is sufficient to drive bio-
logical processes and/or that modifications occurring in cells
enhance the coupling of GIV to G�s. It is still not known
whether GIV acts as a GEF on G�s or has any other effect on
its intrinsic activity.

Implications of GIV and Its GEF Activity in Disease

GIV expression is dysregulated in different diseases such as can-
cer, fibrosis, and nephrotic syndrome. A common theme observed
in all these diseases is that GIV expression is up-regulated and its
coupling to G proteins triggers phenotypic changes in key cell
types that contribute to disease progression (Fig. 4).

Cancer Metastasis

The importance of GIV in cancer metastasis has been estab-
lished by us and others based on experiments carried out in
cultured cells and murine models of tumor invasion, as well as

human cancers (32, 36, 39, 45, 49, 58, 63– 67). GIV is expressed
at very low levels in non-transformed epithelial tissues, but it is
up-regulated in highly invasive cancers of many types (colon,
breast, pancreas, etc.) (32, 36, 39, 45, 49, 58, 63– 67). Consis-
tently, depletion of GIV impairs the prometastatic behavior of
invasive tumor cells in culture and cancer metastasis in murine
models (39). The differential expression of GIV in tumors is also
clinically significant because its expression serves as a bona fide
biomarker for metastasis: i.e. we and others have reported that
GIV expression in tumors in situ correlates with cancer metas-
tasis and predicts patient death in different cancers including
breast, colorectal, and esophagus, among others (58, 65– 67).
Although GIV is a multidomain protein, its GEF motif is the
critical element controlling the behavior of highly invasive
tumor cells. The mechanistic model suggested by these findings
is that up-regulation of GIV expression in advanced metastatic
cancers favors its coupling to G proteins, which in turn pro-
motes signaling hyperactivation that enhances invasiveness.

FIGURE 4. The GEF up-regulation of GIV is directly linked to multiple human diseases. A model depicting the common theme for the role of GIV in disease
(from top to bottom) is shown. Up-regulation of GIV expression promotes its coupling to G proteins and enhancement of downstream signaling events. This
altered pattern of signaling triggers phenotypic changes in key cell types, thereby contributing to disease progression. Examples of this mechanism of the
action of GIV have been described in hepatic stellate cells during liver fibrosis (47), tumor cells during metastatic progression (30, 32, 36, 58), and kidney
podocytes upon nephrotic injury (48).
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Hepatic Fibrosis

Somewhat equivalent observations have been recently reported
in liver fibrosis (47). Liver fibrosis is a multi-receptor-driven dis-
ease in which a healthy liver undergoes a “scarification” process
due to abnormal deposition of extracellular matrix components
that cause an increase in the stiffness of the tissue and eventual loss
of organ function. Although GIV expression is very low in the
healthy liver, it is dramatically up-regulated as it progresses toward
the fibrotic state. GIV expression in hepatocytes, the most abun-
dant cell type in the liver, remains undetectable, whereas it is
increased manyfold in hepatic stellate cells (47), the main cell type
responsible for driving liver fibrosis via collagen deposition among
other mechanisms. In hepatic stellate cells, the GEF function of
GIV serves as a central hub within the fibrogenic signaling network
initiated by diverse classes of receptors. GIV enhances the profi-
brotic pathways (PI3K-Akt-FoxO1 and TGF�-SMAD) and inhib-
its the anti-fibrotic pathway (cAMP-PKA-pCREB, where pCREB
indicates phosphorylated CREB) to skew the signaling network in
favor of fibrosis, all via activation of G�i (47). An aspect of this
mechanism that remains uninvestigated is the possible role of G�s
regulation by GIV in this context. As mentioned above, GIV can
bind to G�s (34, 59), although the specific consequences of this
interaction on the intrinsic activity of the G protein are known.
Considering the key role of cAMP as an anti-fibrotic signal (68–
70), modulation of G�s by GIV may have significant implications
in the progression of the disease.

Nephrotic Syndrome

A variation on the theme is found in nephrotic syndrome,
which is caused by the loss of the kidney’s filtration function. In
the normal kidney, the initial filtration step in the glomerulus is
carried out in part by a specialized cell type, the podocyte,
which forms cell interdigitations in which special cell-cell junc-
tions contribute to the filtration barrier. In the case of nephrotic
syndrome, GIV is also up-regulated, but here it serves as an
adaptive response to nephrotic injury that protects podocytes
against apoptosis (48). This contrasts with the observations in
metastasis and fibrosis, in which GIV up-regulation actually
promotes the disease progression. GIV utilizes its GEF function
to activate the pro-survival PI3K-Akt pathway in response to
VEGF and compensate for the down-regulation of this pathway
caused by the loss of nephrin during early stages of nephrosis.

Future Perspectives

The recent advances described above indicate that GIV
assembles alternative signaling pathways by perceiving cues
from different classes of receptors and relaying them via G pro-
tein activation. This mechanism is critical in the progression of
different diseases, many of which represent a huge burden for
public health. It makes a compelling argument for the further
development of the GIV-G�i interface as a novel and attractive
target for therapeutic intervention in many of these diseases.
Because GIV coupling to G proteins can promote diseases such
as metastasis and fibrosis, disruption of the GIV-G protein
interaction should prove helpful in ameliorating the clinical
outcome of these diseases. The rational design of pharmacolog-
ical agents would be greatly aided by the tractability of the
GIV-G protein interface and availability of structural detail.

Although we have focused here on describing cellular processes
and diseases for which the GEF activity of GIV has been demon-
strated to play a role, this activity may also contribute to other
processes. For example, GIV has been shown to modulate the
response of endothelial cells (38) and vascular smooth muscle cells
(40) to growth factors, contributing to the regulation of angiogen-
esis and vascular remodeling upon injury (38, 40, 71). GIV has also
been shown to be required for proper neuronal migration and
postnatal brain development (72, 73) by a mechanism involving
GIV-dependent activation of Akt (37). Although it is tempting to
speculate that the GEF activity of GIV may contribute to these
processes, further investigation in these areas is needed to clarify
its involvement.

Despite the progress made, a number of questions still
remain open. For example, does GIV mediate G protein activa-
tion downstream of additional classes of surface receptors, or
are additional biological processes controlled by GIV? Neither
of these possibilities seems impossible or far-fetched consider-
ing the wide spectrum of receptors already described to utilize
GIV as a convergence platform (Fig. 2) for transactivation of G
protein signaling. A related complexity resides in the fact that
we do not fully understand how GIV can couple to such a
diverse group of surface receptors. Although the molecular
coupling to RTKs has been studied in more detail, it is challeng-
ing, but not impossible, to envision a common theme in the
mechanism by which GIV couples to other receptor subclasses.
One possibility is that different molecular mechanisms have
evolved to allow the integration of GIV into different signaling
pathways. For example, with regard to GPCRs, one could envi-
sion several models by which GIV could contribute to en-
hanced G protein activation using mechanisms that are similar
to that shown in the case of class II AGS proteins (7). This class
of accessory proteins in G protein signaling is proposed to asso-
ciate with G�i subunits after GPCR activation but before reas-
sociation with G�� (7), which leads to prolonged signaling via
“free” G��. Such a mode of action would be compatible with
GIV. Another proposed model (7) is that AGS-G protein com-
plexes are direct substrates for GPCRs. One could speculate
that analogous GIV-G protein complexes could also be sub-
strates for GPCRs and thereby contribute to overall G protein
activation by GPCRs.

Another important question that has been explored only tan-
gentially is whether other proteins contain a GEF sequence similar
to that found in GIV. There is evidence supporting this notion
because Calnuc and NUCB2, two proteins sharing significant
sequence similarity, have been described to possess a “G� binding
and activating” (GBA) motif similar to the GEF sequence found in
GIV (74). Although this GBA motif in Calnuc and NUCB2 is
required for binding to G proteins and can promote modest acti-
vation of G�i subunits in vitro, it is still unknown what biological
functions it may have. Future efforts trying to systematically iden-
tify “GBA proteins” and characterize their biological functions
would lead us close to answering exciting questions related to the
generality of this mechanism of signal transduction, its implica-
tions in controlling cell behavior, and the suitability of these GBA
proteins as potential therapeutic targets.
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