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Introduction

The small GTPases of the Rho (Ras homologous) family 
represent a major branch of the Ras superfamily of GTPases and 
comprise around 20 members in mammals. Rho GTPases control 
many different cellular processes including actin cytoskeleton 
remodeling, microtubule dynamics, gene transcription, and 
phospholipid metabolism. By controlling this wide range of 
basic cellular processes, Rho GTPases are involved in major 
functions such as cell polarity, adhesion, cell motility, growth, 
and differentiation.1 It is thus not surprising that deregulation 
of their activities has been associated with different kinds of 
diseases, including cancer, neurological, cardiovascular, and 
infectious diseases.

Rho GTPases are basic switches that oscillate between an 
inactive GDP-bound state and an active GTP-bound state 

(Fig. 1). This cycle is tightly regulated by three types of proteins2: 
Rho Guanine nucleotide Exchange Factors (GEF) accelerate the 
exchange of GDP for GTP; GTPase Activating Proteins (GAP) 
catalyze the hydrolysis of GTP, rendering the GTPase inactive; 
the family of Guanine Dissociation Inhibitors (GDI) sequesters 
the GTPases in the cytosol before they are targeted to the plasma 
membrane where they are activated by GEFs. Once bound to 
GTP, GTPases specifically bind to numerous effectors that 
trigger various cellular responses.

Rho GTPases respond to a wide range of external stimuli, 
such as growth factors, hormones, and cytokines.3 Among the 
GTPase regulators, RhoGEFs have received a lot of attention 
because they relay the external stimuli leading to activation 
of Rho GTPases. RhoGEFs fall into two different classes: the 
family of Dbl proteins4 and the more recently identified family of 
DOCK proteins (DHR-2/CZH).5

The family of Dbl proteins comprises 70 members that all 
share a catalytic domain, called Dbl Homology (DH) domain, 
in reference to Dbl, the first RhoGEF identified as an oncogene 
in mammalian cells, and a Pleckstrin-Homology (PH) domain 
that plays a role in GEF activation and localization.6 In addition 
to this invariant module, Dbl family GEFs display a number of 
different catalytic or protein-protein interaction motifs, leading 
to the concept that RhoGEFs connect Rho GTPase signaling to 
upstream receptors or intracellular pathways.7

The 11 members of the DOCK family of RhoGEFs display 
a catalytic domain completely different from the Dbl domain, 
the DHR-2 or CZH domain, which is also conserved through 
evolution.8 The specificity of DOCK proteins has so far been 
found to be restricted to the GTPases Rac1 and Cdc42, in 
contrast to the Dbl family members that can also act as GEFs for 
other GTPases including RhoA.

The mode of regulation of RhoGEFs is quite diverse within 
the two families of RhoGEFs. One explanation for this diversity 
is that RhoGEFs display a complex structural organization with 
various accessory domains, which can participate in RhoGEF 
regulation in different ways (reviewed in Cherfils et al.2). Indeed, 
RhoGEFs can be regulated by protein-protein or intra-molecular 
interactions, or by control of their subcellular localization such 
as membrane targeting or nuclear sequestration.2 For example, 
a small sub-family of RhoA-specific RhoGEFs contains RGS 
(regulator of G-protein signaling) domains. Binding of the 
α-subunits of heterotrimeric G proteins to the RGS domain 
promotes RhoGEF activity, allowing the control of RhoA 
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Rho GTPases oscillate between an inactive GDP-bound 
state and an active GTP-bound state. They are activated by Rho 
Guanine nucleotide Exchange Factors (GEF), which accelerate 
the GDP to GTP exchange. RhoGEFs fall into two different 
classes: the Dbl family and the DOCK family of proteins. In 
this review, we focus on the function and regulation of the 
Dbl family RhoGEF Trio. Trio and its paralog Kalirin are unique 
within this family in that they display two GEF domains of 
distinct specificity. Trio is a major regulator of neuronal 
development, and its function is conserved through evolution. 
Moreover, Trio plays an important role in cell adhesion and 
in signaling pathways elicited by Gαq protein-coupled 
receptors. Combined, these observations suggest that Trio has 
a major role in cellular physiology. Of note, Trio is an essential 
gene for mouse development, with a prominent role in the 
development of the nervous system. Finally, Trio expression is 
significantly increased in different types of tumors and it has 
been proposed that it could participate in oncogenesis.
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activation downstream of heterotrimeric-coupled receptors.9 
Another example is DOCK180, whose activity toward Rac1 
is regulated by binding to its partner ELMO, which might aid 
targeting DOCK180 to the plasma membrane.10 In addition, 
RhoGEF activity can be also controlled by post-translational 
modifications such as phosphorylation. This is the case for the 
Vav proteins where tyrosine phosphorylation mediated by Src-
family tyrosine kinases results in RhoGEF activation.11,12

The striking observation that the number of RhoGEFs (more 
than 80, including both Dbl and DOCK families of proteins) far 
exceeds the number of GTPases (22) has led to the hypothesis 
that there is redundancy within the Rho regulators. However, 
the divergence in the accessory protein domains found beside the 
catalytic domains and the tissue- and/or developmental-specific 
distribution of the different members possibly rather reflect their 
involvement in specific pathways to control Rho GTPase activity.

In this review, we will focus on the RhoGEF Trio, giving 
an overview of its function in mediating various biological 
processes. Trio and its paralog Kalirin are the only members 
of the mammalian Dbl family that display two GEF domains 
of distinct specificity. Trio is a complex molecule that harbors 
various protein-protein interaction domains, indicating its 
integration in numerous signaling pathways. Trio is a major 
regulator of cell motility, axon outgrowth, and guidance, mainly 
through the activation of Rac1 and RhoG, and this function 
is conserved through evolution. Moreover, numerous lines of 
evidence support an important role of Trio in cell adhesion during 
different physiological processes and in signaling pathways 
elicited by Gαq protein-coupled receptors. In addition, Trio is an 
essential gene for mouse development, with a prominent role in 
the development of the nervous system. Finally, Trio expression 
is significantly increased in different types of tumors and it has 
been proposed that it could participate in oncogenesis.

Function and Regulation of the RhoGEF Trio

The family of Trio proteins
Trio has originally been discovered in a two-hybrid screen as an 

interactor of the transmembrane tyrosine phosphatase LAR.13 The 
name of Trio refers to the fact that Trio displays three enzymatic 
domains, two GEF, and one serine kinase domains (Fig. 2). In 
addition, Trio harbors two SH3 motifs, a CRAL-Trio/Sec14 
motif, an Ig motif, and several spectrin-like repeats. The GEFD1 
domain activates both GTPases Rac1 and RhoG,13,14 while the 
GEFD2 domain acts specifically on RhoA.13,15 Kalirin, the other 
member of this sub-family in mammals, was identified as an 
interactor of the peptidylglycine α-amidating monooxygenase, 
an enzyme involved in the secretory pathway of neuroendocrine 
peptides.16 Trio expression is ubiquitous, while the one of Kalirin 
is mostly restricted to the nervous system.13,17 Two orthologs of 
Trio/Kalirin exist in invertebrates, the unc-73 gene in C. elegans 
and D-Trio in Drosophila. The overall organization of Trio 
family proteins in different organisms is remarkably conserved 
(Fig. 2). The main divergence between the proteins occurs after 
the second GEF domain, where only vertebrate Trio and Kalirin 
proteins harbor a serine kinase domain. In addition, Trio and 
Kalirin are similarly distant to D-Trio (43.6% and 43.2% of 
amino-acid identity, respectively) and to UNC-73 (29.3% and 
29.6% of amino-acid identity, respectively).

Trio isoforms
In addition to its complex structure, the trio gene can be 

alternatively spliced and, as a result, can encode several isoforms 
named TrioA-E and Tgat, ranging from 28 to 334 kDa in 
apparent molecular weight (Fig. 3). Five isoforms (TrioA-E) that 
differ in their C-terminus have been described to be specific to 
the nervous system.18,19 These isoforms display either one or both 
GEF domains, suggesting that they could differentially regulate 
Rac1 and RhoA. Interestingly, TrioC/Solo, containing only the 
Rac1-specific GEF domain, is specifically expressed after birth in 
the Purkinje cells of the developing cerebellum.19 TrioC has been 
shown to modulate endosome dynamics and neurite outgrowth 
in Purkinje cells, suggesting that it could play an essential role 
in cerebellar development through its role in Purkinje cell 
differentiation.20 In addition, a sixth, oncogenic isoform of Trio, 
named Tgat, has been isolated from ATL (adult-T cell leukemia) 
patients. Tgat displays only the RhoA specific DH domain 
followed by a short C-terminal peptide and is able to trigger 
tumor formation following xenografts in nude mice.21

Regulation of Trio RhoGEF activity
Regulation by protein-protein interaction
The activity of the two RhoGEF domains of Trio can be 

regulated by the different protein-protein interaction domains 
present in its sequence, as illustrated in the examples described 
hereafter.

The DH1 activity of GEFD1 requires the presence of its 
associated PH1 domain for a full activation of RhoG/Rac1. In 
addition to playing a role in the catalytic reaction, the PH1 domain 
also targets the protein to the cytoskeleton, via its binding to the 
actin cross-linker Filamin A.22,23 Trio may also be targeted to the 
cytoskeleton by binding to Trio-associated repeat on actin (Tara) 

Figure 1. Regulation of RhoGTPase activity by three classes of proteins: 
GEFs, GAPs, and GDIs. Rho GTPases are basic switches that oscillate 
between an inactive GDP-bound state and an active GTP-bound state. 
The family of GDIs sequesters the GTPases in the cytosol before they are 
targeted to the plasma membrane where they are activated by GEFs. 
GEFs, which receive activation by upstream signals, promote GDP/GTP 
exchange on the GTPases. Once bound to GTP, GTPases specifically 
bind to numerous effectors that trigger various cellular responses. GAPs 
catalyze the hydrolysis of GTP, rendering the GTPase inactive.
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protein through the GEFD1 domain.24 In contrast to the positive 
role played by the PH1 domain on the GEF activity of DH1, 
the PH2 domain plays an inhibitory role on the in vitro DH2 
activity on RhoA.23 Interestingly, the molecular mechanisms 
of this PH-mediated inhibition have been solved by structural 
studies performed on the RhoA-specific p63RhoGEF, which 
is closely related to Trio. p63RhoGEF mediates Gαq signaling 
by activating RhoA25 and its GEF activity is also inhibited 
by its PH domain.26 The resolution of the crystal structure of 

p63RhoGEF with Gαq shows that Gαq directly activates 
p63RhoGEF by binding to an extension of the PH domain.27 
Interestingly, this domain is conserved in the PH2 domain of 
Trio, and likewise, Gαq binds to and activates the Trio GEFD2 
domain.28

The spectrin-like domains also play a major role in inhibiting 
Trio activity toward Rac1.29 The exact mechanism of this 
inhibition is not fully understood, but different studies support 
a model whereby proteins binding the spectrin-like domains 

Figure 2. The family of Trio proteins. The name of Trio refers to the fact that Trio displays three enzymatic domains, two GEF and one serine kinase 
domains. In addition, Trio harbors numerous accessory domains. Listed from N-terminus to C-terminus, these include: a CRAL-Trio/Sec14 motif, several 
spectrin-like repeats, two SH3 motifs and an Immunoglobulin (Ig) domain. The Trio family consists of two paralogs in mammals, Trio and Kalirin. Two 
orthologs of Trio/Kalirin exist in invertebrates, UNC-73 in C. elegans and D-Trio in D. melanogaster. The overall organization of Trio family proteins in 
different organisms is remarkably conserved. The main divergence between the proteins occurs after the second GEF domain, where only vertebrate 
Trio and Kalirin proteins harbor a serine kinase domain. The percentage of identity at the protein level between Trio and the other members is shown.

Figure 3. Trio isoforms. In addition to its complex structure, the trio gene can encode several isoforms as a result of alternative splicing. Five isoforms 
(TrioA to E) that differ in their C-terminus have been described to be specific of the nervous system, with TrioC/Solo expressed only after birth in the 
Purkinje cells of cerebellum. In addition, a sixth, oncogenic isoform of Trio, named Tgat, has been isolated from ATL (adult-T cell leukemia) patients.
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would relieve the proposed auto-inhibitory constraint. The first 
example is the schizophrenia susceptibility gene Disrupted-
in-Schizophrenia 1 (DISC1), which has been shown to be 
involved in axon guidance in C. elegans through a Trio/Rac/PAK 
pathway.30 DISC1 specifically binds to the spectrin-like repeats, 
releasing inhibition of the GEF domain and thereby facilitating 
the recruitment of Rac1 to Trio. The second example is the 
integral membrane protein Kidins220/ARMS, a downstream 
target of neurotrophins, which also binds to Trio spectrin-like 
repeats. It has been proposed that this binding may localize Trio 
to specific membrane sites and regulate its activity, leading to 
Rac1 activation and neurite outgrowth.31

Regulation by tyrosine phosphorylation
Like other Dbl RhoGEFs, Trio has been shown to be regulated 

by phosphorylation. For example, phosphorylation of Trio by the 
Src-family tyrosine kinase Fyn is essential for Rac1 activation and 
axon outgrowth induced by the guidance cue netrin-1.32 The Abl 
tyrosine kinase has also been proposed as a candidate regulator of 
Trio function in Drosophila. Trio and Abl cooperate in regulating 
axon outgrowth in the fly embryonic central nervous system 
(CNS) and physically interact.33,34 Trio tyrosine phosphorylation 
increases dramatically with co-expression of Abl, but it remains 
to be determined whether Trio is a direct target of the Abl kinase, 
and whether phosphorylation by Abl modulates Trio function 
during axon guidance.33,34 Together, these data suggest that Abl 
and Trio are integrated into a complex signaling network that 
regulates axon guidance at the CNS midline.

Trio function and upstream regulatory pathways
Trio in neuronal development
Evolutionary conserved function of Trio in nervous system 

development
The first indication of Trio function came from C. elegans 

studies, when it was discovered that unc-73, a major regulator of 
axon guidance and cell motility, was the ortholog of mammalian 
Trio.35 Two years later, the Drosophila trio gene was shown in four 
distinct studies to be essential for axon guidance in the central 
and peripheral nervous system of the fly via activation of Rac 
through its first GEF domain.34,36-38 Trio k.o. mice were shown 
to be embryonic lethal and presented an aberrant organization 
in different brain regions and defects in secondary myogenesis.39 
The specific deletion of Trio in the nervous system induces 
severe defects, as 90% of the trio-deleted pups died within 1 day 
after birth. The few pups surviving up to one month display an 
aberrant granule cell migration in the developing cerebellum as 
well as abnormal neurite outgrowth, generating a severe ataxia in 
these animals.40 It remains to be determined whether Trio also 
plays an essential role in the development of the Purkinje cells 
where the isoform Trio C is highly expressed after birth.20 The 
dramatic phenotypes observed in the trio k.o. mice demonstrate 
that Kalirin, the other member of the Trio family, is not capable 
of replacing Trio in neuronal development. This can easily be 
explained by the fact that Kalirin-7 is preferentially expressed 
in the adult brain, where it has been shown to play a key role 
in the morphogenesis of dendritic spines.41 Consistently, kalirin 
k.o. mice are viable and display different behavioral phenotypes 

related to Kalirin’s established role in spine morphogenesis.42,43 
This suggests that Trio and Kalirin functions might have 
diverged in mammals during evolution. Finally, Trio is one of the 
few RhoGEFs described so far to be essential for the development 
of the nervous system in mammals.39,40,44

Trio and axon outgrowth and guidance
Several studies demonstrate a role for mammalian Trio in 

axon outgrowth downstream of different extracellular signals, 
such as Nerve Growth Factor (NGF) and netrin-1.29,31,32,45 Trio 
was first shown to induce neurite outgrowth in response to NGF 
in PC12 cells. This is mediated by RhoG activation by Trio’s first 
RhoGEF domain.29 Trio interacts with the integral membrane 
Kidins220/ARMS, a downstream target of neurotrophins, and 
both cooperate for Rac1 activation and neurite outgrowth.31

Netrin-1 is a major guidance cue that regulates axon attraction 
and guidance through its receptor DCC (Deleted in Colorectal 
Cancer).46 Genetic and physical interactions between D-Trio and 
the fly ortholog of DCC, Frazzled (Fra), have been described 
during axon pathfinding at the Drosophila embryonic CNS 
midline,33 suggesting that Trio could take part in netrin-1/DCC 
signaling. Consistently, trio k.o. mice display axon guidance 
defects in netrin-1/DCC-dependent axonal projections.45 In 
addition, netrin-1-induced Rac1 activation and axon outgrowth 
are impaired in the absence of Trio.45 All together, these studies 
show that the RhoGEF Trio mediates Rac1 activation and axon 
outgrowth and guidance in response to netrin-1.45 A more precise 
analysis of the netrin-1/DCC/Trio signaling pathway shows that 
phosphorylation of Trio by the Src-family tyrosine kinase Fyn 
is essential for Rac1 activation by netrin-1 and for the proper 
targeting of DCC to the cell surface of growth cones, in order 
to mediate netrin-1-induced cortical axon outgrowth (Fig. 4A).32 
The role of Trio in targeting DCC to the membrane is consistent 
with studies in C. elegans that support the model whereby 
UNC-73 acts upstream of UNC-40 (ortholog of DCC) and 
of SAX-3 (ROBO) to positively regulate their levels at the cell 
membrane.47,48 In these pathways, UNC-73 cooperates positively 
with the kinesin-like protein VAB-847,48 and, in the SAX-3 
pathway, negatively with CRML-1, the C. elegans ortholog of 
CARMIL (capping protein, Arp2/3, and Myosin-I linker), a 
protein controlling actin dynamics in lamellipodia in mammals 
(Fig. 4B).49

Trio and synapse physiology
In addition to its main effects on axon outgrowth and 

guidance, studies have shown that Trio also plays important 
roles in other aspects of neuronal development. Trio mutants 
display a reduction in dendritic branching in sensory neurons 
of the Drosophila embryo, and this effect of D-Trio is mediated 
by Rac1.50,51 The role of mammalian Trio in this process has not 
yet been investigated, while, as described above, Kalirin has been 
shown to be a major player of dendritic spine morphogenesis and 
synapse formation.43,52-54

D-Trio has also been shown to play an important role in 
Drosophila larval neuromuscular junction (NMJ), which is 
under the control of BMP signaling. BMP regulates D-Trio at the 
transcriptional level, and D-Trio, together with Rac, participates 
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in pre-synaptic growth and neurotransmitter release at the 
NMJ.55

Trio in cell adhesion
In addition to the established role of Trio in neuronal 

development, other functions have been ascribed to Trio more 
recently, which is not surprising considering its ubiquitous 
expression. Numerous lines of evidence suggest that Trio is 
activated by adhesive receptors, especially cadherins, and thereby 
participates in cell adhesion-mediated physiological processes56-59 
(Fig. 5A). For instance, Trio promotes Rac1 activation triggered 
by M-cadherin during fusion of myotubes in vitro, which is in 
agreement with the defects in secondary myogenesis observed in 
trio k.o. embryos.56

Different studies have revealed that cadherin-11 represents 
an important partner for Trio. Trio binds to cadherin-11 in the 
mouse hindbrain where it controls the mature organization of 
neuronal clusters.57 The cranial neural crest (CNC) is a highly 
migratory mesenchymal cell population that migrates during 
development from the neural plate to contribute to the formation 
of cartilages and bones of the vertebrate face.60-62 Kashef and 
colleagues report that Xenopus x-cadherin-11 is essential for 
the motility of the CNC. They show that Trio is a downstream 
target of x-cadherin-11 in these CNC cells, mediating protrusive 
activity through Rho GTPase activation and cell migration.58 
Surprisingly, rescue experiments show that both GEF activities 
of Trio toward Rac1 and RhoA are required in this process. 
Trio has also recently been involved in the regulation of cell-cell 
contact during contact inhibition of locomotion (CIL) of the 
CNC, a process by which, after cell-cell contact, a cell reorients 
and migrates in another direction.63 This process is essential for 
morphogenesis during development, and its failure is thought to 
participate in cancer invasion.64 Moore and colleagues described 
the essential role of the cell polarity protein Par3 during CIL, 
where Par3 binds to Trio and inhibits its GEF activity toward 
Rac1 at cell-cell contacts.59 Interestingly, the inhibition of 
Rac1 induced by Par3 at cell-cell contacts leads to microtubule 
catastrophe and re-orientation of the CNC migration.59 This 
study highlights a novel pathway where Trio is involved in 
modulating microtubule dynamics during the collective and 
directional migration of neural crest cells.59 It remains to be 
determined whether cadherin-11 is also part of this Par3/Trio 
signaling pathway.

In addition to being downstream of cadherin signaling, 
Trio has been proposed to impige on E-cadherin expression 
in epithelial cells (Fig.  5B). In a screen aimed at identifying 
proteins enriched in adherens junctions (AJs) in epithelial cells, 
Yano and colleagues identified the Trio-associated repeat on 
actin (Tara) protein, a binding partner of Trio described as a 
F-actin binding protein that increases cell spreading.24,65 Tara is 
enriched at AJs through its association with Trio and E-cadherin. 
Tara upregulates E-cadherin transcription, by inhibiting Trio-
mediated Rac1 signaling (Fig. 5B). The molecular mechanism 
by which Tara inhibits Trio activation remains unclear. Given 
the fact that Tara binds GEFD1, we can speculate that Tara 
binding impairs Rac1 recruitment to Trio. This study describes a 
novel signaling pathway wherein Tara, Trio and Rac1 modulate 

E-cadherin expression at the transcriptional level, highlighting 
a novel signaling pathway controlling E-cadherin expression 
initiated at AJs.65

In addition to cadherin-mediated adhesion processes, Trio 
has also been involved in integrin-mediated cell adhesion. A 
good example is leukocyte transendothelial migration (TEM), 
a process in which the endothelial cells participate actively, by 

Figure 4. Trio and upstream regulators in axon outgrowth and guidance. 
(A) Trio mediates Rac1 activation and axon outgrowth and guidance in 
response to netrin-1 in mammals. Phosphorylation of Trio by the Src-
family tyrosine kinase Fyn is essential for Rac1 activation by netrin-1 
and for the proper targeting of DCC to the cell surface of growth cones 
in order to mediate netrin-1-induced cortical axon outgrowth. (B) In 
C. elegans, UNC-73 acts upstream of UNC-40 (ortholog of DCC) and of 
SAX-3 (ortholog of Robo) to positively regulate their levels at the cell 
membrane. UNC-73 cooperates positively with the kinesin-like protein 
VAB-8 and, in the SAX-3 pathway, negatively with CRML-1, the C. elegans 
ortholog of CARMIL (capping protein, Arp2/3, and Myosin-I linker), a 
protein controlling actin dynamics in lamellipodia in mammals.
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forming a ring-like actin-rich structure around the adherent 
leukocyte. This process is dependent on the binding of leukocytic 
β2-integrin to the endothelial adhesion molecule ICAM-1, which 
triggers ICAM-1 clustering and thereby endothelial signaling, 
including actin cytoskeleton remodeling.66 A recent study shows 
that ICAM-1 binds to Trio, and that Trio promotes leukocyte 
transendothelial migration in a filamin-dependent manner 
through Rac1 and RhoG, by controlling the formation of the 

endothelial docking structure (Fig. 5A).67 During inflammation, 
cytokines are produced and play a key role in leukocyte 
recruitment by stimulating the expression of adhesion molecules 
on the endothelium. Interestingly, Trio has been shown to be 
involved in the TNF-α inflammatory pathway by controlling 
the expression of VCAM-1/ICAM-1 through the transcription 
factor Ets2 (Fig. 5B).68

Trio in other developmental functions
Phagocytosis of cells undergoing apoptosis is essential during 

development, cellular turnover and wound healing. The adaptor 
protein ELMO and its ortholog CED-12 in C. elegans play a 
critical role in engulfment in mammals and worms.69 ELMO 
functions together with the RhoGEF DOCK180 to activate 
Rac1 during this process. An interesting study has shown that 
Trio is activating RhoG, which in turn binds to ELMO, leading 
to DOCK180-mediated Rac1 activation during engulfment 
in worms and mammals.70 The link between RhoG and Rac1 
through ELMO/DOCK-180 was confirmed during RhoG-
induced neurite outgrowth and during integrin-mediated 
activation of Rac1.71

Despite the fact that Trio harbors two GEF domains activating 
RhoG/Rac and RhoA respectively, the different functions 
of Trio described so far in this review seem to be mediated 
mainly by Rac1/RhoG activation via the GEFD1 domain. The 
physiological function and the regulation of the RhoA-specific 
GEFD2 domain of Trio have remained elusive for a long time. 
The first data uncovering a role of the activation of RhoA by 
Trio in vivo came from studies in C. elegans.72 In the worm, 8 
UNC-73 isoforms exist, including isoforms containing only the 
GEFD2 domain, which do not participate in the axon guidance 
process. Genetic studies have shown that these UNC-73 isoforms 
control pharynx and vulva musculature and modulate synaptic 
neurotransmission.72 As described before, in vitro binding of 
Gαq to Trio releases the PH2-mediated inhibition of DH2, 
and thereby activates the GEFD2 activity toward RhoA. The 
in vivo understanding of this Gαq/Trio signaling pathway was 
elucidated in C. elegans. Indeed, UNC-73 isoforms are activated 
by Gαq and are major effectors of the Gαq pathway leading 
to egg laying, locomotion, and growth of the animal.73 The 
activation of RhoA by UNC-73 in the Gαq pathway therefore 
plays a major role in the development and the physiology of the 
worm (Fig. 6A).

Recently, this pathway has also been described in mammals. 
Vaqué and colleagues designed a screen to identify components 
of the signaling pathways transducing mitogenic cues, initiated 
by G-protein coupled receptors. They show that Trio mediates 
the Gαq-elicited mitogenic response by acting through Rho 
GTPase-mediated activation of p38 and Jun kinase (JNK), which 
control nuclear AP-1 activity.74 Surprisingly, both Trio GEF 
activities targeting Rac1 and RhoA are necessary for mediating 
this Gαq protein-coupled receptor-induced mitogenic signaling, 
suggesting that they both impinge on the AP-nuclear signaling 
pathway74 (Fig. 6B).

Finally, a recent study shows an essential role for Trio-mediated 
RhoA activation during development of the early eye, when the 
lens placode forms the lens pit.75 This process is accompanied by 

Figure 5. Trio in cell adhesion. (A) Trio is activated by binding to adhesive 
receptors, such as cadherins and integrins of the ICAM family and thereby 
participates to several cell adhesion-mediated physiological processes, 
mainly through Rac1 activation and actin cytoskeleton remodeling. (B) 
Trio impinges on adhesive receptor expression at the transcriptional 
level through Rac1 activation. Left panel: Trio-mediated Rac1 signaling 
induces the phosphorylation of the transcriptional repressor Tbx3, 
leading to a decrease in E-cadherin expression. Tara upregulates 
E-cadherin transcription, by inhibiting Trio. Right panel: Trio regulates a 
novel pro-inflammatory pathway during transendothelial migration by 
controlling the expression of VCAM-1/ICAM-1 through Rac1-mediated 
activation of the transcription factor Ets2 in response to the cytokine 
TNFα.
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cell shape changes, called apical constriction, and is known to be 
dependent on the cytoskeletal protein Shroom3.75 Plageman and 
co-authors now show that apical constriction during epithelial 
invagination requires a Trio/RhoA/Shroom3 pathway.75

Trio and oncogenesis
Since Trio is controlling a wide range of cellular processes 

through the activation of Rho GTPases, it is not surprising that 
deregulation of its activity is associated with the development of 
diseases. Indeed, in various tumors, perturbations in Trio activity 
have been observed, arising by different mechanisms, such as 
deregulation of its expression, somatic mutations, and aberrant 
alternative splicing.

A growing number of studies have described the upregulation 
of Trio expression in different types of tumors, including urinary 
bladder, breast, lung and oral cancers, glioblastoma, and soft 
tissue sarcoma (Schmidt and Debant76). Upregulation of Trio 
expression due to gene amplification or overexpression of Trio 
mRNA has often been associated with poor patients’ survival. 
However, the signaling pathways by which Trio overexpression 
contributes to tumor progression and/or metastasis have 
remained unclear, until recent studies have started to shed some 
light on this process.

Glioblastoma are highly malignant and infiltrative primary 
brain tumors in adults. In these tumors, Trio overexpression 
is observed in the most aggressive ones and is associated with 
poor patients’ survival.77 Trio plays an essential role in the 
capacity of glioblastoma to invade in an ex vivo organotypic rat 
brain slice model and is required for tumor cell proliferation.77 
Several growth factors or cytokines such as the TNF-like weak 
inducer of apoptosis (TWEAK) cytokine promote glioblastoma 
invasion. A recent study shows that Trio mediates TWEAK-
induced migration and invasion of glioblastoma cells through 
Rac1 activation.78 Interestingly, RhoG, one of Trio’s targets, has 
also been involved in HGF-induced invasion of glioblastoma 
cells.79

Upregulation of Trio gene expression has also been observed 
in cervical and in head and neck carcinoma.76 As described 
above, Trio has recently been proposed as a key player in the 
proliferative signaling induced by Gαq that directly binds to and 
activates Trio.74 These results prompted the authors to explore the 
possibility that Trio may also participate in aberrant proliferation. 
Indeed, they show that Trio overexpression is critical for aberrant 
growth of cervical and oral squamous carcinoma cells in vitro 
and in vivo. Notably, this requirement was even more evident 
in uveal melanoma, in which activating mutations in Gαq drive 
the growth of this aggressive human malignancy. Vaque and 
colleagues therefore propose that, in response to activated Gαq, 
Trio triggers via its targets Rac1 and RhoA the activation of JNK 
and p38 kinases leading to a sustained AP-1-dependent nuclear 
signaling and aberrant proliferation.74

In addition to the alteration of gene expression, mutations in 
the trio gene have also been described in a numbers of different 
tumors. A systematic sequencing of cancer genomes led to the 
identification of more than thousand somatic mutations in the 
coding exons of kinase genes.80 In this study, nine mutations were 
found in the trio gene in tumors, including melanoma and glioma. In 

addition, a whole-genome sequencing of neuroblastoma identified 
mutations in members of the family of Rho GTPase regulators, 
including a mutation generating a truncated Trio protein.81 It will 
be interesting to decipher the functional consequences of these 
events on Trio-induced Rho GTPase activation and to determine 
whether these events are driver mutations in cancer progression. 
On the same line, Rac1 has recently been discovered as a novel 
melanoma gene by analysis of large-scale melanoma exome data. 
Indeed the authors show that melanoma present a recurrent Rac1 
P29S mutation, which turns out to be an activating mutation by 
increasing the binding of the GTPase to downstream effectors.82,83 
This re-affirms the importance of the Rac1 pathway in the 
development of cancer malignancy.

The identification of an oncogenic isoform of Trio, as a result 
of an aberrant alternative splicing, reinforced the involvement of 

Figure  6. Trio in physiological processes initiated by Gαq-protein 
coupled receptors. In vitro binding of Gαq to Trio releases the PH2-
mediated inhibition of DH2, and thereby activates the GEFD2 activity 
toward RhoA. (A) In C. elegans, EGL-30/Gαq binding to UNC-73 isoforms 
activates RhoA, leading to egg laying, locomotion and growth of the 
animal together with the EGL-8/PLCβ pathway. UNC-73 isoforms are 
therefore major effectors of the Gαq pathway and play a major role in 
the development and the physiology of the worm. (B) In mammals, Trio 
mediates the Gαq-elicited mitogenic response through Rac1 and RhoA 
activation, by acting on p38 and Jun kinase (JNK), which control nuclear 
AP-1 activity.
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activating the transcription factor NF-kappaB, which plays a 
crucial role in tumorigenesis, including ATL.85 However, the 
function of Tgat in the progression of this malignancy remains 
to be determined.

Trio: A therapeutic target for cancer research?
A growing number of studies have described the upregulation 

of Trio expression in tumors, suggesting that Trio may be involved 
in cancer development.76 Trio thus represents a challenging target 
for the development of inhibitors. Very few GEF inhibitors exist 
so far, because it is difficult to target protein-protein interactions 
that are not yet well characterized. The first RhoGEF inhibitor 
targeting the GEFD2 domain of Trio was identified using a 
peptide aptamer screening strategy.86 Optimization of this first 
peptidic GEF inhibitor led to the identification of a series of new 
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targeting the Rac1/RhoG-specific GEFD1 domain of 
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ITX3,90,91 which specifically inhibit several Trio-dependent 
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Concluding Remarks

In this review, we have overviewed recent findings about the 
function and the regulation of the RhoGEF Trio. Trio is involved 
in a panel of physiological and pathological processes, and 
represents a good example of the participation of GEFs in a wide 
range of signaling pathways. Trio has originally been described 
as a key player in axon outgrowth and guidance in different 
organisms. More recently, emerging data implicate Trio in cell 
adhesion-mediated processes and in signaling pathways elicited 
by Gαq-protein coupled receptors. In addition to its involvement 
in Rho GTPase activation downstream of different types of 
signals mediated by receptors, Trio has emerged recently as an 
upstream regulator of these same receptors. Indeed, Trio seems to 
control their subcellular localization or their expression through 
Rho GTPase-mediated transcriptional activity. Additional 
experiments will be required to determine whether Trio controls 
other receptors than adhesive receptors through Rac1-mediated 
transcriptional control. This new concept in Trio regulation may 
help to gain insight not only in the physiological function of 
Trio, but also in the contribution of Trio to oncogenesis. These 
findings warrant further studies investigating the contribution of 
Trio-induced transcriptional activation in oncogenesis.
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