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Environmental cues are transmitted to
the interior of the cell via a complex
network of signaling hubs. Receptor
tyrosine kinases (RTKs) and trimeric G
proteins are 2 such major signaling hubs
in eukaryotes. Canonical signal transduc-
tion via trimeric G proteins is spatially
and temporally restricted, i.e., triggered
exclusively at the plasma membrane
(PM) by agonist activation of G-protein-
coupled receptors (GPCRs) via a process
that completes within a few hundred
milliseconds. Recently, a rapidly emerg-
ing paradigm has revealed a non-canoni-
cal pathway for activation of trimeric G
proteins by the non-receptor GEF, GIV/
Girdin, that has distinctive temporal and
spatial features. Such activation can be
triggered by multiple growth factor
RTKSs, can occur at the PM and on inter-
nal membranes discontinuous with the
PM, and can continue for prolonged
periods of time. The molecular mecha-
nisms that govern such non-canonical G
protein activation and the relevance of
this new paradigm in health and disease
is discussed.

Environmental cues are transmitted to
the interior of the cell via a complex net-
work of signaling hubs. Receptor tyrosine
kinases (RTKs) and trimeric G proteins
are 2 such major signaling hubs in eukar-
yotes. For several decades these 2 pathways
were believed to operate in a discrete
mode by transducing signals through their
respective  downstream  intermediates;
upon ligand stimulation RTKs propagate
the signals to the interior of the cell via
adaptor proteins that are recruited to
phosphotyrosines on the receptor tail,'
whereas GPCRs, which are 7-transmem-
brane (TM) receptors with an intrinsic

Cell Cycle

Guanine nucleotide Exchange Factor
(GEF) activity, recruit and activate G pro-
teins by triggering the exchange of GDP
with GTP.? However, mounting evidence
over time has unfolded a complex array of
cross-talk between these 2 pathways.
Although transactivation of RTKs by
GPCRs is a well-documented and widely-
accepted phenomenon, the reverse con-
cept, i.e., transactivation of trimeric G
proteins by RTKs has remained controver-
sial. The controversy was fueled largely by
the fact that there was no evidence that G
proteins and ligand-activated RTKs come
within close proximity in cells, nor that
RTKs, or any member of the growing
family of signal transducing adaptors used
by RTKs can serve as GEFs. A lot of these
unanswered questions were clarified by
the discovery and characterization of Ga-
Interacting  Vesicle associated protein
(GIV; a.k.a Girdin), an unusual molecule
that can bind both RTKs and G proteins.”

GIV is a mult-modular signal trans-
ducer and a non-receptor GEF for Gai.*
Working downstream of a variety of
growth factors [EGF, IGF, VEGF, Insulin
and PDGFR] GIV modulates, i.e., either
enhances or suppresses a variety of signal-
ing pathways, all via its ability to activate
Gai in the close proximity of a ligand-
activated RTK.? Multiple studies [sum-
marized in]> employing a selective
GEF-deficient GIV mutant (F1685A)
have demonstrated that the signaling net-
work downstream of RTKs in cells with
wild-type GIV is a mirror image of the
network in cells expressing a GEF-defi-
cient mutant GIV.”> Consistent with its
ability to integrate signals downstream of
multiple receptors, both at the PM and on
other subcellular organelles, GIV modu-
lates diverse cellular processes (Table 1)
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Table 1.

Cellular Process/ Organelle Functions Effect of GIV’s GEF function Citation
Cell Migration “"ON” = Enhances, “OFF” = Inhibits 41016
Golgi Structure and Secretory Function “ON” = Preserves and enhances, “OFF” = Disrupts, delays 8
Autophagy “ON" = Halt and rescue, “OFF" = Initiate and promote 7
Endosome Maturation “ON” = Rapid, “OFF” = Slowed 7
Cell Survival “ON” = Survive, “OFF" = Apoptosis 1418
Cell Polarity “ON" = Polarity achieved, “OFF” = Loss of polarity 1937
Cell Division Not examined 20
Endocytosis Not examined 2
Cell-cell Junctions, Permeability Not examined =
23,24

Neuronal Migration and Differentiation
Macrophage Chemotaxis
Cell Size

Not examined
Not examined
Not examined

25

and GIV-dependent signaling has been
implicated in a number of pathophysio-
logic conditions (Table 2).

Emergence of a New Paradigm;
GIV plus RTKs Equals GPCRs

The molecular mechanisms that gov-
ern how GIV influences a diverse range of
pathophysiologic processes and how it
may couple activation of G protein to
multiple receptors have come to light
only recently,” and are understood best in
the context of a numerous RTKs that sig-
nal via GIV. GIV-dependent growth fac-
tor signaling appears to rely heavily on the
unique modular make-up of its C-termi-
nus (CT), within which 2 unlikely
domains coexist (Fig. 1) a previously
defined GEF motif via which GIV binds

and activates Gi and 2) a ~110 aa stretch
which folds into a SH2-like domain in
the presence of phosphotyrosine ligands;
the latter is necessary and sufficient to rec-
ognize and bind specific sites of autophos-
phorylation on the receptor tail. The
discovery of coexisting SH2-like and GEF
modules in-tandem within GIV’s C-ter-
minus supported the idea that GIV had
the necessary modular make-up to serve
as a platform for convergent signaling
downstream of multiple RTKs via G pro-
teins. That such a platform is functional
in cells was demonstrated only recently
using genetically encoded, GIV-derived
fluorescent biosensors > in living cells for
bimolecular fluorescent complementation
(BiFC) or Forster resonance energy trans-
fer (FRET) imaging studies, or a combi-
nation of both. These studies revealed
that the C-terminus of GIV represents the

smallest, functionally autonomous unit
that retains most key signaling properties
of full length GIV: 1) It can bind and acti-
vate Gai in cells in a GEF dependent
manner; 2) It retains the properties of
receptor recruitment and signal transduc-
tion characteristic of full length GIV; and
3) It serves as a bona fide platform for the
assembly of RTK-Gai complexes at the
PM and for transactivation of Gai and
suppression of cAMP in response to
growth factors. FRET studies in living
cells also revealed that although the extent
of G protein activation downstream of
RTKs and GPCRs appear similar, the spa-
tiotemporal dynamics of non-canonical G
protein activation by GIV represents a
clear deviation from the dynamics of
canonical G protein signaling that is trig-
gered by GPCRs. Canonical signal trans-
duction via trimeric G proteins is spatially

Table 2.
Disease/ Pathology
Investigated Effect of GIV's GEF function Receptor(s) Studied Citation
Cancer Progression Migration/Invasion “ON" = Enhances “OFF” = Inhibits IGF1R, EGFR, Multi-receptor* 59:26-28
Stemness Not examined — 29
Chemoresistance Not examined — 30
Tumor-Stroma Interactions Not examined PDGFR, TGFBR, CXCR4 31
Tumor angiogenesis Not examined VEGFR 32
Organ Fibrosis (Liver) Myofibroblast transdifferentiation, “ON” = Enhances “OFF” = Inhibits PDGFR, CCR1, TGFBR 18
collagen production, chemotaxis,
mitosis, anti-apoptotic signaling
Dermal Wound Healing Wound closure “ON” = Enhances “OFF” = Inhibits Multi-receptor* °
Nephrotic Syndrome Podocyte survival after “ON” = Enhances survival “OFF” VEGFR "
glomerular injury = Inhibits survival
33-35

Disorders of Blood Vessels

Neonatal vascular development;

Not examined

Pathologic neovascularization;
vein repair; vein graft

Neuronal Plasticity,
Memory formation

Synaptic plasticity

Not examined

PDGF, Angiotensin I, VEGF

NMDA 36
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Figure 1. Schematic showing the modular makeup of G-protein coupled growth factor receptor
tyrosine kinases. The coexistence of 2 unlikely modules within C-terminus (aa 1660-1870) is critical
for the coupling of G proteins to RTKs. An evolutionarily conserved ~30 aa long a helix that is nec-
essary and sufficient to bind and activate Gai. A ~110 aa stretch which is intrinsically disordered in
resting state, but is necessary and sufficient to fold into a SH2-like domain (green) exclusively in the
presence of phosphotyrosine ligands presented by autophosphorylated cytoplasmic tails (purple
interrupted line) of various ligand-activated RTKs. It is the unique coexistence of 2 (GEF and SH2-
like) modules that is key, because their collaboration is required and sufficient to assemble
RTK-GIV-Gaii complexes at the PM and transactivate Gi.> Thus, upon growth factor stimulation, GIV's
C-terminus enables the assembly of G-protein coupled RTKs, which subsequently leads to the non-
canonical transactivation of G proteins. Targeting GIV’'s GEF function uncouples RTKs from G pro-
teins, prevents non-canonical G protein signaling in response to growth factors, and effectively
modulates a variety of cellular processes and pathophysiologic states 9.

and temporally restricted, i.e., triggered
exclusively at the PM by agonist activa-
tion of GPCRs via a process that com-
pletes  within a hundred
milliseconds.® Non-canonical transactiva-

few

tion of trimeric G proteins by RTKs via
the GIV-CT platform has distinctive fea-
tures. Such activation can be triggered by
multiple growth factor RTKs as well as
other receptors,® can occur at the PM and
on internal membranes discontinuous

with the PM”® (Table 1), and can
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continue for prolonged periods of time
(several minutes).” These findings helped
substantiate an emerging paradigm in
which growth factor RTKSs can access and
activate G proteins via GIV-CT, much
like GPCRs, but with different spatial
and temporal dynamics.

Targeting an emerging paradigm
With the emergence of a new para-
digm that broadly impacts a variety of
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disease states (Table 2), the next hurdle
was to find a way to target this path-
way. The canonical G protein/GPCR
pathway has long been the target of
small molecule therapeutics accounting
for 30% of the launched drug targets,
but the unusual spatiotemporal features
of non-canonical G protein signaling
via RTKs brings forward a unique set
of challenges. How to target a pathway
that appears to serve as a point of con-
vergence downstream of multiple recep-
tors,” is functional in multiple cells/
tissues and is frequently deregulated in
multiple pathophysiologic states,” and
that can activate G proteins at the PM
as well as on internal membranes?”’®
Recently, we provided proof-of-concept
that such targeting can be achieved by
cell-permeable GIV-CT peptides which
contain the minimal modular elements
of GIV that are necessary and sufficient
for activation of Gi downstream of
RTKs appended by a TAT-peptide
transduction  domain  (TAT-PTD).]
TAT-GIV-CT peptides could effectively
engineer signaling networks and alter
cell behavior. In the presence of an
intact GEF motif, TAT-GIV-CT pepti-
des enhanced diverse processes in which
GIV’s GEF function has previously
been implicated; e.g., 2D cell migration
after scratch-wounding, invasion of can-
cer cells, and finally, myofibroblast acti-

vation and  collagen  production.
Furthermore, topical application of
TAT-GIV-CT  peptides  enhanced

wound repair in mice in a GEF-depen-
dent manner. Although cell-permeable
peptides allowed exogenous modulation
of the RTK-GIV-Gi pathway, it is
unlikely that these TAT-appended pep-
tides will serve as marketable pharmaco-
logic agents. But the lessons we learned
are invaluable because it appears that
GIV-CT peptides may be optimal for
potential gene therapy applications to
manipulate Gai activation downstream
of multiple growth factors in different
cell types and in a diverse array of path-
ophysiologic conditions. We speculate
that these peptides will also modulate
other pathophysiologic conditions in
which GIV is implicated, but the role
of its GEF function is yet to be interro-

gated (Table 2).°
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Future Directions

Despite the insights gained and the
rapidity with which the paradigm of G
protein-coupled RTKs has shaped up, it is
clear that a lot remains
Although homology modeling has proved

unknown.

insightful thus far, obtaining structural
insights is expected to greatly facilitate the
development of small molecules that can
selectively target the GIV:RTK and/or
GIV:Gai interfaces. Targeting such tar-
geted therapy is also expected to pose sig-
nificant challenges because GIV’s GEF
function is important for a variety of cell
biological processes in diverse cell types.’
Although we have some understanding of
how RTKs transactivate G proteins via
GIV, how other classes of receptors,3 such
as GPCRs, Toll-like receptors (TLRs),
(TGFB)

remains

Transforming growth factor
receptors  also do  the same
unclear. Finally, how non-canonical G
protein activation at the PM by GIV-GEF
coordinately triggers the same on internal
membranes is another unsolved mystery.
Thus, it is clear that the emerging para-
digm has many unanswered questions.
One thing is for sure, with this trajectory,
we are in for an exciting new decade

ahead.
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