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The IQGAP scaffolds: Critical nodes bridging receptor
activation to cellular signaling
Louise Thines1, Francis J. Roushar1, Andrew C. Hedman1, and David B. Sacks1

The scaffold protein IQGAP1 assembles multiprotein signaling complexes to influence biological functions. Cell surface
receptors, particularly receptor tyrosine kinases and G-protein coupled receptors, are common IQGAP1 binding partners.
Interactions with IQGAP1 modulate receptor expression, activation, and/or trafficking. Moreover, IQGAP1 couples
extracellular stimuli to intracellular outcomes via scaffolding of signaling proteins downstream of activated receptors,
including mitogen-activated protein kinases, constituents of the phosphatidylinositol 3-kinase pathway, small GTPases, and
β-arrestins. Reciprocally, some receptors influence IQGAP1 expression, subcellular localization, binding properties, and post-
translational modifications. Importantly, the receptor:IQGAP1 crosstalk has pathological implications ranging from diabetes
and macular degeneration to carcinogenesis. Here, we describe the interactions of IQGAP1 with receptors, summarize how they
modulate signaling, and discuss their contribution to pathology. We also address the emerging functions in receptor signaling
of IQGAP2 and IQGAP3, the other human IQGAP proteins. Overall, this review emphasizes the fundamental roles of IQGAPs in
coupling activated receptors to cellular homeostasis.

Introduction
IQGAPs are evolutionarily conserved scaffold proteins with a
multidomain architecture, allowing interactions with numer-
ous, diverse proteins. Like most vertebrates, humans have three
IQGAP proteins: IQGAP1, IQGAP2, and IQGAP3 (Briggs and
Sacks, 2003; Box 1). IQGAP1 is the best characterized, with
>150 interactors identified (Hedman et al., 2015). IQGAP1 scaf-
folds many signaling molecules in different signaling pathways
(Table 1), including the mitogen-activated protein kinase
(MAPK; Box 2) and the class I phosphatidylinositol 3-kinase
(PI3K)/Akt (Box 3) networks. IQGAP1 also modulates small
GTPase signaling by stabilizing their active or inactive forms,
and/or by recruiting GTPase regulators (Table 1; Peng et al.,
2021). By modulating intracellular signaling, IQGAP1 coor-
dinates essential cellular processes like cell proliferation and
migration, cytoskeletal dynamics, and vesicle trafficking (Smith
et al., 2015). The cellular functions of IQGAP1 have physiological
implications ranging from renal homeostasis and angiogenesis
to insulin secretion (Hedman et al., 2015).

Cell surface receptors, particularly receptor tyrosine
kinases (RTKs) and G-protein coupled receptors (GPCRs), are
common IQGAP1 interactors (Table 2). IQGAP1 influences
receptor signaling by (i) modulating receptor activation,
expression and/or trafficking, and (ii) scaffolding signaling
complexes at activated receptors. Reciprocally, some receptors

influence IQGAP1 functions by modulating its subcellular lo-
calization, binding properties, and post-translational mod-
ifications (PTMs). Importantly, the receptor:IQGAP1 crosstalk
affects cellular homeostasis and has pathological implications
(Table 2). Here, we describe the interactions of diverse re-
ceptors with IQGAP1, address the implications at the molecular
and cellular levels, and discuss their roles in disease develop-
ment. The emerging participation of IQGAP2 and IQGAP3 in
receptor signaling is also summarized.

IQGAP1 integrates receptor tyrosine kinase signaling
RTKs are characterized by intracellular tyrosine kinase activity.
Activation upon binding of their cognate ligand most commonly
induces RTK dimerization and autophosphorylation. Proteins
are then recruited to the receptor primarily through Src ho-
mology 2 (SH2) and phosphotyrosine-binding (PTB) domains to
initiate signaling (Hubbard and Miller, 2007). RTKs control es-
sential cellular processes including proliferation, migration, and
differentiation (Pawson, 2002). IQGAP1 has been documented to
influence signaling of 9 of the 58 human RTKs (Table 2). Usually,
IQGAP1 stimulates RTK signaling (EGFR, FGFR1, HER2, IGF-1R,
IR, PDGFR-β, VEGFR2), but inhibits Axl and MET. IQGAP1 cou-
ples RTK activation to intracellular signaling by scaffolding the
MAPK (Box 2) and PI3K/Akt (Box 3) pathways, and by recruiting
small GTPases.
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Table 1. Signaling molecules scaffolded by IQGAP1

Interactor Binding site on IQGAP1 Effect of IQGAP1 binding Reference

AMPK

CaMKK2 IQ
Promotes AMPK activation

Hedman et al., 2021

AMPK IQ

Hippo

MST2 IQ
Impairs MST2 and LATS1 kinase activity

Quinn et al., 2021

LATS1 IQ

YAP IQ Inhibits YAP cotranscriptional activity Sayedyahossein et al., 2016

Insulin

IR IQ
Stimulates insulin signaling

Chawla et al., 2017

IRS-1 RGCT and distal C-terminus

JAK-STAT

STAT1 n.d.
Activates the transcription factors STAT1/3

Chen et al., 2022

STAT3 n.d.

MAPK

B-Raf IQ

Facilitates the MAPK phosphorylation cascade, ultimately activating ERK1/2

Ren et al., 2007

C-Raf IQ and RGCT Sbroggiò et al., 2011

MEK1 IQ Roy et al., 2005

MEK2

ERK1 WW

ERK2 Roy et al., 2004

PI3K/Akt

PI4KIIIα n.d.

Facilitates the formation of PIP3

Choi et al., 2016; Tekletsadik et al., 2012

PIPKIα IQ

PI3K WW and IQ

mTorC1 N-terminal

Promotes Akt activationPDK1 n.d.

Akt IQ

Wnt

APC RGCT

Scaffolds the degradation (APC) and activation (Dvl, PP2A)
complexes of β-catenin

Watanabe et al., 2004

Dvl aa 901–1060 Goto et al., 2013

PP2A n.d. Nakajima et al., 2005

β-catenin RGCT Kuroda et al., 1998

Small GTPases

Arf1 IQ Stimulates ERK activation Hu et al., 2021

Arf6 n.d. Stimulates Arf6-induced Rac1 activation Hu et al., 2009

Cdc42 GRD Stabilizes GTP-bound Cdc42 Kuroda et al., 1996

Rab27a GRD Regulates endocytosis Kimura et al., 2013

Rac1 GRD Stabilizes GTP-bound Rac1 Kuroda et al., 1996

Rac2 n.d. Unknown Meng et al., 2007

Ran1 n.d. Regulates β-catenin transcriptional function Goto et al., 2013

Rap1 IQ Reduces Rap1 activation Jeong et al., 2007

RhoA n.d. Modulates RhoA activation Casteel et al., 2012

RhoC C-terminal Stimulates RhoC activation Wu et al., 2011

RhoQ n.d. Unknown Neudauer et al., 1998

Abbreviations: aa, amino acids; n.d., not determined.
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IQGAP1 promotes tumorigenic signaling of EGFR and HER2
The erythroblastic leukemia viral oncogene homolog (ErbB) sub-
family of RTKs comprises four structurally related members
that mediate cell proliferation, differentiation, and migration
(Appert-Collin et al., 2015). IQGAP1 has been reported to bind
two ErbB members, epidermal growth factor receptor (EGFR;
McNulty et al., 2011) and human epidermal growth factor re-
ceptor 2 (HER2; White et al., 2011), which enhances their sig-
naling and promotes tumorigenesis.

EGFR: The EGFR:IQGAP1 complex was identified by mass
spectrometry (Blagoev et al., 2003), and later confirmed in A431
epidermoid carcinoma (McNulty et al., 2011), breast carcinoma
(Chen et al., 2019), and ovarian cancer cells (Chen et al., 2022).
Binding occurs directly, at the IQ domain of IQGAP1 (McNulty
et al., 2011), but also via the adaptor protein ShcA (Smith et al.,
2010). EGF does not modulate the EGFR:IQGAP1 interaction;
IQGAP1 binds both quiescent and activated receptors (McNulty
et al., 2011).

IQGAP1 binding stimulates EGFR signaling and couples EGFR
activation to the MAPK pathway (Fig. 1). IQGAP1 knockdown
reduces EGF-induced autophosphorylation of EGFR (McNulty
et al., 2011; Monteleon et al., 2015). Moreover, IQGAP1 deple-
tion decreases EGF-stimulated activation of the MAPK proteins
B-Raf, MEK1/2, and ERK1/2 (Box 2; Ren et al., 2007; Roy et al.,
2004; Roy et al., 2005). Interestingly, overexpression of IQGAP1
also impairs EGF-stimulated MAPK activation (Roy et al., 2004;
Roy et al., 2005), probably by increasing formation of non-
functional complexes comprising only one MAPK protein. EGF
stimulates and inhibits IQGAP1 binding to MEK1 and MEK2,
respectively (Roy et al., 2005), suggesting that IQGAP1 activates
ERK preferentially via MEK1.

IQGAP1 also links EGFR to PI3K/Akt signaling (Fig. 1). EGF
induces scaffolding by IQGAP1 of PI4KIIIα, PIPKIα, and PI3K,
increasing PIP3 production. Moreover, EGF increases PDK1 and
Akt binding to IQGAP1, thereby promoting PDK1-catalyzed ac-
tivation of Akt (Box 3; Choi et al., 2016). IQGAP1 also binds

Box 1 The three IQGAP proteins
The three human IQGAPs (IQGAP1, IQGAP2, and IQGAP3) share a similar multidomain composition, each containing a calponin homology domain (CHD), WW
domain, IQ domain containing several IQ motifs, GTPase-activating protein (GAP)-related domain (GRD), and a RasGAP_C-terminal domain. IQGAPs are pre-
dominantly found in the cytosol, but also function at the plasma membrane to regulate receptor signaling and cell adhesion, at trafficking vesicles to coordinate
endocytosis and exocytosis, and in the nucleus to influence transcription (Smith et al., 2015). All three proteins have common binding partners, including actin, the
Ca2+-binding protein calmodulin, and the Rho GTPases Rac1 and Cdc42 (Hedman et al., 2015). However, their expression and functions differ. IQGAP1 is ubiq-
uitously expressed, whereas IQGAP2 and IQGAP3 are predominantly expressed in the liver and brain, respectively (Wang et al., 2007). IQGAP1 and IQGAP3 are
overexpressed in a wide array of neoplasms and are considered to be oncogenes (Wei and Lambert, 2021; White et al., 2009). In contrast, IQGAP2 expression is
decreased in several malignancies, suggesting that it is a tumor suppressor (Wei and Lambert, 2021). The mechanisms that underly the opposite effects of IQGAP2
to IQGAP1 and IQGAP3 are unknown.

Box 2 IQGAP1 scaffolds the MAPK pathway
The MAPK pathway transduces extracellular signals to cellular responses, such as differentiation, proliferation, and apoptosis. The pathway is initiated by the
GTPase Ras that, upon activation by receptors, activates Raf kinase. Then, Raf activates by phosphorylation MEK, which in turn phosphorylates ERK. Activated
ERKs translocate to the nucleus, where they regulate expression of target genes to mediate cellular outcomes (Braicu et al., 2019). IQGAP1 facilitates the MAPK
cascade by directly binding B-Raf, C-Raf, MEK1/2, and ERK1/2 (Ren et al., 2007; Roy et al., 2004; Roy et al., 2005; Sbroggiò et al., 2011). There are conflicting data
regarding binding of Ras to IQGAP1, with the latest report indicating no interaction (Morgan et al., 2019). IQGAP1-mediated activation of ERK stimulates cell
proliferation, migration, and invasion, and contributes to tumorigenesis (Jameson et al., 2013; White et al., 2011).
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mTORC1, augmenting mTOR-catalyzed Akt activation by EGF
(Tekletsadik et al., 2012). IQGAP1 depletion from cells and mice
decreases EGF-stimulated Akt activation (Choi et al., 2016; Wei
et al., 2020). Coupling of EGF/EGFR to Akt by IQGAP1 has
implications in cancer. Loss of IQGAP1 from mice with EGFR-
driven head and neck cancer reduces oncogenic Akt upregula-
tion, correlating with improved prognosis (Wei et al., 2020).
Moreover, deletion of the third of four IQ motifs (IQ3) from
IQGAP1 abrogates binding to PI3K/Akt, which reduces EGF-
stimulated migration and invasion of squamous carcinoma cells.
Specific scaffolding of the PI3K/Akt, but not the MAPK, pathway
at the IQ3 motif of IQGAP1 provides opportunities for therapies
targeted at carcinogenic PI3K/Akt signaling (Chen et al., 2019).

IQGAP1 also couples EGF to GTPase-mediated signaling. EGF
increases binding of the small GTPases Cdc42, RhoA, and RhoC
to IQGAP1, which stabilizes their GTP-bound, active forms. Ac-
tive Cdc42 promotes actin polymerizationwhile active RhoA and
RhoC stimulate DNA synthesis in breast cancer cells, with
possible carcinogenic implications (Fig. 1; Casteel et al., 2012;
Erickson et al., 1997). Additionally, IQGAP1 stimulates EGF-
induced activation of the JAK-STAT pathway, a signaling mod-
ule where JAK non-receptor tyrosine kinases activate STAT
transcription factors to promote expression of critical mediators
of cancer and inflammation (Hu et al., 2021). EGF stimulates the
interaction of IQGAP1 with STAT1 and STAT3 (Chen et al., 2022).
This increases nuclear activity of STAT1/3, which upregulates
expression of PD-L1, the ligand of the T-cell receptor PD-L. Be-
cause PD-L/PD-L1 signaling inactivates T-cells, this mechanism
favors immune escape of tumor cells (Fig. 1; Chen et al., 2022).
Interestingly, IQGAP1 also promotes EGF-induced nuclear
translocation of β-catenin, a component of the cadherin com-
plex that is a signaling transducer in the Wnt pathway (Osman
et al., 2020), implying that IQGAP1 may also couple EGFR to
expression of Wnt target genes.

EGFR:IQGAP1 crosstalk influences cell division. In mitotic
epithelial cells, EGFR localizes at basolateral membranes where
it recruits IQGAP1. Once there, IQGAP1 controls orientation of
the mitotic spindle to ensure proper cell division. Disrupting
basolateral localization of IQGAP1 or EGFR causesmisorientation

of the mitotic spindle and alters the formation of single-lumen
cysts, impacting tissue morphology (Bañón-Rodŕıguez et al.,
2014). Interestingly, EGFR inhibitors used to treat EGFR-
activated lung cancer upregulate IQGAP1 expression, which
correlates with increased vascular permeability. These findings
suggest vascular functions for EGFR:IQGAP1, which could con-
tribute to purpuric drug eruptions, an adverse event commonly
observed during EGFR inhibitor therapies (Sheen et al., 2020).

EGFR:IQGAP1 complexes are negatively regulated by Ca2+.
Active EGFR increases cytosolic Ca2+ concentration by inducing
Ca2+ release from the endoplasmic reticulum, which augments
the action of the Ca2+-binding protein calmodulin bound to Ca2+

(Bryant et al., 2004). In turn, Ca2+/calmodulin, which binds to
the IQ domain of IQGAP1 (Li and Sacks, 2003), abrogates for-
mation of EGFR:IQGAP1 complexes, thereby altering EGF-
stimulated, IQGAP1-mediated signaling (Fig. 1; McNulty et al.,
2011). IQGAP1 also coordinates ERK1/2-catalyzed phosphoryla-
tion of EGFR, which could provide an additional negative regu-
latory loop (Casar et al., 2009).

HER2: Unlike EGFR, HER2 has no ligand binding domain; it is
activated by heterodimerization with other ligand-activated
ErbB members. HER2 overexpression causes HER2-positive
breast cancer (Yarden, 2001). IQGAP1 binds HER2 in HER2-
positive breast cancer cells. IQGAP1 knockdown alters HER2
stability, activation, and signaling to Akt, which reduces breast
cancer cell proliferation (White et al., 2011). This indicates that
the HER2:IQGAP1 complex promotes breast tumorigenesis. Im-
portantly, IQGAP1 overexpression in HER2-positive breast and
gastric cancer cells induces resistance to trastuzumab, a thera-
peutic monoclonal antibody targeted at HER2, likely by stabi-
lizing active HER2 (Arienti et al., 2016; White et al., 2011).
IQGAP1 is also recruited to activated HER2 via the adaptor
protein ShcA, which has been proposed to couple HER2 to cy-
toskeletal rearrangements (Smith et al., 2010).

IQGAP1 stimulates VEGF, PDGF, and FGF signaling to enhance
cell motility
IQGAP1 regulates cell motility, in part by binding actin and the
GTPases Cdc42 and Rac1 (Mataraza et al., 2003; Noritake et al.,

Box 3 IQGAP1 facilitates PI3K/Akt signaling
The PI3K/Akt pathway is important in cell cycle, growth, and proliferation. Receptor activation stimulates the pathway by recruiting and activating PI3K. Active
PI3K catalyzes phosphorylation of the plasma membrane phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3
binds the kinases PDK1 and Akt, allowing PDK1-mediated activation of Akt that catalyzes phosphorylation of various targets to promote cellular responses (Jiang
et al., 2020). IQGAP1 interacts with phosphatidylinositol 4-kinase III-α (PI4K) and type-I phosphatidylinositol phosphate kinase (PIPKI) that catalyze the formation
of PIP2 from phosphatidylinositol (PI). Moreover, IQGAP1 binds PI3K, PDK1, and Akt to facilitate Akt activation (Choi et al., 2016). The potential for IQGAP1 to bind
lipids may facilitate its recruitment at the plasma membrane to scaffold the pathway (Choi et al., 2013; Wang et al., 2019). IQGAP1 also associates with the
mammalian target of rapamycin (mTOR), which promotes mTOR-catalyzed Akt activation (Chen et al., 2010). IQGAP1-mediated activation of Akt stimulates cell
proliferation, migration, survival, and invasion, and drives carcinogenesis (Chen et al., 2010; Wei et al., 2020).
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Table 2. Cell surface receptors whose signaling is modulated by IQGAP, and implications in physiology and pathology

Receptor Interaction in
cellsa

Direct
bindingb

Binding site
on IQGAP1

Signaling outcome Physiological and/or
pathological implications

Referencec

IQGAP1

Receptor tyrosine kinases

Axl Yes Yes IQ Inhibits Axl activation and signaling to
Akt

n.d. Gorisse et al., 2018

EGFR Yes Yes IQ Promotes EGFR activation and signaling
to ERK, Akt, STAT, and GTPases

Drives tumorigenesis McNulty et al., 2011

FGFR1 Yes Yes n.d. Stimulates N-WASP and B-Raf;
promotes cell motility

n.d. Bensenõr et al.,
2007

HER2 Yes Yes IQ Sustains active HER2; induces
resistance to trastuzumab

Promotes breast tumorigenesis White et al., 2011

IGF-1R n.d. n.d. IQd n.d. n.d. Salvi et al., 2022

IR Yes Yes IQ Increases IR signaling to Akt and ERK Regulates glucose homeostasis;
may contribute to diabetes

Chawla et al., 2017

MET Yes Yes n.d. Inhibits MET signaling; promotes Tyr
phosphorylation of IQGAP1

Influences HGF/MET-induced
tumorigenesis

Hedman et al.,
2020

PDGFR-β Yes n.d. n.d. Modulates focal adhesion assembly and
cell motility

Coordinates vascular repair Kohno et al., 2013

VEGFR2 Yes Yes n.d. Loosens cell adhesion and increases cell
migration; stimulates angiogenesis and
neurogenesis

Contributes to macular
degeneration and cancer
development

Yamaoka-Tojo
et al., 2004

G protein–coupled receptors

CXCR2 Yes Yes CHD May inhibit chemotaxis n.d. Neel et al., 2011

CXCR4 Yes n.d. n.d. Increases receptor trafficking, ERK
activation, and cell migration

n.d. Bamidele et al.,
2015

DOR1 n.d. n.d. n.d. Increases receptor trafficking and ERK
activation

n.d. Bamidele et al.,
2015

DP1 Yes n.d. n.d. Regulates DP1 trafficking; increases ERK
activation

n.d. Fréchette et al.,
2021

ET-1R n.d. n.d. n.d. Modulates GTPase activation; enhances
cell migration, invasion, and metastasis

May promote ovarian
carcinogenesis

Chellini et al., 2019

GPR161 Yes n.d. n.d. Enhances cell migration and
proliferation

May contribute to breast cancer Feigin et al., 2014

KISS1R Yes n.d. n.d. Stimulates EGFR transactivation n.d. Cvetkovic et al.,
2013

LGR4 Yes n.d. GRD Increases canonical and non-canonical
Wnt signaling

n.d. Carmon et al., 2014

LGR5 Yes n.d. GRD and
C-terminus

Reduces IQGAP1 phosphorylation;
increases Rac1 and actin binding

n.d. Carmon et al., 2017

LPA1 Yes n.d. n.d. Increases cell migration and invasion n.d. Alemayehu et al.,
2013

M3-mAChR n.d. n.d. n.d. Increases active Rac1; may couple M3-
mAChR to actin cytoskeleton

n.d. Ruiz-Velasco et al.,
2002

MOR1 n.d. n.d. n.d. Stimulates Rac1 and ERK activation n.d. Civciristov et al.,
2019

Receptor serine/threonine kinases

TGFβR2 Yes Yes aa 1503–1657 Promotes TGFβR2 degradation; inhibits
TGFβR2 signaling

May constrain liver and bladder
tumor growth

Liu et al., 2013

Glutamate-gated ion channels
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Table 2. Cell surface receptors whose signaling is modulated by IQGAP, and implications in physiology and pathology (Continued)

Receptor Interaction in
cellsa

Direct
bindingb

Binding site
on IQGAP1

Signaling outcome Physiological and/or
pathological implications

Referencec

AMPAR
(GluR4)

Yes n.d. N-terminal May regulate cell surface targeting of
GluR4 May participate in cognitive

physiology and pathology

Nuriya et al., 2005

NMDAR
(NR2A, NR2B)

Yes n.d. n.d. Promotes cell surface targeting of
NR2A; stimulates ERK signaling

Gao et al., 2011

Adhesion receptors

β1-integrin Yes n.d. n.d. Couples β1-integrin to Rac1, RhoA, and
Arf6 GTPases

n.d. Nakajima et al.,
2005

β3-integrin Yes Yes n.d. Promotes cortical actin arrangements Controls vascular barrier
protection

Bhattacharya et al.,
2012

CD44 Yes n.d. n.d. Links CD44 to the cytoskeleton and ERK
signaling

Increases ovarian tumor cell
migration

Bourguignon et al.,
2005

E-cadherin Yes Yes RGCT Dissociates adherens junctions n.d. Kuroda et al., 1998

N-cadherin Yes n.d. n.d Stimulates ERK1/2 signaling; regulates
cell-cell adhesion

Participates in fear memory and
spermatogenesis

Lui et al., 2005

VE-cadherin Yes n.d. n.d. Destabilizes adherens junctions n.d. Yamaoka-Tojo
et al., 2006

T cell receptors

OX40 Yes n.d. C-terminal Restrains OX40 cosignaling

May coordinate inflammation

Okuyama et al.,
2020

TCR n.d. n.d. n.d. Negatively regulates TCR-mediated
signaling

Gorman et al.,
2012

Receptor protein tyrosine phosphatases

PTPμ Yes Yes n.d. Regulates GTPase-dependent functions
of IQGAP1 and neurite outgrowth

n.d. Phillips-Mason
et al., 2006

IQGAP2

DP1 n.d. n.d. n.d. Inhibits ERK n.d. Fréchette et al.,
2021

IFN-α receptor n.d. n.d. n.d. Activates NF-κB-mediated gene
expression

May have antiviral actions Brisac et al., 2016

LGR4 Yes n.d. n.d. n.d. n.d. Carmon et al., 2014

PAR n.d. n.d. n.d. Modulates cytoskeletal dynamics n.d. Schmidt et al.,
2003

VEGFR2 n.d. n.d. n.d. Stimulates VEGF production, which
activates VEGFR2 signaling to Akt

Increases angiogenesis in breast
cancer

Kumar et al., 2022

IQGAP3

DP1 n.d. n.d. n.d. Activates ERK n.d. Fréchette et al.,
2021

EGFR n.d. n.d. n.d. Stimulates EGFR activation and
signaling to ERK

n.d. Yang et al., 2014

FGFR1 n.d. n.d. n.d. Activates ERK May coordinate embryonic
development

Fang et al., 2015

LGR4 Yes n.d. n.d. Enhances RSPO/LGR4 signaling to Wnt/
β-catenin

n.d. Carmon et al., 2014

NGFR n.d. n.d. n.d. Triggers formation of cell extensions n.d. Caro-Gonzalez
et al., 2012

Abbreviations: aa, amino acids; n.d., not determined.
aInteraction in cells was demonstrated by co-immunoprecipitation or pull-down from cell lysates, or by colocalization or proximity ligation assay in intact cells.
bDirect binding was demonstrated using pure proteins.
cOnly the initial publication is cited here.
dInteraction was suggested from in silico molecular docking analysis only.
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2005). IQGAP1 also coordinates cell motility by coupling vas-
cular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and fibroblast growth factor (FGF) stimulation to
cytoskeletal rearrangements.

VEGFR2: VEGF receptor-2 (VEGFR2), predominantly ex-
pressed in vascular endothelial (VE) cells, stimulates cell pro-
liferation and migration to promote angiogenesis. VEGF induces
binding of IQGAP1 to VEGFR2, in complex with Rac1. IQGAP1
stabilizes GTP-bound Rac1, which activates the NAD(P)H oxi-
dase Nox2, leading to the generation of reactive oxygen species
(ROS; Fig. 2 A; Ikeda et al., 2005; Yamaoka-Tojo et al., 2004).
ROS stimulate tyrosine phosphorylation of VE-cadherin, which
is also found in the VEGFR2:IQGAP1 complex, thereby loosening
cell–cell adhesion (Yamaoka-Tojo et al., 2006). ROS produced by
Nox2 also activate Akt to promote cell proliferation and migra-
tion (Yamaoka-Tojo et al., 2004). Moreover, ROS induce oxi-
dation of IQGAP1 cysteine residues into cysteine sulfenic acid, a
redox intermediate suggested to enhance cell migration (Kaplan
et al., 2011). IQGAP1 also promotes VEGF-stimulated activation
of B-Raf, which increases cell proliferation (Fig. 2 A;Meyer et al.,
2008). Participation in VE cell adhesion, migration, and prolif-
eration suggests that VEGFR2:IQGAP1 coordinates angiogenesis.
Consistently, IQGAP1 is required for VEGF-stimulated tube for-
mation from 3D-cultured VE cells (Yamaoka-Tojo et al., 2006).
In vivo, vascular injury in rats upregulates IQGAP1 and VEGFR2
expression (Yamaoka-Tojo et al., 2004), while IQGAP1 knock-
down reduces VEGF-stimulated angiogenesis of the highly
vascularized extraembryonic chorioallantoic membrane of
fertilized chicken eggs (Meyer et al., 2008). In neural stem cells,
VEGF promotes binding of IQGAP1 to active Cdc42 and Rac1, and
to the microtubule-associated protein Lis1. These associations
augment migration and differentiation of neural progenitor
cells, thereby contributing to neurogenesis (Balenci et al., 2007).

The functions of VEGFR2:IQGAP1 in cell motility may have
pathological consequences. In the eye, activation of Rac1 by the
VEGFR2:IQGAP1 complex promotes migration of choroidal en-
dothelial cells. The migrating cells produce choroidal neovas-
cularization, ultimately causing macular degeneration (Wang
et al., 2020). Consistent with this observation, both active Rac1
and choroidal neovascularization are reduced in IQGAP1-null
mice. In esophageal tumors, IQGAP1 overexpression enhances
VEGF expression and VEGFR2 activation, which stimulates an-
giogenesis to favor tumor progression. Interestingly, Akt and
ERK inhibitors abrogate the effects of IQGAP1 overexpression.
Together, this implies that IQGAP1 overexpression in esophageal
cancer promotes Akt/ERK-mediated oncogenic VEGF/VEGFR2
signaling (Li et al., 2018). Similarly, IQGAP1 overexpression in
gastric carcinoma cells stimulates VEGF expression and secre-
tion, which may drive carcinogenic epithelial-to-mesenchymal
transition (EMT; Liu et al., 2019). Finally, IQGAP1 promotes
VEGF-stimulated proliferation ofmyeloma cells (Ma et al., 2013),
further implicating IQGAP1-mediated VEGF/VEGFR2 signaling
in tumorigenesis.

Analogous to VEGF, angiopoietin-1, a ligand of the endothelial
RTK Tie2, stimulates Rac1 binding to IQGAP1 and stabilizes Rac1-
GTP. IQGAP1 knockdown, by decreasing angiopoietin-1-stimu-
lated activation of Rac1, reduces endothelial barrier functions
(David et al., 2011). Whether these effects aremodulated by Tie2:
IQGAP1 binding remains to be addressed.

PDGFR-β: The PDGF receptor-β (PDGFR-β) is an essential
regulator of hematopoiesis and angiogenesis during develop-
ment (Chen et al., 2013). In vascular smooth muscle cells
(VSMCs), PDGF promotes IQGAP1 binding to PDGFR-β, in com-
plex with the focal adhesion proteins vinculin, paxillin, and
focal adhesion kinase (Fig. 2 B). In this complex, IQGAP1 stim-
ulates PDGFR-β activation. Further, IQGAP1 facilitates the

Figure 1. IQGAP1 scaffolds signaling pathways upon activation of EGFR. IQGAP1 binds to EGFR, both directly and via the adaptor protein ShcA. EGF
stimulates IQGAP1-mediated scaffolding of the PI3K/mTor/Akt and MAPK pathways, which activates Akt and ERK, respectively. IQGAP1 also facilitates EGF-
stimulated activation of the transcription factors STAT1 and STAT3, and stabilizes the GTP-bound forms of the GTPases Cdc42, RhoA, and RhoC. The functional
implications of IQGAP1-mediated signaling are indicated below each pathway. Ca2+/calmodulin (CaM), generated by EGF/EGFR-induced increase of cytosolic
Ca2+, binds IQGAP1 and prevents its binding to EGFR, providing negative feedback. Green and red arrows represent stimulation and inhibition, respectively. The
figure was generated in BioRender.

Thines et al. Journal of Cell Biology 7 of 20

IQGAPs in receptor signaling https://doi.org/10.1083/jcb.202205062

http://BioRender
https://doi.org/10.1083/jcb.202205062


formation of focal adhesion structures to enhance cell migration
(Kohno et al., 2013). PDGF also induces IQGAP1 binding to the
copper transporter ATP7A and Rac1 in lipid rafts and at the
leading edge of VSMCs (Ashino et al., 2018). This complex in-
creases cell motility by stabilizing GTP-bound Rac1 and acti-
vating Cu2+-dependent enzymes (Fig. 2 B; Ashino et al., 2018).
IQGAP1 depletion decreases PDGF-stimulated B-Raf and Akt
activation (Choi et al., 2016; Ren et al., 2007), suggesting that
IQGAP1 bridges activated PDGFR-β to both the MAPK and PI3K/
Akt pathways.

IQGAP1-mediated PDGF/PDGFR-β signaling, by driving
VSMCmigration, has been suggested to promote vascular repair.
IQGAP1 expression increases during repair of vascular injury in
mice, whereas repair is defective in IQGAP1-null mice (Kohno
et al., 2013). PDGFR-β:IQGAP1 similarly enhances migration of
both VSMCs and VE cells during sepsis, revealing functions in
the repair of sepsis-associated vascular damage (Zheng et al.,
2019a; Zheng et al., 2019b). Interestingly, PDGF increases IQGAP1
expression by downregulating IQGAP1-targeted microRNAs
(miR-23b and miR-125a-5p), causing oncogenic overexpression
of IQGAP1 in lung cancer (Naidu et al., 2017).

FGFR1: The FGF receptor-1 (FGFR1) controls embryo devel-
opment and adult tissue homeostasis by regulating cell prolif-
eration and differentiation (Groth and Lardelli, 2002). FGF2
induces binding of IQGAP1 to FGFR1 in bovine kidney cells. Both

neuronal Wiskott-Aldrich syndrome protein (N-WASP) and
actin-related protein 2/3 (Arp2/3) are in the FGFR1:IQGAP1
complex, which facilitates activation of Arp2/3 by N-WASP
(Fig. 2 C; Benseñor et al., 2007). Activated Arp2/3 induces actin
polymerization and branching, which stimulates the formation
of lamellipodia and increases cell motility. Depletion of IQGAP1
impairs the ability of FGF2 to activate B-Raf (Ren et al., 2007),
implying that IQGAP1 couples FGFR1 to MAPK activation. The
physiological and potential pathological implications of FGFR1:
IQGAP1-stimulated cell motility are unknown.

IQGAP1 stimulates insulin signaling
Increases in blood glucose concentrations result in secretion of
insulin and activation of the insulin receptor (IR). Activated IR
recruits and phosphorylates insulin receptor substrate-1 (IRS-1),
which recruits signaling proteins, including PI3K, which acti-
vates Akt to control GLUT4-mediated glucose uptake (Saltiel,
2021). The IQGAP1 IQ region and C-terminal tail directly bind
IR and IRS-1, respectively (Chawla et al., 2017; Fig. 2 D). In cul-
tured adipocytes, insulin enhances the interaction of IQGAP1
with IRS-1 and PI3K (Hansson et al., 2019). Loss of IQGAP1 im-
pairs the recruitment of PI3K to IRS-1, which decreases Akt
activation. IQGAP1 depletion also reduces IR coupling to ERK
activation (Fig. 2 D; Chawla et al., 2017). In silico molecular
docking analysis suggests that IQGAP1 also binds to the insulin-

Figure 2. IQGAP1 scaffolds signaling complexes at acti-
vated receptor tyrosine kinases. (A) VEGFR2: VEGFR2 acti-
vated by VEGF binds IQGAP1. IQGAP1 couples VEGF/VEGFR2 to
(i) Raf activation and (ii) activation of the ROS-producing Nox2
oxidase by Rac1-GTP. (iii) ROS stimulate phosphorylation of VE-
cadherin, which loosens cell adhesion. (iv) ROS also activate Akt
and induce cysteine oxidation (Cys-OH) of IQGAP1. Cys-OH,
active Akt, and active Raf drive cell migration and proliferation.
(B) PDGFR-β: PDGFR-β activated by PDGF binds IQGAP1. (i)
IQGAP1 stimulates PDGFR-β activation. (ii) IQGAP1 assembles at
activated PDGFR-β a complex containing paxillin, vinculin, and
focal adhesion kinase (FAK) that form integrin-mediated focal
adhesion structures. (iii) IQGAP1 also recruits Rac1-GTP and the
copper transporter ATP7A (during trafficking to the plasma
membrane), which delivers Cu2+ to Cu2+-dependent enzymes.
These events drive cell migration. ECM, extracellular matrix.
(C) FGFR1: FGFR1 activated by FGF2 binds IQGAP1. (i) IQGAP1
recruits N-WASP and Arp2/3, which facilitates Arp2/3 activation
by N-WASP (ii) to promote lamellipodium formation and cell
migration. (D) Insulin receptor: IQGAP1 binds to IR and IRS-1,
which (i) initiates the phosphorylation-dependent recruitment
of PI3K to IRS-1 and facilitates Akt activation. (ii) Active Akt
induces translocation of GLUT4 to the plasma membrane, en-
abling glucose entry into adipocytes and skeletal muscle cells.
(iii) IQGAP1 also facilitates ERK activation by insulin. (iv) In the
pancreas, IQGAP1 binding to the exocyst protein EXOC7 and
septin SEPT2 promotes exocytic release of insulin. Green and
red arrows represent stimulation and inhibition, respectively.
The figure was generated in BioRender.
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like growth factor-1 receptor (IGF-1R; Salvi et al., 2022). IQGAP1
knockdown reduces IGF-1-induced stimulation of ERK and Akt
(Choi et al., 2016; Roy et al., 2004). These findings indicate that
IQGAP1 couples IR and IGF-1R activation to the PI3K/Akt and
MAPK cascades. Furthermore, IQGAP1 stimulates insulin se-
cretion from pancreatic β-cells by interacting with the exocyst
protein EXOC7 and septin-2 (Fig. 2 D). This mechanism is reg-
ulated by active Cdc42, which dissociates the IQGAP1:EXOC7:
SEPT2 complex to restrict insulin secretion (Rittmeyer et al.,
2008). Importantly, IQGAP1-null mice display impaired insulin-
stimulated PIP3 synthesis and Akt activation, as well as impaired
glucose homeostasis and insulin resistance (Chawla et al., 2017;
Choi et al., 2016). Moreover, the abundance of IQGAP1 in adi-
pocytes from type 2 diabetes patients is lower than in non-
diabetic subjects (Jufvas et al., 2016). Collectively, these data
implicate IQGAP1 in insulin-mediated glucose regulation, sug-
gesting it may be an appealing target for diabetes therapy.

IQGAP1 inhibits signaling of the RTK Axl
In contrast to the other RTKs, IQGAP1 impairs Axl signaling. Axl
is activated by Gas6 to control cell survival, proliferation, mi-
gration, and invasion (Colavito, 2020). IQGAP1 directly binds to
Axl in breast cancer cells. Unlike the other RTK:IQGAP1 inter-
actions, which are increased or not influenced by ligand stim-
ulation, Gas6 inhibits Axl:IQGAP1 association (Gorisse et al.,
2018). Moreover, IQGAP1 reduces Axl activation, both by de-
creasing Gas6-mediated autophosphorylation and by altering
heterodimerization with EGFR, which transactivates Axl inde-
pendently of Gas6. IQGAP1 also impairs Gas6/Axl coupling to
Akt and reduces Gas6/Axl-induced expression of matrix metal-
loproteases. In contrast, IQGAP1 does not modulate Gas6/Axl
signaling to ERK (Gorisse et al., 2018), implying that IQGAP1
couples Axl only to selective pathways. The physiological con-
sequences of the inhibitory binding of IQGAP1 to Axl remain
unexplored. Because both IQGAP1 and Axl participate in im-
mune cell activities (Abel et al., 2015; Tanaka and Siemann,
2020) and carcinogenesis (Wei and Lambert, 2021; Wium
et al., 2021), one might speculate that those processes could be
modulated by Axl:IQGAP1.

IQGAP1 integrates HGF/MET signaling
MET is activated by the hepatocyte growth factor (HGF) to
control cell growth, proliferation, survival, and motility, which
drives embryogenesis and wound healing, but also tumorigen-
esis (Desole et al., 2021). IQGAP1 binds directly to the MET re-
ceptor, and this is increased byHGF (Thines et al., 2023). IQGAP1
knockdown increases HGF-stimulated MET activation and cou-
pling to Akt and ERK in hepatocellular carcinoma cells (Delgado
et al., 2021; Thines et al., 2023), indicating that it inhibits MET
signaling. In contrast, IQGAP1 promotes HGF-stimulated colon
cancer cell invasion (Hayashi et al., 2010), implying that the
functions of IQGAP1 in HGF/MET signaling may be cell-
dependent. HGF also stimulates the interaction of IQGAP1 with
several other proteins: (i) with the Rac1/Cdc42 guanine nucle-
otide exchange factor Asef, the actin binding protein cortactin,
and the microtubule binding protein EB1 to enhance endothelial
barrier function (Tian et al., 2015; Tian et al., 2014); (ii) with

E-cadherin/β-catenin and the kinase PAK6 to loosen cell–cell
adhesion (Fram et al., 2014; Shimao et al., 2002); and (iii) with
the GTPase Arf6 to enhance glioma cell migration (Hu et al.,
2009). Some of these interactions are suggested to result from
the translocation of IQGAP1 to the plasmamembrane induced by
HGF (Hu et al., 2009; Shimao et al., 2002). Interestingly, de-
pletion of IQGAP1 upregulates HGF expression (Liu et al., 2013),
suggesting a feedback mechanism by IQGAP1 on HGF/MET
signaling.

IQGAP1 participates in G protein–coupled receptor signaling
GPCRs translate extracellular ligand binding to intracellular
signals (Wootten et al., 2018). The human genome encodes ∼800
GPCRs, whichmodulatemultiple physiological processes and are
targeted by ∼35% of prescription drugs (Hauser et al., 2017).
Ligand binding activates GPCRs by conformational shifts, which
create an intracellular binding pocket that engages hetero-
trimeric Gαβγ proteins (Hilger et al., 2018). Activated GPCRs in-
duce GTP binding to Gα, which then dissociates from Gβγ. Gα and
Gβγ separately mediate signaling (Weis and Kobilka, 2018). Ar-
restin adaptor proteins can either activate or inhibit GPCR sig-
naling independently from G proteins (Gurevich and Gurevich,
2019). GPCR signaling is also modulated by recruitment of other
proteins, including scaffolds that assemble complexes at the re-
ceptor. IQGAP1 participates in signaling by 12 GPCRs, with im-
plications in cell physiology and pathology (Table 2).

CXC chemokine receptors
CXC chemokine receptors (CXCRs) bind cytokines of the CXC
family to mediate inflammatory and angiogenic functions
(Vandercappellen et al., 2008). CXCR2, one of the six human
CXCRs, binds directly to the CHD of IQGAP1 and colocalizes
with IQGAP1 at the leading edge of polarized neutrophils
(Neel et al., 2011). The interaction is reduced by the CXCR2
ligand interleukin-8 (IL-8). Interestingly, exogenous expres-
sion of the IQGAP1 CHD inhibits IL-8/CXCR2-mediated chemo-
taxis in HEK293 cells. While the IQGAP1 CHD did not block
CXCR2 binding, the authors postulate that IQGAP1 may nega-
tively regulate CXCR2-mediated chemotaxis (Neel et al., 2011).

IQGAP1 also modulates signaling of CXCR4, which is acti-
vated by stromal-derived factor-1 (SDF-1; Bamidele et al., 2015).
Depleting IQGAP1 from leukemic T-cells reduces CXCR4 ex-
pression and trafficking to the plasmamembrane. Themechanism
appears to be that SDF-1 induces IQGAP1 translocation to CXCR4-
containing early endosomes (Fig. 3 A). By also binding α-tubulin in
microtubules, IQGAP1 coordinates CXCR4 post-endocytic traf-
ficking and recycling to the cell surface. Furthermore, IQGAP1
knockdown impairs SDF-1-stimulated ERK activation and cell
migration (Bamidele et al., 2015). This indicates that, similar to
RTKs, IQGAP1 modulates MAPK activation downstream of GPCRs.
IQGAP1 was also identified as an interactor of the CC chemokine
receptor-1 (CCR1) in a mass spectrometry screen (Huttlin et al.,
2015), but without further investigation.

Opioid receptors
The effects of opioids on pain are mediated by the µ-, δ-,
κ-opioid, and nociception GPCRs. The μ-opioid receptor MOR1 is
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the main morphine receptor (Matthes et al., 1996); under-
standing MOR1 signaling is necessary to reduce the deleterious
side effects of morphine. The opioid peptide DAMGO, an alter-
native agonist ofMOR1, augments the amount of cellular IQGAP1
(Civciristov et al., 2019). IQGAP1 knockdown abrogates DAMGO
stimulation of both Rac1 and nuclear ERK activities, indicating
that IQGAP1 couples DAMGO/MOR1 to GTPase and MAPK sig-
naling (Fig. 3 B). By contrast, morphine stimulation of MOR1
activates ERK and PKCα independently of IQGAP1 (Civciristov
et al., 2019; Fig. 3 B). Thus, the specific activating ligand can
determine whether IQGAP1 participates in GPCR signaling
(termed “biased signaling”; Smith et al., 2018).

The δ-opioid receptor DOR1 is activated by the opioid peptide
deltorphin. Analogous to CXCR4, IQGAP1 depletion impairs
deltorphin-induced DOR1 intracellular trafficking and signaling
to ERK (Bamidele et al., 2015). Whether IQGAP1 binds to DOR1 or
functions in signaling of other opioid receptors is unknown.

Peptide hormone receptors
Consistent with its role in cell motility (Mataraza et al., 2003),
IQGAP1 may interact with GPCRs at the leading edge of cells.
Activation of the kisspeptin receptor KISS1R by the peptide
hormone kisspeptin-10 (KP-10) stimulates invasion of breast

carcinoma cells via transactivation of EGFR (Zajac et al., 2011).
IQGAP1 binds constitutively to KISS1R; KP-10 does not alter
binding (Cvetkovic et al., 2013). Moreover, IQGAP1 and KISS1R
colocalize at the leading edge of migrating breast epithelial cells.
Importantly, phosphorylation of EGFR by KP-10 is inhibited by
IQGAP1 depletion (Cvetkovic et al., 2013), suggesting that IQ-
GAP1 regulates transactivation of EGFR by KISS1R.

The peptide hormone endothelin-1 (ET-1) mediates vaso-
constriction via two ET-1 receptors (ET-1Rs), ETAR and ETBR.
Activation of ET-1Rs by ET-1 in ovarian carcinoma cells increases
IQGAP1 mRNA and protein levels. ET-1 also promotes interac-
tions between IQGAP1 and β-arrestin1. This complex increases
active RhoA and RhoC whereas, by recruiting RacGAP1, it in-
activates Rac1 (Chellini et al., 2019; Fig. 3 C). By modulating
GTPase signaling, the IQGAP1:β-arrestin1 complex coordinates
ET-1/ET-1R-driven cell migration and metastasis. Moreover,
IQGAP1:β-arrestin1 promotes invadopodium formation and
stimulates secretion and activation of matrix metalloproteinases
that degrade the extracellular matrix (ECM), which increases cell
invasion (Fig. 3 C). High expression of ETAR/IQGAP1/β-arrestin1
positively correlates with poor prognosis in ovarian carcinoma
patients (Chellini et al., 2019), suggesting that the IQGAP1:β-ar-
restin1 interaction could contribute to ovarian carcinoma.

Figure 3. IQGAP1 integrates GPCR signaling. (A) CXCR4: (i) SDF-1 induces recruitment of IQGAP1 to CXCR4-containing endosomes. (ii) By binding α-tubulin
in microtubules, IQGAP1 coordinates post-endocytic trafficking of CXCR4. (iii) At the cell surface, IQGAP1 stimulates SDF-1/CXCR4-induced ERK activation to
promote cell migration. (B) MOR1: (i) MOR1 activation by DAMGO increases the amount of IQGAP1 and stimulates active Rac1 and nuclear ERK. (ii) Morphine
activates ERK and PKCα independently of IQGAP1. (C) ET-1Rs: (i) Stimulation of ET-1Rs by ET-1 increases the amount of IQGAP1 and induces IQGAP1 binding to
β-arrestin1, and RacGAP1. This reduces active Rac1 and increases active RhoA and RhoC, which stimulates cell migration. (ii) The IQGAP1:β-arrestin1 complex
also promotes invadopodium formation and degradation of the extracellular matrix (ECM) by matrix metalloproteinases (MMPs), thereby coordinating cell
invasion. (D) LPA1: (i) IQGAP1 binds constitutively to Rap1A and β-arrestin2. (ii) LPA enhances binding of active Rap1A and IQGAP1 to LPA1. (iii) LPA also induces
colocalization of β-arrestin2 and IQGAP1 at the leading edge of migrating cells, which increases cell migration and invasion. (E) LGR5: (i) IQGAP1 binding to
overexpressed LGR5 reduces IQGAP1 phosphorylation, which increases its association with Rac1-GTP and actin. (ii) Because active Rac1 decreases IQGAP1:
β-catenin interaction, this mechanism is suggested to promote the formation of the E-cadherin:β-catenin:α-catenin complex and to increase actin cross-linking.
Green arrows represent stimulation, while dashed arrows depict speculative mechanisms not confirmed by experimental data. The figure was generated in
BioRender.
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Lipid receptors
Prostaglandins are fatty acid derivatives produced throughout
the human body that mediate diverse actions by binding cognate
receptors. Mass spectrometry analysis of the prostaglandin D2
receptor 1 (DP1) interactome identified IQGAP1 (Fréchette et al.,
2021). Moreover, IQGAP1 co-immunoprecipitates and coloc-
alizes with DP1. Prostaglandin D2 (PGD2) enhances the DP1:IQ-
GAP1 association and redistributes the two proteins to the
perinuclear region. IQGAP1 knockdown reduces PGD2-induced
DP1 internalization and ERK activation (Fréchette et al., 2021).
These data suggest that, analogous to CXCR4 and DOR1, IQGAP1
stimulates DP1 trafficking and coupling to MAPK.

The lysophosphatidic acid receptor 1 (LPA1), another lipid
receptor, is overexpressed in breast carcinoma and increases
metastasis (Liu et al., 2009a). In breast cancer cells, IQGAP1
binds to LPA1 and forms a constitutive complex with β-arrestin2
and Rap1A. LPA stimulates Rap1A and IQGAP1 to associate with
LPA1. Interestingly, LPA induces colocalization of IQGAP1 and
β-arrestin2 in lamellipodia of migrating cells (Fig. 3 D). Loss of
IQGAP1 impairs LPA-stimulated invasion and migration of
breast carcinoma cells (Alemayehu et al., 2013). Together, these
data indicate that LPA may contribute to breast cancer via IQ-
GAP1, β-arrestin2, and Rap1A.

Other GPCRs
Leucine-rich repeat-containing G protein–coupled receptors
(LGRs) are activated by secreted R-spondins (RSPOs) to induce
both canonical (Wnt/β-catenin) and non-canonical (β-catenin-
independent) Wnt signaling (Glinka et al., 2011). LGR4, one of
the three human LGRs, binds to IQGAP1. RSPO increases binding
of IQGAP1 to the Wnt transducer Dvl, and this association is
hypothesized to bridge RSPO/LGR4 to the Wnt signalosome
(Carmon et al., 2014). IQGAP1 also recruits MEK1/2 to RSPO/
LGR4 to phosphorylate LRP6, the co-receptor of the Wnt re-
ceptor Frizzled, thereby promoting canonical Wnt/β-catenin
signaling. Note that IQGAP1 also regulates canonical Wnt sig-
naling independently of GPCRs: IQGAP1 increases β-catenin
nuclear translocation by protecting it from degradation in the
cytoplasm (Briggs et al., 2002). In the non-canonical pathway,
Wnt and RSPO3 enhance both association of IQGAP1 with the
actin regulators N-WASP and mDia1, and its colocalization with
LGR4 (Carmon et al., 2014). Thus, IQGAP1 couples LGR4 to both
the canonical and non-canonical Wnt pathways.

IQGAP1 also binds constitutively to LGR5 (Carmon et al.,
2017), another LGR that potentiates Wnt/β-catenin signaling
with both oncogenic and tumor suppressor roles in colorectal
carcinoma (Morgan et al., 2018). Overexpression of LGR5 re-
duces serine phosphorylation of IQGAP1, which enhances its
binding to active Rac1 and actin (Carmon et al., 2017; Fig. 3 E).
This effect is independent of RSPO. Moreover, depletion of LGR5
or IQGAP1 from colon cancer cells decreases the amount of
β-catenin at the plasma membrane and alters the formation of
cortical actin. These data, combined with prior observations that
Rac1-GTP reduces binding between β-catenin and IQGAP1
in vitro (Fukata et al., 1999), led the authors to speculate that
LGR5 overexpression would reduce β-catenin binding to IQ-
GAP1, enhance formation of the E-cadherin:β-catenin:α-catenin

complex, and increase actin cross-linking to promote cell–cell
adhesion (Carmon et al., 2017; Fig. 3 E).

The orphan G protein–coupled receptor 161 (GPR161) is
overexpressed in breast cancer, where it promotes cell mi-
gration, proliferation, and invasion. IQGAP1 and β-arrestin2
co-immunoprecipitate with GPR161 from breast cancer cells.
IQGAP1 knockdown attenuates GPR161-induced cell proliferation
and migration by an unknown mechanism. Because GPR161 and
IQGAP1 are both overexpressed in breast cancer (Feigin et al.,
2014), their crosstalk may participate in carcinogenesis.

M3-muscarinic acetylcholine receptors (M3-mAChRs) acti-
vate MAPK and Ca2+ signaling to promote cell proliferation.
Stimulating Chinese hamster ovary cells transfected with M3-
mAChRs with the muscarinic agonist carbachol promotes
translocation of both Rac1 and IQGAP1 to cell junctions where
they colocalize (Ruiz-Velasco et al., 2002). M3-mAChR activa-
tion increases active Rac1 (Ruiz-Velasco et al., 2002), probably
via its interaction with IQGAP1, which stabilizes GTP-bound
Rac1 (Mataraza et al., 2003). IQGAP1 also scaffolds actin to
Rac1, suggesting that it may mediate M3-mAChR-induced cor-
tical cytoskeleton rearrangements.

Downstream of GPCRs
In addition to binding β-arrestins, IQGAP1 crosstalks with
G-proteins and their regulators to influence GPCR signaling.
Regulator of G protein signaling 16 (Rgs16), which is highly ex-
pressed in human CD8+ tumor-infiltrating lymphocytes (TILs),
impairs GPCR signaling by binding Gα (Chen et al., 1997). Mass
spectrometry analysis of the interactome of tagged Rgs16 in
CD8+ T-cells identified IQGAP1; the interaction was confirmed
by co-immunoprecipitation (Weisshaar et al., 2022). Rgs16 de-
ficiency enhances Ras and B-Raf co-immunoprecipitation with
IQGAP1. Moreover, ERK phosphorylation is greater in Rgs16−/−

CD8+ TILs and T-cell receptor-stimulated T cells than in Rgs16+/+

counterparts (Weisshaar et al., 2022). The authors propose that
Rgs16 interaction with IQGAP1 inhibits Ras and B-Raf recruit-
ment, thereby impairing ERK activation. Because Rgs16 sup-
presses CD8+ T-cell anti-tumor function by decreasing ERK
activation and alters patients’ responses to immune checkpoint
inhibition, this mechanism may have potential chemothera-
peutic implications.

IQGAP1 also intersects signaling by Gα12, one of the four sub-
families of Gα subunits of G proteins. Gα12 signaling is increased
in primary nasopharyngeal carcinoma (NPC) cells (Liu et al.,
2009b). Knockdown of Gα12 reduces IQGAP1 expression. Gα12

knockdown also impairs migration and invasion of NPC cells and
reverses their neoplastic phenotype, while overexpression of
IQGAP1 partially suppresses these effects. Interestingly, reduc-
ing IQGAP1 in NPC cells elicits effects similar to those produced
by Gα12 knockdown (Liu et al., 2009b). Together, these data raise
the possibility that IQGAP1 contributes to tumorigenesis pro-
moted by Gα12.

IQGAP1 interacts with other classes of cell surface receptors
Though RTKs and GPCRs constitute the majority of transmem-
brane receptors with which IQGAP1 interacts, it also associates
with receptor serine/threonine kinases (RSTKs), glutamate-
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gated ion channels (GICs), adhesion receptors, T cell receptors
(TCRs), and receptor protein tyrosine phosphatases (RPTPs).

Receptor serine/threonine kinases: IQGAP1 modulates
TGF-β signaling
RSTKs initiate signaling via their intracellular serine/threonine
kinase activity (Massagué andWeis-Garcia, 1996). Transforming
growth factor-β receptor 2 (TGFβR2) is the only RSTK docu-
mented to associate with IQGAP1 (Liu et al., 2013). TGF-β sig-
naling is initiated upon binding of the cytokines TGF-β1, -β2, or
-β3 to TGFβR2, leading to the recruitment and activation of
TGFβR1. In turn, TGFβR1 activates the SMAD transcription
factors to regulate expression of target genes (Vander Ark et al.,
2018). TGF-β1 induces the formation of a TGFβR2:IQGAP1 com-
plex in liver pericytes. Once bound, IQGAP1 promotes TGFβR2
degradation by recruiting the ubiquitin ligase SMURF1. By re-
ducing TGFβR2 protein levels, IQGAP1 inhibits TGF-β1-driven
differentiation of pericytes into tumor-associated myofibroblasts
(Liu et al., 2013), suggesting that the inhibitory TGFβR2:IQGAP1
interaction may constrain tumor growth. A similar mechanism
has been suggested in bladder carcinoma cells, where IQGAP1
knockdown increases the amount of TGFβR2 and enhances
TGF-β signaling (Hensel et al., 2015). Interestingly, mass spec-
trometry identified TGFβR1 as a putative interactor of IQGAP1
(Tang et al., 2017), but the observation was not investigated
further. TGF-β1 modulates the abundance of IQGAP1. While
TGF-β1 decreases the amount of IQGAP1 in hepatic stellate cells
(Liu et al., 2013) and lung fibroblasts (Zong et al., 2015), it
increases IQGAP1 expression in mammary epithelial cells
(Xie et al., 2003), suggesting a cell-specific crosstalk between
TGF-β1 and IQGAP1.

Glutamate-gated ion channels: IQGAP1 coordinates
synaptic transmission
Glutamate-gated ion channels (GICs) are cell surface receptors
coupled to ion channels that coordinate synaptic transmission in
the brain by mediating ion flux on binding the neurotransmitter
glutamate (Lemoine et al., 2012). IQGAP1 interacts with two GICs
in neurons: the α-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA) and N-methyl-D-aspartate (NMDA) re-
ceptors. The association of IQGAP1 with the AMPA receptor
subunit GluR4 was identified both in a yeast two-hybrid screen
and by colocalization in hippocampal neurons (Nuriya et al.,
2005). Although not demonstrated, the authors speculate that
IQGAP1-mediated cytoskeletal rearrangements promote traf-
ficking of GluR4 to the plasma membrane (Nuriya et al., 2005).
In hippocampal cells, IQGAP1 binds to the NMDA receptor
subunits NR2A and NR2B, as well as to the scaffold protein PSD-
95 that stabilizes NMDA receptors. IQGAP1 promotes targeting
of NR2A to the hippocampal plasmamembrane in both mice and
cells (Gao et al., 2011), similar to the mechanism suggested for
GluR4. IQGAP1 augments NMDA-stimulated ERK activation,
which regulates histone PTMs to influence expression of genes
involved in memory consolidation (Liu et al., 2020). This
mechanism could explain the memory defects observed in
IQGAP1-null mice (Gao et al., 2011). Interestingly, the Ca2+ flux
mediated by activated NMDA stimulates binding of IQGAP1 to

the microtubule-associated protein Lis1 to drive neuronal
motility (Kholmanskikh et al., 2006). Together, these studies
indicate that GIC:IQGAP1 complexes coordinate neuronal ac-
tivities, which may contribute to cognitive physiology and
pathology.

Adhesion receptors: IQGAP1 couples adhesion receptors to
cytoskeletal dynamics
Adhesion receptors mediate cell adhesion by binding ligands on
the surface of adjacent cells or the ECM. Heterodimeric inte-
grins, composed of α- and β-subunits, are adhesion receptors
that commonly bind specific glycoproteins of the ECM (Kechagia
et al., 2019). IQGAP1 binds to β1-integrin, together with Rac1.
Protein phosphatase 2A (PP2A) and Ca2+/calmodulin-dependent
protein kinase II (CaMKII) are also in the complex (Fig. 4 A).
While PP2A activity promotes the association, activation of
CaMKII by EGF dissociates the complex, implying phosphorylation-
dependent interactions (Suzuki et al., 2005; Takahashi and
Suzuki, 2006). IQGAP1 enhances actin cross-linking by the
complex (Nakajima et al., 2005). In mouse embryonic fibro-
blasts and human osteosarcoma cells, the GTPase activating
protein RacGAP1 is also found in the β1-integrin:Rac1:IQGAP1
complex, where it inactivates Rac1 (Jacquemet et al., 2013b). In
contrast, β1-integrin:IQGAP1 increases active RhoA (Jacquemet
et al., 2013a) and Arf6, which coordinates β1-integrin trafficking
(Jacquemet and Humphries, 2013; Fig. 4 A). These findings
demonstrate that IQGAP1 couples β1-integrin to actin and small
GTPases to modulate adhesion.

IQGAP1 binds β3-integrin in pulmonary VE cells (Bhattacharya
et al., 2012). IQGAP1 knockdown decreases trafficking of β3-
integrin to cell–cell junctions, which prevents cortical actin
formation, ultimately impairing vascular barrier protection
(Fig. 4 B). This mechanism could explain the greater pulmonary
vascular permeability in IQGAP1-null mice with experi-
mentally induced pneumonia than in wild-type littermates
(Bhattacharya et al., 2012). IQGAP1 also binds several integrin-
associated proteins, including integrin-linked kinase (Dobreva
et al., 2008), α-actinin (Rigothier et al., 2012), and filamin
(Jacquemet et al., 2013b). Hence, the functions of IQGAP1 in
cell adhesion may also arise from scaffolding integrins with
downstream proteins.

The cadherin family are Ca2+-dependent adhesion receptors
that modulate intercellular adhesion through the assembly/
disassembly of adherens junctions (AJs). AJs are formed upon
trans-dimerization of classic cadherin receptors on adjacent
cells, each bound intracellularly to β- or γ-catenin and α-catenin
linked to actin (Yu et al., 2019). IQGAP1 binds to E-cadherin and
β-catenin, which triggers the dissociation of α-catenin from AJ
structures, thereby loosening intercellular adhesion (Fig. 4 C;
Kuroda et al., 1998). This mechanism contributes to cell–cell
dissociation during cell scattering (Fukata et al., 2001) and car-
cinoma cell movement (Shimao et al., 2002). Binding of active
Cdc42 or Rac1 to IQGAP1 stabilizes AJs by preventing β-catenin:
IQGAP1 interactions, (Fukata et al., 1999), inhibiting E-cadherin
endocytosis (Izumi et al., 2004), and stimulating actin cross-
linking (Noritake et al., 2004; Fig. 4 C). Similarly, binding of
calmodulin to IQGAP1 blocks its interaction with E-cadherin,
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thereby preventing IQGAP1-mediated AJ disassembly (Li et al.,
1999). Cells at the invasive front of colorectal and ovarian tumors
have more IQGAP1 staining, especially at sites of intercellular
contacts, than central tumor and normal cells, indicating that
IQGAP1-mediated AJ disruption may drive tumor invasion
(Nabeshima et al., 2002; Dong et al., 2006).

IQGAP1 also interacts with VE-cadherin, which promotes VE-
cadherin localization at sites of cell–cell contacts (Yamaoka-Tojo
et al., 2006). Like E-cadherin, IQGAP1 binding disassembles the
VE-cadherin:β-catenin:α-catenin complex (Yuan et al., 2013).
Moreover, by scaffolding VEGFR2 and VE-cadherin, IQGAP1
promotes VEGF-stimulated, ROS-mediated phosphorylation
of VE-cadherin, which loosens AJs and increases angiogenesis
(Fig. 2 A; Yamaoka-Tojo et al., 2006). In dorso-hippocampal
cells, IQGAP1 forms a complex with N-cadherin and ERK2.
Reducing N-cadherin:IQGAP1:ERK2 interactions impairs mouse
long-term fear memory, implying that IQGAP1 links N-cadherin
to ERK signaling to mediate memory consolidation (Schrick
et al., 2007). In rat testis, IQGAP1 interacts with N-cadherin
and β-catenin, which regulates intercellular adhesion during
spermatogenesis (Lui et al., 2005). Importantly, the interaction

of IQGAP1 with β-catenin also influences Wnt/β-catenin sig-
naling (for a review, see Smith et al., 2015).

Finally, IQGAP1 participates in cell adhesion via its interac-
tion with the transmembrane glycoprotein CD44, the receptor
for hyaluronan (HA; Bourguignon et al., 2005; Skandalis et al.,
2010). In ovarian carcinoma cells, HA stimulates CD44:IQGAP1
association. HA also recruits Cdc42 and actin to this complex,
which induces cytoskeletal rearrangements and increases tumor
cell migration (Fig. 4 D). HA/CD44 also promotes the interaction
of IQGAP1 with ERK2. This increases ERK2 nuclear activity,
which upregulates the transcriptional activities of Elk-1 and
estrogen receptor (Bourguignon et al., 2005; Fig. 4 D). IQGAP1
couples HA/CD44 to cytoskeletal functions in other cells: IQGAP1
promotes HA-induced migration and proliferation of fibroblasts
(Kozlova et al., 2012) and CD44-mediated adhesion of glioblas-
toma cells to HA-rich ECM (Wolf et al., 2020).

TCRs: IQGAP1 modulates immune responses
In immune cells, IQGAP1 negatively regulates TCR signaling.
Upon TCR ligation, actin accumulation at immunological syn-
apses is increased in cells depleted of IQGAP1. This upregulates

Figure 4. IQGAP1 participates in adhesion receptor signaling. (A) β1-integrin: IQGAP1 binds to β1-integrin, (i) together with the kinase CaMKII and the
phosphatase PP2A, which assemble and disassemble the complex, respectively. (ii) Rac1 is inactivated by RacGAP1 in the complex, (iii) while RhoA and Arf6 are
activated. (iv) These associations promote actin polymerization and influence β1-integrin trafficking. (B) β3-integrin: (i) IQGAP1 promotes membrane targeting
of β3-integrin. (ii) At the plasma membrane, IQGAP1 interacts with β3-integrin, and the complex enhances cortical actin polymerization. (C) E-cadherin: (i)
IQGAP1 binds both E-cadherin and β-catenin (β), which dissociates α-catenin (α) from adherens junctions, leading to loosened intercellular adhesion. (ii)
Binding of calmodulin (CaM) or active Rac1/Cdc42 (only Rac1 shown) to IQGAP1 prevents its interaction with E-cadherin and β-catenin, thereby stabilizing
E-cadherin:β-catenin:α-catenin complexes. Moreover, IQGAP1 bound to Rac1/Cdc42-GTP stimulates actin crosslinking at adherens junctions. (D) CD44:
Hyaluronan (HA) initiates the formation of a CD44:IQGAP1 complex at the cell surface. (i) IQGAP1 scaffolds actin and active Cdc42 in the complex to stimulate
cell migration. (ii) Downstream of HA/CD44, IQGAP1 activates ERK2 which, in turn, increases estrogen receptor (ER) and Elk1 transcriptional activities. Green
and red arrows represent stimulation and inhibition, respectively. The figure was generated in BioRender.
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TCR signaling and increases cytokine production (Gorman et al.,
2012). Moreover, T cell stimulation with the OX40 ligand in-
duces IQGAP1 binding to OX40, a T cell costimulatory receptor.
IQGAP1-deficient CD4+ T cells exhibit increased proliferation
and cytokine production following OX40 stimulation, illustrat-
ing that IQGAP1 restrains OX40 signaling (Okuyama et al.,
2020). Stimulated T cells from IQGAP1-null mice have aug-
mented cytokine production due to upregulation of the tran-
scription factor NFAT (Sharma et al., 2011), again suggesting that
IQGAP1 impairs T cell signaling by downregulating cytokine
production. Interestingly, experimentally induced brain and
spinal cord inflammation is more severe in IQGAP1-null mice
than in wild-type littermates (Okuyama et al., 2020), implying
that IQGAP1, by negatively regulating T cell signaling, could be
implicated in inflammatory disorders.

Receptor protein tyrosine phosphatases: IQGAP1 interacts
with PTPµ
RPTPs modulate protein tyrosine phosphorylation using their
intracellular phosphatase activity (Tonks, 2006). Via this mecha-
nism, the RPTP PTPµ regulates cadherin-mediated cell adhesion,
neurite outgrowth, and axon guidance (Burden-Gulley and Brady-
Kalnay, 1999). IQGAP1 binds directly to PTPµ in lung adenocar-
cinoma cells. Active Cdc42 and Rac1 promote this interaction,
which stimulates actin remodeling and neurite outgrowth
(Oblander and Brady-Kalnay, 2010; Phillips-Mason et al., 2006).
The adhesion molecules N-cadherin, E-cadherin, and β-catenin
are present in the IQGAP1:PTPμ complex, suggesting functions
in intercellular adhesion (Phillips-Mason et al., 2006). There is
currently no evidence that IQGAP1 is a substrate of PTPμ, though
it is possible that PTPμ regulates the small GTPase-dependent
functions of IQGAP1 by catalyzing its dephosphorylation.

IQGAP1 phosphorylation is modulated by receptor signaling
IQGAP1 interacts with various RTKs, and some of them influence
its tyrosine phosphorylation. MET is the only RTK documented
to directly phosphorylate IQGAP1, and this occurs exclusively on
Tyr1510 (Hedman et al., 2020). Importantly, phosphorylation of
Tyr1510 by MET induces the recruitment of SH2-containing
proteins to IQGAP1 (Thines et al., 2023). Replacement of
Tyr1510 of IQGAP1 with non-phosphorylatable Ala impairs HGF/
MET-stimulated Akt activation and cell migration, implying that
this phosphorylation event influences IQGAP1 functions
(Hedman et al., 2020). More indirectly, VEGF/VEGFR2 activates
c-Src kinase, which phosphorylates IQGAP1 at an unidentified
residue (Meyer et al., 2008); possibly Tyr1510 since c-Src over-
expression increases phosphorylation of that residue (Hedman
et al., 2020). Similarly, EGF activates protein kinase C which
catalyzes IQGAP1 phosphorylation on Ser1441/1443. IQGAP1 with
phosphorylated Ser1443 promotes EGFR activation, demonstrat-
ing positive feedback (McNulty et al., 2011). EGF also induces
phosphorylation of IQGAP1 at Ser2 (Huang et al., 2016), while
HER2 and PDGF promote tyrosine phosphorylation of IQGAP1 at
unknown sites (Kohno et al., 2013; Kratchmarova et al., 2005;
Smith et al., 2010). Whether these latter phosphorylation events
are directly catalyzed by RTKs remains to be determined. In-
terestingly, the GPCR LGR5 promotes dephosphorylation of

Ser1441/1443 of IQGAP1 by an unknown mechanism, which stim-
ulates binding and activation of Rac1 (Carmon et al., 2017). The
GPCR GPR161 similarly decreases IQGAP1 Ser phosphorylation
(Feigin et al., 2014). We suspect that other ligand/receptor sys-
tems influence phosphorylation or other PTMs of IQGAP1 to
regulate its interactome and signaling functions.

IQGAP2 and IQGAP3 integrate receptor signaling
Participation of IQGAP2 and IQGAP3 in receptor signaling has
recently emerged. To our knowledge, the only receptor to which
IQGAP2 and IQGAP3 bind is the GPCR LGR4. While functions of
the LGR4:IQGAP2 complex remain unidentified, IQGAP3 promotes
RSPO/LGR4 signaling to Wnt/β-catenin, like IQGAP1 (Carmon
et al., 2014). Several other studies document that IQGAP2 and IQ-
GAP3 integrate receptor signaling, albeit without demonstrating
binding. IQGAP2 inhibits signaling of the GPCR DP1 to ERK acti-
vation, whereas IQGAP3, like IQGAP1, promotes coupling of DP1 to
ERK (Fréchette et al., 2021). IQGAP2 also inhibits the production of
VEGF, which limits VEGFR2 activation and signaling to Akt and
restricts angiogenesis in breast cancer cells (Kumar et al., 2022).
This observation reinforces the tumor suppressor properties of
IQGAP2. In addition, IQGAP2 is an effector of the type-I interferon-
α (IFN-α) receptor. IFN-α induces IQGAP2 binding to the NF-κB
transcription factor, which promotes expression of IFN-α target
genes with antiviral implications (Brisac et al., 2016). In platelets,
IQGAP2 functions downstream of protease activated receptors,
which are activated by α-thrombin protease. α-thrombin initiates
the interaction of IQGAP2 with Arp2/3 and actin to modulate cy-
toskeletal reorganization (Schmidt et al., 2003).

IQGAP3, like IQGAP1, augments EGF-stimulated activation of
EGFR and signaling to ERK, which has been suggested to en-
hance IQGAP3-driven tumorigenesis (Monteleon et al., 2015;
Yang et al., 2014). In nerve growth factor (NGF) signaling, IQ-
GAP3 promotes NGF-induced clustering of the microtubule and
actin-binding adenomatous polyposis coli (APC) protein that
initiates the formation of cell extensions (Caro-Gonzalez et al.,
2012). Additionally, IQGAP3 has been suggested to coordinate
zebrafish embryonic development by coupling FGFR1 activation
to MAPK signaling (Fang et al., 2015). Opposite to inhibition by
IQGAP1, IQGAP3 activates TGF-β signaling in hepatocytes,
which drives tumorigenic EMT (Shi et al., 2017).

Regulation of IQGAP interactions
The interactions of IQGAP proteins with receptors and signaling
molecules must be tightly regulated in time and space to avoid
disrupted and/or hyperactive signaling. IQGAP1 undergoes
PTMs, some of which have been documented to modulate
binding of signaling proteins. For example, ubiquitination of
Lys1155 and Lys1230 decreases IQGAP1 binding to Cdc42 and Rac1
(Gorisse et al., 2020), while phosphorylation of IQGAP1 Tyr1510

recruits selective SH2-containing proteins (Thines et al., 2023).
Interestingly, activation of the RTKs VEGFR2 and PDGFR-β by
their cognate ligands induces IQGAP1 phosphorylation and re-
ceptor binding (Kohno et al., 2013; Yamaoka-Tojo et al., 2004).
This indicates that phosphorylation may promote selected re-
ceptor:IQGAP interactions, possibly through specific recruit-
ment at the newly modified residue. PTMs may also influence

Thines et al. Journal of Cell Biology 14 of 20

IQGAPs in receptor signaling https://doi.org/10.1083/jcb.202205062

https://doi.org/10.1083/jcb.202205062


IQGAP conformation, thereby modulating the accessibility of
binding domains to their partners. Additionally, PTMs may in-
duce IQGAP intracellular translocation for interactions with re-
ceptors at trafficking vesicles or the plasma membrane.

Othermechanisms could regulate IQGAP scaffolding. Because
each IQGAP molecule binds numerous proteins, competition for
binding could impair scaffolding. This concept has been exper-
imentally demonstrated: Ca2+/calmodulin and EGFR compete for
binding to the IQGAP1 IQ domain (McNulty et al., 2011). In
contrast, cooperative binding, where binding of one protein
enhances binding of another protein, could positively regulate
IQGAP scaffolding. For example, ERK1 facilitates MEK binding to
IQGAP1 (Roy et al., 2005). IQGAP1 dimerizes (Ren et al., 2005;
Liu et al., 2016), which could also influence scaffolding. IQGAPs
in dimers could stabilize binding of selected partners, as sug-
gested from the crystal structure where four molecules of GTP-
Cdc42 bind two IQGAP2-GRD molecules in a parallel dimer
(LeCour et al., 2016). Alternatively, each IQGAP molecule in a
dimer could bind different proteins to assemble a functional
signalosome. Finally, IQGAP expression, trafficking, and stabil-
ity, whose regulatory mechanisms remain largely unknown, are
likely to determine the formation of specific IQGAP-mediated
complexes in selected cell types/tissues.

Conclusion
The multidomain composition of IQGAP1 enables scaffolding of
multiprotein complexes, comprising both receptors and signal-
ing proteins. Thus, IQGAP1 functions as a central platform that
couples cell surface receptor activation to intracellular re-
sponses. Although less characterized, analogous roles for IQ-
GAP2 and IQGAP3 have recently emerged. The differential
functions of the IQGAPs in receptor signaling confirm their non-
redundancy and emphasize the importance of studying all three
proteins. An important unanswered question is what mecha-
nisms determine dynamic and selective assembly of IQGAP-
mediated signalosomes. Further elucidation of the biochemical
and cellular properties of IQGAPs, as well as structural charac-
terization of IQGAP complexes, are required to enhance our
understanding of regulation of scaffolding.

Importantly, receptor:IQGAP complexes have been identified
in several cancer cell lines, with tumorigenic implications.
IQGAP-mediated receptor signaling also contributes to other
diseases, like diabetes and macular degeneration. Pathogenic
signaling may arise from overexpression of IQGAPs and/or re-
ceptors, as is commonly observed in neoplastic cells, increasing
the number of receptor:IQGAP complexes and amplifying sig-
naling. Alternatively, altered dynamic regulation of the com-
plexes could disturb signaling, disrupting normal cell functions.
Elucidating the molecular mechanisms by which receptor:IQ-
GAP complexes contribute to disease could lead to the devel-
opment of small molecule inhibitor therapeutics which could
specifically and selectively target these interactions.
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