1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Trends Cell Biol. 2015 March ; 25(3): 171-184. doi:10.1016/j.tcb.2014.12.005.

IQGAPs choreograph cellular signaling from the membrane to
the nucleus

Jessica M. Smith”, Andrew C. Hedman®, and David B. Sacks
Department of Laboratory Medicine, National Institutes of Health, 10 Center Drive, Building 10,
Room 2C306, Bethesda, Maryland 20892, USA

Abstract

Since its discovery in 1994, cellular functions for the scaffold protein IQGAP1 have expanded
immensely. Over 100 unique IQGAPL interacting proteins have been identified, implicating
IQGAP1 as a critical integrator of cellular signaling pathways. Initial research established
functions for IQGAPL1 in cell-cell adhesion, cell migration, and cell signaling. Recent studies have
revealed additional IQGAP1 binding partners, expanding the biological roles of IQGAP1. These
include crosstalk between signaling cascades, regulation of nuclear function, and Wnt pathway
potentiation. Investigation of the IQGAP2 and IQGAP3 homologues demonstrate unique
functions, some of which differ from those of IQGAP1. Summarized here are recent observations
that enhance our understanding of IQGAP proteins in integrating diverse signaling pathways.
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IQGAPSs regulate cellular functions

Since the discovery of IQGAP1 20 years ago [1], over 100 interacting proteins and diverse
functions have been identified. IQGAP proteins are expressed in eukaryotes, from
Saccharomyces cerevisiae to humans. Mammals express three isoforms: IQGAPL, IQGAP2
and IQGAP3 (Box 1) that have similar domain composition (Box 2), but divergent
functions, tissue expression and subcellular localization [1-3]. IQGAPs regulate diverse
biological processes, and several reviews have covered IQGAP1 functions in the
cytoskeleton [4, 5], cell-cell adhesion [6], Ca%* and small G-protein signaling [4], protein
trafficking [7], neoplasia [8, 9], and microbial pathogenesis [10]. The multiple domains in
IQGAPs mediate protein-protein interactions with an array of binding partners that regulate
a myriad of signaling pathways (Table 1 lists selected interactors). IQGAP1 coordinates
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communication between binding partners through a number of different mechanisms,
including serving as a scaffold.

Box 1
Functions of IQGAP isoforms

IQGAP1, which is ubiquitously expressed, is the best-characterized IQGAP isoform.
Considerably less is known about IQGAP2 and, especially, IQGAP3. Salient functions of
IQGAP2 and IQGAP3 are summarized below, and are incorporated in the main text
where protein interactors and/or functions analogous to those for IQGAP1 have been
evaluated.

IQGAP2 acts as a tumor suppressor

IQGAP2, which is expressed predominantly in the liver, was first described in 1996 [2].
Despite their 62% sequence identity, IQGAP1 is an oncogene, while IQGAP2 is a tumor
suppressor [8, 9]. Decreased expression of IQGAP2 was observed in human
hepatocellular [92-94], prostate [54] and gastric [95] carcinomas. In hepatocellular
carcinoma, IQGAP1 and IQGAP2 are reciprocally altered, with increased IQGAP1 and
decreased IQGAP2 [94]. Interestingly, IQGAP2 knockout mice develop hepatocellular
carcinoma, but IQGAP1 and IQGAP2 double knockout mice have normal survival [89],
suggesting opposing functions for IQGAP1 and IQGAP2. IQGAP2 also participates in
metabolism, as IQGAP2 null mice have impaired uptake of long-chain fatty acids and
enhanced insulin sensitivity [96]. The mechanisms that mediate the opposing effects of
IQGAP1 and IQGAP2 are unknown.

IQGAP3 regulates cell proliferation and motility

Although identified in 2007 [3], IQGAP3 has received little attention. Analogous to
IQGAP1, IQGAP3 promotes proliferation of liver [97] and mammary [47] epithelial
cells. IQGAP3 expression also correlates with enhanced migration, invasion and
proliferation of lung cancer cells [48]. Both IQGAP1 and IQGAP3 promote extracellular
signal-regulated kinase (ERK) activation. However IQGAP3 interacts only with ERK1
[48], whereas IQGAPL interacts with ERK1 and ERK?2 [13, 14]. IQGAP1 [87] and
IQGAP3 [3] both regulate the formation of membrane extensions during neurite
outgrowth. Moreover, depletion of IQGAP1 [86] or IQGAP3 [98] attenuated the
accumulation of adenomatous polyposis coli (APC) at the leading edge of migrating Vero
cells or PC12 extensions, respectively. Additional studies are needed to elucidate the
binding partners and biological roles of IQGAP3.

Box 2
Unique properties of IQGAP domains

IQGAPL, IQGAP2, and IQGAP3 contain several domains, namely a calponin homology
domain (CHD), WW domain, 1Q region, Ras GTPase-activating protein-related domain
(GRD), and RasGAP_C-terminus (RGCT). This domain composition is not identical in
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all organisms (e.g., lqglp in Saccharomyces cerevisiae lacks the WW domain) and the
number of 1Q motifs varies among IQGAPs [70].

While almost all the domains present in the IQGAPs are found in numerous other
proteins, they have unique properties in IQGAPs. These include both the molecules that
bind to the domains and the mechanisms of interaction. The association of F-actin with
the CHD is a function conserved with several other actin-binding proteins. However,
while most actin-binding proteins bind F-actin via tandem CHDs, IQGAP1 forms a high
affinity interaction with F-actin through a single CHD [99, 100]. Additionally, the
IQGAP1 CHD associates with calmodulin and Ca2* [12]. Ca?* association is not
common for CHDs. While the 1Q domain in IQGAP1 binds to typical 1Q binding
partners, such as calmodulin [12, 101] and S100 [102, 103] proteins, the interaction of
calmodulin with the 1Q motifs of IQGAP1 [104] differs from its interaction with the 1Q
motifs in unconventional myosins. Moreover, the IQGAP1 IQ domain forms unexpected
interactions with EGFR [39], MEK [14], Rap1 [105], and other proteins [106]. The 1Q
motifs in IQGAP1 also mediate the formation of IQGAP1 dimers or oligomers [90],
which adds further complexity to IQGAPL1 signaling. Collectively, these data suggest that
the 1Q motifs in IQGAPL1 are different to those in other proteins. WW domains usually
bind to proline-rich regions in the binding partner. By contrast, the IQGAP1 WW domain
binds to proteins lacking a proline-rich region, like ERK1/2 [13, 14]. The GRD illustrates
other unique properties of IQGAPs. Though similar in sequence to GAPs, the IQGAP
GRD has an arginine replaced by threonine at a conserved catalytic residue found in
GAPs [107]. This is a key feature to bind to and stabilize small G-proteins in their GTP
bound form. In addition, analysis with a panel of mutant Cdc42 and Racl constructs
revealed that the residues involved in the complexes formed with IQGAP1 differ from
those formed with other effector proteins and GAPs [108]. The RGCT is a region unique
to IQGAPs and binds diverse targets. Additionally, regions of IQGAPs outside the
recognized domains interact with binding partners. For example, ShcA binds to IQGAP1
between the CHD and WW domain. While ShcA usually has a high affinity interaction
with tyrosine phosphorylated sites in NPxpY sequences through its PTB domain,
unphosphorylated IQGAP1 binds outside of the phosphotyrosine binding pocket found in
the PTB [41]. Furthermore, other molecules can bind to the extreme C-terminus of
IQGAPs. For example, IQGAP1 and IQGAP2 contain an atypical phosphoinositide
binding domain in this region that mediates their association with PtdInsP3 [35]. This
PtdInsP3 binding region in IQGAP1 and IQGAP2 differs from all previously identified
PtdInsP3 binding regions. The unique binding properties of the IQGAPs facilitate the
formation of multiple signaling complexes to regulate diverse cellular processes.

Scaffold proteins can assemble pathway components to regulate signaling [11]. A
scaffolding function for IQGAP1 was first proposed when it was observed to link Ca2*/
calmodulin and Cdc42 signaling [12]. Perhaps the best characterized example of IQGAP1

scaffold function is in the mitogen-activated protein kinase (MAPK) pathway (see Glossary)

[13, 14]. IQGAP1 scaffolds several components of the MAPK signaling pathway to
facilitate diverse cellular functions [13, 14]. Moreover, recent evidence demonstrates
interactions between scaffolds that may modulate signaling. IQGAP1 interacts with other
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MAPK scaffolds, such as MP1 and p-arrestin, which permits communication between
complexes and may provide precise control of signaling (Figure 1A). Although the
biological roles remain to be established, interactions between IQGAP1 and other scaffolds
have the potential to influence a variety of pathways. Scaffold-scaffold interactions may
mediate signaling from discrete subcellular locations in response to specific stimuli. For
example, activation of protein kinase C (PKC) promotes MAPK signaling along the
cytoskeleton in a caveolin-1- and IQGAP1-dependent pathway [15]. Caveolin-1 scaffolds
upstream signaling components, while IQGAP1 assembles downstream components to link
MAPK signaling to the cytoskeleton [15] (Figure 1Bi). Alternatively, individual scaffolds
may compete for binding to common signaling components. By sequestering specific
proteins, the scaffold can ensure that a particular stimulus activates the appropriate pathway
or negatively regulates signaling (Figure 1Bii). Thus, interactions between IQGAPs and
other scaffolds exert meticulous control of cellular responses to distinct stimuli. Here we
focus on emerging roles for IQGAPSs in vertebrates, with an emphasis on IQGAP1 as an
integrator of cell signaling.

IQGAPL1 regulates cell migration

Through its ability to regulate the cytoskeleton and integrate cellular signaling pathways,
IQGAPL1 is a well-established component of cell migration (reviewed in [16]). Nevertheless,
recent evidence has identified additional complexity in the molecular mechanisms by which
IQGAP1 modulates migration. Adherent cells form focal adhesions through integrins that
attach to the extracellular matrix (ECM), linking it to the cytoskeleton [17]. IQGAP1
participates in focal adhesion assembly, maturation and turnover, which are required for
proper cell motility. For example, platelet-derived growth factor (PDGF) promotes the
formation of a complex containing IQGAP1, PDGF receptor 3 (PDGFRp), and the focal
adhesion proteins paxillin and vinculin [18]. This study suggests that IQGAP1 is necessary
for focal adhesion assembly at the leading edge of vascular smooth muscle cells.

During migration, focal adhesions are assembled and disassembled in a coordinated fashion.
MP1 plays a role in focal adhesion dynamics and activates ERK1 by scaffolding MEK1 and
ERK1 [19, 20]. This complex is bound through the p14 protein to late endosome trafficking
compartments [20]. Recently, MP1 and p14 were found to traffic along microtubules toward
focal adhesions during focal adhesion maturation [21]. Interestingly, SiRNA knockdown of
pl4 or MP1 resulted in defects in migration with elongated focal adhesions that accumulate
IQGAP1, indicating impaired focal adhesion dynamics (Figure 1Aiii) [21]. Whether MAPK
signaling from IQGAPL1 or MP1 is affected by this interaction was not investigated.
Potentially, MP1 and IQGAP1 regulate the localization and function of one another in focal
adhesions and/or MAPK signaling from endosomes.

Signaling from integrins also impacts actin dynamics. At the leading edge of migrating cells,
actin polymerization drives protrusion, which is controlled by small GTPases like Racl and
Cdc42 [22]. In migrating cells, IQGAP1 localizes at the leading edge and promotes cell
migration in a Racl- and Cdc42-dependent manner [23]. Furthermore, IQGAP1 forms a
complex with filamin-A, an actin cross-linking protein, and activated 1 integrin to recruit
RacGAP1, which inactivates Racl and activates RhoA GTPase [24, 25]. Decreased
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expression of IQGAP1, filamin-A or RacGAPL1 results in uncontrolled membrane protrusion
and impaired directional cell migration [25]. Thus, IQGAP1 regulates cell motility at the
leading edge by coordinating focal adhesion and cytoskeletal dynamics.

IQGAPs also influence cell motility through interactions with AKAP220 [26, 27]. AKAP
(A-kinase anchoring protein) scaffold proteins are targeted to distinct cellular compartments
where they assemble signaling complexes with protein kinase A (PKA) and other kinases,
phosphatases and proteins to integrate [Ca2*]; (intracellular free Ca?* concentrations) and
other signaling pathways [28]. IQGAP1 and IQGAP2 were each documented to associate
with AKAP220 [26, 27], but the functional sequelae differ. A complex comprising IQGAP1,
AKAP220, PKA and glycogen synthase kinase 3p (GSK-3p) is present in cells, which
integrates Ca2* and cAMP signals [27]. Increasing [Ca%*]; enhances the interaction of
IQGAP1 with both AKAP220 and CLASP2, a microtubule binding protein. GSK-33
phosphorylation of CLASP?2 inhibits its binding to IQGAP1. However, CAMP activates
PKA, which phosphorylates GSK-3p, inhibiting its kinase activity. Protein phosphatase 1
(PP1) may mediate dephosphorylation of CLASP2, thereby promoting CLASP2 interaction
with IQGAP1 [27]. AKAP220 anchors IQGAP1 to the leading edge of migrating cells,
where this complex enhances CLASP2-1QGAP1 interaction with microtubules, promoting
cell migration (Figure 1Biii) [27]. The functional interaction of AKAP220 with IQGAP2 is
different. In a complex with AKAP220, PKA phosphorylates IQGAP2 at T716, which
enhances Racl binding and promotes membrane ruffling [26]. PKA catalyzes IQGAP2
phosphorylation in vitro, whereas IQGAPL1 is not a substrate for this kinase. While IQGAP1
and IQGAP2 interact with AKAP220, each has a unique mechanism to control cell motility.
A mass spectrometry screen suggests IQGAP3 may bind AKAP220 [27], but the data are
preliminary and require confirmation. It is possible that other members of the AKAP family
could have functional interactions with IQGAPs.

At the trailing edge of the cell, focal adhesions are disassembled and motor proteins pull the
cell along the cytoskeleton [22]. Roles for IQGAPL at the trailing edge are now being
defined. In some cell lines, such as B16F10 mouse melanoma, IQGAP1 is present in regions
of the cell undergoing retraction, distinct from the leading edge or focal adhesions [29]. By
contrast, IQGAP2 localizes to protruding edges [29], suggesting distinct roles for the
isoforms in cell motility. The secreted signaling protein Wnt5a promotes the formation of
the Wnt-receptor-actin-myosin-polarity (WRAMP) structure, which coordinates retraction at
the trailing edge. WRAMP assembly requires an interaction between IQGAP1 and the
transmembrane protein melanoma cell adhesion molecule (MCAM) in melanoma cells [30].
Once assembled, WRAMP coordinates several processes that promote membrane retraction,
including Ca2* release from the endoplasmic reticulum at the rear of the cell. Ca2* both
activates the protease calpain, which cleaves proteins at the trailing edge, and facilitates
actomyosin contraction, leading to membrane retraction [30]. These findings indicate that
IQGAP1 operates at both the leading and trailing edge of migrating cells.

IQGAPL1 in endocytosis

Analysis of the insulin secretory pathway revealed a role for IQGAP1 in endocytosis [31]. In
pancreatic B-cells, glucose stimulates fusion of insulin secretory vesicles with the plasma
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membrane. Following insulin release, the secretory membrane is endocytosed, which
requires Rab27a-GDP and coronin-3, an actin regulatory protein. A complex of IQGAP1
and Cdc42 recruits Rab27a and coronin-3 to endocytic sites on the plasma membrane [31].
Depletion of IQGAP1 or inhibition of the IQGAP1-Rab27a interaction reduces clathrin-
dependent endocytosis. Thus, IQGAP1 scaffolds Cdc42, Rab27a and coronin-3 to control
vesicle tethering and endocytosis in p-cells.

IQGAPs and phosphoinositides

The membrane lipid phosphatidylinositol (PtdIns) can be phosphorylated on its d-myo-
inositol head group at the 3, 4 or 5 hydroxyl to generate phosphatidylinositol
monophosphates (PtdInsP), bisphosphates (PtdInsP,) and trisphosphate (PtdInsP3) signaling
molecules. These PtdInsP,, molecules bind to proteins containing phosphoinositide binding
domains to regulate their subcellular localization or induce conformational changes to
mediate functions [32]. At the plasma membrane, phosphorylation of PtdIns4P by type |
phosphatidylinositol-4-phosphate-5-kinase (PIPKI) generates high levels of PtdIns4,5P5.
PtdIns4,5P, can directly bind to effector molecules, be phosphorylated by
phosphatidylinositol-3-phosphate-kinase (PI3K) to generate the signaling lipid, PtdInsP3, or
cleaved by phospholipase C (PLC) to form the second messengers DAG and 1P3 [32].
PtdInsP3 can then activate phosphoinositide-dependent-kinase-1 (Pdk1) and Akt to promote
proliferation and survival [33]. Beyond its participation in Akt activation downstream of
phosphoinositides (see RTK signaling), IQGAP1 also binds directly to phosphoinositides.

IQGAP1 was identified in a screen for PIPKIy interacting proteins [34]. In addition to
directly binding PIPKIy through its 1Q motifs, IQGAP1 interacts with the lipid product,
PtdIns4,5P,, through a polybasic motif in the RGCT. Together these interactions recruit
IQGAPL1 to the plasma membrane. PtdIns4,5P, binding to IQGAP1 enhances actin
polymerization and branching through N-Wiskott-Aldrich syndrome protein (N-WASP)-
Actin related protein 2/3 (Arp 2/3) complex in vitro [34]. Thus, PtdIns4,5P, modulates both
IQGAP1 localization and its ability to regulate the cytoskeleton. Additionally, IQGAP1 and
IQGAP2, but not IQGAP3, bind to PtdInsP3 through an atypical-phosphoinositide binding
motif near their extreme C-termini [35], which could provide another signal to recruit
IQGAP1 and IQGAP2 to membranes. Both the PtdIns4,5P, and PtdInsP3 binding sites are
located near the C-terminus, but it is unknown whether the two lipids compete for binding to
IQGAPL or whether both lipids can bind simultaneously.

IQGAP1 modulates cellular signaling

Extracellular molecules, such as growth factors and cytokines, are detected by specific
receptors (e.g., receptor tyrosine kinases (RTKs) and G-protein coupled receptors (GPCRs)
[36, 37]) that transduce the information into cellular responses. IQGAP1 modulates
signaling in response to a variety of inputs by regulating numerous receptors (see [38] for a
discussion of early publications) (Table 1). Several additional receptors have been identified
as IQGAP binding partners.
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RTK signaling

The epidermal growth factor receptor (EGFR) cascade is a classic example of RTK
signaling (Figure 1Ai). EGF binding to EGFR activates its intrinsic tyrosine kinase, leading
to receptor autophosphorylation which triggers signaling cascades, such as MAPK and
P13K-Akt pathways. IQGAP1 binds directly to EGFR and modulates EGFR activation [39].
Loss of IQGAP1 attenuates EGF-stimulated EGFR phosphorylation, which is rescued by
wild-type IQGAPL. EGFR stimulates PKCa, which phosphorylates IQGAP1 on S1443 [39].
Importantly, a phosphomimetic IQGAP1 mutant construct (Ser1443 is replaced with Glu)
enhances EGFR phosphorylation. These findings indicate that interdependent regulation of
IQGAP1 and EGFR is necessary for EGF to fully activate the receptor.

Adaptor proteins with phosphotyrosine binding (PTB) or Src homology 2 (SH2) domains,
such as ShcA and Grb2 [40], recognize tyrosine phosphorylated proteins, including active
EGFR [36] (Figure 1Ai). The PTB of ShcA binds IQGAP1, but surprisingly this interaction
is constitutive and does not require tyrosine phosphorylation of IQGAP1 [41]. EGF
stimulation recruits ShcA and IQGAP1 to membrane ruffles, which is necessary for
lamellipodium formation. Although the structure of a fragment of IQGAP1 bound to ShcA
PTB has been solved [41], the biological role of the interaction and a potential link to
MAPK signaling remain to be established.

To propagate signaling, Grb2 binds to and activates son-of-sevenless (Sos), which promotes
activation of the GTPase Ras (Figure 1Ai). Active Ras stimulates the sequential
phosphorylation from Raf kinase to MAPK-ERK kinase (MEK) to extracellular signal-
regulated kinase (ERK). Active ERK then phosphorylates substrates in the cytoplasm and
nucleus to affect biological processes. Signal transduction from the receptor at the plasma
membrane to downstream MAPK components requires coordination among signaling
proteins. IQGAP1 associates with several MAPK proteins, including EGFR [42, 43], K-Ras
[44], Raf [45, 46], MEK [14] and ERK [13, 14] (Figure 1Ai) (Table 1), providing a scaffold
which promotes EGF-induced MAPK signaling [13, 45]. IQGAP3, which interacts with H-
Ras [47] and ERK1 [48], also augments EGF-stimulated MAPK signaling.

In addition to MAPK, several RTKSs also signal through PI13K, which produces PtdinsP3 that
activates Akt [49]. Knockdown of IQGAP1 abrogates Akt activation by vascular endothelial
growth factor receptor 2 (VEGFR2) [50] or human epidermal growth factor receptor 2
(HER2) [51]. Increased IQGAP1 expression promotes Akt signaling in hepatocellular
carcinoma [52], but has no effect on Akt signaling in thyroid cancer [53]. IQGAP2
overexpression inhibits Akt activation in prostate cancer cells [54]. By contrast, neither
overexpression nor knockdown of IQGAP3 in HeLa and A549 lung adenocarcinoma cell
lines, respectively, alters Akt activation [48]. Interestingly, phosphatase and tensin homolog
(PTEN), which terminates Akt signaling by dephosphorylating PtdInsP3 [49], co-
immunoprecipitates with IQGAP1 [55]. Although the function of this interaction has not
been identified, it could serve as an additional point of regulation of Akt. While IQGAP1
associates with several components of the Akt pathway, additional studies are required to
ascertain whether IQGAPSs scaffold Akt signaling.
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IQGAPL1 can influence cytoskeletal dynamics downstream of RTKs without a direct
interaction with the receptor itself. Hepatocyte growth factor (HGF) activates the RTK, c-
MET, which regulates the cytoskeleton and cell-cell contacts [56]. HGF stimulation
strengthens barrier function in some cell types, e.g., endothelial cells [57]. SIRNA
knockdown of IQGAP1 or Racl attenuates HGF-induced increase in endothelial barrier
strength [58]. HGF induced the formation of a Rac-1 dependent complex containing
IQGAPL, EBL1 and cortactin. Cortactin promotes actin polymerization, and the complex is
necessary for cortical actin remodeling and peripheral microtubule growth that are required
for strengthening barrier functions [58]. These findings indicate that IQGAP1 functions as a
scaffold between actin and microtubules to promote enhanced barrier functions downstream
of HGF.

In some tissues, HGF promotes disassembly of cell-cell adhesions and cell migration [56].
For example, HGF induces colony escape of DU145 prostate cancer and HT29 colon cancer
cells [59]. This effect is mediated by a complex between IQGAP1, E-cadherin and PAK6&
[59], a kinase that is often overexpressed in cancers [60]. IQGAP1 promotes activation of
PAKS, which then phosphorylates B-catenin, a component of cell-cell junctions, to mediate
junction disassembly [59]. Thus, RTKs and IQGAP1 are critical regulators of the
cytoskeleton for cell-cell contacts and migration.

p-arrestins and GPCR signaling

Most commonly, activated GPCRs signal through their associated heterotrimeric G-proteins
(Ga and GB/v), altering cellular concentrations of second messengers, including cyclic AMP
(cAMP), diacylglycerol (DAG) and inositol trisphosphate (IP3) [37]. Alternatively, p-
arrestins associate with the cytoplasmic tails of GPCRs to serve as scaffolds for signaling
pathways, such as MAPK, independent of G-proteins [37]. Recent studies identified
multiprotein complexes comprising IQGAP1, p-arrestin2 and the GPCRs, lysophosphatidic
acid receptor 1 (LPAL) [61] or GPR161 [62]. Each receptor independently forms a complex
with B-arrestin2 and IQGAP1 that promotes cell motility [61, 62], or proliferation [62]. The
consequences of these interactions on signaling through IQGAP1 are poorly characterized.
B-arrestin2 also scaffolds Raf, MEK and ERK [37] (Figure 1Aii). Whether IQGAP1 and B-
arrestin share common signaling components remains to be determined. The interactions
between the scaffolds may permit signaling crosstalk to conceivably enhance or inhibit 8-
arrestin function (Figure 1Bii).

Whnt signaling

Secreted Wnt glycoproteins bind to transmembrane receptors, activating intracellular
signaling cascades that lead to cell proliferation, migration, differentiation, and polarity [63].
There are two main pathways, the canonical pathway, which requires p-catenin, and the non-
canonical pathways, which include the planar cell polarity (PCP) pathway and the Wnt/Ca2*
pathway [64] (Figure 2). Interestingly, IQGAP1 enhances signaling through both canonical
and non-canonical Wnt pathways [65-68].

j-catenin is both a key signaling molecule in the canonical Wnt pathway [64] and an integral
structural component in cell-cell adhesion [69]. In resting epithelial cells, B-catenin is
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primarily localized at cell-cell junctions. Accumulation of cytoplasmic and nuclear 3-catenin
is repressed by the adenomatous polyposis coli (APC) destruction complex, which
phosphorylates -catenin to mark it for ubiquitination and degradation (Figure 2A). Wnt
binding to Frizzled (Fzd) and the co-receptor lipoprotein receptor-related proteins 5/6
(LRP5/6) recruits Dishevelled (Dvl), destabilizing the APC destruction complex (Figure
2Bi). Stabilized p-catenin translocates into the nucleus to target TCF/LEF transcription
factors and activate Wnt target genes [64].

IQGAPL influences B-catenin function in several ways. Binding of IQGAP1 to -catenin
regulates cell-cell adhesion and actin polymerization [70, 71]. We documented that IQGAP1
also regulates -catenin in canonical Wnt signaling [65] (Figure 2Bii). In human colon
carcinoma cells, overexpression of IQGAPL enhances p-catenin nuclear accumulation and
transcriptional co-activation. Investigation into the mechanism revealed that overexpression
of IQGAP1 slows the turnover of soluble, but not total, f-catenin. These results suggest that
IQGAP1 sequesters 3-catenin in the cytoplasm, protects it from degradation, and increases
[3-catenin nuclear import.

Expanding upon these initial studies, IQGAP1 may enhance canonical Wnt signaling by
acting as a shuttling protein that binds to Wnt pathway components and facilitates their
nuclear translocation [67, 68] (Figure 2Bii). In Wnt stimulated Xenopus embryos, IQGAP1
interacts with both p-catenin and Dvl to form a complex [67, 68]. Importin-5 and Ran
stimulate the nuclear import of the IQGAP1/p-catenin/Dvl complex and transactivation of
Whnt target genes [67]. However, it has not been established whether this mechanism
operates in mammalian cells. Nonetheless, these findings suggest that IQGAP1 could
enhance the canonical nuclear function of -catenin by sequestering it from degradation and
by acting as a scaffold for p-catenin and Dvl to enhance their nuclear transport.

IQGAP1 also promotes canonical Wnt signaling by acting in concert with R-spondins
(RSPOs) [66]. RSPOs are secreted growth factors that bind to leucine-rich repeat-containing
G-protein coupled receptors (LGRs) and have been reported to enhance Wnt signaling [64].
IQGAPL1 interacts with LGR4 to mediate RSPO1-induced Wnt/p-catenin target gene
expression and LRP6 phosphorylation [66]. Furthermore, in mammalian cells
overexpressing both IQGAP1 and LGR4, a complex containing LGR4, Dvl, LRP6, and
MEK1/2 co-immunoprecipitates with IQGAP1, suggesting that MEK1/2 recruitment by
IQGAP1 may phosphorylate and activate LRP6, which destabilizes the APC destruction
complex, allowing B-catenin to enter the nucleus (Figure 2Bii).

The two non-canonical Wnt pathways are the planar cell polarity (PCP) and Wnt/Ca2*
pathways [64]. Instead of B-catenin, they use diverse Wnt receptors, co-receptors, and other
downstream effectors to mediate their response. Stimulation of the PCP pathway activates
the small GTPases Rac and Rho, reorganizing the cytoskeleton for cell polarization, and
IQGAPL1 is known to participate in the PCP pathway [66]. Wnt and RSPO increase the
association of IQGAP1 with proteins involved in actin polymerization and focal adhesion,
namely mDial, N-WASP, focal adhesion kinase (FAK), and paxillin [66] (Figure 2C).
Consistent with its established role in regulating the actin cytoskeleton [5, 70], IQGAP1
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coordinates actin dynamics and focal adhesion assembly in the non-canonical PCP pathway.
It is not known whether IQGAP1 participates in the Wnt/Ca2* pathway.

Nuclear function: IQGAP impacts transcription

While primarily cytoplasmic, accumulating evidence reveals the participation of IQGAP1 in
nuclear function. IQGAP1 interacts with several nuclear proteins (Table 1) and accumulates
in the nucleus at the G1/S phase of the cell cycle [72]. Recent evidence reveals that IQGAP1
modulates transcription.

IQGAPL1 interacts with and influences the function of a variety of transcription factors,
including estrogen receptor o (ERa) [73], nuclear factor erythroid 2 related factor 2 (Nrf2)
[74], and nuclear factor of activated T-cells 1 (NFAT1) [75]. ERa is a steroid hormone
receptor that dimerizes upon binding estrogen and translocates into the nucleus where it acts
as a transcription factor. IQGAP1 binds directly to ERa and is required for normal ERa
transcriptional function [73] (Figure 3A). Analogous to its effect on B-catenin [65], IQGAP1
directly interacts with Nrf2 and enhances its stability [74] (Figure 3B). Further investigation
indicates that IQGAP1 modulates Nrf2 activation through the MEK-ERK pathway,
suggesting that IQGAP1 may scaffold MAPK and Nrf2 signaling [76]. In addition, the
isoform IQGAP2 has been implicated in transcriptional activation [77]. The cytokine TNFa
triggers a signaling cascade, activating the transcription factor nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB) [78]. Mass spectrometry identified multiple
proteins implicated in this pathway, including IQGAP2 [77]. Importantly, knockdown of
IQGAP2 impaired the TNFa stimulated NF-xB pathway. While the role of IQGAP2 in
transcription remains to be determined, IQGAP1 appears to regulate selected transcription
factors.

Interestingly, IQGAP1 can also repress transcription [75]. Upon Ca2* stimulation, the Ca2*/
calmodulin-dependent phosphatase calcineurin dephosphorylates the transcription factor
NFAT1, inducing its translocation to the nucleus where it promotes the transcription of
multiple cytokines [79]. When phosphorylated by NFAT1 kinases (casein kinase 1 (CK1),
dual-specificity tyrosine-regulated kinase (DYRK), and glycogen synthase kinase (GSK3)),
NFATL1 is confined to the cytoplasm, rendering it inactive. The long intergeneic non-coding
RNA (lincRNA) NRON also represses the nuclear import of NFAT1, presumably by
sequestering its nuclear transport proteins [80]. However, a more complicated role has been
suggested in which NRON forms a large cytoplasmic RNA-protein scaffold complex with
NFAT1, IQGAP proteins (IQGAP1 and IQGAP2), calmodulin, and three NFAT1 kinases
(Figure 3C) [75]. In the resting state, this complex sequesters inactive NFATL in the
cytoplasm and blocks calcineurin access. Upon stimulation, calcineurin dephosphorylates
NFAT1, which dissociates from IQGAP1 and NFAT1 kinases, and translocates into the
nucleus (Figure 3C). Consistent with this model, knockdown of NRON and IQGAP1
enhances nuclear import of NFAT1, and both NRON-depleted T cells and T cells from
IQGAP1-deficient mice exhibit increased production of NFAT1-dependent cytokines [75].
Collectively, these data identify an IQGAP1-lincRNA complex that negatively regulates
gene transcription.

Trends Cell Biol. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Smith et al. Page 11

IQGAPSs interact with mRNA decay machinery

In addition to regulating transcription in the nucleus, gene expression is also controlled
through the cytoplasmic localization and degradation of mMRNA transcripts. IQGAP1
interacts with Staufen [81], an RNA-binding protein that regulates mRNA localization and
decay [82]. Purified Staufen complexes contain IQGAP1, Cdc42, and Racl [81]. These
proteins control cytoskeletal structure, supporting a model in which the Staufen/IQGAP1
complex may regulate the localization of mRNAs. Although IQGAP1 has not been reported
to participate in Staufen-mediated mRNA decay, IQGAP1 has been implicated in nonsense-
mediated mRNA decay (NMD). The NMD complex eliminates mMRNA transcripts that
contain premature stop codons, which prevents the translation of gain-of-function or
dominant-negative proteins [83]. Through binding to SMG-9, a subunit required for NMD
complex formation, IQGAP1 prevents formation of the NMD complex [84]. IQGAP3 was
identified by mass spectrometry in a complex with ROD1 (regulator of differentiation 1)
[85], a protein that participates in NMD, but it is hot known whether IQGAP3 influences
NMD. Taken together, these studies suggest that IQGAPL controls gene expression not only
through transcriptional activation and repression, but also possibly through mRNA decay.

Mitotic spindle orientation

IQGAP1 participates in microtubule dynamics that occur during cell polarization [86].
Evidence reveals that IQGAPL localizes to the basolateral membrane of epithelial cells to
correctly orient the mitotic spindle [42]. Interestingly, EGFR is required for this localization
of IQGAP1 as well as for the polarized anchoring of microtubules during epithelial cell
division and to control spindle orientation. Disrupting the basolateral localization of either
IQGAP1 or EGFR results in misorientation of the mitotic spindle and defects in kidney
lumen formation [42]. Thus, IQGAP1 interactions with cell surface receptors regulate tissue
morphology.

Concluding remarks

IQGAP proteins scaffold a plethora of molecules to control cellular processes. Modular
IQGAP domains associate with components of several signaling pathways and regulate
signal propagation. IQGAPs have the ability to bind multiple proteins in a single pathway
and interact with constituents of distinct pathways, such as MAPK and small GTPases.
Through these diverse interactions, IQGAPs facilitate crosstalk between signaling cascades
to coordinate cellular activities. While numerous IQGAP-associated proteins have been
identified, the regulated assembly of these complexes has not been closely examined. Many
factors may determine which IQGAP complexes are formed, including binding affinity,
subcellular localization, cell type and regulation by stimuli (e.g. Ca2*/calmodulin regulation
of IQGAPL1 binding to its targets, or phosphorylation of IQGAP1 [87] and IQGAP2 [27]).
These elements may contribute to the formation of complexes necessary for specific
signaling modules.

Possible redundancy among IQGAPL, IQGAP2, and IQGAP3 remains poorly characterized.
The IQGAP isoforms have similar domain compositions. Therefore, there is potential for
functional redundancy among IQGAPs for some pathways. Alternatively, distinct regions of

Trends Cell Biol. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Smith et al.

Page 12

each isoform may permit the formation of unique isoform-specific multiprotein complexes.
IQGAP1 and IQGAP2 knockout mice remain viable, but have increased incidence of late-
onset gastric hyperplasia [88] and hepatocellular carcinoma [89] respectively. The
generation of IQGAP3-null or triple IQGAP-null mice (lack all three IQGAP isoforms) has
not been reported, but would broaden our comprehension of IQGAP redundancy.
Additionally, hetero- and homo-oligomers of different IQGAP isoforms may further
modulate processes. For example, oligomerization of IQGAP1 regulates Cdc42 activation
[90].

Deregulation of IQGAPs may contribute to a variety of diseases, ranging from microbial
pathogenesis to cancer. Since IQGAPs are implicated in multiple cellular processes, small
molecule inhibitors that block interactions of specific signaling molecules with IQGAPs
have the potential to precisely target selected signaling cascades that cause disease. The
development of B-Raf driven tumors in mice was prevented by a peptide that inhibits the
IQGAP1-ERKU1 interaction [91]. This initial work suggests that further elucidation of the
dynamics of IQGAP signaling networks will uncover biology that may be translated to
clinical settings, including the design of effective pharmacologic agents with broad
therapeutic implications.
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AKAP A-kinase anchoring proteins, a large family proteins that are targeted

to specific cellular locations, and form signaling complexes that
contain protein kinase A, and other signaling molecules

Akt A kinase activated by PtdInsP3 binding and Akt phosphorylation. Akt

phosphorylates substrates to regulate cellular processes, including cell
survival and proliferation

APC Ademoatous polyposis coli. Forms a destruction complex with Axin,

casein kinase 1 (CK1), dual-specificity tyrosine-regulated kinase
(DYRK), and glycogen synthase kinase 3p (GSK3p). The APC
destruction complex phosphorylates 3-catenin to mark it for
ubiquitination and degradation, thereby inhibiting canonical Wnt
signaling. APC can also coordinate actin and microtubule dynamics
during cell migration through interactions with -catenin and E-
cadherin

CHD Calponin homology domain. A domain that interacts with F-actin

Dvl Dishevelled, a cytoplasmic protein that binds to Frizzled (Fzd) upon

Whnt-Fzd stimulation. Dvl inhibits GSK3p activity and allows for the
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nuclear translocation of p-catenin and activation of canonical Wnt
signaling

Complexes of proteins that attach to extracellular matrix proteins and
interact with the cytoskeleton

GTPase activating protein. Proteins that terminate signaling by
binding to GTP-bound small GTPases, enhancing their intrinsic
GTPase activity, which hydrolyzes GTP to GDP

Guanine nucleotide exchange factor. Protein that catalyzes the release
of GDP from inactive small GTPases. This enables GTP, which is in
excess in the cell, to bind to the GTPase

G-protein coupled receptors are a family of 7-transmembrane
receptors involved in signal transduction from a variety of inputs.
Typically, GPCRs are associated with heterotrimeric Ga and GB/Gy
G-proteins. Ligand binding results in Ga regulation of enzymes to
alter concentrations of second messengers, such as CAMP, IP3, DAG,
and Ca?*

GAP related domain. A domain similar to GAPs, but has no GAP
activity in IQGAPSs

Sequences containing Iso/Leu and GIn residues that often are found in
multiple motifs within a protein. 1Q motifs are important for
mediating interactions with Ca2*-binding proteins, including
calmodulin and S100 family proteins

Mitogen activated protein kinase pathway involves sequential
activation of multiple kinases to activate ERK, which regulates
processes like cell motility and proliferation

Proteins that bind to the growing (plus) end of microtubules,
connecting them to subcellular locations necessary for processes like
migration and cytokinesis. Examples include EB1 and CLASP2

lack open reading frames, yet have important roles in the control of
gene expression, includes NRON

Neuronal Wiskott-Aldrich syndrome protein, binds Arp2/3 complex to
promote actin branching

Family of small GTPases that are activated downstream of receptors
to regulate activity of kinases/other signaling proteins in signaling
pathways

RasGAP_C-terminus domain that is unique to IQGAP proteins

Receptor tyrosine kinase, a family of proteins that mediate signal
transduction from extracellular signaling molecules to initiate
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intracellular signaling pathways. Ligand activation of RTK usually
results in receptor dimerization and autophosphorylation, with
subsequent phosphorylation of substrates on tyrosine residues, and
assembly of signaling adaptors on phosphorylated tyrosines

Small GTPases Family of signaling molecules. In their active GTP bound form they

can interact with membranes and other proteins to regulate function,
they possess intrinsic GTPase activity to inactivate signaling by
catalyzing hydrolysis of GTP to GDP

Transcription DNA-binding proteins that target specific regulatory sequences to
factors control gene expression

WRAMP Whnt-receptor-actin-myosin-polarity is a structure that assembles on

WW
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Figure 1. Models of IQGAP1 interactions with scaffolds
(A) (i) Activation of cell surface receptors leads to downstream signaling. Interactions

between IQGAP1 and several signaling components have been identified, including cell
surface receptors (e.g., EGFR) [39], the adaptor ShcA [41], and the small GTPase Ras [44].
IQGAP1 scaffolds the Raf [45, 46], MEK [13] and ERK kinases [13, 14] to promote ERK
activation. Interactions of IQGAP1 with the MAPK scaffolds p-arrestin2 [61, 62] (ii) and
MP-1 [21] (iii) affect recruitment of IQGAPL1 to the leading edge of migrating cells and
focal adhesion maturation, respectively. (B) (i) Activation of PKC by phorbol esters initiates
signaling upstream of IQGAP1. PKC activates Ras on caveolin-1 which communicates with
Raf, MEK and ERK on IQGAP1 that links ERK activation with the actin-cytoskeleton [15].
Scaffold-scaffold interactions allow for the formation of complete signaling complexes. (ii)
Alternatively, competition for common signaling components between scaffolds may inhibit
signaling. (iii) IQGAP1 interacts with AKAP220 in a complex that integrates Ca2* and
cAMP signaling. In the presence of Ca2*, IQGAP1 binds to AKAP220 and associates with
microtubules through CLASP2. In unstimulated cells, GSK3[ phosphorylates CLASP2,
preventing its interaction with IQGAPL. Synthesis of cAMP activates PKA, which inhibits
GSK3p by phosphorylation. Additionally, PP1 phosphatase dephosphorylates CLASP2,
promoting the IQGAP1-CLASP?2 interaction [26]. Abbreviations: PArr2, B-arrestin2; CaM,
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calmodulin; DAG, diacylglycerol; EGFR, epidermal growth factor receptor; FA, focal
adhesion; GSK3p, glycogen synthase kinase 33; GPCR, G-protein coupled receptor; Kinl,
kinesin-1; LE, late endosome; MT, microtubule; PI3K, phosphatidylinositol-3-kinase; PKA,
protein kinase A; PKC, protein kinase C; PP1, protein tyrosine phosphatase-1;
PtdIns3,4,5P3, phosphatidylinositol 3, 4, 5 trisphosphate.
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Figure 2. Models of IQGAP1 enhancement of Wnt signaling
A, B Canonical Wnt pathway; C, D Noncanonical Wnt pathway. (A) In the resting state,

nuclear translocation and activation of $-catenin is inhibited by the APC destruction
complex, which sequesters p-catenin in the cytoplasm and leads to its ubiquitination and
degradation by the proteasome. The Fzd receptor is also targeted for degradation by ZNRF3
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ubiquitin ligase [64]. (B) (i) IQGAP1 regulates f-catenin in canonical Wnt signaling. Wnt
binds to the Fzd-LRP5/6 receptor complex, recruits Dvl, inactivates the APC destruction
complex, and B-catenin is stabilized and translocates to the nucleus [64]. (ii) Although not
required for canonical Wnt signaling, RSPO augments this pathway [64]. Wnt/RSPO co-
stimulation activates LGR4 and clears ZNRF3 from the cytoplasm, which increases the
amount of active Fzd in the Wnt-Fzd/RSPO-LGR4/IQGAP1 “supercomplex” [66]. This
enhances p-catenin/IQGAP1/DvI complex formation and facilitates the nuclear import of -
catenin in an importin-p5/Ran dependent manner [67, 68]. Ran-GTP hydrolysis releases -
catenin, which interacts with TCF/LEF transcription factors. (C) The noncanonical planar
cell polarity pathway regulates oriented cell movement for polarization. Wnt/RSPO
increases the association of IQGAP1 with the actin polymerization proteins mDial and N-
WASP and activates the small GTPases Rho, Racl, and Cdc42 to promote cell polarity [66].
This may occur through association of IQGAP1 with Dvl, a reported activator of Rho
GTPases. Abbreviations: APC, adenomatous polyposis coli; p-cat, -catenin; CK1, casein
kinase 1; Dvl, Dishevelled; DYRK, dual-specificity tyrosine-regulated kinase; FAK, focal
adhesion kinase; Fzd, Frizzled; GSK3p, glycogen synthase kinasef; LRP5/6, Frizzled-low
density lipoprotein receptor-related proteins; mDial, Diaphanous-related formin-1; N-
WASP, Wiskott—Aldrich Syndrome protein; PCP, planar cell polarity; P, phosphorylation.
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Figure 3. Model of IQGAP1 and the nucleus
A) ERa is steroid hormone receptor that binds estrogen and translocates to the nucleus

where it acts as a transcription factor. IQGAP1 binds to ERa and enhances its transcriptional
function [73]. This mechanism may involve the assembly of ERa with co-regulators,
alteration of ERa post-translational modifications, and/or modulation of ERa
conformational dynamics. Activation of ERa by E2 attenuates ERa binding to IQGAPL.
Binding of ERa co-regulators to IQGAPL1 is speculative; this has not been documented. B)
Ca?* enhances IQGAP1 binding to Nrf2, stimulating the nuclear translocation of Nrf2 and
activation of HO-1 stress response [74]. C) IQGAP1 forms a large RNA-scaffold complex
with NRON to repress NFAT1 activation by recruiting the kinases CK1, DYRK, and GSK3(
[75]. When cells are stimulated, the increased [Ca2*]; activates calmodulin, which activates
calcineurin. Calcineurin dephosphorylates NFAT1, inducing its translocation to the nucleus
where it upregulates genes involved in the immune response. The dashed arrow indicates
putative signaling. Abbreviations: CK1, casein kinase 1; CaM, calmodulin; CN, calcineurin;
DYRK, dual-specificity tyrosine-regulated kinases; E2, estrogen; ERa, estrogen receptor «;
ERa co-R, estrogen receptor co-regulators; GSK3p, glycogen synthase kinase 3 3; HO-1,
heme oxygenase; NFATL, nuclear factor of activated T cells 1; Nrf2, nuclear factor
erythroid 2-related factor 2; P, phosphorylation.
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Figure I. IQGAP1 domain structure
Mammalian IQGAPs contain several domains that mediate protein-protein interactions.

Though many of these domains are found in other proteins, the binding partners for IQGAPs
are often unique. The five domains in IQGAPL1 are the calponin homology domain (CHD),
WW domain, 1Q domain (which contains four tandem 1Q motifs), GAP related domain
(GRD), and the RasGAP_C-terminus (RGCT) [38, 106]. Each domain has diverse
interacting partners. Common interactors are binding proteins expected to interact with the
specific domain. Unusual interactors are unexpected binding partners for the type of domain.
The RGCT represents a domain known only in IQGAPS, therefore, all interactors for this
region can be considered unique to IQGAPs.
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Interactor

Proposed Function(s)b

Reference

IQGAPL, IQGAP2 & IQGAP3

Calmodulin | Regulates IQGAP1 interactions with other proteinsC IQGAP1 [12, 101, 109]
gulates IQGAPL interactions i profet IQGAP2 [2]
IQGAP39[110]
Cde42 Stabilizes active Cdc42-GTPd IQGAP1 [23, 109, 111, 112]
S IQGAP2 [2]
Promotes cell motility IQGAP3 [3]
F-actin Promotes actin polymerization® IQGAP1 [12, 111, 113-115]
IQGAP2 [116]
IQGAP3 [3]
Racl Stabilizes active Rac1-GTPd IQGAP1 [111]
S IQGAP2 [2]
Promotes cell motility IQGAP3 [3]
IQGAP1 and IQGAP2
[-catenin IQGAP1: Modulates cell-cell adhesion; enhances B-catenin transcriptional activity IQGAP1 [65, 71]
IQGAP2: Modulates Wnt/ -catenin signaling IQGAP2 [89]
IQGAP1 and IQGAP3
ERK1 Modulates ERK1 activation IQGAP1 [14]
IQGAP3 [48]
Ras IQGAP1: Promotes the interaction between K-Ras and B-Raf IQGAP1 [44]
IQGAP3: Modulates H-Ras/ERK signaling IQGAP3 [47]
IQGAPL1 interactors
RTKSs
EGFR® Modulates EGFR activation [39]
FGFR1 Bridges FGFR1 to N-WASP-Arp2/3 complex [117]
HER2 Regulates HER2 levels and activity [51]
PDGFfR Modulates focal adhesion assembly [18]
VEGFR2 Cell migration and proliferation, vascular repair and maintenance, angiogenesis [50, 118]
Receptor serine/threonine kinase
TGFBR2 Regulates TGFPR2 degradation and signaling [119]
GPCRs
CXCR2 Unknown [120]
GPR161 Regulates cell migration and proliferation [62]
KISS1R Connects KISS1R to EGFR activation [121]
LPA1 Regulates cell migration and invasion [61]
MAPK components
B-Raf Regulates MAPK activation [45, 46]
C-Raf Regulates MAPK activation [122, 123]
ERK2 Modulates ERK?2 activation [13]
MEK1 Regulates MAPK activation [14]
MEK2 Regulates MAPK activation [14]
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Lipids and their regulators
Akt Regulates Akt activation [50, 51, 122, 124]
DGKZ® Phagocytosis by macrophages [125]

Protein 4.1R | Modulates cell migration [126]
Ezrind Unknown [127]
mTorcl Modulates cell growth [52, 124]
PtdIns4,5P, Promotes actin polymerization and branching [34]
PtdinsPsf Unknown [35, 128]9
PIPKIy Recruits IQGAP1 to leading edge membrane [34]
Scaffolds
AKAP220 IQGAP1: Integrates Ca2* and cAMP signals; regulates cell migration IQGAP1 [27]
IQGAP2: Recruits active Racl to promote membrane ruffling. IQGAP2 [26]
B-arrestin2 Forms complex with IQGAP1 and LPA1 or GPR161 to regulate cell migration [61, 62]
pl4-MP1 Regulates focal adhesion maturation [21]
ShcA May link RTK to cytoskeleton [41]
Small GTPases and their regulators
FGD6 Regulates podosome formation [129]
Rab27a Regulates endocytosis of insulin secretory membranes [31]
RacGAP1 Regulates cell migration and invasion [24]
Ran Regulates -catenin transcriptional function [67]
Rapl Regulates Rap1 activation [105]
RhoA/C Modulates RhoA/C activation; regulates cell proliferation and migration [130]
Tiaml Unknown [131]
Wht signaling molecules
Dvl Facilitates nuclear import of Dvl/B-catenin complex and modulates Wnt signaling [67, 68]
LGR4&f Required for potentiation of -catenin signaling by RSPO [66]
MCAM Required for WRAMP structure assembly; bridges MCAM to cytoskeleton [30]
Nuclear proteins
ERa Modulates ERa transcriptional function [73]
ERa Unknown [73]
Importin-B5 | Modulates nuclear import of the IQGAP1/3-catenin/Dvl complex and transactivation of Wnt [67]
target genes
NFAT1 Regulates nuclear translocation and function [75]
NRONF Forms RNA-scaffold complex to regulate NFAT1 [75]
pcNAh Unknown. [72]
RNase L Required for ECyd-induced JNK phosphorylation and apoptosis [132]
RpA2h Unknown [72]
TrkA Unknown [133]

MRNA regulation
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Interactor Proposed Function(s)b Reference
SMG-9 Unknown [84]
Staufen Unknown [81]
Adhesion associated proteins

CD13 Unknown [134]
Integrin 33 Regulates pulmonary vascular permeability [135]
Filamin-A Regulates directional cell migration [25]
Nephrin Regulates podocyte migration and barrier functions [136]
N-cadherin Links N-cadherin to ERK1/2 signaling during fear memory formation [137]
Podocin Regulates podocyte migration and barrier functions [136]
VASP Unknown [138]
Kinases and phosphatases

Aurora A Stabilizes Aurora A [139]
PTPu Mediates neurite outgrowth [140]
Neuronal proteins

NR2A Contributes to NMDAR trafficking and ERK signaling [141]
NR2B Contributes to NMDAR trafficking and ERK signaling [141]
PSD-95 Contributes to NMDAR trafficking and ERK signaling [141]

a . . " Lo
Interactors were selected to illustrate the diverse cellular processes regulated by IQGAPs. Several additional putative interactors have been

identified by mass spectrometry analysis [127, 142—-144]; interactions without further validation were excluded.
bRefers to proposed functional consequences of the interaction with IQGAPs

CNo published evidence for this function for IQGAP2 or IQGAP3

dFunction demonstrated for IQGAP1 and IQGAP2, but not IQGAP3

eAlso interacts with IQGAP3; function undetermined

fAlso interacts with IQGAP2; function undetermined

gBinding to full-length protein was not examined

Interaction identified via co-localization only.
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