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Abstract

Colorectal cancer (CRC) remains a leading cause of cancer-related morbidity and mortality
worldwide, and the molecular mechanisms driving its progression and metastasis remain
incompletely understood. Increasing evidence highlights the role of IQ motif-containing
GTPase-activating proteins (IQGAPs)—a family of scaffold proteins consisting of IQGAP1,
IQGAP2, and IQGAP3—in regulating multiple signaling pathways involved in tumor
development. This narrative review provides an overview of the molecular roles of IQGAP
family proteins in CRC, focusing on their involvement in oncogenic signaling and their
potential prognostic significance. Current evidence suggests that IQGAP family mem-
bers play distinct and sometimes opposing roles in CRC biology. IQGAP1 is frequently
overexpressed and acts as a scaffold that activates ERK/MAPK and β-catenin signaling,
promoting proliferation, invasion, and metastasis. In contrast, IQGAP2 exhibits tumor-
suppressive properties, with reduced expression associated with more aggressive disease
and unfavorable outcomes. Meanwhile, IQGAP3 has emerged as a potential oncogenic
driver, where its upregulation correlates with enhanced tumor growth, metastatic potential,
and poorer survival, possibly through PI3K-related signaling. Together, these findings
highlight the context-dependent roles of IQGAP proteins in CRC and suggest their potential
as novel biomarkers and therapeutic targets. Further validations are needed to explore the
clinical utility of IQGAP proteins in CRC.

Keywords: colorectal cancer; IQGAP1; IQGAP2; IQGAP3

1. Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the

second leading cause of cancer-related mortality worldwide, accounting for approximately
9.4% of all cancer deaths [1,2]. Despite advances in early detection and treatment, the
global incidence continues to rise, with projections estimating 3.2 million new cases by 2040,
driven by aging populations and changing lifestyle risk factors in developing regions [3]. A
major contributor to CRC mortality is metastatic progression, which arises from a complex
interplay of molecular, genetic, and epigenetic alterations, together with the biological
heterogeneity of the disease [3–5]. Given this rising epidemiological burden, a deeper
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understanding of the molecular mechanisms underlying CRC progression is urgently
needed [6].

CRC develops through a multistep process in which the gradual accumulation of
genetic and epigenetic alterations transforms normal colonic epithelium into benign polyps,
adenomas, and ultimately invasive carcinomas [7,8]. These alterations dysregulate key sig-
naling pathways that not only initiate tumorigenesis but also sustain aberrant proliferation,
survival, and metastatic spread [9–11]. Among the most prominent pathways implicated
in CRC pathogenesis are the Wnt/β-catenin, RAS/RAF/MEK/ERK, phosphoinositide 3-
kinase (PI3K)/AKT, and transforming growth factor-β (TGF-β) cascades, which collectively
regulate differentiation, apoptosis, migration, and angiogenesis, and whose dysregulation
is frequently associated with tumor progression [6,12–16].

IQ motif-containing GTPase-activating proteins (IQGAPs), comprising three related
isoforms—IQGAP1, IQGAP2, and IQGAP3—have emerged as important scaffold proteins
that integrate multiple cellular signaling networks [17,18]. Through interactions with
components of the Wnt/β-catenin, ERK/MAPK, and PI3K/AKT pathways, IQGAPs regu-
late essential cellular processes including proliferation, migration, adhesion, cytoskeletal
dynamics, and epigenetic regulation [18–20]. However, despite growing interest and a
substantial body of research, the precise mechanisms through which IQGAP proteins
contribute to CRC progression and clinical outcomes remain incompletely understood [21].

This narrative review summarizes current evidence on the molecular roles of IQGAP
family proteins in colorectal cancer, with particular emphasis on their involvement in
oncogenic signaling pathways and their potential clinical implications. We highlight the
distinct and sometimes opposing roles of IQGAP1, IQGAP2, and IQGAP3 in CRC biology,
and discuss their emerging potential as prognostic biomarkers and therapeutic targets.

2. Biological Functions and Structural Features of IQGAP Proteins
2.1. Biological Functions and Molecular Characteristics of IQGAP Proteins

IQ motif-containing GTPase-activating proteins (IQGAPs) constitute an evolutionarily
conserved family of scaffold proteins that interact with a wide range of molecular partners
to regulate diverse cellular processes [22]. These processes include cytokinesis, cell migra-
tion, proliferation, intracellular signaling, vesicle trafficking, and cytoskeletal organization.
Through their ability to integrate multiple signaling pathways, IQGAP proteins play a
crucial role in coordinating cellular responses to environmental and intracellular cues [17].

IQGAP proteins are widely distributed across eukaryotic organisms, ranging from
fungi and protists to higher animals. In vertebrates, including humans, three closely related
isoforms have been characterized: IQGAP1, IQGAP2, and IQGAP3 [23]. Although these
proteins share considerable structural similarity, accumulating evidence suggests that they
exhibit distinct biological functions and regulatory roles depending on cellular context and
tissue type [24–26].

Among the three isoforms, IQGAP1 is the most extensively studied and has been
implicated in the regulation of multiple signaling pathways associated with cell migration,
cytoskeletal remodeling, and tumor progression [27]. In contrast, IQGAP2 has been re-
ported to exhibit tumor-suppressive properties in several malignancies, whereas IQGAP3
is increasingly recognized for its involvement in promoting cell proliferation and tumor
aggressiveness [28–30]. The functional diversity of these proteins highlights the complex
regulatory roles of the IQGAP family in maintaining cellular homeostasis, as well as their
potential contribution to cancer development. Given their ability to function as molecular
scaffolds that coordinate multiple signaling networks, increasing attention has been di-
rected toward understanding the involvement of IQGAP family proteins in cancer biology,
including CRC progression and prognosis.
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2.2. Structural Domains of IQGAP Proteins

A defining feature of IQGAP proteins is their conserved multidomain architecture,
which enables them to function as scaffold molecules coordinating diverse signaling and cy-
toskeletal processes [18]. Despite exhibiting sequence similarities to Ras GTPase-activating
proteins (RasGAPs), IQGAP proteins lack intrinsic GAP catalytic activity. Instead, their
structural organization allows them to facilitate interactions among cytoskeletal compo-
nents, small GTPases, and intracellular signaling molecules, thereby integrating multiple
cellular signaling pathways [31].

In mammals, IQGAP proteins typically contain several conserved structural domains,
including the N-terminal calponin homology domain (CHD), the WW domain, multiple
IQ motifs, the Ras GTPase-related domain (GRD), and the RasGAP C-terminal (RGCT)
domain [22]. The CHD mediates direct binding to filamentous actin (F-actin), contribut-
ing to cytoskeletal organization and dynamic cellular processes such as migration and
adhesion [32,33]. Adjacent to this region are IQGAP-specific repeats (Irs), whose precise
functional roles remain incompletely understood but are believed to contribute to structural
stability and regulatory interactions within the protein complex [34].

The WW domain serves as a protein–protein interaction module capable of recog-
nizing proline-rich motifs in target proteins [35]. Structurally, WW domains adopt a
compact three-stranded β-sheet conformation and typically bind motifs such as PPXY,
PPPR, or phosphorylated Ser/Thr-Pro sequences [36]. Although earlier studies proposed
that ERK1/2 interact with the WW domain of IQGAP1, subsequent work has challenged
this model, indicating that the WW domain is neither necessary nor sufficient for this
interaction [37,38].

IQGAP proteins also contain multiple IQ motifs, which function as binding sites for
calmodulin and other calcium-dependent regulatory proteins. Through these interactions,
IQ motifs allow IQGAP proteins to participate in calcium-mediated signaling processes
that influence cytoskeletal dynamics and cellular responses to intracellular signals [26].

Another critical structural element is the Ras GTPase-related domain (GRD). Although
this domain exhibits strong structural homology to RasGAP domains found in canonical
RasGAP proteins, IQGAP proteins lack GAP enzymatic activity due to mutations in key
catalytic residues. Instead, the GRD, together with the RGCT domain, mediates interactions
with small Rho family GTPases such as Rac1 and Cdc42, which are essential regulators of
cytoskeletal organization, cell polarity, and migration [39–41].

The RGCT domain, located at the C-terminus, further contributes to the functional
versatility of IQGAP proteins by interacting with several signaling and adhesion molecules,
including E-cadherin, β-catenin, and phosphatidylinositol 4,5-bisphosphate (PIP2) [42].
In addition, this region contains phosphorylation sites that regulate IQGAP activity and
modulate its ability to assemble signaling complexes [34]. Collectively, the coordinated
functions of these structural domains enable IQGAP proteins to serve as central scaffolds
that spatially organize signaling networks linking cytoskeletal regulation with intracellular
signaling pathways.

2.3. IQGAP Proteins as Signaling Scaffolds

The multidomain structure of IQGAP proteins enables them to mediate protein–
protein interactions with a wide range of binding partners involved in diverse signaling
pathways. As scaffold proteins, IQGAPs facilitate the assembly of signaling complexes by
bringing multiple pathway components into proximity, thereby enhancing the efficiency
and specificity of intracellular signal transduction [17]. Although scaffold proteins are not
direct mediators of enzymatic signaling reactions, they play a crucial role in organizing

https://doi.org/10.3390/diagnostics16142153

https://doi.org/10.3390/diagnostics16142153


Diagnostics 2026, 16, 2153 4 of 23

signaling molecules within the highly crowded and heterogeneous cytosolic environment,
allowing biochemical processes to occur in a spatially and temporally coordinated manner.

Scaffold proteins are widely involved in the regulation of multiple intracellular signal-
ing pathways, including the mitogen-activated protein kinase (MAPK) and Wnt signaling
cascades [43–47]. Similar to other scaffold proteins, IQGAP family members function as
central signaling hubs that integrate interactions between cytoskeletal components, small
GTPases, and signaling molecules [26]. Through these interactions, IQGAP proteins have
been implicated in the regulation of key pathways such as ERK/MAPK, phosphoinosi-
tide 3-kinase (PI3K)/AKT, Wnt/β-catenin signaling, and Rho family GTPase-mediated
processes involving Rac1 and Cdc42. These pathways are critically involved in the regula-
tion of cellular processes, including proliferation, migration, adhesion, and cytoskeletal
remodeling [48].

By coordinating multiple signaling networks, IQGAP proteins contribute to the mainte-
nance of cellular homeostasis and to the regulation of cellular responses to extracellular stim-
uli [22,49]. Given the central role of these signaling pathways in tumor development and
progression, increasing attention has been directed toward understanding the involvement
of IQGAP-mediated signaling networks in cancer biology, including CRC progression.

3. IQGAP Family in Colorectal Cancer Progression and Prognosis
The three human IQGAPs (IQGAP1, IQGAP2, and IQGAP3) share a similar multido-

main composition, each containing a calponin homology domain (CHD), a WW domain,
an IQ domain containing several IQ motifs, a GTPase-activating protein (GAP)-related do-
main (GRD), and a RasGAP C-terminal domain [18,50]. IQGAPs are predominantly found
in the cytosol but also function in the plasma membrane to regulate receptor signaling
and cell adhesion, in trafficking vesicles to coordinate endocytosis and exocytosis, and in
the nucleus to influence transcription [51–53]. All three proteins share common binding
partners, including actin, the Ca2+-binding protein calmodulin, and the Rho GTPases Rac1
and Cdc42. However, despite their conserved multidomain architecture, subtle differences
in amino acid sequence and domain conformation among IQGAP family members result
in distinct binding affinities and interaction profiles. These structural variations contribute
to their differential functional roles in various cellular contexts. Furthermore, IQGAP1 is
ubiquitously expressed, whereas IQGAP2 and IQGAP3 are predominantly expressed in the
liver and brain, respectively [18,54]. The differential expression patterns and contrasting
functional roles of the three IQGAP isoforms in CRC are summarized in Table 1, while
a conceptual overview of how their dysregulation drives tumor progression and poor
prognosis is illustrated in Figure 1.

Table 1. Differential expression and functional roles of IQGAP isoforms in colorectal cancer.

Isoform Expression Main Role Key Pathways Clinical
Association

Detection
Method

Prognostic
Relevance

IQGAP1 Upregulated
Scaffold protein

regulating
signaling cascades

ERK/MAPK Invasion,
migration IHC, mRNA Poor overall

survival

IQGAP2 Downregulated Tumor suppressor Wnt/β-catenin EMT,
progression IHC, mRNA

Associated with
unfavorable
prognosis

IQGAP3 Upregulated Regulator of cell
proliferation ERK, PI3K Metastasis,

EMT IHC, mRNA
Associated with

unfavorable
prognosis
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Figure 1. Conceptual overview of IQGAP family dysregulation in CRC. IQGAP1 and IQGAP3 are
upregulated, while IQGAP2 is downregulated. Loss of IQGAP2 releases its inhibitory control over the
ERK/MAPK signaling pathway, leading to sustained pathway activation. This dysregulation disrupts
normal colonic epithelial architecture and promotes the emergence of malignant cell populations,
ultimately driving tumor progression and contributing to poor clinical prognosis. The ↑ and ↓
symbols next to a label denote an increase or decrease, respectively, in the expression, activity, or
level of that entity in CRC. Arrows indicate the direction and sequence of the depicted cascade—from
IQGAP dysregulation through ERK/MAPK activation to tumor progression and poor prognosis—
and do not represent expression changes. Box colors are used only to group elements for visual clarity
and do not carry independent meaning.

4. IQGAP1 in Colorectal Cancer Progression and Prognosis
4.1. IQGAP1 Expression in CRC

IQGAP1 is the most extensively characterized member of the IQGAP protein fam-
ily and has emerged as a key regulator in CRC progression [46]. Increasing evidence
indicates that IQGAP1 expression is consistently elevated in CRC tissues compared to
adjacent normal mucosa, suggesting its involvement in tumor development and disease
progression [55]. Rather than serving as a passive marker, this upregulation appears to be
functionally relevant, as higher IQGAP1 levels have been associated with enhanced cellular
proliferation, invasion, and migratory capacity in CRC models [27,46,56].

At the molecular level, the functional significance of IQGAP1 overexpression is closely
linked to its role as a scaffold protein capable of coordinating multiple signaling and
structural components within the cell. Although initially proposed to function as a GTPase-
activating protein (GAP), subsequent studies demonstrated that IQGAP1 does not promote
GTP hydrolysis. Instead, it inhibits the intrinsic GTPase activity of small GTPases such as
Rac1 and Cdc42, thereby stabilizing them in their active, GTP-bound states [48,57]. This
sustained activation promotes actin cytoskeletal reorganization, enabling dynamic changes
in cell shape that facilitate migration and invasion [19].

Structurally, IQGAP1 contains multiple domains—including the calponin homology
domain (CHD), WW domain, IQ motifs, RasGAP-related domain (GRD), and RasGAP
C-terminal domain (RGCT)—each of which mediates interactions with specific binding
partners [46]. Through these domains, IQGAP1 binds F-actin, calmodulin, and Rho family
GTPases, integrating cytoskeletal dynamics with intracellular signaling pathways. Im-
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portantly, this multidomain architecture allows IQGAP1 to function as a central platform
where mechanical and biochemical processes converge [46]. The overexpression of IQGAP1
in CRC therefore reflects a shift toward a cellular state characterized by enhanced signaling
integration and cytoskeletal plasticity. By stabilizing active GTPases and coordinating mul-
tiple signaling inputs, IQGAP1 promotes sustained proliferation, increased motility, and
invasive behavior—processes that are functionally interconnected and position IQGAP1 as
a key determinant of aggressive tumor phenotypes [17].

4.2. IQGAP1-Mediated ERK/MAPK Signaling

Building on its role as a structural and functional integrator, IQGAP1 is closely in-
volved in the regulation of multiple signaling pathways that drive CRC progression. Rather
than acting within a single linear cascade, IQGAP1 functions as a nodal scaffold that enables
crosstalk between pathways governing proliferation, survival, and cellular motility.

A central axis within this network is the ERK/MAPK pathway. IQGAP1 interacts with
key components of the RAF–MEK–ERK cascade, facilitating their spatial organization and
promoting efficient signal transmission. By bringing these kinases into close proximity, IQ-
GAP1 enhances both the efficiency and duration of ERK activation following growth factor
stimulation [58,59]. Once activated, ERK translocates to the nucleus, where it phosphory-
lates transcription factors such as AP-1 and ELK-1. These transcription factors regulate
the expression of genes involved in cell-cycle progression, including cyclin D1, as well as
genes responsible for extracellular matrix remodeling, such as matrix metalloproteinases
(MMP2 and MMP9). Through this mechanism, sustained ERK activation promotes both
proliferative capacity and invasive behavior [60,61]. Importantly, IQGAP1-mediated scaf-
folding does not merely initiate ERK signaling but prolongs its activation beyond normal
physiological limits. This sustained signaling state enables tumor cells to maintain growth
under stress conditions while simultaneously acquiring invasive characteristics, with ERK
signaling becoming tightly coupled with cytoskeletal dynamics and microRNA-mediated
regulation, forming an integrated signaling network rather than an isolated pathway [62].

In addition to its role in ERK signaling, IQGAP1 also facilitates crosstalk with the
Wnt/β-catenin pathway. IQGAP1 interacts with β-catenin, contributing to its stabilization
and promoting its nuclear translocation. Within the nucleus, β-catenin activates transcrip-
tion of genes associated with proliferation, stemness, and survival. The convergence of
ERK and β-catenin signaling amplifies oncogenic outputs, reinforcing tumor progression
and contributing to aggressive disease phenotypes [47].

4.3. Regulation of IQGAP1 by MicroRNAs

IQGAP1 expression is further regulated at the post-transcriptional level by microR-
NAs, particularly microRNA-124 (miR-124), which functions as a tumor suppressor in CRC.
Under normal conditions, miR-124 binds to the 3′ untranslated region (3′UTR) of IQGAP1
mRNA, leading to mRNA degradation or translational repression, thereby maintaining
controlled IQGAP1 expression [63,64]. In CRC, miR-124 is frequently downregulated,
resulting in the loss of this regulatory checkpoint. Consequently, IQGAP1 expression
increases, leading to enhanced activation of downstream signaling pathways. This upregu-
lation amplifies ERK signaling, which, in turn, promotes transcription of genes involved
in proliferation, survival, and invasion [65,66]. In parallel, increased IQGAP1 expression
also enhances β-catenin signaling, further reinforcing oncogenic transcriptional programs.
The combined activation of ERK and β-catenin pathways creates a synergistic effect that
accelerates tumor progression. Through this mechanism, microRNA-mediated regula-
tion converges with scaffold-dependent signaling, further highlighting the integrated
nature of IQGAP1-driven oncogenic networks [67–69]. This regulatory axis illustrates
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how microRNA dysregulation can influence multiple signaling pathways through a single
molecular target. Loss of miR-124 therefore represents a critical event that shifts cellular
signaling toward sustained oncogenic activation and contributes to the development of
aggressive tumor phenotypes [70].

4.4. Interaction of IQGAP1 with PLS1

The oncogenic functions of IQGAP1 are further reinforced through its interaction with
cytoskeletal regulators, particularly plastin 1 (PLS1). PLS1 is an actin-bundling protein that
plays a key role in organizing filamentous actin and facilitating structural rearrangements
required for cell movement [71]. IQGAP1 binds to actin filaments via its calponin homology
domain while simultaneously coordinating signaling molecules involved in ERK activation.
PLS1 stabilizes actin bundles, thereby providing a structural framework that supports
efficient signal propagation. Through this interaction, cytoskeletal organization is directly
coupled to intracellular signaling pathways [72,73]. Activation of the IQGAP1–PLS1 axis
enhances ERK signaling, leading to increased expression of matrix metalloproteinases,
particularly MMP2 and MMP9. These enzymes degrade components of the extracellular
matrix, enabling tumor cells to invade surrounding tissues and migrate to distant sites [71].

This interaction underscores the integration between mechanical and biochemical
processes within cancer cells. By linking cytoskeletal remodeling to transcriptional regula-
tion, the IQGAP1–PLS1 axis enables coordinated control of cell movement and invasive
behavior, highlighting its critical role in metastatic progression.

4.5. Role of IQGAP1 in the Tumor Microenvironment

The tumor microenvironment (TME) plays a pivotal role in colorectal cancer progres-
sion, characterized by dynamic interactions between tumor cells and surrounding stromal
components, including cancer-associated fibroblasts, immune cells, and extracellular ma-
trix elements. This bidirectional crosstalk critically regulates tumor growth, invasion, and
immune evasion by shaping both cellular behavior and signaling networks. Increasing
evidence suggests that proteins involved in coordinating intracellular signaling may also
influence these tumor–stromal interactions, thereby linking tumor cell-intrinsic pathways
to broader microenvironmental remodeling.

In line with this, IQGAP1 extends its role beyond intracellular signaling and con-
tributes to tumor progression through its involvement in the TME. Its interaction with
molecules such as myosin light chain 9 (MYL9) suggests a role in modulating both cytoskele-
tal dynamics and intercellular communication [55]. MYL9 is associated with actomyosin
contractility and is frequently expressed in cancer-associated fibroblasts (CAFs), which are
key components of the TME. Through its interaction with IQGAP1, MYL9 may influence
signaling pathways that regulate cytokine secretion and extracellular matrix remodel-
ing [55,74]. IQGAP1-mediated signaling promotes the release of chemokines such as
CCL2 and growth factors including TGF-β1, which contribute to immune cell recruitment,
fibroblast activation, and extracellular matrix deposition. These processes collectively es-
tablish a pro-inflammatory and pro-fibrotic microenvironment that supports tumor growth,
facilitates invasion, and promotes immune evasion [25].

This highlights an expanded role for IQGAP1 beyond intracellular signaling. By coor-
dinating interactions between tumor cells and stromal components, IQGAP1 contributes
to the dynamic remodeling of the tumor microenvironment, further amplifying disease
progression. However, current evidence regarding the involvement of IQGAP2 and IQ-
GAP3 in tumor microenvironment regulation remains limited compared with IQGAP1,
highlighting an important area for future investigations.

https://doi.org/10.3390/diagnostics16142153

https://doi.org/10.3390/diagnostics16142153


Diagnostics 2026, 16, 2153 8 of 23

5. IQGAP2 in Colorectal Cancer Progression and Prognosis
Despite belonging to the same protein family and sharing highly conserved structural

domains, IQGAP1 and IQGAP2 exert opposing functional roles in CRC. This apparent para-
dox underscores that protein function is not solely determined by domain composition, but
rather by how these domains are utilized within specific molecular and signaling contexts.

At the mechanistic level, both IQGAP1 and IQGAP2 interact with actin filaments
and small GTPases such as Rac1 and Cdc42; however, the downstream consequences of
these interactions diverge significantly [75,76]. IQGAP1 functions as an efficient scaffold
that promotes the assembly of signaling complexes, particularly within the ERK/MAPK
pathway, thereby facilitating sustained signal transduction and oncogenic output [77]. In
contrast, IQGAP2 appears to regulate these same signaling networks through mechanisms
that limit signal propagation. Although the precise molecular mechanisms remain incom-
pletely defined, IQGAP2 may interfere with scaffold formation, compete with IQGAP1 for
shared binding partners, and regulate the spatial organization of signaling platforms [78].
Through these mechanisms, IQGAP2 attenuates ERK activation and prevents excessive
amplification of oncogenic signaling [28,29].

The opposing functions of IQGAP1 and IQGAP2 are further reinforced by their dif-
ferential expression in CRC, where IQGAP1 is frequently upregulated, while IQGAP2
is commonly downregulated. This imbalance shifts intracellular signaling toward sus-
tained activation, highlighting the importance of IQGAP family balance in regulating
tumor behavior.

5.1. IQGAP2 Expression in CRC

IQGAP2 expression is consistently reduced in CRC tissues compared to adjacent
normal mucosa, suggesting its role as a tumor suppressor. This downregulation has been
observed across multiple gastrointestinal malignancies, indicating that loss of IQGAP2 may
represent a common event in epithelial tumorigenesis [79].

One of the primary mechanisms underlying reduced IQGAP2 expression is epigenetic
silencing, particularly through promoter hypermethylation [80,81]. This modification leads
to decreased transcriptional activity, thereby reducing protein expression levels [82]. In
addition to epigenetic regulation, IQGAP2 expression may also be influenced by transcrip-
tional and post-transcriptional mechanisms, including microRNA-mediated regulation,
reflecting the complex regulatory landscape governing IQGAP2 expression [79,83].

Importantly, reduced IQGAP2 expression is not merely a bystander effect but appears
to confer a selective advantage to tumor cells. Cells with diminished IQGAP2 levels
exhibit increased proliferative and invasive capabilities, suggesting that loss of IQGAP2
contributes directly to tumor progression [31]. This is further supported by the observed
inverse relationship between IQGAP1 and IQGAP2 expression, where increased IQGAP1
levels coincide with reduced IQGAP2 expression, reinforcing a shift toward oncogenic
signaling dominance [84].

5.2. Regulation of IQGAP2 by miR-29a

In addition to epigenetic silencing, IQGAP2 is subject to post-transcriptional regulation
by microRNAs, particularly miR-29a-3p, which has been implicated in CRC progression.
Dysregulation of miR-29a is frequently observed in CRC and is associated with enhanced
tumor growth, invasion, and metastasis [85–87]. Mechanistically, miR-29a-3p directly
binds to the 3′-UTR of IQGAP2 mRNA, leading to mRNA degradation or inhibition of
translation. This results in decreased IQGAP2 protein levels, thereby weakening its role as
a negative regulator of oncogenic signaling pathways. The loss of this regulatory constraint
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facilitates increased activation of downstream pathways involved in cell proliferation and
migration [88,89].

Furthermore, the miR-29a–IQGAP2 axis illustrates how non-coding RNAs integrate
into broader signaling networks. By targeting a scaffold protein such as IQGAP2, miR-29a
indirectly modulates multiple downstream pathways simultaneously, amplifying its impact
on tumor biology. Restoration of IQGAP2 expression in experimental models has been
shown to partially reverse the pro-tumorigenic effects of miR-29a, further supporting this
regulatory relationship [80].

5.3. IQGAP2 and ERK/MAPK Signaling Suppression

A key mechanism underlying the tumor-suppressive function of IQGAP2 involves its
modulation of the ERK/MAPK signaling pathway, a central regulator of colorectal cancer
progression. While IQGAP1 enhances ERK/MAPK signaling by facilitating the assembly
of kinase complexes, IQGAP2 exerts an opposing effect by attenuating ERK activation [29].

This suppression may occur through multiple mechanisms. IQGAP2 may interfere
with the assembly or stability of signaling complexes required for efficient ERK phosphory-
lation, thereby reducing signaling efficiency. Additionally, it may compete with IQGAP1
for shared binding partners, limiting the formation of pro-oncogenic signaling platforms.
IQGAP2 may also influence the spatial and temporal dynamics of signaling, restricting
the localization and duration of ERK/MAPK activation [89]. Through these mechanisms,
IQGAP2 reduces the expression of downstream genes involved in proliferation, migration,
and extracellular matrix remodeling. This regulatory effect highlights its role not only as a
structural scaffold but also as a modulator of signaling intensity and duration. The balance
between IQGAP1-mediated activation and IQGAP2-mediated suppression is therefore
critical in determining overall signaling output in CRC cells.

Nevertheless, the available evidence regarding IQGAP2-mediated regulation of
ERK/MAPK signaling in CRC remains relatively limited, highlighting the need for fur-
ther investigation to elucidate its precise molecular mechanisms and potential therapeutic
implications.

5.4. Prognostic Relevance of IQGAP2

At the cellular level, reduced IQGAP2 expression is associated with increased motility
and invasive capacity, key features of cancer progression [89]. These effects are closely
linked to alterations in cytoskeletal organization and cell adhesion. Notably, decreased
IQGAP2 expression has been associated with reduced E-cadherin levels, a hallmark of
epithelial–mesenchymal transition (EMT) [90]. As a key component of adherens junctions,
E-cadherin plays a critical role in maintaining epithelial integrity [91]. Its loss facilitates
cellular detachment, increased motility, and acquisition of mesenchymal characteristics,
thereby promoting metastasis. IQGAP2 may contribute to the stabilization of cytoskeletal
architecture and cell–cell adhesion, and its loss disrupts these processes, favoring EMT [92].

Clinically, these molecular changes are reflected in more aggressive tumor phenotypes,
where low IQGAP2 expression has been associated with advanced tumor stage, higher
histological grade, and poorer survival outcomes [93]. These findings suggest that IQGAP2
may serve as a potential prognostic biomarker in CRC; however, further large-scale clinical
studies are required to validate its prognostic value and determine its potential role in
therapeutic targeting.

Taken together, IQGAP2 functions as a key regulator of signaling restraint in colorectal
cancer, modulating both intracellular signaling pathways and cytoskeletal dynamics. Its
loss removes a critical inhibitory checkpoint, promoting oncogenic signaling, cellular
plasticity, and tumor progression. Importantly, the balance between IQGAP2 and its
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oncogenic counterparts, particularly IQGAP1, plays a central role in determining disease
behavior, highlighting the IQGAP family as an integrated regulatory network.

6. Oncogenic Role of IQGAP3 in CRC
While IQGAP1 and IQGAP2 have been relatively well characterized as an oncogenic

signal amplifier and a tumor suppressor, respectively, the role of IQGAP3 in CRC reflects a
distinct functional specialization within the IQGAP family. Despite sharing a conserved
structural framework, these proteins exhibit divergent biological functions, indicating
that their roles are determined less by domain composition and more by differences in
binding partners, signaling context, and spatial regulation [94]. In contrast to IQGAP1,
which predominantly enhances proliferative signaling through ERK/MAPK pathways,
and IQGAP2, which restrains signaling and maintains cellular stability, IQGAP3 appears to
preferentially amplify signaling processes that couple cytoskeletal remodeling with cellular
motility [95]. This positioning suggests that IQGAP3 plays a central role in coordinating
the transition from intracellular signaling activation to invasive cellular behavior [30,96].

6.1. Expression and Clinical Correlation of IQGAP3

IQGAP3 has consistently been reported to be upregulated in CRC, with elevated
expression observed in tumor tissues relative to adjacent normal mucosa [97,98]. Impor-
tantly, this upregulation is closely associated with clinicopathological features indicative of
aggressive disease, including advanced tumor–node–metastasis (TNM) stage, lymph node
involvement, vascular invasion, and poor tumor differentiation. In addition, increased IQ-
GAP3 expression is associated with reduced overall survival, suggesting that its expression
reflects not only tumor presence but also the biological aggressiveness of the disease [98].

The functional relevance of this upregulation becomes evident when considered in
the context of IQGAP3’s role as a scaffold protein. Scaffold proteins regulate signaling
by organizing multiple signaling components into coordinated complexes, thereby con-
trolling both the efficiency and specificity of signal transduction [99,100]. In this setting,
overexpression of IQGAP3 increases the density of interaction platforms within the cell,
facilitating the assembly of signaling complexes and enhancing the likelihood of productive
protein–protein interactions.

This increase in scaffolding capacity has two major consequences. First, it enhances
signaling efficiency by reducing the spatial separation between pathway components,
allowing for rapid and coordinated signal transmission. Second, it prolongs signal duration
by stabilizing signaling complexes and preventing premature dissociation. Together, these
effects shift intracellular signaling from transient, tightly regulated activation toward
sustained and amplified signaling output [44,94]. Such sustained signaling is a hallmark
of oncogenic transformation and provides a mechanistic explanation for the association
between high IQGAP3 expression and aggressive tumor behavior. In this context, IQGAP3
overexpression does not merely accompany tumor progression but actively contributes to
the establishment of a signaling environment that favors persistent activation of pathways
involved in survival, motility, and invasion.

6.2. IQGAP3 and Oncogenic Signaling Pathways

The oncogenic role of IQGAP3 is primarily mediated through its ability to coordinate
intracellular signaling pathways via its scaffolding function. Rather than acting within a
single linear pathway, IQGAP3 functions as a central organizer that integrates and amplifies
multiple signaling inputs, thereby increasing overall signaling output.

Among the pathways associated with IQGAP3, the phosphoinositide 3-kinase (PI3K)
pathway represents a critical axis. IQGAP3 facilitates the assembly of signaling complexes

https://doi.org/10.3390/diagnostics16142153

https://doi.org/10.3390/diagnostics16142153


Diagnostics 2026, 16, 2153 11 of 23

involving PI3K components, including PIK3C2B, thereby enhancing pathway activation.
This process is driven by spatial organization, as IQGAP3 brings upstream activators,
PI3K components, and downstream effectors into close proximity, enabling efficient and
coordinated signal propagation [101,102].

Activation of PI3K signaling initiates a multi-step cascade that links intracellular
signaling to cellular behavior. One key branch involves activation of Rho family GTPases,
including Rac1 and Cdc42, which regulate actin cytoskeleton dynamics. IQGAP3 likely
facilitates localized activation of these GTPases at specific cellular regions, particularly at
the plasma membrane and leading edge, where cytoskeletal remodeling is required for
directional movement [103–105].

This spatial regulation is critical for effective cell migration. Activation of Rac1 pro-
motes actin polymerization and the formation of lamellipodia, enabling forward membrane
extension and generating traction forces required for movement. In parallel, activation of
Cdc42 induces filopodia formation, which allows cells to sense environmental cues and
guide directional migration. The coordinated activity of these structures enables tumor
cells to polarize and migrate through complex tissue environments [106]. At the same time,
PI3K signaling activates downstream survival pathways, including those mediated by AKT,
which enhance resistance to apoptosis [107]. This is particularly important during tumor
dissemination, where cells must survive under conditions of detachment and environmen-
tal stress. The simultaneous activation of cytoskeletal remodeling and survival signaling
creates a cellular state that is highly conducive to invasion and metastasis [108].

Importantly, IQGAP3 operates within a broader signaling network that may include
interactions with growth factor–mediated pathways such as EGFR and ERK/MAPK [109].
However, unlike IQGAP1, which predominantly amplifies proliferative ERK signaling,
IQGAP3 appears to preferentially engage signaling pathways that link cytoskeletal dynam-
ics with cellular motility. This functional specialization underscores the distinct role of
IQGAP3 within the IQGAP family.

6.3. Role of IQGAP3 in Tumor Progression and Cellular Dynamics

The signaling processes coordinated by IQGAP3 are ultimately translated into changes
in cellular behavior that drive tumor progression. IQGAP3 plays a central role in regulating
cell migration, invasion, and structural plasticity, processes that are essential for cancer
dissemination [110].

Through its effects on Rho GTPase activation and actin cytoskeleton remodeling,
IQGAP3 enables tumor cells to undergo dynamic morphological changes required for
movement. The formation of lamellipodia allows cells to extend their membrane forward
and generate traction forces necessary for migration, while filopodia provide directional
sensing that guides movement through the extracellular matrix [111,112]. These coordi-
nated processes enable tumor cells to detach from the primary tumor mass and invade
surrounding tissues.

Importantly, cytoskeletal remodeling alone is insufficient for successful invasion.
Tumor cells must also survive during detachment and migration, processes that would
normally induce apoptosis through anoikis. However, activation of PI3K-related sur-
vival pathways enables tumor cells to resist these signals, allowing them to persist in
non-adherent conditions and continue the metastatic process [113]. The integration of
increased motility and enhanced survival results in a highly adaptive cellular phenotype
characterized by increased plasticity. This phenotype shares key features with epithelial–
mesenchymal transition (EMT), including reduced cell–cell adhesion, increased migratory
capacity, and enhanced invasiveness. Although the precise involvement of IQGAP3 in
EMT-associated transcriptional regulation remains to be fully defined, its ability to coordi-
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nate signaling and cytoskeletal dynamics strongly supports its role in promoting EMT-like
behavior [94].

6.4. Prognostic Significance of IQGAP3

The molecular and cellular functions of IQGAP3 are closely reflected in its clinical
significance. Elevated IQGAP3 expression is consistently associated with poorer patient
outcomes, including reduced overall survival, indicating that it serves as a marker of
aggressive disease [86].

Mechanistically, the prognostic impact of IQGAP3 can be understood as a direct
consequence of its role in coordinating signaling pathways that promote both invasion
and survival. By enhancing PI3K-related signaling and cytoskeletal remodeling, IQGAP3
facilitates tumor cell dissemination, while its effects on survival pathways enable cells
to persist during metastasis. These combined effects increase the likelihood of disease
progression and contribute to poorer clinical outcomes [94].

Importantly, IQGAP3 does not function in isolation but operates within an intercon-
nected signaling network. Tumors with high IQGAP3 expression often exhibit concurrent
activation of PI3K and cytoskeleton-regulating pathways, resulting in a more aggressive
phenotype. This network-based effect amplifies its impact on tumor progression and
highlights the importance of considering signaling context in prognostic assessment. Fur-
thermore, the prognostic significance of IQGAP3 may be influenced by the broader balance
within the IQGAP family. While IQGAP2 acts to restrain signaling and maintain cellular
stability, its downregulation removes this regulatory constraint. In the presence of elevated
IQGAP3, this imbalance shifts the cellular environment toward sustained oncogenic signal-
ing, enhanced motility, and increased invasive capacity. This coordinated dysregulation
further contributes to poor clinical outcomes [97,98].

Taken together, these observations position IQGAP3 as both a marker and a driver
of aggressive disease. Its ability to integrate signaling pathways that regulate invasion,
survival, and cellular plasticity provides a mechanistic basis for its strong association with
adverse prognosis, highlighting its potential as a prognostic biomarker and therapeutic
target in colorectal cancer.

7. Clinical and Prognostic Implications of IQGAP Family Proteins
Throughout this section, the terms diagnostic biomarker, prognostic indicator, and

therapeutic target are used to denote distinct clinical concepts and are addressed separately.
A diagnostic biomarker supports the detection or classification of disease, a prognostic
indicator informs the prediction of clinical outcome, and a therapeutic target denotes a
molecule amenable to therapeutic intervention. Accordingly, the potential roles of IQGAP
proteins in each of these domains are considered individually in the following subsections,
and the strength of the available evidence differs across these applications.

7.1. Biomarker Potential

The distinct and opposing roles of IQGAP family members in CRC provide a strong ra-
tionale for their consideration as potential biomarkers. Unlike conventional single-pathway
markers, IQGAP proteins function as integrators of intracellular signaling, coordinating
multiple oncogenic pathways within a unified regulatory framework. As a result, alter-
ations in their expression reflect shifts in overall signaling dynamics rather than isolated
molecular changes [114].

In CRC, differential expression patterns of IQGAP family members are closely asso-
ciated with tumor behavior. IQGAP1 is associated with enhanced proliferative capacity,
while IQGAP3 is associated with enhanced invasive capacity. IQGAP2 is frequently down-
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regulated, indicating loss of regulatory control over these processes. This coordinated
dysregulation suggests that IQGAP expression profiles represent the functional balance
between signaling activation and inhibition within tumor cells [115].

The biomarker potential of IQGAP proteins arises from their involvement in key
steps of tumor progression. IQGAP1 contributes to early stages of the metastatic cascade,
including invasion and extravasation, through its regulation of actin dynamics and MAPK
signaling. In parallel, IQGAP3 facilitates the integration of signaling pathways that promote
cytoskeletal remodeling and survival, enabling tumor cells to migrate and persist under
stress conditions. These roles highlight how IQGAP proteins translate signaling activity
into invasive cellular behavior [27].

Importantly, this integrative function distinguishes IQGAP proteins from conventional
biomarkers that typically reflect single molecular alterations. Tumor progression is driven
by coordinated signaling networks rather than isolated pathways; therefore, biomarkers
that capture these network-level changes may provide a more functionally relevant repre-
sentation of tumor behavior. In this context, IQGAP proteins offer potential as integrative
biomarkers that reflect the dynamic state of signaling activity underlying CRC progression.

7.2. Prognostic Indicator

Beyond their role as biomarkers, IQGAP family proteins also demonstrate significant
value as prognostic indicators in CRC, as their expression levels are closely associated with
disease progression and clinical outcomes. Importantly, the prognostic relevance of IQGAP
proteins is not merely based on statistical associations but reflects their direct involvement
in key biological processes that drive tumor aggressiveness [79,116].

Elevated expression of IQGAP1 and IQGAP3, along with reduced expression of
IQGAP2, is consistently associated with poorer clinical outcomes. This pattern reflects
a shift in the balance of intracellular signaling toward sustained oncogenic activation.
IQGAP1 promotes persistent activation of proliferative pathways, particularly through
ERK/MAPK signaling, leading to increased tumor growth [117]. In parallel, IQGAP3
enhances signaling pathways that regulate cytoskeletal remodeling and cellular motility,
thereby facilitating invasion and metastatic dissemination [30]. Conversely, downregulation
of IQGAP2 removes critical inhibitory constraints on these processes, further amplifying
oncogenic signaling [86].

This coordinated dysregulation contributes to multiple hallmarks of aggressive disease.
Increased proliferative signaling promotes tumor expansion, while enhanced cytoskeletal
dynamics enable tumor cells to invade surrounding tissues and migrate to distant sites. At
the same time, activation of survival pathways allows tumor cells to resist apoptosis, partic-
ularly during detachment and metastasis [118]. The integration of these processes results in
a highly adaptive cellular phenotype characterized by increased plasticity and metastatic
potential. These biological effects translate into poorer patient outcomes, including re-
duced overall survival and increased likelihood of disease progression. Importantly, the
prognostic value of IQGAP proteins is further enhanced when considered in combination
rather than in isolation. For example, tumors characterized by high IQGAP3 expression
together with reduced IQGAP2 expression may represent a particularly high-risk subgroup,
reflecting both increased signaling activation and loss of regulatory control [79].

Taken together, these findings suggest that IQGAP proteins serve as functional prog-
nostic indicators that capture the dynamic interplay between signaling activation, cellular
behavior, and clinical outcome. By linking molecular mechanisms to disease progression,
IQGAP expression profiles provide a biologically meaningful framework for predicting
prognosis in CRC.
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7.3. Therapeutic Target

The RTK–RAS–RAF–MEK–ERK signaling pathway is a central driver of tumor progres-
sion and a major target of current cancer therapies [119]. However, despite the development
of inhibitors targeting multiple components of this cascade, therapeutic efficacy remains
limited by the complexity and adaptability of signaling networks. In this context, increasing
attention has shifted toward regulatory proteins that organize and sustain signaling activity,
including scaffold proteins such as the IQGAP family [114].

Scaffold proteins regulate signaling not by initiating enzymatic reactions, but by
organizing signaling components into coordinated complexes. Through this function, they
enhance both the efficiency and specificity of signal transduction by facilitating protein–
protein interactions and stabilizing signaling assemblies. Targeting scaffold-mediated
interactions therefore offers a distinct therapeutic strategy, as it may disrupt multiple
downstream pathways simultaneously rather than inhibiting a single catalytic step [114].

Within this framework, IQGAP family proteins have emerged as potential therapeutic
targets due to their central role in coordinating oncogenic signaling. IQGAP1, the most ex-
tensively studied member, interacts with key components of the MAPK pathway, including
RAF, MEK, and ERK, thereby promoting sustained proliferative signaling. In addition, its
role in cytoskeletal organization and cell–cell adhesion links signaling activity to migration
and invasion, further contributing to tumor progression [120].

Other members of the IQGAP family contribute to distinct aspects of tumor behavior.
IQGAP3 is associated with signaling pathways that regulate cytoskeletal remodeling and
cellular motility, suggesting that targeting its scaffolding function may impair tumor inva-
sion and metastatic dissemination [30]. In contrast, IQGAP2 exhibits tumor-suppressive
properties, and its loss contributes to enhanced signaling activity and disease progression.
These complementary roles highlight the potential of targeting the IQGAP family as a
means of modulating signaling balance at a network level [29].

Despite these promising features, targeting scaffold proteins presents unique chal-
lenges. Unlike kinases, scaffold proteins lack intrinsic catalytic activity, making them less
amenable to traditional small-molecule inhibition. As a result, therapeutic strategies must
focus on disrupting protein–protein interactions or modulating scaffold protein expres-
sion [121]. Alternatively, targeting downstream pathways regulated by IQGAP proteins
may provide an indirect means of counteracting their effects.

Taken together, IQGAP family proteins represent a novel class of therapeutic targets
that operate at the level of signaling organization rather than individual pathway com-
ponents. By modulating scaffold-mediated interactions, it may be possible to disrupt
multiple oncogenic pathways simultaneously, offering a potential strategy to overcome the
limitations of current targeted therapies in colorectal cancer.

Currently, evidence supporting IQGAP proteins as diagnostic biomarkers is largely
derived from retrospective expression analyses and experimental studies. Standardized
immunohistochemical scoring systems, transcriptomic cut-off values, and prospective
validation cohorts are still lacking. Furthermore, it remains unclear whether IQGAP
expression provides independent prognostic value beyond established CRC markers such
as TNM stage, MSI/MMR status, and KRAS/NRAS/BRAF alterations.

7.4. Precision Oncology

The integration of molecular profiling into clinical decision-making has shifted the
focus of cancer management toward precision oncology, where treatment strategies are
tailored based on the biological characteristics of individual tumors [122]. In this context,
understanding not only the presence of specific molecular alterations but also the functional
state of signaling networks becomes increasingly important.
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IQGAP family proteins may provide a unique perspective within this framework
for understanding signaling integration, as they function at the level of signaling integra-
tion rather than individual pathway components. Their expression reflects the dynamic
coordination of multiple oncogenic processes, including proliferation, cytoskeletal remod-
eling, and cellular survival [18]. As such, IQGAP proteins offer insight into how signaling
pathways operate collectively within tumor cells, rather than in isolation.

This network-level perspective may have important implications for patient stratifi-
cation. Tumors characterized by distinct patterns of IQGAP expression patterns, such as
increased IQGAP1 and IQGAP3, alongside reduced IQGAP2, may represent a subgroup
with enhanced signaling activity, increased invasive potential, and a higher likelihood of
disease progression. Identifying such patterns could support more refined risk classification
and guide treatment selection.

In addition, the integration of IQGAP expression profiles with other molecular data, in-
cluding genomic and transcriptomic information, may further improve the ability to predict
therapeutic response. Rather than relying on single-gene alterations, this approach empha-
sizes the importance of signaling context, where the effectiveness of targeted therapies may
depend on the broader regulatory environment within the tumor [18].

These considerations highlight the potential role of IQGAP proteins in bridging molec-
ular characterization with functional tumor behavior. By capturing the interplay between
signaling pathways and cellular dynamics, IQGAP-based profiling may contribute to more
precise and biologically informed treatment strategies in CRC. A comprehensive integrated
overview of the upstream drivers, isoform-specific molecular pathways, and downstream
cellular and clinical consequences of IQGAP dysregulation in CRC discussed throughout
this review is presented in Figure 2.

 

Figure 2. Integrated overview of the upstream regulators, isoform-specific molecular pathways, and
downstream cellular and clinical consequences of IQGAP family dysregulation in colorectal cancer
(CRC). Multiple factors, including immune dysregulation, tumor microenvironment remodeling,
chronic inflammation, dysregulated signaling, post-translational modifications, and epigenetic regu-
lation, influence IQGAP family expression and activity. Differential alterations in IQGAP1, IQGAP2,
and IQGAP3 modulate key signaling pathways involved in proliferation, cytoskeletal remodeling,
invasion, metastasis, and tumor progression, ultimately contributing to adverse clinical outcomes
in CRC. The figure is organized into three stages: factors influencing IQGAP family expression and
activity (left), isoform-specific signaling by IQGAP1, IQGAP2, and IQGAP3 (center), and the resulting
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cellular and clinical consequences (right). Upward (↑) and downward (↓) arrows indicate an increase
or decrease, respectively, in the expression, activity, or level of the labeled molecule or process in
CRC. Solid arrows represent a promoting or directional effect—activation, downstream signaling,
or progression—between connected elements. Dashed lines denote interaction or regulatory rela-
tionships between IQGAP1 and its molecular partners (PLS1, MYL9, and miR-124). Box colors are
used only to group elements by category for visual clarity and do not carry independent meaning;
the three IQGAP isoforms are identified by their labels rather than by color.

8. Future Perspectives
Despite growing evidence supporting the role of IQGAP family proteins in CRC

progression, several key questions remain unresolved, highlighting important directions
for future research. Much of the current understanding is derived from in vitro studies
and limited clinical datasets, and further validation in larger, well-characterized patient
cohorts is necessary to establish the clinical utility of IQGAP proteins as biomarkers and
therapeutic targets. Furthermore, several mechanistic insights discussed in this review are
derived from studies conducted in other malignancies, including breast, ovarian, gastric,
and hepatocellular cancers. Although these findings provide valuable biological insights,
their applicability to CRC requires further validation in CRC-specific experimental models
and clinical cohorts.

One important area for future investigation is the precise molecular mechanisms
underlying the differential functions of IQGAP family members. Although IQGAP1 and
IQGAP3 are generally associated with oncogenic signaling, while IQGAP2 exhibits tumor-
suppressive properties, the factors that determine these functional differences remain
incompletely understood [123]. In particular, the role of context-dependent interactions,
post-translational modifications, and subcellular localization in shaping IQGAP activity
warrants further exploration. A more detailed understanding of these mechanisms may
clarify how structurally similar proteins exert distinct biological effects within the same
cellular environment.

In addition, the interplay between IQGAP family members within shared signaling
networks represents an important but underexplored area. Rather than acting indepen-
dently, IQGAP proteins may function as part of a coordinated regulatory system in which
the balance between signal amplification and restraint determines overall cellular behav-
ior. Investigating how alterations in the relative expression of IQGAP1, IQGAP2, and
IQGAP3 influence signaling dynamics may provide deeper insight into CRC progression
and identify novel points of therapeutic intervention.

From a translational perspective, further work is needed to evaluate the feasibility of
targeting IQGAP-mediated signaling in clinical settings. Given the challenges associated
with directly inhibiting scaffold proteins, future studies should explore strategies aimed at
disrupting protein–protein interactions or modulating downstream signaling pathways.
Advances in drug development, including the design of molecules that specifically interfere
with scaffold interactions, may offer new opportunities for therapeutic intervention.

Finally, the integration of IQGAP-related findings into multi-omics approaches may
enhance their clinical relevance. Combining genomic, transcriptomic, and proteomic data
could provide a more comprehensive understanding of how IQGAP proteins contribute
to tumor heterogeneity and treatment response. Such approaches may also support the
development of more refined patient stratification models, aligning with the broader goals
of precision oncology. However, standardized detection methods, validated cut-off values,
and prospective clinical studies are still required before IQGAP proteins can be considered
reliable diagnostic or prognostic biomarkers in routine clinical practice.
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9. Conclusions
The IQGAP family of scaffold proteins plays a central role in regulating signaling

networks that drive CRC progression. Despite their structural similarity, IQGAP1, IQGAP2,
and IQGAP3 exhibit distinct and often opposing functions, with increased IQGAP1 and
IQGAP3, alongside reduced IQGAP2, collectively promoting sustained oncogenic signaling,
enhanced cellular plasticity, and aggressive tumor behavior.

These coordinated roles suggest that IQGAP proteins may serve as integrative
biomarkers and potential therapeutic targets; however, prospective clinical validation
is still required.
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Abbreviations
The following abbreviations are used in this manuscript:

3′UTR 3′ Untranslated Region
AKT Protein Kinase B
AP-1 Activator Protein 1
CAF Cancer-Associated Fibroblast
CCL2 C-C motif Chemokine Ligand 2
Cdc42 Cell Division Cycle 42
CHD Calponin Homology Domain
CRC Colorectal Cancer
EGFR Epidermal Growth Factor Receptor
ELK-1 ETS-Like protein 1
EMT Epithelial–Mesenchymal Transition
ERK Extracellular signal-Regulated Kinase
F-actin Filamentous Actin
GAP GTPase-Activating Protein
GRD Ras GTPase-Related Domain
GTP Guanosine Triphosphate
IQGAP IQ motif-containing GTPase-Activating Protein
Irs IQGAP-specific Repeats
MAPK Mitogen-Activated Protein Kinase
MEK MAPK/ERK Kinase
miRNA/miR microRNA
MMP Matrix Metalloproteinase
mRNA messenger RNA
MYL9 Myosin Light Chain 9
PI3K Phosphoinositide 3-Kinase
PIK3C2B Phosphatidylinositol-4-phosphate 3-Kinase Catalytic Subunit Type 2 Beta
PIP2 Phosphatidylinositol 4,5-Bisphosphate
PLS1 Plastin 1
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Rac1 Ras-related C3 botulinum toxin substrate 1
RAF Rapidly Accelerated Fibrosarcoma kinase
RAS Rat Sarcoma virus oncogene homolog
RasGAP Ras GTPase-Activating Protein
RGCT RasGAP C-Terminal domain
RTK Receptor Tyrosine Kinase
TGF-β Transforming Growth Factor-beta
TME Tumor Microenvironment
TNM Tumor–Node–Metastasis
Wnt Wingless-related integration site
WW WW domain (containing two conserved tryptophan residues)
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