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ligand-activated RTKs and Gαi is not limited to one RTK but
most likely is a fundamental phenomenon that couples Gαi to
multiple RTKs (7, 15).
To eliminate the possibility that GPCRs somehow may play

a role in bringing the G proteins in close proximity to RTKs, we
carried out FRET imaging using EGFR-CFP and a Gαi3 protein
tagged at its CT with YFP. Previous studies have established that
a tag at that position on a G protein effectively uncouples it from
GPCRs and abrogates downstream signaling via adenylyl cyclase/
cyclic AMP (cAMP) (51). We found that the GPCR-insensitive

Gαi3-YFP(CT) probe also interacts with EGFR-CFP at the PM
within 5 min after EGF stimulation (FRET efficiency ∼0.25 ±
0.04) (Fig. S6), indicating that the interaction between EGFR
and Gαi3 shown in Fig. 5B is not dependent on signaling cross-
talk with GPCRs. Next we analyzed if endogenous EGFR and
Gαi3 come in close proximity of each other in Cos7 cells after
ligand stimulation using direct stochastic optical reconstruction
microscopy (dSTORM) imaging. STORM achieves a spatial
resolution of ∼25 nm in the lateral dimensions and ∼50 nm in the
axial dimension and allows visualization of endogenous proteins

Fig. 5. The CT of GIV is sufficient to facilitate interaction between ligand-activated EGFR and Gαi3. (A) Schematic for the EGFR and Gαi3 constructs used as
paired FRET probes. (B and C) Control [Scramble (Scr) shRNA] (B) or GIV-depleted (GIV shRNA) (C) Cos7 cells were cotransfected with EGFR-YFP and Gαi3-
intCFP, starved, stimulated with EGF, and analyzed for FRET by live-cell confocal microscopy. (B, Left) Representative freeze-frame images from live-cell
movies of control (Scr shRNA) Cos7 cells, which display intensities of acceptor emission caused by FRET in each pixel. Ligand-dependent maximal interaction of
the donor and acceptor probes occurs at 5 min at the PM. (Right) The freeze-frame image at t5 shown at higher magnification. (C) Representative freeze-
frame YFP, CFP, and FRET images of GIV-depleted cells at t5. No FRET is seen at the PM. (D) Time-traces of changes in FRET efficiency after stimulation with
EGF in control (Scr shRNA) and GIV-depleted (GIV shRNA) Cos7 cells cotransfected with various BiFC and FRET probes. Data are shown as mean ± SD; n = 10
ROIs from three independent experiments. Interaction of the donor and acceptor probes was observed in Scr shRNA-treated cells but not in GIV-depleted
cells. (E) Cos7 cells stably expressing shRNA against GIV or Scr (control) were lysed and analyzed for efficient depletion of GIV by immunoblotting. Efficacy of
GIV depletion as determined by band densitometry was ∼95% or greater. (F and G) Control (Scr shRNA) (F) or GIV-depleted (GIV shRNA) (G) Cos7 cells were
cotransfected with InsRβ-CFP and Gαi3-intYFP and subsequently were ligand stimulated and analyzed as in B and C. Images display CFP, YFP, and intensities of
acceptor emission caused by FRET in each pixel at t5. Interaction of the donor and acceptor probes was observed in Scr shRNA-treated cells but not in GIV-
depleted cells. (H) Bar graphs display differences between FRET intensities observed in Scr shRNA vs. GIV-depleted cells in F and G, respectively. Error bars
represent mean ± SD. The analysis represents five ROIs from four or five cells from three independent experiments. (I) Starved and EGF-stimulated Cos7 cells
were fixed and stained for endogenous ligand-activated autophosphorylated EGFR (pY1173EGFR) (green) and Gαi3 (red) and were analyzed by dSTORM
microscopy. Colocalization (yellow pixels) was observed at the PM in merged images of control cells (Upper) but not of GIV-depleted cells (Lower).
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in situ; the high degree of colocalization observed between
proteins indicates that they are likely to interact (52). We visu-
alized endogenous G protein using anti-Gαi3 pAb and the
ligand-activated pool of EGFR using anti-pY1173 mAb because
this autophosphorylation event serves as one of the major sites
for recruitment of GIV’s SH2-like domain (28). A high degree of
colocalization was observed along the PM (Fig. 5I, yellow pixels)
in EGF-stimulated control Cos7 cells but not in GIV-depleted
cells, demonstrating that native forms of ligand-activated RTKs
and Gαi come within close proximity of each other exclusively

in the presence of GIV. We conclude that (i) ligand-activated
RTKs come within close proximity of Gαi at the PM, where they
are likely to interact; (ii) GIV is required to facilitate such inter-
actions; and (iii) this phenomenon occurs independently with-
out input from GPCRs.
To investigate if the close proximity of RTKs to Gαi proteins

affects the activation status of the latter, we used a widely ac-
cepted approach in which activation of trimeric Gi is monitored
by the dissociation of fluorescent-tagged Gαi and Gβγ subunits
with a resultant loss of FRET (53–55) (Fig. 6A). When control

Fig. 6. GIV is required for the transactivation of Gi proteins in response to growth factors. (A) Schematic for the Gαi1-intYFP and CFP-Gβ1 constructs used as
paired FRET probes in B. (B) Control (Scr shRNA) (Left) or GIV-depleted (GIV shRNA) (Right) Cos7 cells were cotransfected with Gαi3-intYFP, CFP-Gβ1, and Gγ2
with or without GIV-WT-FLAG, as indicated, and subsequently were ligand stimulated and analyzed as in Fig. 5B. Images show intensities of acceptor emission
caused by FRET in each pixel at t5. Activation of Gi, as determined by the loss of interaction (i.e., FRET) between Gαi and Gβγ, was observed exclusively after
ligand stimulation (compare t0 and t5) in control but not in GIV-depleted Cos7 cells. Activation of Gi was restored after GIV-depleted cells were transfected
with shRNA-resistant GIV-WT. (C) Bar graphs display changes in FRET efficiency at the PM observed in B. Error bars represent mean ± SD. The analysis
represents five ROIs from four or five cells from three independent experiments. (D) Schematic for the mTurquoise-EPAC-Venus (TEPACVV) construct used as
a FRET probe for measuring dynamic changes in cellular cAMP in response to EGF in E. (E) Control (Scr shRNA) (Upper) or GIV-depleted (GIV shRNA) (Lower)
Cos7 cells were transfected with TEPACVV, starved, stimulated with EGF, and analyzed for FRET by live-cell confocal microscopy. Representative freeze-frame
FRET images of cells at indicated time points are shown. EGF suppressed cAMP in control but not in GIV-depleted cells, as determined by an increase in
intramolecular FRET with the TEpacVV probe. Similar results were observed when carried out in the presence of Forskolin. (F) Time-traces of changes in FRET
efficiency after stimulation with EGF in E. Data are shown as mean ± SD; n = 10 ROIs from three independent experiments.
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Cos7 cells coexpressing Gαi3-YFP (internal tag), CFP-Gβ1 (NT
tag), and Gγ2 were stimulated with EGF, we observed dissocia-
tion of the Gi heterotrimer at the PM within 5 min as determined
by a drop in FRET efficiency from 0.32 to 0.057 (Fig. 6 B and C),
indicating that Gi is activated in response to EGF. In contrast, in
GIV-depleted cells, FRET between the donor CFP-Gβγ and
acceptor Gαi-YFP subunits at the PM continued with similar
efficiency before and after EGF stimulation, indicating that Gi
heterotrimers remained intact and that Gαi remained inactive.
Activation of Gi was restored in GIV-depleted cells by exoge-
nously expressing shRNA-resistant GIV-WT, as determined by
a drop in FRET efficiency from 0.27 to 0.066 (Fig. 6 B and C).
These results demonstrate that GIV is essential for the trans-
activation of Gi downstream of EGFR, to an extent similar
to that reported previously (54) in response to U.K.14304, an
agonist for α2-adrenergic receptor (i.e., an ∼25% loss of FRET
efficiency). Next we assessed cellular levels of cAMP using
a previously well-characterized mTurquoise- exchange protein
activated by cAMP (EPAC)-Venus (TEpacVV) FRET probe that
detects submicromolar changes in the second messenger (Fig.
6D) (56). We found that in the presence of GIV (control cells),
transactivation of Gi by EGFR also is accompanied by transient
suppression of cellular cAMP in response to EGF, as determined
by the increase in intramolecular FRET (Fig. 6E and Movie S5).
The peak FRET signal, i.e., maximal suppression of cAMP, was
observed at ∼5–6 min (Fig. 6F), an event that is delayed signif-
icantly compared with the rapid (i.e., within seconds) suppres-
sion observed with the same FRET probes in the setting of
canonical activation of Gi by Gi-coupled GPCRs (57). However,
in the absence of GIV (GIV-depleted cells) no suppression of
cAMP was observed in response to EGF (Fig. 6 E and F and
Movie S6). We conclude that one of the immediate con-
sequences of the RTK–GIV–Gαi complexes is activation of Gαi
and suppression of levels of cAMP in close proximity to
ligand-activated RTKs.

Conclusions
These findings challenge the long-standing paradigm in signal
transduction that activation of G proteins is triggered exclusively
by GPCRs and that RTKs do not have the wherewithal to trigger
such activation. Our work establishes that RTKs indeed can in-
teract with and activate G proteins using GIV as a platform for
cross-talk. This study also unravels the spatial and temporal
aspects of noncanonical transactivation of heterotrimeric Gi
proteins by ligand-activated RTKs. Although the extent of Gi
activation downstream of RTKs (EGFR; this work) and GPCRs
(α2 AR) (54) appear similar, canonical activation of G proteins

by GPCRs occurs rapidly (i.e., within milliseconds) (58), whereas
noncanonical transactivation of G proteins by RTKs is both
delayed and sustained (i.e., starts at ∼5 min and lasts 5–10 min).
Delayed activation of Gi and suppression of cAMP are consis-
tent with the dynamics of binding of GIV’s SH2-like domain to
ligand-activated RTKs, and such binding is a prerequisite step
which facilitates the proximity between G proteins and RTKs.
Our findings also suggest that GIV-CT biosensors, which are

comprised of RTK-binding SH2-like and G protein-activating
GEF modules in tandem (Fig. 1A), may be used more generally
as a versatile strategy to detect a variety of RTK–GIV–Gαi
complexes in living cells. By the same token, the dominant
negative GEF-deficient mutant biosensors that inhibit the for-
mation of RTK–GIV–Gαi complexes offer a strategy for in-
hibiting aberrant signaling via this pathway. These strategies
provide the foundation for the development of other genetic
and nongenetic approaches for understanding key biological
roles of the GIV platform that sets up crosstalk between growth
factor RTKs and G proteins and for exogenous manipulation of
the RTK–GIV–Gi signaling pathway in diverse diseases driven
by GIV-GEF.

Experimental Procedures
Detailed methods are provided in SI Experimental Procedures.

Protocols for FRET studies and information on the constructs used here are
detailed in SI Experimental Procedures. Briefly, an Olympus FV1000 inverted
confocal laser scanning microscope was used for live-cell FRET imaging at the
University of California, San Diego Neuroscience Core Facility. To optimize
the signal-to-noise ratio in FRET imaging, various expression levels of the
transfected FRET probes were tested. However, to minimize complexities
arising from molecular crowding, FRET probes were overexpressed by ∼1.5-
to twofold compared with the endogenous proteins. Because the stoichi-
ometry of FRET probes has a significant impact on FRET efficiency, cells that
expressed equimolar amounts of donor and acceptor probes (as determined
by computing the intensity of the fluorescence signal by a photon-counting
histogram) were chosen selectively for FRET analyses.
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