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ABSTRACT 
 

Wnt signal transduction pathways play crucial roles in animal development, and after birth, they are 
involved in maintaining cellular and tissue homeostasis. Deregulation of the Wnt-mediated 
pathways occurs in many human diseases, including a wide range of human cancers. Many years 
ago, due to the topological similarity between Frizzled receptors and G-protein-coupled receptors, it 
was proposed that heterotrimeric G-proteins might be involved in the regulation of Wnt/Frizzled-
mediated signaling pathways. Currently, there is a wealth of evidence indicating that heterotrimeric 
G-proteins regulate both canonical and non-canonical Wnt signaling pathways. This review article 
will discuss some of this evidence and the significance of this interaction. 
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1. INTRODUCTION 
 

The Wnt/Frizzled-mediated signal transduction 
pathways are involved in regulating a wide range 

of biological responses. Therefore, the 
deregulation of these signaling pathways leads to 
developmental abnormalities in multicellular 
animals and many chronic diseases, including 
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neurological disorders and various types of 
cancers in adults [1-7]. The investigation of Wnt 
signaling began over 40 years ago [8-10]. These 
pathways have been categorized as canonical 
and non-canonical based on the involvement of 
the β-Catenin protein [1-7]. While the canonical 
Wnt signaling seems to be a single pathway 
dependent on a central and critical protein called 
β-Catenin, the non-canonical Wnt/Frizzled 
signaling comprises several pathways involved in 
diverse biological responses. These responses 
include planar cell polarity (PCP), small GTPase-
mediated cytoskeleton reorganization, and 
intracellular calcium homeostasis [1-4]. 
Numerous excellent review articles about Wnt 
signaling pathways and their biological and 
clinical significance have been authored by 
pioneering scientists in the field, as well as other 
scientists worldwide. Interested readers can 
explore the Wnt homepage 
(http://web.stanford.edu/group/nusselab/cgi-
bin/wnt/), which provides a list of intriguing 
review articles. 
 
For decades, Wnt signaling pathways have 
captured the attention of various biological and 
clinical scientists across different fields, including 
developmental biology, cancer biology, 

neuroscience, and stem cell biology. Two crucial 
and interconnected questions arise: a) How 
precisely are the Wnt signaling pathways 
regulated in various tissues? And b) how can we 
overcome the deregulation of these pathways in 
disease conditions? It has become evident that 
addressing these questions is not an easy task 
and has grown even more challenging over time 
due to the expanding number of components and 
regulators within these signaling pathways. 
 
In 1997, when I joined the University of 
Pennsylvania (USA) as a post-doctoral fellow, 
my involvement centered around the search for 
potential new regulators of Wnt signaling. One 
captivating feature that drew my attention was 
the structure of Frizzled proteins. By that time, 
several Frizzled proteins from different 
organisms had been cloned and identified [11-
15]. The overarching structure and topology of 
Frizzled proteins closely resembled those of G 
protein-coupled receptors, sharing a common 
feature of seven hydrophobic transmembrane 
domains [15] (Fig. 1). This prompted the question 
of whether heterotrimeric G protein signaling 
pathways control Wnt signaling or if Frizzled 
proteins belong to a subfamily of GPCRs (G 
protein-coupled receptors). 

 

 
 
Fig. 1. A very simple demonstration of Frizzled and GPCR signaling pathways at the upstream 

level 
The topology of both receptors is very similar and therefore it has been proposed that activation of Frizzled 

signaling may pass through heterotrimeric G-proteins including G, G, and G subunits (? mark). Frizzled 

receptors get help from co-receptors to transmit signals which are known as canonical (Wnt/-Catenin) and non-
canonical (Wnt/Ca2+ and Wnt/PCP) Wnt signaling pathways. Single transmembrane proteins, LRP5/6 and 

ROR1/2 function as co-receptors for the canonical and non-canonical Wnt pathways respectively. The small filled 

triangle attached to the G subunits, represents GDP (in the resting state) or GTP (in the active state). The 
effectors of GPCR/G protein signaling are very diverse and only some are listed in the figure. LRP5/6, Low-

density lipoprotein receptor-related protein5/6 ; ROR1/2, receptor tyrosine kinase–like orphan receptor-1 and 2; 
PCP, planar cell polarity; GPCR, G protein-coupled receptors. 

http://web.stanford.edu/group/nusselab/cgi-bin/wnt/
http://web.stanford.edu/group/nusselab/cgi-bin/wnt/
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2. FRIZZLED RECEPTORS 
 
The first Frizzled was originally identified in 
Drosophila as a gene encoding a protein 
involved in determining tissue polarity or planar 
cell polarity [15,16]. This   conclusion was   
drawn due to mutagenesis experiments that 
resulted in a lack of orientation of the wing hairs 
[15,16]. Frizzled receptors are restricted to 
multicellular animals   because they have not 
been found in   single-cell   eukaryotes (like 
yeasts) [17,18]. Interestingly, Frizzled  proteins   
have   also   not  been   found in   plants   
[17,18].   The   human genome   encodes   at   
least 10 different Frizzled proteins   involved in   
diverse   cellular activities, including cell 
proliferation, cell differentiation, cell    polarity,   
and     maintaining cellular    and    tissue     
homeostasis [3,19]. 

 
Frizzled proteins are identified as the main 
receptors for Wnt glycoproteins. They are 
integral membrane proteins with seven 
hydrophobic transmembrane domains [1-5]. 
Frizzled   proteins consist of 500 to 700 amino 
acids with a molecular weight of 45 to 60 kDa 
[18,19]. The extracellular amino terminal of a 
Frizzled protein includes a signal sequence at 
the extreme end and a cysteine-rich domain 
(CRD) which is involved in physical interaction 
with the Wnt ligands [18,19]. The CRD motif 
consists of 120-125 amino acids with 10 
conserved cysteine residues. Interrupted by a 
hydrophilic domain of 40 to 100 amino acids, the 
seven hydrophobic   transmembrane domains 
are located in the middle of the protein. After the 
7th transmembrane  domain, there is a 
conserved 6 amino acid motif (KTXXXW) that is 
required for activation of the  canonical  Wnt 
signaling [18,19]. The carboxy-terminal is located 
intracellularly and is the most diverse section 
among different Frizzled  proteins.  Some 
Frizzled receptors also have a PDZ-binding 
domain (S/T-X-V) at the extreme carboxy-
terminal,    which is    believed to    be    required 
for   interaction   with   the   PDZ     domain   of 
Dvl    proteins     (the    mammalian    homologs 
of Dishevelled in Drosophila) [18,19]. The 
Frizzled    proteins   are    involved in   both 
canonical    and     non-canonical    Wnt 
pathways and receive assistance from co-
receptors (LRP5/6 and ROR2/RYK) to interact 
with the Wnt glycoproteins [1-4]. Additionally, 
there are reports that the interaction of Wnt 
causes  dimerization of Frizzled receptors 
[18,19]. 
 

3. G PROTEIN-COUPLED RECEPTORS 
(GPCRS) 

 

The most diverse family of proteins is the trimeric 
G protein-coupled receptors (GPCRs), which are 
estimated to encompass more than 1000 
different proteins encoded by over 2% of human 
protein-encoding genes [20-23]. The sheer 
number of these receptors indicates that GPCRs 
are likely involved in an extensive range of 
biological activities, and indeed, this is the case. 
Alongside our fundamental senses (sight, 
hearing, smell, taste, and touch), GPCRs play a 
role in regulating metabolic reactions, 
neurotransmission, immune responses, 
heartbeats, and numerous other physiological 
functions [20-23]. The ligands for GPCRs are 
also remarkably diverse, including photons, 
odors, ions, biogenic amines, neurotransmitters, 
peptides, hormones, and glycoproteins [20-23]. 
 
Similar to Frizzled proteins, nearly all GPCRs 
possess seven hydrophobic transmembrane 
domains that bridge the extracellular and 
intracellular domains [24]. According to classical 
models, when a GPCR is activated, often 
through interaction with its cognate ligands, the 
receptor undergoes a conformational change that 
prompts the Gα subunit (in the trimeric G-protein 
complex) – which is initially GDP-bound – to 
adopt a new conformation for substituting GDP 
with GTP [20-24]. In live active cells, the 
concentration of GTP is estimated to be around 
10 times higher than that of GDP [25]. 
Nevertheless, the Gα subunits in their initial 
trimeric state exhibit a much higher affinity for 
GDP [25, 26]. This trait is a captivating feature 
shared by all GTP-binding proteins, including 
members of the Ras superfamily. Gα-GTP 
physically dissociates from Gβγ, and both 
subunits can subsequently regulate their 
effectors [25-27]. After transmitting the signal, 
many GPCRs become inactivated or 
desensitized through membrane endocytosis, 
typically resulting in two outcomes [28-30]. The 
first involves receptor recycling and its 
relocalization to the cell membrane, while the 
second entails receptor proteolysis [28-30]. 
Endocytosis of GPCRs necessitates G protein 
receptor kinases (GRKs) that phosphorylate 
these receptors at their C-terminus. The β-
arrestin protein recognizes the phosphorylated 
GPCRs, leading to the formation of Clathrin-
coated endocytic vesicles [28-30]. 
 
Structural studies of GPCRs are hampered by 
technical difficulties in the overexpression, 
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purification, and crystallization of these 
membrane proteins. To date, only a handful of 
GPCRs have had their structures resolved, 
including bovine Rhodopsin, adenosine A2 
receptor, and adrenergic receptors [20-23]. 
Structural analysis of Rhodopsin has suggested 
that retinal isomerization triggers three 
intramolecular activation pathways via receptor 
transmembrane domains 2, 3, 5, 6, and 7 
[20,22]. A similar mode of activation has been 
proposed for other GPCRs [22]. It  is 
hypothesized that different ligands might induce 
distinct active conformations of the receptor, 
thereby initiating specific responses [21,22]. An 
important aspect to consider is domain coupling, 
where a change in one segment of a GPCR 
could impact neighboring domains and their 
associated functions [21]. Such investigations 
have provided new insights into how ligands 
activate GPCRs. Another model suggests an 
equilibrium between the active and inactive 
states of a GPCR, with the presence of the 
ligand tilting the balance toward the active state 
[23].  
 
There are four subfamilies of Gα proteins (Gαs, 
Gαi, Gαq, and Gα12/13), each of which 
comprises several members [26,27]. For 
instance, the Gαq subfamily includes Gαq itself, 
Gα11, Gα14, and Gα15/16. Additionally, 
mammalian cells encode 5 beta and 12 gamma 
subunits [26,27]. As a result, numerous 
combinations of α, β, and γ subunits are 
expected. Coupled with the substantial diversity 
of G protein-coupled receptors (GPCRs), it 
becomes evident that GPCR/G protein-mediated 
signaling pathways are not only involved in 
nearly all biological functions of eukaryotic cells 
but are also among the most intricate signaling 
pathways. 
 

3.1 Are Frizzled Proteins a Subfamily of 
GPCRs? 
 

The amino acid sequences of Frizzled proteins 
are not very similar to those of GPCRs, and the 
partial similarity is limited to the hydrophobic 
transmembrane domains [18,19]. However, the 
topological similarity between Frizzled and 
GPCR receptors (both having seven hydrophobic 
transmembrane domains) (Fig. 1) serves as 
evidence supporting the notion that Frizzleds 
belong to a subfamily of GPCRs, characterized 
by specific features such as a cysteine-rich 
domain (CRD) at the amino-terminal and (or) a 
PDZ-interacting domain at the extreme carboxy-
terminal [18,19]. 

For both canonical and non-canonical Wnt 
signaling pathways, there are coreceptors 
(LRP5/6 and ROR1/2, respectively) that assist 
Frizzleds in gathering the necessary 
physiological signals [1-5]. In certain reports, 
Frizzleds and Smoothened are categorized as 
class F GPCRs [24]. To qualify as a subfamily of 
GPCRs, these receptors are expected to directly 
bind and activate heterotrimeric G-proteins. 
While Smoothened has been shown to directly 
interact with trimeric G-proteins from the Gi and 
G12/13 subfamilies [24], the direct   interaction of 
Frizzleds with trimeric   G-proteins is still being 
investigated [18,24].  Both we and others 
possess evidence  supporting a  direct 
interaction  between  certain  members of 
Frizzled receptors and the Gα subunits of 
heterotrimeric G-proteins. I will  discuss these 
results  in  the  subsequent sections of this 
article.    

    
The findings from investigations concerning the 
interaction between Wnt/Frizzled and G-protein 
signaling pathways hold several significant 
implications. GPCR/G protein signaling may 
contribute to specifying signals through different 
Wnt and Frizzled proteins. Furthermore, G 
protein signaling pathways may aid in the 
discovery of additional components and 
regulators of Wnt signaling. These  findings 
might also propose new clinical targets for 
preventing and (or) treating chronic diseases, 
such as human cancers, that are in some way 
linked to the deregulation of Wnt signaling 
pathways. It has been  estimated that  more than 
35% of the  therapeutic  drugs  currently used in 
clinics  target either GPCRs or G-proteins 
[31,32]. 
 

4. REGULATION OF WNT SIGNALING BY 
GPCR/G PROTEIN SIGNAL 
TRANSDUCTION PATHWAYS 

 
In 1997, when I embarked on my first post-
doctorate training at the University of 
Pennsylvania (USA), no published results were 
available concerning the interaction between 
Wnt/Frizzled signaling and heterotrimeric G-
protein pathways. The topological resemblance 
between Frizzled receptors and GPCRs 
compelled me to initiate an exploration into the 
potential interaction between these two signaling 
pathways. To commence, I hypothesized that if 
heterotrimeric G-proteins were capable of 
regulating Wnt signaling, general activators of G-
protein pathways (such as nonhydrolyzable GTP 
analogs and aluminum fluoride, ALF4-) might 
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influence the activity of Wnt signaling. At the 
time, Wnt signaling was not as comprehensively 
understood as it is today. It is intriguing to note 
that despite the initial discovery of Frizzled-
encoding genes as contributors to tissue polarity 
in Drosophila [16], the Wnt/Frizzled-mediated 
signaling pathway was initially recognized as 
what we now term the "canonical Wnt signaling" 
or "the Wnt/β-Catenin pathway" [1-6]. According 
to an established model, activation of the 
canonical Wnt signaling pathway leads to GSK-
3β inhibition and the subsequent accumulation of 
cellular β-Catenin [1-5]. In light of this, I opted for 
assays to assess GSK-3β kinase activity (using 
Tau protein as a substrate) and cellular levels of 
β-Catenin. Utilizing Xenopus oocytes as a 
cellular system, I discovered that general 
activators of G-protein signaling (GTP-γS and 
aluminum fluoride) diminished GSK-3β kinase 
activity and stabilized cellular β-Catenin protein 
levels. Given that these activators, particularly 
GTP-γS, could also activate members of the Ras 
superfamily, I employed active mutants of 
various Gα subunits (GαsQL, GαiQL, GαqQL, 
and GαzQL) available in the lab. Intriguingly, 
expression of all these active Gα subunits led to 
GSK-3β inhibition and the accumulation of 
cellular β-Catenin, with GαqQL exhibiting a more 
pronounced effect. The wild-type Gαq displayed 
a similar behavior, albeit with a weaker effect 
compared to its active mutant [33]. 
Corresponding outcomes were obtained when 
using the mammalian HEK293T cell line as the 
cellular system [34]. Based on these findings, we 
postulated that heterotrimeric G-proteins likely 
regulate Wnt signaling, and we suggested that 
among various classes of Gα proteins, Gαq plays 
a more significant role [33,34]. 
 
Gαq is recognized as an activator of the beta 
isoform of phospholipase C (PLCβ) [33,34]. 
Activated PLCβ converts PIP2 
(Phosphatidylinositol 4, 5-bisphosphate) into two 
critical second messengers: IP3 (inositol 1,4,5-
trisphosphate) and DAG (diacylglycerol). IP3 
interaction with its receptors on the endoplasmic 
reticulum prompts calcium release into the 
cytosol. Meanwhile, DAG directly activates 
protein kinase C (PKC) [33,34]. Therefore, it was 
postulated that Gαq might inhibit GSK-3β by 
activating PKC. This notion was consistent with 
results from Dr. Trevor Dale's laboratory in the 
UK, revealing that the Drosophila homolog of 
Wnt proteins (Wingless) could deactivate GSK-
3β through a pathway dependent on protein 
kinase C, PKC [35]. Notably, Dr. Dale's group did 
not mention the potential involvement of G-

proteins in the regulation of Wingless signaling in 
their publication [35]. While G proteins are not 
the exclusive regulators of PKC, the interaction 
between Wingless and PKC served as a cue for 
further exploration into the relationship between 
Wnt signaling and G proteins. 
 
Another insight into the role of trimeric G proteins 
in regulating Wnt signaling emerged from Dr. 
Randal Moon's laboratory in late 1997 [36]. Their 
work demonstrated that the expression of Wnt5a 
in Zebrafish embryos triggered the activation of 
phosphoinositide signaling and the release of 
calcium from intracellular stores in a manner 
sensitive to pertussis toxin [36]. It was already 
established that certain members of the Gi class 
of G proteins can activate phosphoinositide 
signaling, with this class being pertussis toxin-
sensitive [37]. 
 
The discovery of Axin, a negative regulator of 
Wnt signaling, in 1997 revealed the presence of 
an RGS (regulator of G protein signaling) domain 
within the protein's structure [38]. The RGS 
domain is commonly found in a family of proteins 
that expedite the GTPase activity of alpha 
subunits of heterotrimeric G proteins [39,40]. 
While the RGS domain of Axin is known to 
interact with the APC (Adenomatous Polyposis 
Coli) protein, it remains uncertain whether this 
domain can genuinely activate the GTPase 
activity of a specific Gα subunit, even though 
interactions between Axin and certain G alpha 
subunits like Gαs and Gα12 have been 
suggested [41-46]. The discovery of Axin's RGS 
domain provided another clue indicating G 
proteins' potential role in Wnt signaling 
regulation. Additionally, through Xenopus embryo 
axis-duplication assays, it was revealed that the 
expression of RGS4 could impede Wnt signaling 
[47]. These early findings paved the way for 
more comprehensive investigations into the 
potential interactions between Wnt/Frizzled and 
heterotrimeric G-protein signaling pathways. 
 
Research indicated that inducing primitive 
endoderm production in mouse F9 
teratocarcinoma stem cells relied on canonical 
Wnt signaling [48,49]. In 1999, it was reported 
that primitive endoderm formation in F9 cells 
expressing Frizzled 7 was inhibited by pertussis 
toxin (a Gi signaling inhibitor) or transfection with 
antisense oligonucleotides targeting Gαq or Gαi. 
Inhibitors of protein kinase C (PKC) also blocked 
this assay [48]. These outcomes suggested the 
involvement of Gαq and/or Gαi in regulating 
canonical Wnt signaling. Subsequently, this 
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research group engineered a genetic construct 
encoding a chimeric seven-transmembrane 
protein receptor, merging the ligand-binding and 
transmembrane domains of the β2-adrenergic 
receptor (a GPCR) with the intracellular domains 
of Rat Frizzled-1 [49]. This chimeric receptor 
facilitated rapid activation and deactivation of 
Frizzled protein through a GPCR agonist, 
isoproterenol. Treating F9 teratocarcinoma cells 
expressing this chimeric receptor with 
isoproterenol led to β-Catenin stabilization and 
activation of its transcriptional activity [49]. Once 
more, these responses were inhibited by either 
pertussis toxin or antisense oligonucleotides 
against Gαq and Gαi [49], further supporting the 
role of these G proteins in regulating canonical 
Wnt signaling. Using a similar approach, it was 
demonstrated that Rat Frizzled-2 expression 
could activate cGMP phosphodiesterase in a 
pertussis toxin-sensitive manner [50], with 
suggestions of the involvement of a transducin-
like Gα protein [50]. 
 
Liu et al. (2005) employed Wnt-mediated rapid 
dissociation of GSK-3β/Axin and stabilization of 
cellular β-Catenin as indicators to study 
canonical Wnt signaling (51). Using mouse 
fibroblasts, they exhibited that antisense 
oligonucleotides against Gαq and Gαo could 
impede the canonical Wnt pathway. Consistent 
outcomes were achieved by using GTPγ-S (a 
general G-protein signaling activator) in the 
absence of exogenous Wnt ligands. Notably, 
they also observed a physical interaction 
between Frizzled and Gαo, which could be 
disrupted by the addition of Wnt-3a [51]. The role 
of Gαo in transducing Wg signaling and the 
planar cell polarity (PCP) pathway was also 
highlighted through genetic investigations of 
Drosophila [52]. Overexpressing wild-type Gαo 
or an active Gαo mutant (Gαo-GTP) activated 
both pathways [52]. Intriguingly, the effect of 
wild-type Gαo depended on Frizzled, while Gαo-
GTP could activate both pathways in the 
absence of the receptor, implying direct 
involvement of heterotrimeric G-proteins in 
regulating  Wnt/Frizzled  signal  transduction 
[52]. 
 
In previous studies, we revealed that Gαq 
signaling positively modulates the canonical Wnt 
pathway, potentially through inhibiting GSK-3β 
enzymatic activity [33,34]. Consequently, we 
proposed that the inhibition of GSK-3β might 
occur via PKC activation, a recognized effector of 
Gαq signaling [33,34]. Numerous research teams 
obtained congruent findings. For instance, it was 

reported that Gαq-mediated inositol 
polyphosphate generation (notably inositol 
pentakisphosphate, IP5) could activate CK2 
(casein kinase 2). CK2, in turn, inhibits GSK-3β, 
leading to the accumulation of β-Catenin and 
potentially culminating in β-Catenin-dependent 
gene transcription [53]. Utilizing F9 
teratocarcinoma cells stably expressing Rat 
Frizzled-1, it was also demonstrated that Wnt3a 
treatment activated inositol polyphosphate 
kinases, producing IP5, possibly through Gαq-
signaling-mediated activation of phospholipase 
Cβ1/3 [53]. 
 
Colon epithelial cell homeostasis heavily relies 
on the canonical Wnt/β-Catenin pathway, and as 
such, many colon cancer cells and tissues exhibit 
signs of pathway deregulation [54-60]. Analysis 
of GPCR expression in these cells and tissues 
has unveiled intriguing findings, showcasing 
elevated expression of specific GPCR types that 
preferentially couple with trimeric Gq proteins 
[61-64]. Gq-coupled GPCRs like protease-
activated receptors 1/2 (PAR1/2), LPA2 
(lysophosphatidic acid receptor 2), and 
metabotropic glutamate receptors exhibit higher 
expression levels in colon cancer cells and 
tissues compared to normal colon epithelium [61-
64]. These outcomes raise the possibility that 
these GPCRs might contribute to the 
upregulation of Wnt/β-Catenin in colon cancer 
cells and tissues. Preliminary unpublished results 
from our research indicate that treating HT-29 
colon cancer cells with certain GPCR agonists 
like Thrombin, Trypsin, and carbachol (activating 
PAR1, PAR2, and m3AcR respectively) 
significantly increases cytoplasmic β-Catenin 
protein levels and boosts β-Catenin-mediated 
gene transcription. 
 
It has also been reported that heightened 
expression and activity of the prostaglandin E2 
receptor (EP2) upregulate β-Catenin expression 
and function [46]. EP2, a GPCR that primarily 
couples to Gs, is a class of trimeric G-proteins 
involved in adenylate cyclase activation, cAMP 
increase, and protein kinase A (PKA) activation 
[26,27,46]. PKA can phosphorylate β-Catenin at 
residue S675, potentially hindering its 
ubiquitination and degradation [65,66]. Another 
proposed mechanism suggests the interaction 
between Gαs and Axin RGS domain might 
disengage Axin from the β-Catenin destruction 
complex, leading to cytoplasmic β-Catenin 
stabilization [46]. As previously mentioned, under 
normal conditions, the Axin RGS domain 
interacts with the scaffold protein APC [41-46]. 
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Furthermore, evidence indicates that activated 
Gα12/13 enhances β-Catenin signaling by 
interacting with E-Cadherin, facilitating the 
release of β-Catenin from the cell membrane into 
the cytoplasm [67]. It appears that Gα proteins 
from various classes (s, i, q, and 12/13) can 
regulate Wnt signaling through diverse 
mechanisms. It is plausible that specific 
combinations of heterotrimeric G proteins govern 
both canonical and non-canonical Wnt pathways 
in different cells and tissues, potentially 
accounting for the contextual specificity of Wnt 
signaling pathways. 

 
4.1 G-Proteins May Regulate Wnt 

Secretion  
 
Wntless: Drosophila Wntless (or Evenness 
Interrupted) was discovered in 2006 [68,69]. 
Disruption of Wntless in Drosophila produces a 
Wg null phenotype [68,69]. The mammalian 
homolog of Wntless is GPR177, a putative G-
protein-coupled receptor (GPCR) known to be 
involved in membrane trafficking and secretion of 
the Wnt glycoproteins [70]. Although 
Wntless/GPR177 is structurally similar to 
GPCRs, the possible ligands that activate it or its 
coupling to a trimeric G-protein have not yet 
been investigated, and therefore these proteins 
have sometimes been called orphan GPCRs 
[70]. The intracellular location of the Wntless 
amino-terminal adds one more transmembrane 
domain to this protein. This feature is almost 
unusual for GPCRs, in which the N-terminal is 
located extracellularly. Interestingly, like many 
GPCRs, Wntless can be endocytosed upon 
activation [71]. Homozygous deletion of Gpr177 
alleles is embryonically lethal in mice due to the 
lack of primitive streak and mesoderm formation 
[70]. 
 
Porcupine: Porcupine is an eight-hydrophobic 
transmembrane domain-containing protein 
located in the endoplasmic reticulum [72-75]. 
Porcupine collaborates with the Wntless protein 
and is involved in the secretion of Wnt proteins 
[74,75]. Additionally, Porcupine has o-acyl 
transferase activity and can add a palmitoyl 
group to many Wnt proteins [74,75]. This lipid 
modification, which occurs at a conserved 
cysteine residue, not only aids in the secretion of 
Wnt proteins but also facilitates their interaction 
with Frizzled receptors [74,75]. The topology of 
Porcupine is very similar to that of Wntless, and 
there is no evidence that Porcupine is a GPCR. 
Most GPCRs do not have enzymatic activity, and 
therefore the possible interaction between 

Porcupine and G-proteins remains to be further 
investigated. 
 

4.2 The Evidence Supporting that G-
Proteins Regulate Wnt Signaling 
Directly 

 
Axin RGS Domain: As briefly mentioned above, 
the regulators of G-protein signaling (RGS) 
belong to a family of proteins known to enhance 
the GTPase activity of Gα proteins, a function 
similar to that of GTPase-activating proteins for 
the members of the RAS superfamily [39,40,76]. 
The RGS domain is a 120-amino-acid domain 
present in at least two groups of proteins. The 
first group consists of proteins named based on 
the function of their RGS domains, although they 
may also have other regulatory functions [76]. 
The second group comprises proteins carrying 
an RGS or RGS-like domain, but it is not clear 
whether they play a role in regulating G-protein 
signaling. The RGS domain of Axin, located in 
the amino-terminal region of the protein, is 
responsible for binding APC (adenomatous 
polyposis coli) [41-44]. Additionally, there is in 
vitro evidence that the RGS domain of Axin binds 
to the activated form of Gα12 or Gαs; however, 
this interaction does not affect the GTPase 
activity of the Gα subunit [45,46]. Since the 
activated Gα12 also binds to the RGS domain of 
p115RhoGEF (an exchange factor for Rho), it 
has been proposed that the binding of Axin to 
Gα12 inhibits Rho activation [45]. 
 
Daple: Daple is a recently identified protein that 
interacts with both Dishevelled and Frizzled 
proteins and functions as a guanine-nucleotide 
exchange factor (GEF) for the Gαi subunit of G-
proteins [77, 78]. Daple is known as an activator 
of the Wnt5/Fz7-mediated signaling pathway 
[77]. Thus, Daple appears to be a point of 
interaction between G-proteins and non-
canonical Wnt signaling. The presented model 
suggests that upon ligand stimulation (Wnt 
activation), Daple dissociates from Dvl and binds 
the Frizzled-Gαi complex, acting as a GEF for 
Gαi [77,78]. Daple binds Gαi via a domain called 
GBA (Gαi binding and activating domain). An 
interesting question arises: To what extent is the 
activation of G-proteins by a Frizzled receptor 
similar to that of classical GPCRs? In classical 
G-protein signaling, the activated GPCR (or, in 
some cases, the immediate downstream effector) 
acts as a GEF for the Gα subunit [25,26]. It is 
worth mentioning that activation of Gαi by 
Wnt5/Fz7/Daple signaling leads to a decrease in 
cellular cAMP levels and activation of the PI3-
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kinase/AKT pathway. These cellular activities are 
expected upon activation of Gi signaling by Gαi 
and Gβγ, respectively [77, 78]. Although much 
remains to be learned about Daple and its role in 
regulating both canonical and non-canonical 
Frizzled receptors, these early findings provide 
clear biochemical evidence for a direct 
interaction between Frizzled proteins and 
heterotrimeric G-proteins. It is also intriguing to 
consider whether Daple (or a similar mediator) is 
required for the activation of certain classical 
GPCRs. 
 

Regarding the interaction with cancer, while it 
has been reported that Daple functions as a 
tumor suppressor in early colon tumorigenesis, 
additional results suggest that this protein is 
involved in tumor invasiveness at later stages 
[77,78]. Elevated protein levels of Daple in tumor 
samples have been considered indicators of poor 
prognosis [78]. 
 

Lgr5: Lgr5 is a leucine-rich repeat-containing G-
protein-coupled receptor known as a marker for 
some types of cancer stem cells, including colon 
cancer stem cells [79-82]. It has been shown that 
signals through Lgr5 potentiate the Wnt/β-
Catenin pathway. Therefore, greater expression 
of this receptor in cancer tissues may represent 
higher activation of the canonical Wnt signaling 
in those tumors [81, 83]. Despite being known as 
an orphan receptor for years, further studies 
have revealed that the R-Spondin protein 
functions as a ligand for Lgr5 [84]. 
 

Additional data: Additional laboratory results 
provide biochemical evidence for a direct link 
between heterotrimeric G-proteins and Frizzled 
receptors. For example, one study demonstrated 
that the addition of Wnt3a to the membrane 
fraction isolated from rat brains or cultured cells 
leads to the replacement of GDP with GTP on 
Gαo/i proteins [85]. The same research group 
obtained similar observations using bacterially 
expressed Frizzled proteins [85]. Replacement of 
GDP with GTP on Gαo/i proteins due to the 
addition of Wnt proteins was found to be inhibited 
by the Wnt signaling antagonist, sFRP (secreted 
Frizzled protein) as well as by pertussis toxin 
[85], a bacterial enzyme that ADP-ribosylates 
Gαo/i proteins, thereby inhibiting the interaction 
of Gαo/i with the cognate receptors [86]. This 
intriguing observation suggests that at least 
some members of the Frizzled family and 
GPCRs may function very similarly to induce the 
activation of Gα subunits. Additionally, a recent 
study revealed that an agonist for the 
Smoothened receptor (SAG1.3) also functions as 

a weaker agonist for Frizzled 6. Upon binding to 
this receptor, it induces a conformational change 
and activates G-proteins from the Gi class [87]. 
Sequence alignments and structural analysis 
have suggested that the binding domain for small 
ligands like SAG.1 is highly similar between the 
two receptors [87]. 
 
Many years ago, I conducted experiments using 
the Baculovirus expression system to investigate 
whether the Gαq class of Gα-proteins could be 
directly activated by some Frizzled proteins [88]. 
Gαq was chosen because my earlier results had 
indicated that the expression of this Gα protein in 
Xenopus oocytes could inhibit GSK-3β kinase 
activity and induce the cellular accumulation of β-
Catenin. Several recombinant Baculoviruses 
encoding Frizzled proteins, Gαq, and 
phospholipase Cβ were constructed. A few of 
them have been indicated in Fig. 2. SF9 insect 
cells were infected with the recombinant or non-
recombinant (as control) viruses, and 48 hours 
post-infection, the membrane fractions were 
isolated from different sets of cells and subjected 
to a GTP [α-32P]-crosslinking assay. We had 
successfully employed this assay previously to 
study GTP-binding proteins [89]. If a Frizzled 
protein could directly activate a trimeric G-protein 
(like Gq), the cells expressing that Frizzled 
receptor were expected to show loading of the 
Gαq protein with GTP. Interestingly, I found that 
some members of Frizzled proteins, such as 
Drosophila Frizzled-1, could significantly 
enhance the GTP-binding of Gαq. This suggests 
that at least some Frizzled receptors may 
activate G-proteins directly (Fig .2). 
 

5. THE BIOLOGICAL AND CLINICAL 
SIGNIFICANCE OF THE REGULATION 
OF WNT/FRIZZLED SIGNALING BY 
HETEROTRIMERIC G-PROTEINS 

 
The Wnt/Frizzled-mediated signaling pathways 
are generally divided into canonical and non-
canonical pathways [1-5]. While canonical Wnt 
signaling appears to be a single pathway mainly 
dependent on the regulation of β-Catenin protein 
stability and its nuclear activation, non-canonical 
Wnt/Frizzled signaling includes several pathways 
involved in multiple biological functions. These 
functions encompass the regulation of cellular 
and tissue polarity, gene expression, 
phosphoinositide signaling, and the activation of 
crucial protein kinases [1-5]. 
 
The mammalian genome encodes 19 different 
Wnts and 10 different Frizzled proteins [3,90].  
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Fig. 2. Frizzled receptors may activate G-proteins directly 
SF9 insect cells were infected with non-recombinant (as control) or the recombinant baculoviruses encoding 

Phospholipase C (PLC), Drosophila Frizzled-1 (DFz-1), or Xenopus Frizzled-7 (XFz-7). 48 hours post-infection 

the membrane fractions were isolated from different sets of cells and subjected to a GTP [-32P]-crosslinking 
assay [89]. After crosslinking experiments, the samples were solubilized and used for immunoprecipitation of 

Gq. The precipitated protein was divided into two equal parts and run on two similarly prepared SDS-PAGE. 
One gel (the top one) was dried and used for autoradiography and the second gel (the lower one) was used for 

western blotting to measure the amount of precipitated Gq. 

 
Despite almost forty years of intensive research 
on Wnt signaling, the specificity of signals 
through various Wnt/Frizzled proteins is not yet 
fully understood [8]. The presence of co-
receptors has added another layer of complexity 
to this story [1-3]. Identifying the specificity of 
signal transduction pathways is challenging due 
to the complex network resulting from crosstalk 
among various signal transduction pathways 
[91]. 
 
Despite the presence of around 800 genes 
encoding more than one thousand G-protein-
coupled receptors (GPCRs), there are only four 
families of Gα proteins, comprising twenty-three 
members [26, 27,92]. The human genome also 
encodes 5 beta and 12 gamma subunits 
[26,27,92]. These limited numbers of Gα, Gβ, 
and Gγ subunits can generate a significant 
number of trimeric combinations. Coupled with a 
multitude of ligands originating from different 
sources and diverse modes of GPCR activation, 
the signaling through G proteins and their 
receptors appears to be the most complex 
pathways in eukaryotic cells. 
 
Although only about 10% of discovered GPCRs 
have been targeted for therapy, over 30% of 
drugs currently available in clinics target these 
receptors [31,32]. The involvement of GPCR/G-
protein signaling in regulating both canonical and 
non-canonical Wnt pathways raises the 
possibility of re-evaluating some known and 

clinically approved drugs for targeting cancer 
cells. On the other hand, the pharmaceutical 
industry likely possesses broader knowledge for 
discovering and designing new drugs to 
modulate G-protein-coupled receptors. 
Additionally, numerous biological compounds 
derived from  bacteria, fungi,   protoctists,   
plants, and animals have been identified to 
modulate GPCR/G-protein signaling pathways 
[93]. Some of these compounds have been 
considered for clinical applications, and indeed, 
some have already received clinical approval 
[93]. 

 
The role of one or several members of almost all 
classes of Gα proteins (Gαs, Gαi, Gαq, and 
Gα12/13) in regulating Wnt signaling (both 
canonical and non-canonical) has been reported 
[33-53]. However, targeting Gα proteins may 
significantly influence cell viability and thus result 
in high levels of cytotoxicity and adverse effects. 
Targeting GPCRs seems to be a more favorable 
approach. Currently, our understanding of GPCR 
family members regulating Wnt signaling is 
limited. Comparing GPCR expression profiles 
between cancer cells with deregulated Wnt 
signaling and corresponding normal cells could 
provide valuable insights. Subsequently, 
exploring the interactions of differentially 
expressed GPCRs with canonical or non-
canonical Wnt pathways could be a promising 
direction. A similar study has been conducted for 
different subgroups of acute myeloid leukemia 
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(AML), although the interaction   between 
GPCRs and Wnt/Frizzled signaling was not the 
focus of that study. Colorectal cancer cells, 
known for deregulated Wnt signaling, 
differentially express GPCRs primarily coupling 
to Gαq, a pathway that activates phospholipase 
C beta [61-64]. Among these GPCRs are 
protease-activated receptor 1 (PAR1), PAR2, 
m3-muscarinic acetylcholine receptor, LPA2  
(lysophosphatidic acid receptor 2), and 
metabotropic  glutamate   receptors [61-64].   
Given   the   deregulation   of  Wnt signaling in 
many colorectal cancer cells and tissues, it   
remains   to   be   demonstrated whether   these   
GPCRs   are   directly or indirectly   involved   in   
this   deregulation. 
 

6. CONCLUSIONS 
 

Aside from the roles G-proteins play in Wnt 
signaling regulation and potentially other 
pathways, deregulation of GPCR/G-protein-
mediated pathways itself has been observed in 
various human cancers, including melanoma, 
colon cancer, lung cancer, basal cell carcinoma, 
glioblastoma, and hepatocellular carcinoma 
[27,31,32,94-99]. Due to the involvement of 
GPCR/G-protein signaling in nearly all cellular 
functions, it is plausible that these pathways 
affect various aspects of cancer cell biology, 
such as growth, proliferation, survival, invasion, 
stem cell properties, and immune response 
[27,31,32,94-99]. Deregulation of GPCR/G-
protein signaling pathways in human cancers can 
stem from gene mutations, gene overexpression, 
epigenetic silencing, changes in gene copy 
numbers, and potentially other unknown genetic, 
epigenetic, and biochemical alterations. 
Comprehensive review articles on this critical 
matter are available [27,31,32,94-99]. Whether 
deregulation of G-protein signaling in 
malignancies affects Wnt/Frizzled pathways in 
actual cancer cells and tissues is an intriguing 
open question that needs to be investigated case 
by case. 
 

ACKNOWLEDGEMENTS 
 

This work was supported in part by a grant from 
the Iran National Science Foundation, INSF 
(93004354) to SMAN and also by the University 
of Tehran Research Department. 
 

COMPETING INTERESTS 
 
Author has declared that no competing interests 
exist. 
 

REFERENCES 
 

1. Nusse R, Clevers H. Wnt/-Catenin 
signaling, disease, and emerging 
therapeutic modalities. Cell. 2017;169:985-
99.  
DOI: 10.1016/j.cell.2017.05.016 

2. Clevers H, Nusse R. Wnt/-Catenin 
signaling and disease. Cell. 2012;149: 
1192-205.  
DOI: 10.1016/j.cell.2012.05.012  

3. Najafi SMA. Canonical Wnt signaling 

(Wnt/-Catenin pathway): A potential 
target for cancer prevention and therapy. 
Iran Biomed J. 2020;24:264-75.  
DOI: 10.29252/ibj.24.5.264 

4. Saghaeian Jazi M, Najafi SMA. -Catenin 
forms protein aggregation at high 
concentrations in HEK-293T cells. Iran J 
Med Sci. 2017;42:66-72.  

5. Zhang Y, Zu D, Chen Z, Ying G. An update 
on Wnt signaling pathway in cancer. Transl 
Cancer Res. 2020;9:1246-52.  
DOI: 10.21037/tcr.2019.12.50 

6. Peifer M, Rauskolb C, Williams M, 
Riggleman B, Wieschaus E. The segment 
polarity gene armadillo interacts with the 
wingless signaling pathway in both 
embryonic and adult pattern formation. 
Development. 1991;111:1029-43.  
DOI: 10.1242/dev.111.4.1029  

7. Noordermeer J, Klingensmith J, Perrimon 
N, Nusse R. Dishevelled and Armadillo act 
in the wingless signalling pathway in 
Drosophila. Nature. 1994;367:80-3.  
DOI: 10.1038/367080a0 

8. Nusse R, Varmus H. Three decades of 
Wnts: a personal perspective on how a 
scientific field developed. EMBO J. 2012; 
31:2670-84.  
DOI: 10.1038/emboj.2012.146 

9. Nusse R, Varmus HE. Many tumors 
induced by the mouse mammary tumor 
virus contain a provirus integrated in the 
same region of the host genome. 
Cell.1982;31:99-109.  
DOI: 10.1016/0092-8674(82)90409-3 

10. Nusse R, van Ooyen A, Cox D, Fung YK, 
Varmus HE. Mode of proviral activation of 
a putative mammary oncogene (int-1) on 
mouse chromosome 15. Nature. 1984;307: 
131-36.  
DOI: 10.1038/307131a0 

11. Bhanot P, Brink M, Samos CH, Hsieh 
JC, Wang Y, Macke JP, et al. A new 
member of the frizzled family from 

https://doi.org/10.1242/dev.111.4.1029
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nusse%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22617420
https://www.ncbi.nlm.nih.gov/pubmed/?term=Varmus%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22617420
https://doi.org/10.1016/0092-8674(82)90409-3
https://doi.org/10.1038/307131a0
https://pubmed.ncbi.nlm.nih.gov/?term=Brink+M&cauthor_id=8717036
https://pubmed.ncbi.nlm.nih.gov/?term=Samos+CH&cauthor_id=8717036
https://pubmed.ncbi.nlm.nih.gov/?term=Hsieh+JC&cauthor_id=8717036
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+Y&cauthor_id=8717036


 
 
 
 

Najafi; Asian J. Biol., vol. 19, no. 4, pp. 59-73, 2023; Article no.AJOB.109699 
 
 

 
69 

 

Drosophila functions as a wingless 
receptor. Nature. 1996;382: 225-30.  
DOI: 10.1038/382225a0  

12. Bhat KM. Frizzled and Frizzled2 play a 
partially redundant role in Wingless 
signaling and have similar requirements to 
Wingless in neurogenesis. Cell. 1998;95: 
1027-36.  
DOI: 10.1016/s0092-8674(00)81726-2 

13. Zhang J,  Carthew RW. Interactions 
between Wingless and DFz2 during 
Drosophila wing development. 
Development. 1998;125:3075-85.  
DOI: 10.1242/dev.125.16.3075 

14. Harris J, Honigberg L, Robinson 
N, Kenyon C. Neuronal cell migration in C. 
elegans: regulation of Hox gene 
expression and cell position. Development. 
1996;122:3117-31.  
DOI: 10.1242/dev.122.10.3117 

15. Wang Y, Macke JP,  Abella 
BS, Andreasson K, Worley P, Gilbert 
DJ, et al. A large family of putative 
transmembrane receptors homologous to 
the product of the Drosophila tissue 
polarity gene frizzled. J Biol Chem. 1996; 
271:4468-76.  
DOI: 10.1074/jbc.271.8.4468 

16. Adler PN. Planar signaling and 
morphogenesis in Drosophila. Dev Cell. 
2002;2:525-35.  
DOI: 10.1016/s1534-5807(02)00176-4 

17. Holstein TW. The Evolution of the Wnt 
Pathway. Cold Spring Harb Perspect biol. 
2012;4:a007922.  
DOI: 10.1101/cshperspect.a007922 

18. Huang HC, Klein PS. The Frizzled family: 
receptors for multiple signal transduction 
pathways. Genome Biol. 2004;5:234.  
DOI: 10.1186/gb-2004-5-7-234 

19. Zeng C-M, Chen Z, Fu L. Frizzled receptors 
as potential therapeutic targets in human 
cancers.  Int J Mol Sci. 2018;19:1543.  
DOI: 10.3390/ijms19051543 

20. Audet M, Bouvier M. Restructuring G-
protein-coupled receptor activation. Cell. 
2012;151:14-23.  
DOI: 10.1016/j.cell.2012.09.003 

21. Unal H, Karnik SS. Domain coupling in 
GPCRs: the engine for induced 
conformational changes. Trends 
Pharmacol Sci. 2012;33:79-88.  
DOI: 10.1016/j.tips.2011.09.007  

22. Deupi X, Standfuss J, Schertler G. 
Conserved activation pathways in G-
protein-coupled receptors. Biochem Soc 
Trans. 2012;40:383-88.  

DOI: 10.1042/BST20120001 
23. Park PSH. Ensemble of G protein-coupled 

receptor active states. Curr Med Chem. 
2012;19:1146-54.  
DOI: 10.2174/092986712799320619 

24. Kozielewicz P, Turku A, Schulte G. 
Molecular Pharmacology of Class F 
Receptor Activation. Mol Pharmacol. 2020; 
97:62-71.  
DOI: 10.1124/mol.119.117986 

25. Mondal S, Hsiao K, Goueli SA. A 
homogenous bioluminescent system for 
measuring GTPase, GTPase activating 
protein, and guanine nucleotide exchange 
factor activities. Assay Drug Dev Technol. 
2015;13(8):444-55.  
DOI: 10.1089/adt.2015.643  

26. Wang J, Miao Y. Recent advances in 
computational studies of GPCR-G protein 
interactions. Adv Protein Chem Struct Biol. 
2019;116:397-419.  
DOI: 10.1016/bs.apcsb.2018.11.011 

27. Dorsam  RT and Gutkind  JS. G-protein-
coupled receptors and cancer. Nat Rev 
Cancer. 2007;7(2):79-94.  
DOI: 10.1038/nrc2069  

28. Zhang X, Kim K-M. Multifactorial regulation 
of G protein-coupled receptor endocytosis. 
Biomol Ther. 2017;25:26-43.  
DOI: 10.4062/biomolther.2016.186  

29. Irannejad R, von Zastrow M. GPCR 
signaling along the endocytic pathway. 
Curr Opin Cell Biol. 2014;27:109-16.  
DOI: 10.1016/j.ceb.2013.10.003 

30. Retamal JS, Ramírez-García PD, Shenoy 
PA, Poole DP. Internalized GPCRs as 
potential therapeutic targets for the 
management of pain. Front Mol Neurosci. 
2019;12:273. 
DOI: 10.3389/fnmol.2019.00273 

31. Bar-Shavit R, Maoz M, Kancharla A, Nag 
JK, Agranovich D, Grisaru-Granovsky S, et 
al. G protein-coupled receptors in cancer. 
Int J Mol. Sci. 2016;17:1320.   
DOI: 10.3390/ijms17081320  

32. Insel PA, Sriram K, Wiley SZ, Wilderman 
A, Katakia T, McCann T, et al. 
GPCRomics: GPCR expression in cancer 
cells and tumors identifies new, potential 
biomarkers and therapeutic targets. Front 
Pharmacol. 2018;9:431.  
DOI: 10.3389/fphar.2018.00431 

33. Najafi SMA. Activators of G proteins inhibit 

GSK-3 and stabilize -catenin in Xenopus 
oocytes. Biochem Biophys Res Commun. 
2009;382(2):365-69.  
DOI: 10.1016/j.bbrc.2009.03.027 

https://doi.org/10.1038/382225a0
https://doi.org/10.1016/s0092-8674(00)81726-2
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+J&cauthor_id=9671581
https://pubmed.ncbi.nlm.nih.gov/9671581/#affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=Carthew+RW&cauthor_id=9671581
https://doi.org/10.1242/dev.125.16.3075
https://pubmed.ncbi.nlm.nih.gov/?term=Harris+J&cauthor_id=8898225
https://pubmed.ncbi.nlm.nih.gov/?term=Honigberg+L&cauthor_id=8898225
https://pubmed.ncbi.nlm.nih.gov/?term=Robinson+N&cauthor_id=8898225
https://pubmed.ncbi.nlm.nih.gov/?term=Kenyon+C&cauthor_id=8898225
https://doi.org/10.1242/dev.122.10.3117
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+Y&cauthor_id=8626800
https://pubmed.ncbi.nlm.nih.gov/?term=Macke+JP&cauthor_id=8626800
https://pubmed.ncbi.nlm.nih.gov/?term=Andreasson+K&cauthor_id=8626800
https://pubmed.ncbi.nlm.nih.gov/?term=Worley+P&cauthor_id=8626800
https://pubmed.ncbi.nlm.nih.gov/?term=Gilbert+DJ&cauthor_id=8626800
https://doi.org/10.1074/jbc.271.8.4468
https://doi.org/10.1016/s1534-5807(02)00176-4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3385961/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zeng%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=29789460
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=29789460
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fu%20L%5BAuthor%5D&cauthor=true&cauthor_uid=29789460
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5983605/
https://doi.org/10.3390/ijms19051543
https://doi.org/10.1016/j.cell.2012.09.003
https://doi.org/10.1016/j.tips.2011.09.007
https://pubmed.ncbi.nlm.nih.gov/?term=Deupi+X&cauthor_id=22435816
https://pubmed.ncbi.nlm.nih.gov/?term=Standfuss+J&cauthor_id=22435816
https://pubmed.ncbi.nlm.nih.gov/?term=Schertler+G&cauthor_id=22435816
https://doi.org/10.1042/bst20120001
https://doi.org/10.2174/092986712799320619
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hsiao%20K%5BAuthor%5D&cauthor=true&cauthor_uid=26167953
https://doi.org/10.1089/adt.2015.643
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=31036298
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=31036298
https://doi.org/10.1016%2Fbs.apcsb.2018.11.011
https://doi.org/10.1038/nrc2069
https://doi.org/10.4062/biomolther.2016.186
https://doi.org/10.1016/j.ceb.2013.10.003
https://doi.org/10.3389%2Ffnmol.2019.00273
https://doi.org/10.3390/ijms17081320
https://doi.org/10.3389%2Ffphar.2018.00431
https://doi.org/10.1016/j.bbrc.2009.03.027


 
 
 
 

Najafi; Asian J. Biol., vol. 19, no. 4, pp. 59-73, 2023; Article no.AJOB.109699 
 
 

 
70 

 

34. Salmanian S, Najafi SMA, Rafipour M, 
Arjomand MR, Shahheydari H, Ansari S, et 

al. Regulation of GSK-3 and -Catenin by 

Gq in HEK293T cells. Biochem Biophys 
Res Commun. 2010;395:577-82.  
DOI: 10.1016/j.bbrc.2010.04.087  

35. Cook D, Fry MJ, Hughes K, Sumathipala 
R, Woodgett JR, Dale TC. Wingless 
inactivates glycogen synthase kinase-3 via 
an intracellular signaling pathway which 
involves a protein kinase C. EMBO J. 
1996;15(17):4526-36. 

36. Slusarski DC, Corces VG, Moon RT. 
Interaction of Wnt and a Frizzled 
homologue triggers G-protein-linked 
phosphatidylinositol signalling, Nature. 
1997;390:410-13.   
DOI: 10.1038/37138  

37. Katada T. The inhibitory G protein G(i) 
identified as pertussis-catalyzed ADP-
ribosylation. Biol Pharm Bull. 2012; 
35(12):2103-11.  
DOI: 10.1248/bpb.b212024 

38. Zeng L, Fagotto F, Zhang T, Hsu 
W, Vasicek TJ, Perry WL, et al. The mouse 
Fused locus encodes Axin, an inhibitor of 
the Wnt signaling pathway that regulates 
embryonic Axis formation. Cell. 1997; 
90:181-92.  
DOI: 10.1016/s0092-8674(00)80324-4  

39. De Vries L, Farquhar MG, Zheng B, 
Fischer T, Elenko E. The regulator of G 
protein signaling family. Annu Rev 
Pharmacol Toxicol. 2000;40:235-71.  
DOI: 10.1146/annurev.pharmtox.40.1.235  

40. Burchett SA. Regulators of G protein 
signaling: a bestiary of modular protein 
binding domains. J Neurochem. 2000; 
75:1335-51.  
DOI: 10.1046/j.1471-4159.2000.0751335.x 

41. Behrens J, Jerchow BA, Würtele M, Grimm 
J, Asbrand C, Wirtz R, et al. Functional 
interaction of an axin homolog, conductin, 
with beta-catenin, APC, and GSK3beta. 
Science. 1998;280:596-99.  
DOI: 10.1126/science.280.5363.596  

42. Kishida S, Yamamoto H, Ikeda S, Kishida 
M, Sakamoto I, Koyama S, et al. Axin, a 
negative regulator of Wnt signaling 
pathway, directly interacts with 
adenomatous polyposis coli and regulates 

the stabilization of -Catenin. J Biol Chem. 
1998;273:10823-26.  
DOI: 10.1074/jbc.273.18.10823  

43. Schneider PN, Slusarski DC, Houston DW. 
Differential role of Axin RGS domain 
function in Wnt signaling during 

anteroposterior patterning and maternal 
axis formation. PLoS One. 2012;7:e44096.  
DOI: 10.1371/journal.pone.0044096  

44. Luo W, Lin S-C. Axin: A Master Scaffold 
for Multiple signaling pathways. 
Neurosignals. 2004;13:99-111.  
DOI: 10.1159/000076563 

45. Stemmle LN, Fields TA, Casey PJ. The 
RGS domain of Axin selectively interacts 
with Galpha12 but not Galpha13. Mol 
Pharmacol. 2006;70:1461-68.  
DOI: 10.1124/mol.106.023705   

46. Castellone MD, Teramoto H, Williams 
BO, Druey KM, Gutkind JS. Prostaglandin 
E2 promotes colon cancer cell growth 
through a Gs-axin-beta-catenin signaling 
axis. Science. 2005;310:1504-10.  
DOI: 10.1126/science.1116221 

47. Wu C, Zeng Q, Blumer KJ, Muslin AJ. 
RGS proteins inhibit Xwnt-8 signaling in 
Xenopus embryonic development. 
Development. 2000;127:2773-84.  
DOI: 10.1242/dev.127.13.2773 

48. Liu T, Liu X, Wang H, Moon RT, Malbon 
CC. Activation of rat Frizzled-1 promotes 
Wnt signaling and differentiation of mouse 
F9 teratocarcinoma cells via pathways that 
require G q and G o function. J Biol 
Chem. 1999;274:33539-44.  
DOI: 10.1074/jbc.274.47.33539  

49. Liu T, DeCostanzo AJ, Liu X, Wang H, 
Hallagan S, Moon RT, et al. G protein 
signaling from activated rat Frizzled-1 to 

the -Catenin-Lef-Tcf pathway. Science. 
2001;292:1718-22.  
DOI: 10.1126/science.1060100  

50. Ahumada A, Slusarski DC, Liu X, Moon 
RT, Malbon CC, Wang HY. Signaling of rat 
Frizzled-2 through phosphodiesterase and 
cyclic GMP. Science. 2002;298:2006-10.  
DOI: 10.1126/science.1073776 

51. Liu X, Rubin JS, Kimmel AR. Rapid Wnt-
induced changes in GSK3beta 
associations that regulate beta-catenin 
stabilization are mediated by Galpha 
proteins. Curr Biol. 2005;15:1989-97.  
DOI: 10.1016/j.cub.2005.10.050 

52. Katanaev VL, Ponzielli R, Semeriva M, 
Tomlinson A. Trimeric G protein-
dependent frizzled signaling in Drosophila. 
Cell. 2005;120:111-22.  
DOI: 10.1016/j.cell.2004.11.014  

53. Gao Y, Wang HY. Inositol 
pentakisphosphate mediates Wnt/β-
catenin signaling. J Biol Chem. 2007;282: 
26490-502.  
DOI: 10.1074/jbc.M702106200 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Arjomand%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=20399743
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shahheydari%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20399743
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ansari%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20399743
https://doi.org/10.1016/j.bbrc.2010.04.087
https://doi.org/10.1038/37138
https://doi.org/10.1248/bpb.b212024
https://pubmed.ncbi.nlm.nih.gov/?term=Zeng+L&cauthor_id=9230313
https://pubmed.ncbi.nlm.nih.gov/?term=Fagotto+F&cauthor_id=9230313
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+T&cauthor_id=9230313
https://pubmed.ncbi.nlm.nih.gov/?term=Hsu+W&cauthor_id=9230313
https://pubmed.ncbi.nlm.nih.gov/?term=Vasicek+TJ&cauthor_id=9230313
https://pubmed.ncbi.nlm.nih.gov/?term=Perry+WL+3rd&cauthor_id=9230313
https://doi.org/10.1016/s0092-8674(00)80324-4
https://doi.org/10.1146/annurev.pharmtox.40.1.235
https://doi.org/10.1046%2Fj.1471-4159.2000.0751335.x
https://doi.org/10.1046%2Fj.1471-4159.2000.0751335.x
https://doi.org/10.1046%2Fj.1471-4159.2000.0751335.x
https://doi.org/10.1046/j.1471-4159.2000.0751335.x
https://pubmed.ncbi.nlm.nih.gov/?term=Behrens+J&cauthor_id=9554852
https://pubmed.ncbi.nlm.nih.gov/?term=Jerchow+BA&cauthor_id=9554852
https://pubmed.ncbi.nlm.nih.gov/?term=W%C3%BCrtele+M&cauthor_id=9554852
https://pubmed.ncbi.nlm.nih.gov/?term=Grimm+J&cauthor_id=9554852
https://pubmed.ncbi.nlm.nih.gov/?term=Asbrand+C&cauthor_id=9554852
https://pubmed.ncbi.nlm.nih.gov/?term=Wirtz+R&cauthor_id=9554852
https://doi.org/10.1126/science.280.5363.596
https://pubmed.ncbi.nlm.nih.gov/?term=Kishida+S&cauthor_id=9556553
https://pubmed.ncbi.nlm.nih.gov/?term=Yamamoto+H&cauthor_id=9556553
https://pubmed.ncbi.nlm.nih.gov/?term=Ikeda+S&cauthor_id=9556553
https://pubmed.ncbi.nlm.nih.gov/?term=Kishida+M&cauthor_id=9556553
https://pubmed.ncbi.nlm.nih.gov/?term=Sakamoto+I&cauthor_id=9556553
https://pubmed.ncbi.nlm.nih.gov/?term=Koyama+S&cauthor_id=9556553
https://doi.org/10.1074/jbc.273.18.10823
https://doi.org/10.1371/journal.pone.0044096
https://doi.org/10.1159/000076563
https://pubmed.ncbi.nlm.nih.gov/?term=Stemmle+LN&cauthor_id=16868183
https://pubmed.ncbi.nlm.nih.gov/?term=Fields+TA&cauthor_id=16868183
https://pubmed.ncbi.nlm.nih.gov/?term=Casey+PJ&cauthor_id=16868183
https://doi.org/10.1124/mol.106.023705
https://pubmed.ncbi.nlm.nih.gov/?term=Castellone+MD&cauthor_id=16293724
https://pubmed.ncbi.nlm.nih.gov/?term=Teramoto+H&cauthor_id=16293724
https://pubmed.ncbi.nlm.nih.gov/?term=Williams+BO&cauthor_id=16293724
https://pubmed.ncbi.nlm.nih.gov/?term=Druey+KM&cauthor_id=16293724
https://pubmed.ncbi.nlm.nih.gov/?term=Gutkind+JS&cauthor_id=16293724
https://doi.org/10.1126/science.1116221
https://doi.org/10.1242/dev.127.13.2773
https://doi.org/10.1074/jbc.274.47.33539
https://doi.org/10.1126/science.1060100
https://doi.org/10.1126/science.1073776
https://doi.org/10.1016/j.cub.2005.10.050
https://doi.org/10.1016/j.cell.2004.11.014
https://doi.org/10.1074/jbc.m702106200


 
 
 
 

Najafi; Asian J. Biol., vol. 19, no. 4, pp. 59-73, 2023; Article no.AJOB.109699 
 
 

 
71 

 

54. De Rosa M, Pace U, Rega D, Costabile V, 
Duraturo F, Izzo P, et al. Genetics, 
diagnosis and management of colorectal 
cancer (Review). Oncol Rep. 2015; 
34:1087-96.  
DOI: 10.3892/or.2015.4108 

55. Abbott J, Näthke IS. The adenomatous 
polyposis coli protein 30 years on. Semin 
Cell Dev Biol. 2023;150-151:28-34.  
DOI:10.1016/j.semcdb.2023.04.004 

56. Noe O, Filipiak L, Royfman R, Campbell A, 

Lin L, Hamouda D, et al. Adenomatous 
polyposis coli in cancer and therapeutic 
implications. Oncol Rev. 2021;15:534. 
DOI: 10.4081/oncol.2021.534 

57. Huber AH , Weis WI. The Structure of the 
β-Catenin/E-Cadherin complex and the 
molecular basis of diverse ligand 
recognition by β-Catenin. Cell. 2001;105: 
391-402.  
DOI: 10.1016/s0092-8674(01)00330-0  

58. Clevers H. Wnt/β-Catenin signaling in 
development and disease. Cell. 2006;127: 
469-80.  
DOI: 10.1016/j.cell.2006.10.018 

59. Valkenburg KC, Graveel CR, Zylstra-
Diegel CR, Zhong Z, Williams BO. Wnt/β-
catenin signaling in normal and cancer 
stem cells. Cancers. 2011;3:2050-79.  
DOI: 10.3390/cancers3022050 

60. Iwamoto M, Ahnen DJ, Franklin 
WA, Maltzman TH. Expression of β-
Catenin and full length APC protein in 
normal and neoplastic colonic tissues. 
Carcinogenesis. 2000;21:1935-40.  
DOI: 10.1093/carcin/21.11.1935 

61. Darmoul D, Marie JC, Devaud H, Gratio V, 
Laburthe M. Initiation of human colon 
cancer cell proliferation by trypsin acting at 
protease-activated receptor-2. Br J 
Cancer. 2001;85:772-79. 
DOI: 10.1054/bjoc.2001.1976 

62. Darmoul D, Gratio V, Devaud H, Lehy T, 
Laburthe M. Aberrant expression and 
activation of the thrombin receptor 
protease-activated receptor-1 induces cell 
proliferation and motility in human colon 
cancer cells. Am J Pathol. 2003;162:1503-
13.  
DOI: 10.1016/S0002-9440(10)64283-6  

63. Lin ME, Herr DR, Chun J. 
Lysophosphatidic acid (LPA) receptors: 
Signaling properties and disease 
relevance. Prostaglandins Other Lipid 
Mediat. 2010;91:130-38.  
DOI: 10.1016/j.prostaglandins.2009.02.002  

64. Stepulak A, Rola R, Polberg K, Ikonomidou 

C. Glutamate and its receptors in cancer. J 
Neural Transm. 2014;121:933-44.  
DOI: 10.1007/s00702-014-1182-6  

65. Hino S-I, Tanji C, Nakayama KI, Kikuchi A. 
Phosphorylation of β-Catenin by cyclic 
AMP-dependent protein kinase stabilizes 
β-Catenin through inhibition of its 
ubiquitination. Mol Cell Biol. 2005;25:9063-
72.  
DOI: 10.1128/MCB.25.20.9063-9072.2005 

66. Araki Y, Okamura S, Hussain SP, 
Nagashima M, He P, Shiseki M, et al. 
Regulation of cyclooxygenase-2 
expression by the Wnt and Ras pathways. 
Cancer Res. 2003;63:728-34. 

67. Meigs TE, Fields TA, McKee DD, Casey 

PJ. Interaction of G12 and G13 with the 
cytoplasmic domain of cadherin provides a 
mechanism for β-catenin release. Proc 
Natl Acad Sci USA. 2001;98:519-24.  
DOI: 10.1073/pnas.021350998 

68. Bänziger C, Soldini D, Schütt C, Zipperlen 
P, Hausmann G, Basler K. Wntless, a 
conserved membrane protein dedicated to 
the secretion of Wnt proteins from 
signaling cells. Cell. 2006;125:509-22.  
DOI: 10.1016/j.cell.2006.02.049 

69. Bartscherer K, Pelte N, Ingelfinger D, 
Boutros M. Secretion of Wnt ligands 
requires Evi, a conserved transmembrane 
protein. Cell. 2006;125:523-33.  
DOI: 10.1016/j.cell.2006.04.009  

70. Fu J, Jiang M, Mirando AJ, Yu HM, Hsu W. 
Reciprocal regulation of Wnt and 
Gpr177/mouse Wntless is required for 
embryonic axis formation. Proc Natl Acad 
Sci USA. 2009;106:18598-603.  
DOI: 10.1073/pnas.0904894106 

71. Gasnereau I, Herr P, Cheryl Chia PZ, 
Basler K, Gleeson PA. Identification of an 
endocytosis motif in an intracellular                 
loop of Wntless protein, essential for its 
recycling and the control of Wnt protein 
signaling. J Biol Chem. 2011;286:43324-
33. 
 DOI: 10.1074/jbc.M111.307231 

72. van den Heuvel M, Harryman-Samos 
C, Klingensmith J, Perrimon N, Nusse R. 
Mutations in the segment polarity genes 
wingless and porcupine impair secretion of 
the wingless protein. EMBO J. 
1993;12:5293-302.   
DOI: 10.1002/j.1460-2075.1993.tb06225.x    

73. Kadowaki T, Wilder E, Klingensmith 
J, Zachary K, Perrimon N. The segment 
polarity gene porcupine encodes a putative 
multitransmembrane protein involved in 

https://doi.org/10.3892/or.2015.4108
https://pubmed.ncbi.nlm.nih.gov/?term=Filipiak%20L%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Royfman%20R%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Lin%20L%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Hamouda%20D%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256374/
https://doi.org/10.4081%2Foncol.2021.534
https://doi.org/10.1016/s0092-8674(01)00330-0
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.3390%2Fcancers3022050
https://pubmed.ncbi.nlm.nih.gov/?term=Ahnen+DJ&cauthor_id=11062151
https://pubmed.ncbi.nlm.nih.gov/?term=Franklin+WA&cauthor_id=11062151
https://pubmed.ncbi.nlm.nih.gov/?term=Maltzman+TH&cauthor_id=11062151
https://doi.org/10.1093/carcin/21.11.1935
https://doi.org/10.1054/bjoc.2001.1976
https://doi.org/10.1016/s0002-9440(10)64283-6
https://doi.org/10.1016/j.prostaglandins.2009.02.002
https://doi.org/10.1007/s00702-014-1182-6
https://doi.org/10.1128/mcb.25.20.9063-9072.2005
https://doi.org/10.1073%2Fpnas.021350998
https://doi.org/10.1016/j.cell.2006.02.049
https://doi.org/10.1016/j.cell.2006.04.009
https://doi.org/10.1073/pnas.0904894106
https://doi.org/10.1074/jbc.m111.307231
https://pubmed.ncbi.nlm.nih.gov/?term=van+den+Heuvel+M&cauthor_id=8262072
https://pubmed.ncbi.nlm.nih.gov/?term=Harryman-Samos+C&cauthor_id=8262072
https://pubmed.ncbi.nlm.nih.gov/?term=Klingensmith+J&cauthor_id=8262072
https://pubmed.ncbi.nlm.nih.gov/?term=Perrimon+N&cauthor_id=8262072
https://pubmed.ncbi.nlm.nih.gov/?term=Nusse+R&cauthor_id=8262072
https://doi.org/10.1002/j.1460-2075.1993.tb06225.x
https://pubmed.ncbi.nlm.nih.gov/?term=Kadowaki+T&cauthor_id=8985181
https://pubmed.ncbi.nlm.nih.gov/?term=Wilder+E&cauthor_id=8985181
https://pubmed.ncbi.nlm.nih.gov/?term=Klingensmith+J&cauthor_id=8985181
https://pubmed.ncbi.nlm.nih.gov/?term=Zachary+K&cauthor_id=8985181
https://pubmed.ncbi.nlm.nih.gov/?term=Perrimon+N&cauthor_id=8985181


 
 
 
 

Najafi; Asian J. Biol., vol. 19, no. 4, pp. 59-73, 2023; Article no.AJOB.109699 
 
 

 
72 

 

wingless signaling. Genes Dev. 1996; 
10:3116-28.   
DOI: 10.1101/gad.10.24.3116  

74. Banziger C, Soldini D, Schutt C, Zipperlen 
P, Hausmann G, Basler K. Wntless, a 
conserved membrane protein dedicated to 
the secretion of Wnt proteins from 
signaling cells. Cell. 2006;125:509-22.    
DOI: 10.1016/j.cell.2006.02.049  

75. Das S, Yu S, Sakamori R, Stypulkowski E, 
Gao N. Wntless in Wnt secretion: 
molecular, cellular and genetic aspects. 
Front Biol. 2012;7:587-93.    
DOI: 10.1007/s11515-012-1200-8 

76. Zhang H, Tang W, Liu K, Huang Q, Zhang 
X, Yan X, et al. Eight RGS and RGS-like 
proteins orchestrate growth, differentiation, 
and pathogenicity of Magnaporthe oryzae. 
PLOS Pathog. 2011;7:e1002450.   
DOI: 10.1371/journal.ppat.1002450  

77. Aznar N, Midde KK, Dunkel Y , Lopez-
Sanchez I  , Pavlova Y, Marivin A, et al. 
Daple is a novel non-receptor GEF 
required for trimeric G protein activation in 
Wnt signaling. eLife. 2015;4:eLife 07091.   
DOI: 10.7554/eLife.07091  

78. Aznar N, Dunkel Y, Sun N, Satterfield K, 
He F, Lopez-Sanchez I, et al. 
Convergence of Wnt, growth factor and 
trimeric G protein signals on Daple. Sci 
Signal. 2018;11:eaao4220. 
 DOI: 10.1126/scisignal.aao4220 

79. Tanese K, Fukuma M, Yamada T, Mori 
T, Yoshikawa T, Watanabe W, et al. G-
protein-coupled receptor GPR49 is up-
regulated in basal cell carcinoma and 
promotes cell proliferation and tumor 
formation. Am J Pathol. 2008;173:                 
835-43.   
DOI: 10.2353/ajpath.2008.071091  

80. McClanahan T, Koseoglu S, Smith 
K, Grein J, Gustafson E, Black S, et al. 
Identification of overexpression of orphan 
G protein-coupled receptor GPR49 in 
human colon and ovarian primary tumors. 
Cancer Biol Ther. 2006;5:419-26.   
DOI: 10.4161/cbt.5.4.2521  

81. Kemper K, Prasetyanti PR, De Lau 
W, Rodermond H, Clevers H, Medena JP. 
Monoclonal antibodies against Lgr5 
identify human colorectal cancer stem 
cells. Stem Cells. 2012;30:2378-86.   
DOI: 10.1002/stem.1233  

82. Xu L, Lin W, Wen L, Li G. Lgr5 in cancer 
biology: functional identification of Lgr5 in 
cancer progression and potential 

opportunities for novel therapy. Stem Cell 
Res Ther. 2019;10:219. 
 DOI:10.1186/s13287-019-1288-8 

83. Yang L, Tang H, Kong Y, Xie X, Chen 
J, Song C, et al. LGR5 promotes breast 
cancer progression and maintains  stem-
like cells through activation of Wnt/beta-
catenin signaling. Stem Cells. 2015;33: 
2913-24. 
 DOI: 10.1002/stem.2083 

84. de Lau W, Peng WC, Gros P, Clevers H. 
The R-spondin/Lgr5/Rnf43 module: 
regulator of Wnt signal strength. Genes 
Dev. 2014;28:305-16.  
DOI: 10.1101/gad.235473.113  

85. Koval A, Katanaev VL. Wnt3a stimulation 
elicits G-protein-coupled receptor 
properties of mammalian Frizzled proteins. 
Biochem J. 2011;433:435-40.  
DOI: 10.1042/BJ20101878  

86. Locht C, Coutte L, Mielcarek N. The ins 
and outs of pertussis toxin. FEBS J. 
2011;278:4668-82.  
DOI: 10.1111/j.1742-4658.2011.08237.x 

87. Kozielewicz P, Turku A, Bowin CF, 
Petersen J, Valnohova J, Cañizal MCA, et 
al. Structural insight into small molecule 
action on Frizzleds. Nat Commun. 2020; 
11:414.  
DOI: 10.1038/s41467-019-14149-3  

88. Najafi SMA. Expression of the mouse G q 
using Baculovirus expression system. 
Iranian Int J Sci. 2005;6:1-24. 

89. Najafi SM, Harris DA, Yudkin MD. The 
SpoIIAA protein of Bacillus subtilis has 
GTP-binding properties. J Bacteriol. 1996; 
178:6632-34. 
DOI: 10.1128/jb.178.22.6632-6634.1996  

90. Zeng G, Awan F, Otruba W, Muller P, Apte 
U, Tan X, et al. Wnt’er in liver: Expression 
of Wnt and Frizzled genes in mouse. 
Hepatology 2007;45:195-204.  
DOI: 10.1002/hep.21473 

91. Jordan JD, Landau EM, and Iyengar R. 
Signaling networks: The origin of                 
cellular multitasking. Cell. 2000;103:193-
200.  
DOI: 10.1016/s0092-8674(00)00112-4 

92. Syrovatkina V, Alegre KO, Dey R, Huang 
X-Y. Regulation, signaling and 
physiological functions of G-proteins. J Mol 
Biol. 2016;428:3850-68.  
DOI: 10.1016/j.jmb.2016.08.002  

93. Serrano-Marín J, Reyes-Resina, Martínez-
Pinilla E, Navarro G, Franco R. Natural 
compounds as guides for the discovery of 

https://doi.org/10.1101/gad.10.24.3116
https://doi.org/10.1016/j.cell.2006.02.049
https://doi.org/10.1007%2Fs11515-012-1200-8
https://pubmed.ncbi.nlm.nih.gov/?term=Yan+X&cauthor_id=22241981
https://doi.org/10.1371/journal.ppat.1002450
https://pubmed.ncbi.nlm.nih.gov/?term=Midde+KK&cauthor_id=26126266
https://pubmed.ncbi.nlm.nih.gov/?term=Dunkel+Y&cauthor_id=26126266
https://pubmed.ncbi.nlm.nih.gov/?term=Lopez-Sanchez+I&cauthor_id=26126266
https://pubmed.ncbi.nlm.nih.gov/?term=Lopez-Sanchez+I&cauthor_id=26126266
https://pubmed.ncbi.nlm.nih.gov/26126266/#affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=Pavlova+Y&cauthor_id=26126266
https://pubmed.ncbi.nlm.nih.gov/?term=Marivin+A&cauthor_id=26126266
https://doi.org/10.7554/elife.07091
https://doi.org/10.1126%2Fscisignal.aao4220
https://pubmed.ncbi.nlm.nih.gov/?term=Fukuma+M&cauthor_id=18688030
https://pubmed.ncbi.nlm.nih.gov/?term=Yamada+T&cauthor_id=18688030
https://pubmed.ncbi.nlm.nih.gov/?term=Mori+T&cauthor_id=18688030
https://pubmed.ncbi.nlm.nih.gov/?term=Yoshikawa+T&cauthor_id=18688030
https://pubmed.ncbi.nlm.nih.gov/?term=Watanabe+W&cauthor_id=18688030
https://doi.org/10.2353/ajpath.2008.071091
https://pubmed.ncbi.nlm.nih.gov/?term=Koseoglu+S&cauthor_id=16575208
https://pubmed.ncbi.nlm.nih.gov/?term=Smith+K&cauthor_id=16575208
https://pubmed.ncbi.nlm.nih.gov/?term=Grein+J&cauthor_id=16575208
https://pubmed.ncbi.nlm.nih.gov/?term=Gustafson+E&cauthor_id=16575208
https://pubmed.ncbi.nlm.nih.gov/?term=Black+S&cauthor_id=16575208
https://doi.org/10.4161/cbt.5.4.2521
https://pubmed.ncbi.nlm.nih.gov/?term=Prasetyanti+PR&cauthor_id=22969042
https://pubmed.ncbi.nlm.nih.gov/?term=De+Lau+W&cauthor_id=22969042
https://pubmed.ncbi.nlm.nih.gov/?term=Rodermond+H&cauthor_id=22969042
https://pubmed.ncbi.nlm.nih.gov/?term=Clevers+H&cauthor_id=22969042
https://doi.org/10.1002/stem.1233
https://stemcellres.biomedcentral.com/articles/10.1186/s13287-019-1288-8
https://pubmed.ncbi.nlm.nih.gov/?term=Tang+H&cauthor_id=26086949
https://pubmed.ncbi.nlm.nih.gov/?term=Kong+Y&cauthor_id=26086949
https://pubmed.ncbi.nlm.nih.gov/?term=Xie+X&cauthor_id=26086949
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+J&cauthor_id=26086949
https://pubmed.ncbi.nlm.nih.gov/?term=Song+C&cauthor_id=26086949
https://doi.org/10.1002/stem.2083
https://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Lau%20W%5BAuthor%5D&cauthor=true&cauthor_uid=24532711
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peng%20WC%5BAuthor%5D&cauthor=true&cauthor_uid=24532711
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gros%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24532711
https://www.ncbi.nlm.nih.gov/pubmed/?term=Clevers%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24532711
https://doi.org/10.1101/gad.235473.113
https://doi.org/10.1042/bj20101878
https://doi.org/10.1111/j.1742-4658.2011.08237.x
https://doi.org/10.1038/s41467-019-14149-3
https://doi.org/10.1128/jb.178.22.6632-6634.1996
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zeng%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17187422
https://www.ncbi.nlm.nih.gov/pubmed/?term=Awan%20F%5BAuthor%5D&cauthor=true&cauthor_uid=17187422
https://www.ncbi.nlm.nih.gov/pubmed/?term=Otruba%20W%5BAuthor%5D&cauthor=true&cauthor_uid=17187422
https://www.ncbi.nlm.nih.gov/pubmed/?term=Muller%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17187422
https://www.ncbi.nlm.nih.gov/pubmed/?term=Apte%20U%5BAuthor%5D&cauthor=true&cauthor_uid=17187422
https://www.ncbi.nlm.nih.gov/pubmed/?term=Apte%20U%5BAuthor%5D&cauthor=true&cauthor_uid=17187422
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20X%5BAuthor%5D&cauthor=true&cauthor_uid=17187422
https://doi.org/10.1002/hep.21473
https://doi.org/10.1016%2Fs0092-8674(00)00112-4
https://doi.org/10.1016/j.jmb.2016.08.002


 
 
 
 

Najafi; Asian J. Biol., vol. 19, no. 4, pp. 59-73, 2023; Article no.AJOB.109699 
 
 

 
73 

 

drugs targeting G-protein-coupled 
receptors. Molecules. 2020;25:5060.  
DOI: 10.3390/molecules25215060  

94. Maiga A, Lemieux S, Pabst C, Lavallée V-
P, Bouvier M, Sauvageau G, et al. 
Transcriptome analysis of G protein-
coupled receptors in distinct genetic 
subgroups of acute myeloid 
leukemia:identification of potential disease-
specific targets. Blood Cancer J. 2016; 
6:e431.  
DOI: 10.1038/bcj.2016.36  

95. Lappano R, Maggiolini M. GPCRs and 
cancer. Acta Pharmacol Sin 2012;33:351-
62.  
DOI: 10.1038/aps.2011.183  

96. Chen S. Editorial: GPCRs and cancer. 
Cancer Frontiers in Genetics. 2017;8:162.  
DOI: 10.3389/fgene.2017.00162 

97. Wu J, Xie NA, Zhao X, Nice EC, Huang C. 
Dissection of aberrant GPCR signaling in 
tumorigenesis- A system biology approach. 
Cancer Genomics Proteomics. 2012;9:37-
50.  

98. Fukami M, Suzuki E, Igarashi M, Miyado 
M, Ogata T. Gain-of-function mutations in 
G-protein–coupled receptor genes 
associated with human endocrine 
disorders. Clin Endocrinol. 2018;88:351-
59.  
DOI: 10.1111/cen.13496  

99. Martinez-Climent JA. G-protein coupled 
receptor (GPCR) mutations in                   
lymphoid malignancies: linking immune 
signaling activation and genetic 
abnormalities. Haematologica. 2018;103: 
1252-1255.  
DOI: 10.3324/haematol.2018.196998 

_________________________________________________________________________________ 
© 2023 Najafi; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
 
 

 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/109699 

https://doi.org/10.3390/molecules25215060
https://doi.org/10.1038/bcj.2016.36
https://doi.org/10.1038/aps.2011.183
https://doi.org/10.3389/fgene.2017.00162
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Suzuki%2C+Erina
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Igarashi%2C+Maki
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Miyado%2C+Mami
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ogata%2C+Tsutomu
https://doi.org/10.1111/cen.13496
https://doi.org/10.3324%2Fhaematol.2018.196998
http://creativecommons.org/licenses/by/4.0

