
CORRECTION

Correction: Trio family proteins as regulators of cell migration and
morphogenesis in development and disease – mechanisms and
cellular contexts
Josie E. Bircher and Anthony J. Koleske

There was an error in J. Cell Sci. (2021) 134, jcs248393 (doi:10.1242/jcs.248393).

In the section on disease-associated mutations and rare Trio variants, the authors stated that the Trio K1431M mutation found in ASD
increases GEF1 activity by eight-fold, when this should have referred to a decrease.

The original sentence was: For instance, the Trio K1431M mutation found in ASD increases GEF1 activity by eight-fold (Katrancha et al.,
2017; Sadybekov et al., 2017) and disrupts the ability of Trio to support normal synapse development (Sadybekov et al., 2017).

The correct sentence should read: For instance, the Trio K1431Mmutation found in ASD decreases GEF1 activity by eight-fold (Katrancha
et al., 2017; Sadybekov et al., 2017) and disrupts the ability of Trio to support normal synapse development (Sadybekov et al., 2017).

The text has been updated in the PDF and online versions.

The authors apologise to readers for this error.
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REVIEW SUBJECT COLLECTION: CELL MIGRATION

Trio family proteins as regulators of cell migration and
morphogenesis in development and disease – mechanisms
and cellular contexts
Josie E. Bircher* and Anthony J. Koleske*

ABSTRACT
The well-studied members of the Trio family of proteins are Trio and
kalirin in vertebrates, UNC-73 in Caenorhabditis elegans and Trio in
Drosophila. Trio proteins are key regulators of cell morphogenesis
and migration, tissue organization, and secretion and protein
trafficking in many biological contexts. Recent discoveries have
linked Trio and kalirin to human disease, including neurological
disorders and cancer. The genes for Trio family proteins encode a
series of largemultidomain proteins with up to three catalytic activities
and multiple scaffolding and protein–protein interaction domains. As
such, Trio family proteins engage a wide array of cell surface
receptors, substrates and interaction partners to coordinate changes
in cytoskeletal regulatory and protein trafficking pathways.We provide
a comprehensive review of the specific mechanisms by which Trio
family proteins carry out their functions in cells, highlight the biological
and cellular contexts in which they occur, and relate how alterations in
these functions contribute to human disease.

KEY WORDS: Rho GTPase, Signal transduction, Trio family,
Cytoskeleton, Neurodevelopmental disorders, Cell morphogenesis

Introduction
Trio family proteins are key regulators of cell motility and
morphogenesis, tissue development, and protein trafficking and
secretion in numerous biological contexts, including their
prominent roles in developing nervous systems. These diverse
roles are achieved through Trio protein interactions with membrane
receptors, cytoskeleton-interacting proteins, lipids, endocytic
machinery, kinases and Rho family GTPases in the cell (Fig. 1).
Recent studies have linked mutations in the human genes TRIO and
kalirin (KALRN) to neurological diseases (Paskus et al., 2020) and
cancers (Schmidt and Debant, 2014), highlighting the need to
understand the primary functions of Trio family proteins and
underscoring the outstanding questions in the field. How are the
different catalytic activities balanced within Trio proteins? How do
the accessory domains in Trio proteins contribute to Trio function,
and how does the primary function of Trio proteins differ based on
its interactions with cellular binding partners?
The Trio protein family has four well studied members – two

vertebrate paralogs (Trio and kalirin) and two invertebrate orthologs
(UNC-73 in Caenorhabditis elegans and Trio in Drosophila)
(Rabiner et al., 2005). Trio family proteins are large proteins (up to
350 kDa), containing up to three catalytic domains, for which they

are named; full-length (FL) isoforms of Trio family proteins contain
two guanine nucleotide exchange factor (GEF) domains (GEF1 and
GEF2), and the vertebrate paralogs contain an additional putative
serine/threonine kinase domain (Rabiner et al., 2005). Trio family
proteins also contain numerous accessory domains, which differ
slightly across species, and whose functions are poorly understood.
Furthermore, alternative splicing produces many different isoforms
whose expression profiles vary across tissue and developmental
stage (Miller et al., 2013) (Box 1).

Here, we review Trio family protein functions from a biochemical
level to roles in neurodevelopment and disease. We first discuss the
specific catalytic activities of Trio family proteins and how the
different domains in Trio family proteins and interactions with
signaling partners contribute to Trio family protein catalytic activity
and function. We then discuss the specific cellular processes that are
driven by these Trio activities. Finally, we address recent studies
linking vertebrate Trio to human disease, and how specific disease-
associated mutations and rare variants impact Trio function.

Trio family protein catalytic activities and membrane
interactions
Vertebrate Trio family proteins contain two GEF domains and a
kinase domain, each of which can activate discrete signaling
outputs. Several domains within Trio also regulate Trio GEF
activities and mediate membrane binding, which brings Trio in
proximity to its membrane-bound Rho family GTPase substrates.

Trio family protein GEF domains
The Trio family protein GEF domains catalyze exchange of GDP for
GTP on specific Rho family GTPases, master regulators of the
cytoskeleton (Jaffe andHall, 2005). They comprise a tandem catalytic
Dbl-homology (DH) domain and a regulatory pleckstrin homology
(PH) domain, together forming the functional GEF unit (Fig. 1). The
Trio family GEF1 domain catalyzes GTP exchange on both Rac1 and
RhoG in vitro (Penzes et al., 2000; Steven et al., 1998; Debant et al.,
1996; Wu et al., 2002; Kubiseski et al., 2003), although vertebrate
Trio GEF1 catalyzes faster exchange on RhoG compared to Rac1
(Blangy et al., 2000; Skowronek et al., 2004; Chhatriwala et al.,
2007). By contrast, the Trio family GEF2 domain catalyzes GTP
exchange on RhoA in vitro (Debant et al., 1996; Steven et al., 1998;
Penzes et al., 2001), although vertebrate Trio GEF2 does so at a much
slower rate than that its GEF1 exchanges GTP on RhoG (Bellanger
et al., 2003). Vertebrate Trio GEF1 can also catalyze GTP exchange
on membrane-anchored Cdc42 (Peurois et al., 2017), suggesting that
the GEF1 and GEF2 domains may have additional Rho GTPase
targets beyond just Rac1, RhoG and RhoA.

Loss of endogenous kalirin or Trio reduces activation of their
GTPase targets in cells and tissues, demonstrating that they are major
cellular activators of these GTPases (Yan et al., 2016; Peng et al.,
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2010; Backer et al., 2018; Valdivia et al., 2017). It is unknown how
the Trio GEF1 and GEF2 activities are balanced in the cell, especially
since Rac1 and RhoG typically have opposing signaling pathways
and outputs in cells compared to RhoA (van Leeuwen et al., 1997;
Sander et al., 1999). It is also unclear whether the GEF1 domain
preferentially targets RhoG over Rac1 in cells; an assessment
complicated by the fact that RhoG can activate Rac1 via the dedicator
of cytokinesis protein 1 (Dock180; also known as DOCK1)–
engulfment and cell motility protein 1 (Elmo1) complex during
integrin-mediated cell spreading and other processes (Gauthier-
Rouviere et al., 1998; Katoh and Negishi, 2003). Therefore, whether
Trio GEF1 activates Rac1 directly or preferentially through activation
of RhoG signaling through Dock180–Elmo1 is unknown.

GEF activity is modulated by accessory domains and
phosphorylation
Accessory domains also modulate the Trio and kalirin GEF
activities. For instance, the PH domain located within each GEF
domain impacts catalysis by the adjacent DH domain. The DH1 and
PH1 domains of Trio GEF1 coordinately engage Rac1 during GTP
exchange, and these direct PH1–Rac1 interactions are critical for
efficient exchange (Chhatriwala et al., 2007). The Trio and kalirin
GEF1 domains share 88% sequence identity, so it is likely that the
kalirin GEF1 also uses this regulation mechanism. Indeed, removal
of the PH1 domain significantly impairs catalytic activity of the
purified Trio or UNC-73 GEF1 domains, suggesting this mode of
regulation is conserved (Liu et al., 1999; Bellanger et al., 2003;
Kubiseski et al., 2003). In notable contrast, the Trio PH2 makes
intramolecular inhibitory contacts with DH2 to block RhoA
binding, explaining why loss of Trio PH2 enhances DH2 activity
(Bellanger et al., 2003; Bandekar et al., 2019). Trio and kalirin only
share 63% identity between their GEF2 domains, so it is less clear
whether the kalirin GEF2 domain shares this mode of regulation.
The Trio and kalirin spectrin repeats (SRs) also impact GEF1
interactions with Rac1 and catalytic activity. For example, Trio SRs
1 to 5 bind the GEF1 domain directly and inhibit the ability of Trio
GEF1 to bind Rac1 in vitro (Chen et al., 2011). Similarly, kalirin

fragments that contain portions of the SRs plus GEF1 exhibit
reduced Rac1 exchange activity relative to that of the purified GEF1
domain alone (Schiller et al., 2006; Schiller et al., 2008). These
findings indicate that the PH domains and SRs regulate Trio and
kalirin GEF activities, but they raise questions of how these
regulatory interactions are controlled to fine tune these activities in
cells.

Trio and kalirin are phosphorylated by a diverse set of kinases
(Kawai et al., 1999; Kiraly et al., 2011; Sonoshita et al., 2015; Ma
et al., 2014; Forsthoefel et al., 2005; Miller et al., 2017; Xin et al.,
2008; DeGeer et al., 2013; Xie et al., 2007). Phosphorylation events
within the GEF domains directly impact GEF activity in vitro,
indicating phosphorylation as a key mode of regulation (Xin et al.,
2008; Sonoshita et al., 2015). Phosphorylation of Trio and kalirin on
sites outside the GEF domains also impact active Rac1 levels in
cells (Xin et al., 2004; Xie et al., 2007; DeGeer et al., 2013),
although how these phosphorylation events impact GEF1 activity is
less clear. The context and outcome of these events are further
discussed below.

Putative kinase domain
Several vertebrate Trio and kalirin splice isoforms contain a putative
serine/threonine kinase domain that may have kinase activity (see
Box 1). In support of this, the kalirin Duet isoform is phosphorylated
in 3T3 cells, andmutating a predicted key catalytic residue (K2713A)
disrupts this event, suggesting autophosphorylation (Kawai et al.,
1999). Furthermore, expression of the kalirin kinase domain in
cultured rat hippocampal neurons enhances neurite outgrowth, while
a predicted catalytically inactive kalirin kinase mutant blocks neurite
extension (Yan et al., 2014). These findings strongly suggest that Trio
protein kinase activity has physiological roles, but the fundamental
questions of how kinase activity is regulated and what substrates are
targeted remain to be answered.

Membrane localization and regulation of Trio family proteins
Trio proteins contain a lipid-binding N-terminal Sec14 domain and
two PH domains, each with the potential to bind phospholipids. Not
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Fig. 1. Trio family proteins integrate signaling from a wide array of interaction partners to impact cell behaviors. Trio family proteins relay signaling
with adhesion receptors, lipids, kinases, secretory and endocytic machinery, cytoskeleton-associated proteins, and guidance receptors to regulate secretion and
trafficking, tissue organization, and cell migration and morphogenesis. Much, but not all, of this signaling is achieved through Trio catalytic activities on Rho
family GTPases. Domains of the Trio proteins: SR, spectrin repeats; DH, Dbl homology; PH, pleckstrin homology; GEF, guanine nucleotide exchange factor;
SH3, Src homology 3; Ig, immunoglobulin-like.
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surprisingly, Trio family proteins localize to diverse membrane
regions, including membrane ruffles, cell–cell junctions and the
trans-Golgi network (Bellanger et al., 2000; Seipel et al., 2000; Koo
et al., 2007; Tao et al., 2019; Kroon et al., 2017; Medley et al., 2003;
Sun et al., 2006). Interactions with lipids likely enable Trio proteins
to interact with their Rho family GTPase targets, which are
themselves targeted to the membrane by covalently attached
isoprenoid moieties (Chenette and Der, 2011).
The kalirin Sec14 domain binds to phosphatidylinositols (PIs),

including phosphatidylinositol (3,4)-bisphosphate [PI(3,4)P2],
PI3P and PI4P (Schiller et al., 2008; Ma et al., 2014; Miller et al.,
2015), which are found in the plasma membrane, endosomes,
secretory granules and the trans-Golgi network. Loss of the Sec14
domain in Kal7 impairs its ability to promote changes in cell shape
and dendritic spine length, indicating the importance of lipid
interactions for Kal7 function (Schiller et al., 2008; Ma et al., 2014).
In addition, the Trio GEF1 domain binds PIs in the presence of free
RhoG, but not Rac1 (Skowronek et al., 2004), suggesting that
membrane interactions may be impacted in conjunction with
substrate recognition by Trio GEF1. Whether Trio or kalirin PH2
domains also bind to phospholipids has not been directly tested.
Nevertheless, these observations indicate that lipids are critical

regulators of Trio and kalirin function and may even regulate their
catalytic activities.

Trio family proteins in cell migration
Considering their central roles in regulating Rho family GTPases, it
is not surprising that Trio family proteins regulate cell migration.
Knockdown of Trio in HeLa cells disrupts spreading on fibronectin
and impairs chemotaxis towards serum (van Rijssel et al., 2012a).
These defects are restored by expression of the Trio GEF1 domain,
but not the GEF2 domain, indicating that Rac1 and/or RhoG
signaling via Trio GEF1 may be the primary driver of this output
(van Rijssel et al., 2012a). Similarly, loss of kalirin (KALRN) or
chemical inhibition of kalirin GEF1 in smooth muscle cells
significantly reduces serum-evoked cell migration, implicating
kalirin GEF1 activity in this process (Wu et al., 2013). Since the
process of cell migration involves both the extension of the leading
edge of a cell (powered by Rac1), and retraction of the trailing edge
(powered by RhoA) (Ridley, 2001), it is interesting that Trio-driven
migration is mainly powered by Trio GEF1 activity. Whether this is
due to different intrinsic activities of the Trio family GEF domains,
differences in protein localization or protein–protein interactions is
unknown.

Box 1. Isoforms of the Trio family proteins
Trio family proteins are large multi-domain proteins that contain up to three catalytic domains andmultiple accessory domains. All full-length (FL) Trio family
proteins (Trio FL, kalirin FL/Kal12, UNC-73A, and Drosophila Trio) contain two catalytic GEF units (shown in blue in the figure) composed of tandem Dbl
homology (DH) and pleckstrin homology (PH) domains. The vertebrate members, Trio and kalirin, also contain an additional putative kinase domain. The
additional accessory domains vary slightly between species, but include: a Sec14 domain, nine spectrin repeats (SR1–SR9), one or two Src homology 3
(SH3) domains, and zero or one immunoglobulin-like (Ig) and fibronectin-like (Fn) domains (Debant et al., 1996; Alam et al., 1997; Steven et al., 1998;
Awasaki et al., 2000). Trio, kalirin and UNC-73 are alternatively spliced to generate multiple isoforms. Only the isoforms mentioned in this review are shown
in the figure; for a more comprehensive list, see Steven et al., (1998), McPherson et al. (2005), McPherson et al. (2002) and Steven et al. (1998). Amino acid
numbers are marked on dotted line for scale.

While Trio and kalirin have nearly identical domain structure, they have different tissue-specific and temporal expression profiles (Miller et al., 2013). Trio
is ubiquitously expressed, whereas kalirin ismost highly expressed in the nervous system (Miller et al., 2013; Debant et al., 1996; Alam et al., 1997;Wu et al.,
2013). Additionally, Trio is abundant in the developing brain (Ma et al., 2005), while kalirin predominates in the brain from postnatal development through
adulthood (Ma et al., 2001). Finally, different isoforms of each vary in abundance in different contexts (McPherson et al., 2005, McPherson et al., 2002). An
outstanding question in the field is how small differences between Trio and kalirin, or the usage of different isoforms, drives Trio family proteins to perform
their vast set of distinct tasks within a cell.
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Trio family proteins employ both GEF activities to regulate
neuronal cell migration. UNC-73 coordinates the migration of
neuronal precursor cells during C. elegans development. (Forrester
and Garriga, 1997; Lundquist et al., 2001; Spencer et al., 2001; Wu
et al., 2002; Vanderzalm et al., 2009; Zipkin et al., 1997). P cell
neuronal precursors do not migrate normally to the ventral midline
in unc-73 mutants, and optimal migration requires both the GEF1
and GEF2 activities of UNC-73 (Spencer et al., 2001; Lundquist
et al., 2001; Wu et al., 2002; Zipkin et al., 1997). In addition, brain-
specific ablation of Trio in mice with a nestin-Cre transgene (nestin-
Trio−/− mice) also disrupts neuronal migration in the cerebellum
(Peng et al., 2010). The activities of RhoA, Rac1 and Cdc42, key
coordinators of cell migration, are all reduced in nestin-Trio−/−mice
(Peng et al., 2010), providing in vivo evidence that Trio serves as a
signal integrator to those three GTPases in the developing brain.
Less is known regarding cell surface receptors or intercellular

signaling partners that may regulate Trio GEF activities during cell
migration. One interesting candidate is Supervillin (SVIL) isoform 4
(Supervillin4), which links the actin cytoskeleton to the plasma
membrane. Trio employs its SR6 and SR7 to bind Supervillin4
directly (Son et al., 2015). Supervillin4 expression in HeLa cells
induces Rac1 activation, and depletion of Trio prevents this,
suggesting Supervillin4 signals through Trio to activate Rac1.
Furthermore, loss of Trio, Supervillin4, or expression of dominant-
negative Trio that interacts with Supervillin4 but cannot activate
Rac1, inhibits initial cell spreading, implicating the Supervillin4-
Trio-Rac1 signaling axis in cell spreading (Son et al., 2015).

Trio family proteins in cell morphogenesis
Trio family proteins employ their GEF activities downstream of cell
surface receptors to regulate cell morphogenesis. The ability of Trio
proteins to regulate these processes also depends on a collection of
interaction partners and substrates in different cell types. Here, we
discuss the interaction partners and mechanisms by which Trio
regulates changes in cell shape in different cell types.

Cytoskeletal reorganization and cell-edge protrusions
Trio family proteins employ their noncatalytic domains to engage
actin- and microtubule (MT)-binding proteins, including
Supervillin4, CARMIL (CRML-1 in C. elegans), Tara (also
known as TRIOBP), filamin proteins, EB1 (also known as
MAPRE1) and neuron navigator 1 (Nav1); this impacts their
regulation of their target GTPases, thereby modulating cell
morphology and behavior (van Rijssel et al., 2012a; Son et al.,
2015; Chen et al., 2011; van Haren et al., 2014; Yano et al., 2011;
Vanderzalm et al., 2009). It remains unknown whether Trio family
proteins bind actin or MTs directly.
Overexpression of full-length Trio (Trio-FL) or the GEF1 domain

alone decreases stress fiber formation in fibroblast cells and
increases cortical actin filament numbers in HeLa cells (Seipel
et al., 1999; van Rijssel et al., 2012a). These phenotypes match
those obtained by expression of constitutively active Rac1 and
RhoG, consistent with a role for the GEF1 activity in driving these
changes (Blangy et al., 2006; Ferraro et al., 2007; Bouquier et al.,
2009). In contrast, Trio GEF2 domain expression increases stress
fiber abundance in cells, which phenocopies the constitutive RhoA
activation (Bellanger et al., 1998; Seipel et al., 1999; van Rijssel
et al., 2012a). It is unclear how the opposing outputs of the Trio
GEF1 and GEF2 domains are balanced in the context of Trio-FL.
However, GEF1 activity appears to dominate, since the phenotypes
resulting from Trio-FL expression most closely those following
expression of the GEF1 domain alone.

Trio family proteins also promote cell edge protrusions in various
cell types. The Trio and kalirin GEF1 domains induce cell edge
ruffling, protrusions, and/or lamellipodia formation, which are
mediated by Rac1 or RhoG, depending on cell type and context
(Bellanger et al., 1998; Seipel et al., 1999; Bellanger et al., 2000;
Blangy et al., 2000; van Rijssel et al., 2012a; Steven et al., 1998;
Schiller et al., 2005). For instance, Trio or kalirin GEF1 expression
induces AtT20 cells, which are normally spindle-shaped, to adopt a
flattened, round morphology, with uniform radial lamellipodia
(Ferraro et al., 2007), characteristics also observed in AtT20 cells
with constitutively active RhoG or Rac1 (Ferraro et al., 2007). In
addition, UNC-73 GEF1 activity, which acts on CED-10 (Rac1) or
MIG-2 (RhoG), promotes epithelial cell edge protrusions during
intercalation of epidermal cells (Vanderzalm et al., 2009; Liang
et al., 2009; Walck-Shannon et al., 2015). Finally, co-expression of
a dominant-negative RhoG (F37A) with Trio GEF1 in fibroblasts
eliminates Trio-induced lamellipodia (Blangy et al., 2000), whereas
Rac1 knockdown reduces the ability of Trio GEF1 to induce
membrane ruffles in HeLa cells (van Rijssel et al., 2012a). Hence,
while Trio family protein GEF1 domains clearly promote cell edge
protrusions, whether this occurs via distinct Rac1 or RhoG
signaling, or by integrating activation of both, is unclear. Roles
for the full-length Trio family proteins or the GEF2 domains in cell
edge protrusion have not been extensively characterized.

Axon pathfinding
Significant changes in cell morphology occur in neurons as they
elaborate axonal and dendritic processes to form connections with
other neurons. Trio family proteins have widespread roles in
regulating axon pathfinding. In the fly central nervous system, loss
of Trio function results in mistargeting of individual axons both in
central and peripheral neurons (Awasaki et al., 2000; Bateman et al.,
2000; Newsome et al., 2000; Forsthoefel et al., 2005). Similarly,
thalamocortical axons (TCAs) in Trio−/− mice stall and misroute in
the ventral telencephalon and, ultimately, do not reach their cortical
targets (Backer et al., 2018).

Both Trio family GEF1 and GEF2 activities mediate axon
pathfinding processes that are often opposing, suggesting that
specific Trio activities can be utilized depending on the needs of the
cell. Trio acts downstream of the deleted in colorectal cancer (DCC)
family of guidance receptors to mediate attractive growth of axons
toward sources of the secreted guidance cue netrin (Fig. 2)
(Bateman et al., 2000; Forsthoefel et al., 2005; Briançon-
Marjollet et al., 2008; DeGeer et al., 2013; DeGeer et al., 2015).
Deletion of Trio eliminates Rac1 activation by netrin in mouse
cortical explants and blocks netrin-induced axon outgrowth in
cortical, spinal cord and cerebellar explants (Briançon-Marjollet
et al., 2008; Peng et al., 2010). Likewise, expression of DCC in
neuroblastoma cells induces neurite outgrowth, but this is blocked
by co-expression of a Trio9 (see Box 1) mutant lacking GEF1
activity (Briançon-Marjollet et al., 2008). Treatment of rat cortical
explants with netrin also induces Trio phosphorylation at Y2622 by
Fyn (DeGeer et al., 2013). Accordingly, loss of Trio in rat cortical
axons causes axon outgrowth defects that cannot be rescued with a
nonphosphorylatable Y2622F Trio mutant, suggesting that Trio
phosphorylation is important for netrin signaling (DeGeer et al.,
2013). Additionally, loss of Trio reduces surface levels of DCC,
indicating interactions with Trio may be critical for proper receptor
localization (DeGeer et al., 2013). It is not understood whether or
how Trio binds DCC directly.

Trio family proteins also mediate signaling by the Robo/SAX-3
family of receptors for repellent Slit ligands in C. elegans and
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vertebrates (Fig. 2) (Watari-Goshima et al., 2007; Li et al., 2013;
Backer et al., 2018). Slit2 induces growth cone collapse in cultured
neurons and this response is not observed in Trio−/− axons (Backer
et al., 2018). Application of recombinant Slit2 to mouse fibroblasts
activates RhoA, but this response is absent in Trio−/−mouse embryo
fibroblasts, confirming a requirement for Trio GEF2 in mediating
Slit2 signaling (Backer et al., 2018). A major unresolved question is
how the netrin/DCC and Robo receptors engage Trio differently to
elicit GEF1-mediated attractant responses or GEF2-mediated
repellent responses, respectively.

Dendritic arbor formation and spine structure
Developing neurons form elaborate branched dendritic arbors
studded with small protrusions called dendritic spines that serve as
the receptive antennae for synaptic input. Disruption of Kalrn or
Trio leads to significant reduction of dendritic arbor development in
mouse cortical layer 5 pyramidal neurons (Yan et al., 2014;
Katrancha et al., 2019). Reduced dendritic arbors are also observed
in cultured neurons following knockdown or knockout of kalirin or
Trio (May et al., 2002; Yan et al., 2014; Katrancha et al., 2019),
demonstrating that both proteins act cell autonomously to control
dendritic arbor development. Chemical inhibitors of Trio GEF1
activity reduce dendritic arbor development, suggesting a
downstream requirement for activation of Rac1 or RhoG (Yan
et al., 2014). Trio also regulates neurite morphology, using its SRs
to impact Golgi-derived vesicle trafficking, discussed further below
(Tao et al., 2019). Thus, Trio and kalirin act via multiple catalytic
and scaffolding roles to regulate dendritic arbor structure.
While ablation of Trio from cortical excitatory neurons yields

smaller dendritic arbors, the remaining dendrites have higher
densities of dendritic spines. However, dendritic spines on Trio−/−

cortical neurons in vivo are also smaller and thinner, having a more
immature appearance (Katrancha et al., 2019). Interestingly,

overexpression of Kal7 (see Box 1), the predominant kalirin
isoform in the postnatal brain, is sufficient to drive dendritic spine
formation in a manner that depends on its GEF1 activity (Ma et al.,
2008). Kal7 is even capable of inducing dendritic- spine-like
protrusions in inhibitory neurons, which normally lack them
(Ma et al., 2008).

Adhesion at the synapse
The postsynaptic proteins EphB2 tyrosine kinase and neuroligin-1
engage their presynaptic partners ephrin B and neurexin,
respectively, to mediate synapse formation in a manner that also
depends on Trio family proteins. First, EphB2 phosphorylates the
Kal7 kalirin isoform and recruits it to synaptic clusters in dendritic
spines, and ephrin signaling through Rac1 is dependent on kalirin
GEF1 activity in primary cultured hippocampal neurons (Penzes
et al., 2001, 2003). Secondly, overexpression of neuroligin-1 in
hippocampal organotypic slices increases dendritic spine density and
functional synapses, which also requires kalirin (Paskus et al., 2019).
Finally, UNC-73 regulates extension of muscle arms (Alexander
et al., 2010), the postsynaptic contact at theC. elegans neuromuscular
junction. Collectively, these findings demonstrate that Trio family
proteins play evolutionarily conserved functions in regulating
post-synaptic development.

Vertebrate Trio in tissue organization
Vertebrate Trio regulates tissue organization by mediating signaling
from transmembrane adhesion receptors including cadherins and
Notch1 (Fig. 3) (Timmerman et al., 2015; Polacheck et al., 2017;
Kruse et al., 2018). Cadherins mediate cell–cell adhesions that are
crucial for maintaining blood vessel wall integrity (Vestweber,
2008). Vascular endothelial (VE)-cadherins mediate homotypic
interactions, or adherens junctions (AJs), between endothelial cells
that comprise the vessel wall and provide a barrier to permeability
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Fig. 2. Trio family proteins respond to axon guidance cues through guidance receptors. Trio family proteins respond to both attractive and repulsive
guidance cues, which induces either axon outgrowth or growth cone collapse. (1) In the presence of netrin, the netrin receptor DCC interacts with Trio – it is
unknown if this interaction is direct. This interaction results in a Trio GEF1-mediated activation of Rac1, which is necessary for axon outgrowth. (2) Netrin
stimulation also induces phosphorylation of Trio at Y2622 by the kinase Fyn (yellow star), which leads to increased surface levels of DCC. While the roles of
Trio in pathways (1) and (2) have not been explicitly connected, Trio-dependent stimulation of DCC at the surface (2) likely constitutes a positive feedback
loop to amplify more netrin-DCC signaling in (1). (3) In contrast, binding of Slit to the Robo/SAX-3 receptors results in Trio GEF2-mediated RhoA activation,
which causes growth cone collapse.
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(Vestweber, 2008). Two important processes regulate barrier
permeability – (1) laminar flow and (2) heterotypic interactions
with other non-endothelial cells (Vestweber, 2008; Henrique and
Schweisguth, 2019; Kruse et al., 2018). Through various signaling
mechanisms, these distinct inputs reinforce existing adhesion sites
and induce Rac1 activation to recruit VE-cadherins to nascent
adhesion sites (Timmerman et al., 2015). In the absence of flow or
heterotypic cell interactions, endothelial cells lacking Trio make
unstable and irregular AJs (Timmerman et al., 2015). Recovery of
these deficits requires Trio GEF1 catalytic activity and Rac1
activity, suggesting that Trio directly activates Rac1 in regulating
VE-cadherin based AJs (Timmerman et al., 2015). Importantly,
Trio utilizes SR5 and SR6 to bind the VE-cadherin intracellular tail
and colocalizes at AJs with VE-cadherin and sites of focally
increased Rac1 activity (Timmerman et al., 2015). While these data
suggest that VE-cadherin recruits Trio to AJs to induce local
activation of Rac1 and reinforce AJs at cell–cell junctions with no
stimulus, Trio also plays a role in strengthening AJs in response to
laminar flow and heterotypic interactions.
Notch1 is a single-pass transmembrane protein essential for

maintaining AJ integrity. In response to laminar flow, Notch1 is
activated in a process that also depends on its extracellular
interaction with ligand delta-like 4 (DLL4) (Polacheck et al.,
2017; Henrique and Schweisguth, 2019). This activation is followed
by the initial cleavage of the extracellular domain by
metalloproteases and subsequent cleavage of the intracellular
domain by the γ-secretase complex (Henrique and Schweisguth,

2019; Polacheck et al., 2017). The remaining transmembrane
domain can then form a complex with protein-tyrosine phosphatase
(LAR; also known as PTPRF in vertebrates), VE-cadherin and Trio
(Polacheck et al., 2017) (Fig. 3). Formation of this complex is
associated with increased Rac1 activity and strengthened VE-
cadherin based AJs (Polacheck et al., 2017). While Trio, LAR and
Notch1 are required for this process, it is unclear whether Trio GEF1
activity is directly responsible for the Rac1 activation that increases
barrier strength in this context.

Neural (N)-cadherins mediate heterotypic interactions between
endothelial cells and vascular smooth muscle cells or pericytes,
collectively called mural cells. These interactions ultimately
increase the formation of AJs between endothelial cells (Kruse
et al., 2018). When a mural cell adheres to an endothelial cell via N-
cadherin, Trio GEF1 becomes activated as measured by its
increased binding to nucleotide-free Rac1 and RhoA (Kruse et al.,
2018). This increase in activity promotes VE-cadherin recruitment
to AJs, thereby strengthening barrier function (Kruse et al., 2018)
(Fig. 3).

Trio is also implicated in the process of transendothelial
migration (van Rijssel et al., 2012b; Van Rijssel et al., 2013),
where bloodstream leukocytes migrate between endothelial cells to
enter tissues, and in the formation of muscular tissue (Charrasse
et al., 2007). Overall, Trio has a hand in multiple adhesion pathways
and plays a clear role in regulating tissue formation, often utilizing
its GEF1 activity to do so. The impact of other Trio protein family
members on tissue organization is less well understood.
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Fig. 3. Trio family proteins utilize bothGEF domains to promote endothelial adherens junctions. Trio family proteins are important for maintaining adherens
junction (AJ) integrity between endothelial cells. AJ formation and integrity are impacted by interactions with other types of cells (mural cells), laminar flow, and the
basal remodeling of AJs. (A) Neural (N)-cadherin ligation between a mural cell and an epithelial cell induces Trio GEF1 to activate Rac1, increasing vascular
endothelial (VE)-cadherin recruitment to AJs between neighboring endothelial cells. How N-cadherin signals to Trio, and how Rac1 activation increases
VE-cadherin recruitment to AJs in this context, are unknown. N-cadherin ligation also increases Trio GEF2-mediated RhoA activation, increasing intracellular
tension, and serving as a positive-feedback loop to reinforce the activity of Trio GEF1. It is unclear how N-cadherin signals to Trio GEF2 and how intracellular
tension influences Trio GEF1 activity. (B) Notch1 is cleaved upon interaction with ligand DLL4 under conditions of laminar flow, which allows the Notch1
transmembrane domain (TMD) to colocalize with protein-tyrosine phosphatase (LAR), VE-cadherin and Trio. By an unknown mechanism, assembly of this
Notch1–LAR–VE-cadherin–Trio complex induces Trio GEF1-mediated activation of Rac1, which strengthens AJs. (C) In basal conditions, AJs are constantly
remodeled. Ligation of VE-cadherins in the formation of new AJs recruits Trio GEF1 to nascent AJs and subsequent local Trio GEF1-mediated Rac1 activation to
strengthen nascent adhesions. Trio binds directly to VE-cadherin so this interaction likely drives Trio recruitment to AJs.
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Trio family proteins in secretion and intracellular trafficking
Kalirin was first identified through its association with the
neuropeptide processing enzyme peptidylglycine α-amidating
monooxygenase (PAM), which is secreted along with
neuropeptides in dense core vesicles (DCVs) (Alam et al., 1997).
Subsequent work has shown that Trio family proteins play
widespread roles in regulating the secretion and trafficking of
membrane-bound vesicles, which we review here.

Secretion and endocytosis
Trio and kalirin control both secretion and endocytosis in cells. Trio
and kalirin both interact with PAM through their SRs, and co-
expression of PAM with kalirin in AtT20 cells, adrenocorticotropic
hormone (ACTH)-secreting pituitary tumor cells, increases ACTH
secretion (Mains et al., 1999). Overexpression of the Trio or kalirin
GEF1 domain alone in AtT20 cells stimulates secretion, and this
requires GEF1 catalytic activity (Ferraro et al., 2007), although
exactly how GEF1 activity promotes secretion is unknown. Cyclin-
dependent kinase 5 (Cdk5) appears to be a key regulator of Trio in
controlling secretion. The Cdk5 inhibitor roscovitine reduces active
Rac1 levels in HEK293 cells that express both Trio-FL and PAM,
and significantly reduces stimulated secretion of ACTH, prolactin,
and growth hormone from cultured rat anterior pituitary cells (Xin
et al., 2004). Kalirin and Trio are both phosphorylated by Cdk5
in vitro (Xin et al., 2004; Xin et al., 2008), suggesting that Cdk5
phosphorylates Trio to increase Rac1 activation and regulate
secretion, although the key regulatory sites and mechanism of this
regulation are not known.
Trio family proteins also regulate synaptic vesicle release in

neurons. Glutamate release at excitatory synapses is deficient in
Trio−/− neurons in vivo (Katrancha et al., 2019). In C. elegans, loss
of unc-73 reduces the release of peptide neurotransmitters via DCVs
(Hu et al., 2011), and genetic manipulation and rescue experiments
indicate that signaling from UNC-73 GEF2 is necessary and
sufficient to mediate DCV release and support normal locomotion
in this context (Hu et al., 2011). It is not clear whether the vertebrate
Trio family members regulate DCV release via a similar GEF2-
dependent mechanism. These data suggest that Trio family proteins
may act through multiple outputs to coordinate vesicle release.
Interestingly, Trio and kalirin also regulate postsynaptic responses
(Katrancha et al., 2019; Xie et al., 2007; Herring and Nicoll, 2016),
and several studies have implicated Trio and kalirin in endocytosis
(Xin et al., 2009; Schiller et al., 2008), indicating possible key
functions for Trio family proteins on both sides of the synapse.

Intracellular vesicle trafficking
Trio regulates intracellular vesicle trafficking in cerebellar granule
neurons (CGNs). Trio colocalizes with Golgi markers and uses its
SRs to interact with Rabin8 (also known as RAB3IP), an activator of
the Rab8 and Rab10 GTPases, which are key regulators of Golgi-
derived vesicle trafficking (Tao et al., 2019). Loss of Trio in CGNs
significantly impairs Rabin8 activity and Golgi-derived vesicle
trafficking. Since trafficking of membrane-embedded cargo from
Golgi outposts is essential for dendritic arbor development and
maintenance (Lin and Koleske, 2010), it is no surprise that this
impaired vesicle trafficking also correlates with deficits in neurite
extension and reduced neurite length in Trio−/− CGNs (Tao et al.,
2019). Indeed, a constitutively active Rab8 mutant rescues these
neurite extension defects in Trio−/− CGNs (Tao et al., 2019). This
provides an interesting connection between the role of Trio in
vesicle trafficking and regulating cell morphology. Overall, it is still
unclear whether the interactions between the Trio SRs and Rabin8

are sufficient for regulating trafficking, or if other Trio catalytic
activities are required as well.

Disease-associated mutations and rare Trio variants
Disrupted Trio and kalirin function have been connected to human
disease, including neurological disorders, cancer and vascular
disease. While Trio and kalirin display high sequence similarity,
their disease associations differ. Trio has been widely studied for its
disease relevance in cancer (Schmidt and Debant, 2014) and
neurodevelopmental disorders (NDDs) (Paskus et al., 2020). In
contrast, kalirin has been implicated in a few instances of
neurodevelopmental disorders (Hill et al., 2006; Kushima et al.,
2010), but also in neurodegenerative disorders (Youn et al., 2007) and
vascular disease (Wang et al., 2007; Krug et al., 2010; Rudock et al.,
2011; Ikram et al., 2009). Interestingly, recentwhole-exome sequencing
studies have identified Trio, but not kalirin, as having mutations
associated with autism spectrum disorder (ASD) (Sadybekov et al.,
2017) and schizophrenia (SCZ) (Singh et al., 2020 preprint) (Table S1).
Since Trio is more highly expressed during development than kalirin
(McPherson et al., 2002; Ma et al., 2005), it is unsurprising that
disruptions to Trio, but not kalirin, would be associated with
neurodevelopmental disorders. However, the molecular mechanisms
driving these changes remain poorly understood.

Changes in expression level or genetic variants in kalirin have
been associated with SCZ, Alzheimer’s disease (AD) and vascular
disease. For instance, mRNA levels of KALRN are significantly
decreased in the dorsolateral prefrontal cortex of SCZ patients (Hill
et al., 2006). Re-sequencing analyses also revealed a significant
association between a kalirin P2255T mutation and SCZ, although
the specific effect of this mutation is unknown (Kushima et al.,
2010). Kalirin has also been connected to AD pathology, as there are
decreased levels of its mRNA in the hippocampus of patients with
AD (Youn et al., 2007). Finally, single-nucleotide polymorphisms
in kalirin are associated with risk of cardiovascular disease (Rudock
et al., 2011), ischemic stroke (Krug et al., 2010; Ikram et al., 2009)
and early-onset coronary artery disease (Wang et al., 2007), but the
specific effects of the polymorphisms are unknown.

Increases in Trio gene expression and protein levels occur in
numerous cancers. The Trio gene resides in a chromosomal region
that is commonly amplified in cancer, increasing its gene copy
number. Trio mRNA levels are increased in carcinomas of the
bladder (Zheng et al., 2004), breast (Lane et al., 2008), liver (Wang
et al., 2015), oral cavity (Baldwin et al., 2005; Chattopadhyay et al.,
2010), lungs (Coe et al., 2005) and cervix (Hou et al., 2018), in soft
tissue sarcomas (Adamowicz et al., 2006) and in glioblastoma
(Salhia et al., 2008). Higher Trio expression correlates with poor
prognosis in individuals with glioblastoma (Salhia et al., 2008),
breast cancer (Lane et al., 2008) and hepatocellular carcinomas
(Wang et al., 2015).

Elevation of Trio levels or signaling is associated with cancer
progression. High Trio pY2681 levels correlate with poor prognosis
in patients with colorectal cancer after surgery, supporting the idea
that increased Trio-mediated signaling promotes cancer progression
(Sonoshita et al., 2015). Trio promotes cell proliferation by
integrating signals from Gαq to the transcription factor activator
protein (AP)-1 and promoting DNA synthesis (Vaqué et al., 2013).
Indeed, loss of Trio impairs the ability of HeLa cell tumors to grow
in vivo (Vaqué et al., 2013). Finally, depletion of Trio in multiple
cancer cell lines also reduces invasive cell migration (Salhia et al.,
2008; Hou et al., 2018). Thus, Trio likely plays a role in several
aspects of cancer progression, from invasive cell migration to cell
proliferation.
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De novo mutations and ultra-rare damaging variants in Trio are
also associated with NDDs (Katrancha et al., 2017; Sadybekov
et al., 2017; Barbosa et al., 2020; Singh et al., 2020 preprint;
Pengelly et al., 2016). Many of these Trio variants are heterozygous
nonsense mutations that reduce Trio protein levels or missense
mutations that disrupt Trio function (Katrancha et al., 2017;
Sadybekov et al., 2017; Barbosa et al., 2020; Singh et al., 2020
preprint). Behavioral and anatomical phenotypes related to loss of
Trio protein, which mimics the nonsense mutations, have been
thoroughly described previously (Katrancha et al., 2019).
Interestingly, many of the Trio missense mutations associated
with these disorders cluster in specific regions of the gene, and
many directly impact Trio catalytic function (Fig. 4; Table S1).
Mutations in the Trio GEF1 or adjacent regions are associated

with intellectual disability (ID), autism spectrum disorder (ASD),
developmental delay (DD), SCZ and microcephaly (Katrancha
et al., 2017; Barbosa et al., 2020; Pengelly et al., 2016; Sadybekov
et al., 2017) (Fig. 4; Table S1). Many of these mutations disrupt
highly conserved residues at the Rac1–Trio DH1 binding interface
that impact GEF1 exchange activity (Katrancha et al., 2017;
Sadybekov et al., 2017; Pengelly et al., 2016; Barbosa et al., 2020).
Interestingly, some mutations increase GEF1 activity, while others
impair it (Katrancha et al., 2017; Barbosa et al., 2020; Sadybekov
et al., 2017). For instance, the Trio K1431M mutation found in
ASD decreases GEF1 activity by eight-fold (Katrancha et al.,
2017; Sadybekov et al., 2017) and disrupts the ability of Trio to
support normal synapse development (Sadybekov et al., 2017).
Other variants in the GEF1 domain, like the mild ID- and
microcephaly-associated E1299K, R1428Q and H1469K,
compromise GEF1 activity (Barbosa et al., 2020). One variant
associated with ID, D1368V, which lies in the DH1 domain but
outside the Rac1–DH1 interface, instead hyperactivates Rac1 in
HEK293 cells (Sadybekov et al., 2017). Thus, functional studies
of these mutations suggest that both increased and decreased Rho
GTPase signaling mediated by Trio contributes to the pathology
of NDDs.
Mutations in other Trio domains, including the SRs and GEF2

domains, are also associated with NDDs (Fig. 4; Table S1). A
cluster of mutations in SR8, including T1075I and R1078W/G/Q,
are associated with distinct phenotypes in individuals with DD and
macrocephaly (Barbosa et al., 2020). These mutations increase
Trio GEF1-dependent activation of Rac1 (Barbosa et al., 2020),
but it is not known how this gain-of-function allele contributes to
macrocephaly. Finally, a single de novo mutation in the GEF2
domain, associated with bipolar disorder (M2145T), increases
GEF2 exchange activity four-fold, highlighting the importance of
both GEF activities of the Trio protein (Katrancha et al., 2017).
Taken together, these findings are clear examples that alterations in
Trio catalytic activities lead to distinct NDD phenotypes.

Remaining questions and future challenges
Genetic, biochemical and cell-based studies of Trio family proteins
have revealed many important functions for these proteins, cellular
contexts in which they act, and their key roles in human disease.
However, many questions remain. Some of the biggest unresolved
questions center on the catalytic functions of Trio. Why domany Trio
isoforms contain two distinct GEF domains, especially when they act
on distinct substrates that often have opposing cellular roles? Are the
distinct GEF activities coordinated in cells and, if so, how? How do
the accessory domains in Trio alter GEF activity, through
phosphorylation, interactions with cellular binding partners or
autoregulation? Finally, does the Trio kinase domain have
substrates and significant signaling outputs in cells? While some of
these questions are addressable with current biochemical approaches,
some will require advances in single-molecule enzyme assays and/or
single molecule live-cell imaging. Addressing these questions will
reveal how distinct cell receptors and intracellular binding partners
differentially impact Trio catalytic activities and unveil the possible
distinct functions of the various isoforms of each gene. With the
exception of individual domains, the structures of the entire Trio
proteins are largely unknown, in particular with regard to how their
domains are arranged in three dimensions, the extent to which
domain–domain interactions are regulated and how they are impacted
by interactions with other cellular partners. Advances in electron
cryo-microscopy and electron cryo-tomography should facilitate the
three-dimensional reconstructions of specific Trio proteins and
enable the field to study their structure and interactions in their
native cellular context.

Overall, Trio family proteins play incredibly diverse roles in cells,
and their disruption is associated with cancer progression and
neurodevelopmental disorders. The ubiquitous roles of these
proteins in biological systems highlights the need to fully
understand their exact function, and why disruption of their
functions impacts development and yields disease.
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