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Summary

Axon guidance requires the integration of diverse guidance Trio proteins play a vital role in neuronal cell migration
signals presented by numerous extracellular cues and cell- and axon guidance. Although the molecular analysis of Trio
cell interactions. The molecular mechanisms that interpret  proteins is still in its infancy, accumulated evidence
these signals involve networks of intracellular signaling suggests that Trio proteins function as integrators of
proteins that coordinate a variety of responses to the multiple upstream inputs and as activators of multiple
environment, including remodeling and assembly of the downstream pathways. Future studies of these mechanisms
actin cytoskeleton. Although it has been clear for some promise to yield insights not only into neural development
time that Rho family GTPases play a central role in the but also into the ongoing function and remodeling of the
orchestration of cytoskeletal assembly, our understanding adult nervous system.

of the components that regulate these important molecules

is far more primitive. Recent functional studies of the Trio

family of guanine-nucleotide-exchange factors reveal that Key words: GTPase, Rho family, Actin, Rac, Pak, Dock, Kalirin

Introduction Aldrich Syndrome Protein) family, inducing localized actin
The development of the embryonic nervous system requirgmlymerization by the Arp2/3 complex (reviewed by Welch,
that nascent axons extend across a complex extracelluld®99; Takenawa and Miki, 2001). Thus, specificity in effector
terrain in order to reach their specific synaptic targets. As aactivation allows different Rho family members to mediate
axon grows, the growth cone at its advancing edge encountetistinct effects on the actin cytoskeleton.
specific ‘choice points’ at which extracellular guidance cues Following inactivation by GTP hydrolysis, Rho family
steer specific axons towards their appropriate destinatiomsembers must release GDP and bind free cytoplasmic GTP in
(reviewed by Tessier-Lavigne and Goodman, 1996). Such cuesder to be reactivated. This nucleotide replacement is
may attract a subset of axons towards a given domain, repmtcelerated by guanine-nucleotide-exchange factors (GEFs), a
axons from inappropriate target regions or simply provide &mily of molecules that bind to inactive GTPases and induce
permissive substrate for axonal outgrowth. In each of these conformational change favoring GDP release. GEFs that are
cases, guidance signals must be relayed through the growgpecific for the Rho family have in common the Dbl homology
cone to the actin cytoskeleton, a dynamic network of filament®H) domain, a conserved amino acid sequence that is the main
and associated proteins that is largely responsible for motilitgite of exchange activity (Hart et al., 1994). Many Dbl family
and growth cone steering (reviewed by Korey and Van VactoGEFs also contain other protein-protein interaction domains,
2000). Our understanding of how nascent axons interprethich allow GTPases to be activated in specific signal
guidance information relies on identifying cellular factors thatransduction pathways. For example, the Dbl family member
influence actin and its associated proteins. Vav contains an SH2 domain that binds to the tyrosine kinase
Members of the Rho subfamily of small GTPases, includingyk, which phosphorylates and activates the GEF in response
Rho, Rac and Cdc42, play pivotal roles in conveying signals tm integrin engagement (Deckert et al, 1996; Miranti et al,
the cytoskeleton (reviewed by Symons and Settleman, 200Q)998). The coupling of DH domains to various protein-protein
In a simple interpretation, these molecules act as molecularteraction domains represents a means of integrating Rho
switches that cycle between an active GTP-bound state and &1 Pase activity in response to signals from upstream activators.
inactive GDP-bound state brought on by intrinsic hydrolytic Trio, a novel member of the Dbl family, encodes a large
activity. When active, Rho family members bind toprotein that has numerous catalytic domains and putative
downstream effectors that ultimately alter actin dynamicsignaling domains and might therefore function in multiple
and/or localization. In many cases, these effectors are specifignaling pathways. Indeed, genetic analyses in model systems
to particular Rho family members; for example, the serinehave exposed roles for Trio homologs in several actin-
threonine kinase ROK (Rho kinase) is specifically activated bygependent processes, such as cell migration and neuronal
GTP-bound Rho, but not Rac or Cdc42, and phosphorylatextension. Here, we focus on recent advances in our
myosin light chain phosphatase to increase actin-myosianderstanding of the roles of Trio family members in
contractility (reviewed by Amano et al., 2000). In contrastorchestrating cellular responses to developmental cues through
GTP-bound Cdc42 specifically binds to the WASP (Wiscott-activation of Rho family GTPases and their effectors.
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Fig. 1. The Trio family. Members identified in

vertebrates (Trio and Kalirini;. elegangUNC-73)

andDrosophilashare a series of N-terminal —| H N H H N H N H m

spectrin-like repeats, two GEF domains consisting -
of a DH domain coupled to a pleckstrin homology Spectrin-like repeats GEF1 SH3 GEF2 lg Ig STK

(PH) domain, and an SH3 domain located between
the two GEF domains. The C-terminal of the UNC-73 (C. elegans)
molecule differs in all members identified thus far;

human Trio encodes a second SH3 domain, an Ig-

like domain and a serine/threonine kinase (STK) _| N H H N H N H )_.:I_I_.:I_DI
domain, kalirin encodes two Ig-like repeats and an Spectrin-like repeats ~ GEF1 SH3 GEF2 Ig Fnlll
STK domain, UNC-73 possesses an Ig-like repeat

and a fibronectin-like repeat (FNIII), and

DrosophilaTrio terminates immediately following  Trio ( Drosophila )

the C-terminal PH domain. In addition to the

molecules depicted, several alternatively spliced _[H:H:H:H:H:H:I_.:I_I_.:l.

variants have been described for kalirin and

UNC-73. Spectrin-like repeats ~ GEF1 SH3 GEF2

The Trio family GTPases suggest that other molecules are involved in Trio
Human Trio was first identified in a yeast interaction screesignaling through its DH domains. For example, in addition to
using the intracellular domain of the receptor-like tyrosinestress fibre formation, expression of GEF2 also induces
phosphatase (RPTP) LAR (leukocyte-antigen-related proteidcalized actin-rich ‘mini-ruffles’ at the cell membrane, which
as bait (Debant et al., 1996). A large multidomain proteinare not observed when Rh¥® is injected. In the case of
human Trio has a series of spectrin-like repeats, two DHKBEF1, recent experiments have shown that the Rac-like
domains, two SH3 domains, an immunoglobulin-like (Ig)GTPase RhoG is probably the relevant in vivo target, as a
domain and a C-terminal serine-threonine kinase (Debant et aflpminant negative RhoG construct abolishes the formation of
1996; Seipel et al., 1999; Fig. 1). Accumulated evidencectin structures induced by Trio GEF1 expression (Blangy et
suggests that the LAR family of RPTPs act as receptors that,, 2000). GTP-bound RhoG subsequently activates both
convey extracellular cues to the actin cytoskeleton durin@dc42Hs and Racl by an unknown mechanism, leading to the
development. For example, a homolog of LAR is required foformation of both lamellipodia and filopodia through Racl-
axon guidance during embryonic developmenDinsophilg and Cdc42Hs-specific effectors (Gauthiere-Rouviere et al.,
mutations inDlar cause axonal defects that are reproduced b§998). Thus, through its two GEF domains, human Trio
loss of Rac function or by direct perturbation of actin byregulates the activity of at least four different GTPases.
cytochalasin D (Kreuger et al., 1996; Kaufmann et al., 1998). A second Trio-like molecule was identified in two
Furthermore, the LAR homolog Crypis required for independent yeast interaction screens, which used the
maintenance of actin-rich lamellipodia in cultured chick retinaHuntingtin-associated protein HAP1 and the cytoplasmic
ganglial cells (Mueller et al., 2000). Despite knowndomain of peptidylglycine a-amidating monooxygenase
developmental roles for RPTPs, little is known about th€dPAM) as baits (Alam et al., 1996; Colomer et al., 1997).
cellular components that are required for their function. Th€alled Kkalirin, the full-length molecule has a domain structure
identification of Trio as a LAR interactor provides a promisingnearly identical to that of Trio (Fig. 1) but also encodes a
link between RPTPs and the actin cytoskeleton through theariety of alternative transcripts in which various domains and
activation of Rho family GTPases. potential regulatory elements are not present (Penzes et al.,
In vitro guanine-nucleotide-exchange assays show that t1#000; Johnson et al., 2000). The different kalirin isoforms have
N-terminal GEF domain (GEF1) of human Trio activates Rac1dlistinct subcellular localizations; for example, the full-length
but not RhoA or Cdc42Hs, whereas the C-terminal GEFalirin-12 is restricted to the soma of primary cortical neurons,
domain (GEF2) specifically activates RhoA (Debant et al.whereas an isoform lacking the second GEF and kinase
1996; Fig. 2). These biochemical assays are supported lpmains (kalirin-7, also known as Duo) is observed in a
microinjection studies in cultured fibroblasts, in whichpunctate pattern in neuronal processes (Johnson et al., 2000).
injection of GEF1 or the constitutively active mutant R481 This suggests potential functional differences between
leads to increased cell spreading and lamellipodia formatiomsoforms that require localization to specified cellular
while injection of GEF2 or Rhol4 causes an increase in compartments. Although potential functions for kalirin have
stress fibre formation (Ridley and Hall, 1992; Ridley et al.peen suggested, including PAM internalization from the cell
1992; Bellanger et al., 1998a). However, subtle differences imembrane (Alam et al., 1996) and inhibition of inducible
the phenotypes induced by Trio GEF domains and activatedtric-oxide synthase (Ratovitski et al., 1999), it is not yet clear
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Fig. 2. Potential interactions in Trio signal +
transduction. The figure represents a gener )

Trio family member and incorporates o Filamin LAR
biochemical and genetic data from different Trio + +
organisms. In response to upstream cues

(possibly through localization by filaminor ~ _| - I - |
LAR-family RPTPs), Trio activates the Rac

pathway (red) and/or the Rho pathway (blue Spectrin Repeats GEF1 SH3 GEF2

through its two GEF domains. GTP-bound F

to phosphorylation of substrates that affect -
actin cytoskeleton, including inhibitory
phosphorylation of myosin light chain kinast
(MLC kinase). Theoretically, GTP-bound Rt
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kinase (ROK), causing inhibitory Abl |?

phosphorylation and inactivation of MLC
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changes in cytoskeletal dynamics. GEF1 al: Nck/Dock J_
activates RhoG in vertebrates, which

subsequently activates Rac and Cdc42 PAK, WASP -

signaling pathways. In invertebrates, GEF1

in cooperation with membrane-localized +’) *
Nck/Dock, can bind and activate PAK, leadi PAM? ‘
l)

=
|
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activates the Rac-like GTPase MIG-2, whicl

signals through unknown effectors. A regior \

the spectrin repeats of kalirin interacts with

PAM and may regulate receptor internalizat Actin/myosin
Genetic interactions fromrosophilasuggest contractility

that Trio functions with components of the Au
pathway (including Fax and Ena), but the biochemical nature of this interaction is unclear. Putative binding partnetd3atdinai® and
regions within the C-terminal variable region (shown as an lg/kinase as in human Trio) are as yet poorly understood.

how these putative duties might be distributed among differer@ssential for viability (O'Brien et al., 2000). Analysis of
kalirin splice variants. trio”’~ embryos has shown a defect in late stages of
Whereas Trio is expressed at moderate levels in all tissuesyogenesis that produces misshapen myofibres in skeletal
kalirin expression is specific to the central nervous system imuscles. It is not known whether this defect is directly tied
the adult rat (Debant et al., 1996; Alam et al., 1997). Althougho GTPase activation, but studiesdfosophilahave shown
they possess slight structural differences, it is plausible thatrole for Rac activation in myoblast fusion (Luo et al., 1994).
kalirin and Trio function in a similar manner in their different In addition to skeletal muscle defects, loss of Trio causes
tissues. The observations that the N-terminal GEF domain sfubsets of cells within the hippocampus and olfactory bulb to
kalirin is capable of activating Rac1l in vitro and that expressiobecome disorganized, although the overall structure of the
of the domain in cultured fibroblasts results in cell spreadingrain does not appear to be affected (O’'Brien et al., 2000).
and lamellipodia formation are consistent with this idea (AlanThus, Trio appears to mediate fine-scale mapping of neuronal
et al., 1997; Mains et al., 1999; Penzes et al, 2000). Howeverll positions once the global arrangement of the brain has
the functions of other Trio/kalirin domains are as yet poorlybeen established. Further analysis will determine whether
understood; for example, putative binding partners for the SH8ther aspects of neuronal development, such as axon
domains have not yet been reported. Furthermore, it is uncleguidance, are also affected in mutant mice.
whether the kinase domains are active or display substrateThe C. elegans mutant unc-73 which displays an
specificity, although a highly related kinase named Duet i&fincoordinated’ motility phenotype in adults, encodes a
autophosphorylated in vitro (Kawai et al., 1999). Furthemultidomain protein highly related to Trio (Steven et al., 1998;
biochemical studies should identify other signaling partnerdgrig. 1). As in the vertebrate, UNC-73 possesses an N-terminal
shedding light on potential functions of Trio family members.GEF domain that activates Rac-like molecules, and a C-
terminal GEF specific for Rho (Steven et al., 1998; Merz and
) ) _ Culotti, 2000). In an interesting twist of evolution, UNC-73
Trio function during development differs from vertebrate Trio and kalirin at its C-terminus,
The above biochemical studies of Trio and kalirin haveencoding a fibronectin-lll-like domain rather than a serine/
initiated our understanding of Trio signaling mechanisms irthreonine kinase. The functional significance of this difference
a cellular context, and data from model genetic systems hai® dubious because it is not yet clear whether Trio/kalirin
begun to shed light on potential roles of Trio signaling durinckinases are active or what their substrates might be. The
development. For example, mice lacking Trio die during thdibronectin 11l domain could potentially interact with other
late stages of embryogenesis, demonstrating that Trio t=ellular factors to facilitate or influence UNC-73 function, but
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it remains to be determined what these factors may be and heoetinal axon guidance (Newsome et al., 2000). Indeed, previous
this might differ from the function of Trio molecules in other studies of the vertebrate homolog PAK have shown that it is a
species. downstream effector of Rho family GTPases; activation of
Antibody staining and GFP fusions show that UNC-73 isSPAK kinase activity requires prior binding of its p21-binding
expressed generally in the developing embryo, with highestomain by GTP-bound Rac or Cdc42, which unleashes the
levels being observed in the nervous system (Steven et dtinase domain from a sterically hindered conformation
1998).unc-73mutants show extensive abnormalities in neura(Daniels and Bokoch, 1999; Hoffman and Cerione, 2000).
development, including axonal extension, fasciculation andctivated PAK then phosphorylates substrates that affect the
guidance defects (Hedgecock et al., 1987; Desai et al., 198&tin cytoskeleton. For example, PAK phosphorylation of
Mcintire et al.,, 1992). Defects are also observed in celinyosin light chain kinase (MLCK) decreases phosphorylation
migrations and asymmetric cell divisions, which may beof the regulatory subunit of myosin, altering actin-myosin
analogous to the brain abnormalities observetlia?~ mice  contractility (Sanders et al., 1999). Such changes in
(Hedgecock et al., 1987; Desai et al., 1988; Way et al., 1992)ytoskeletal dynamics might then aid in guiding a growth cone
The upstream signals that utilize UNC-73 signaling in theséowards its appropriate target region (Lin et al., 1996; reviewed
diverse contexts are as yet unreported; however, Rac activation Jay, 2000). Although genetic evidence in thwsophila
appears to be critical for UNC-73 function, given that a pointetina is consistent with a Pak pathway for Trio signaling, it is
mutation abolishing exchange activity of the N-terminal GEFalso possible that Pak activation occurs independently of Trio
domain produces a strong loss-of-function mutant (Steven étrough activation of Rac by other GEFs such as PIX (Manser
al., 1998). The role of Rho activation is less clear; although at al., 1998). Future experiments should address the GEF
minigene lacking the sequence that encodes the C-termingpecificity of Pak activation in different developmental events.
GEF domain rescues severaic-73mutants, it appears that  PAK activation also involves the SH2-SH3 adapter protein
these alleles still express C-terminal portions of the gene froMdck (Bokoch et al., 1996; Lu et al., 1997). In response to
alternative start sites and thus retain Rho exchange activigxtracellular cues, Nck binds to activated receptors at the cell
(Steven et al.,, 1998; R. Steven and T. Pawson, persoralirface through its SH2 domain, while simulaneously binding
communication). PAK through one of its three SH3 domains (reviewed in
Adding a new chapter to the story, several research groupscCarty, 1998). The subsequent recruitment to the membrane
have recently describedCaosophilaTrio homolog. As in the is important for PAK activation; artificial targeting of PAK to
worm, Drosophila triois expressed throughout the developingthe membrane by myristilation can lead to activation of its
embryo, and high levels are observed in nervous tissuésgnase activity (Lu et al., 1997). This relationship holds true in
(Awasaki et al., 2000; Bateman et al., 2000; Liebl et al., 2000Prosophila in which the Nck homolog Dreadlockdock is
Mutations in trio produce pleiotropic axonal phenotypes required for proper development of retinal axons (Garrity et al.,
in both the embryonic nervous system and retinal axoi996). As is the case f®lakandtrio, mutations irdockcause
projections, including stalling, missed targets andaxons to improperly fasciculate and extend past their
inappropriate fasciculation (Awasaki et al., 2000; Bateman etppropriate targets. Again, the primary function of Dock is
al., 2000; Liebl et al., 2000; Newsome et al., 2000). Thespresumably to bring Pak to the membrane, because axonal
defects are similar to those observedric-73mutants, which  defects observed indock mutants can be rescued by
suggests some conservation of cellular functions acrosayristilated PAK (Hing et al, 1999). In theory, Pak
evolutionary lines. localization to the membrane then facilitates its activation by
As in other species, the N-terminal GEF domain ofGTPases through local GEFs such as Trio.
DrosophilaTrio has specific exchange activity for Rac family  Although the interaction between Pak and Dock is conserved
GTPases in vitro (Newsome et al., 2000). However, no in vitrin the Drosophilaretina, the upstream receptors and signals
exchange activity has been observed for GEF2 on severflat localize and activate Trio and Dock, and thus ultimately
GTPases, including DRhoA. Consistent with this, in vivoguide neurons, are as yet unknown. In vertebrates, the Dock
rescue experiments show that GEF1, but not GEF2, activity isomolog Nck binds to receptor tyrosine kinases such as EphB1
required for correct pathfinding of retinal axons (Newsomend the epidermal growth factor receptor (EGF-R; Park and
et al., 2000). Furthermore, a partial loss tdb function  Rhee, 1992; Li et al.,, 1992; Stein et al., 1998), but those
suppresses a gain-of-function retinal morphology phenotype oéceptors have not been implicated in retinal axon guidance in
Dracl but not DrhoA (Bateman et al., 2000). Thus, the Raddrosophila However, the cell-surface protein Dscam has
specific GEF1 appears to be the major signaling domain faecently been shown to bind to Dock Brosophilg and
retinal developmental processes that reqDi@sophila Trio, mutations inDscam dock and Pak cause identical defects in
highlighting the importance of a signaling pathway involvingthe guidance of Bolwig’s nerve in therosophila embryo
Rac. (Schmucker et al., 2000). It will be interesting to determine
The retinal axon defects observedimsophila triomutants ~ whether Trio also functions in this particular guidance system.
are similar to those of the previously identified mutaak-  Similarly, mutants of the LAR family phosphataBetp69D
kinase(PaK), which encodes thBrosophilahomolog of the have an axonal phenotype resembling thatiofanddockin
p21-activated kinase PAK (Hing et al., 1999; Newsome et allpss-of-function mutant retinas, which suggests that the
2000). In bothtrio and Pak mutants, retinal axons fail to phosphatase participates in similar signaling events (Garrity et
recognize their appropriate synaptic targets, instead improperal., 1999). The physical interaction of LAR and Trio in humans
fasciculating and extending into deeper regions of the braimrovides an attractive model for RPTP signaling, but it is not
Dosage-sensitive genetic interactions betwa@n and Pak  clear whether this relationship exists Dmosophilg because
suggest that they may operate in a common pathway to reguldtee C-terminal portions of Trio that are responsible for
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phosphatase binding are not conserved in the fly (Debant et §Newsome et al., 2000). Furthermore, loss-of-function
1996; Fig. 1). However, embryonic phenotypes caused bmutations irtrio cause a dramatic overextension of neurites in
mutations in the LAR homolo@®lar are exacerbated by loss the mushroom bodies of the developing brain, a phenotype
of either trio or Dracl, which indicates that the Trio/Rac observed in loss-of-function clones foA (Awasaki et al.,
pathway is important for RPTP signaling (Kaufmann et al.2000; Lee et al., 2000). Perhdp®sophilaTrio is an activator
1998; Bateman et al., 2000). PerhBpssophilaRPTPs signal  of RhoA only in a particular cellular context that is irrelevant
through Trio via other cellular factors (e.g. Abl, see below)jn the retina but required in other tissues. Alternatively, Trio
rather than through a direct physical interaction. might display exchange activity for other uncharacterized Rho-
like proteins but not RhoA itself. Further biochemical and
. . genetic experiments must be undertaken if we are to
Other signaling partners distinguish between these possibilities.
Although PAK is a strong candidate for transduction of Trio Two-hybrid screens using the GEF1 domain of human Trio
signals, several lines of evidence suggest that Trio must alss bait have identified two actin-binding proteins (ABPs) that
operate through alternative pathways. For example, retingbuld mediate aspects of Trio signaling. In one study, the PH
axon phenotypes itrio and Pak mutants are similar but not domain of GEF1 was shown to bind filamin (Bellanger et al.,
identical. Intrio mutants, a subset of axons stop short of theil998b; Bellanger et al., 2000), a large ABP that mediates actin
target regions rather than projecting past them; this defect @osslinking (Hartwig and Stossel, 1975) and interacts with
not observed in retinas lackirigak or dock (Garrity et al.,, several signaling proteins (Sharma et al., 1995; Marti et al.,
1996; Hing et al., 1999; Newsome et al., 2000). Thus, PAKL997). Genetic analysis has shown that filamin is necessary for
must convey only targeting information, whereas othercell migrations inDictyostelium(Cox et al., 1992) and the
molecules must be responsible for axonal extension directagrtebrate cortex (Fox et al., 1998) and for proper formation of
by Trio. This is consistent with embryonic analyses, in whichactin structures durinBrosophilaoogenesis (Li et al., 1999;
mutations intrio cause an extension defect in the motor nervésokol and Cooley, 1999). A functional link between filamin
ISNb (Awasaki et al., 2000; Bateman et al., 208@kmutant and human Trio was established by expression of Trio GEF1
embryos have yet to be described, but mutatioa®akcause in cells lacking filamin; in this case, the normal formation of
a much milder ISNb phenotype and therefore cannot entirelgctin-rich lamellipodia is abolished, which demonstrates that
account for Trio signaling (Desai et al., 1999). Howeverfilamin is required for Trio GEF1 effects on the actin
mutations in the tyrosine kinase Abl cause an ISNb defect thaytoskeleton (Bellanger et al., 2000). However, in vitro
is indistinguishable from that dfio mutants (Wills et al., exchange assays show that filamin does not directly affect
1999). Furthermore, altering the genetic dosdriof or Abl ~ GEF1 exchange activity on RhoG. Filamin might play a role
enhances CNS axonal defects caused by loss of either geneTrio signaling by localizing it to actin-rich sites of the cell
alone (Liebl et al., 2000). Although there is currently noin response to guidance cues or through local recruitment of
biochemical evidence to support a direct interaction betweeather cytoskeletal factors.
Abl and Trio, the Abl pathway is a possible alternative to PAK In  another two-hybrid screen and subsequent
activation in Trio signal transduction. coimmunoprecipitation studies, the novel actin-binding protein
The activity of the Trio Rac-specific GEF itself suggestsTara was shown to interact with the GEF1 domain of human
that PAK-independent signaling must occur.Orosophila  Trio (Seipel et al., 2001). Tara contains a PH domain and a
GEF1 not only activates the Rac homologs Racl and Radiled-coil domain, either of which might mediate interactions
but also activates a close relative of the Rac genes, MIG-2vith other cellular factors. Ectopic expression of Tara in Hela
like (Mtl; Newsome et al., 2000). This novel GTPase is theells results in an increase in cell spreading, which may be
Drosophilahomolog of MIG-2, which is required for several mediated in part by stabilizing latrunculin-B-sensitive actin
cell migrations inC. elegangHedgecock et al., 1987; Zipkin structures (Seipel et al., 2001). However, as is the case with
et al., 1997). MIG-2 seems to be a significant in vivo targefilamin, Tara does not affect Trio exchange activity in vitro.
for UNC-73 signaling, because defects observed in weakuture experiments aimed at the functional relationship
loss-of-functionunc-73mutants are enhanced by mutationsbetween Tara and Trio should improve our understanding of
in mig-2 and suppressed by increasing the genetic dose dfio signaling mechanisms and its influence on the actin
mig-2 (Zipkin et al., 1997; Honigberg and Kenyon, 2000).cytoskeleton.
Despite significant sequence similarity between Rac and
MIG-2 homologs, Mtl does not bind to Pak (Newsome et al., ) )
2000), and therefore must signal through other downstreafaonclusions and perspectives
effectors that could be unique to MIG-2/Mtl or shared byThe above genetic and biochemical analyses have provided insight
activated Rac. Alternatively, MIG-2/Mtl may activate otherinto developmental processes requiring Trio activity, highlighting
GTPases, as observed for RhoG in vertebrates, although itasrole in axon guidance. But what exactly does Trio signaling
currently unclear whether these molecules are analogous @atcomplish? Presumably the activation of Rho family GTPases
function. ultimately signals to the actin cytoskeleton of a pathfinding growth
Genetic data from thBrosophilaretina seem to preclude a cone, influencing axon guidance and outgrowth. Batti73and
role for Rho activation ilbrosophila trio signaling, but other Drosophila trio are required autonomously within developing
observations suggest that Rho-like proteins are involved. Firsteurons rather than in surrounding tissues, which is consistent
expression oDrosophilaTrio GEF2 in rat embryo fibroblast with a role in growth cone signaling (Steven et al., 1998; Awasaki
(REF) cells causes formation of stress fibres, which impliest al., 2000; Bateman et al., 2000; Newsome et al., 2000).
that the ability to activate Rho-like GTPases is conservetiowever, given the widespread defects observath@73and
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trio mutants, it seems that Trio molecules are not part of a specificalpha-amidating monooxygenase, an integral membrane peptide-processing
axon guidance pathway; rather, Trio must be part of a commonenzyme.J. Biol. Chem272, 12667-12675. _ _
machinery used by multiple guidance cues during differerft\m?”r‘]" M., F”katz' ;{ . and Ka'g“ﬁh" ';-222000)' Regulation and functions

. . rho-associated kinasexp. Cell Res261, 44-51.
glgnallng evepts. Further.more' none of the phenotype; obsery, saki, T., Saito, M., Sone, M., Suzuki, E., Sakai, R., Ito, K. and Hama,
in unc-73or trio mutants is completely penetrant, even in alleles c. (2000). ThedrosophilaTrio plays an essential role in patterning of axons
that appear to remove the gene completely. Thus, Trio functionby regulating their directional extensiddeuron26, 119-131. _
must overlap with that of other cytoskeletal modulators, acting g&téman, J., Shu, H. and Van Vactor, D(2000). The guanine nucleotide
a branch in a network of multiple signaling cascades. Such exck?a”ge faCtozreTg:f rggd'ates axonal development in Dfesophila

X L embryo.Neuron26, 93-106.

funCt_mnal_ overlap has become a theme as more genetic analyg@fanger, J-M., Lazaro, J.-B., Diriong, S., Fernandez, A., Lamb, N. and
of signaling molecules are reported, which emphasizes theDebant, A.(1998a). The two guanine nucleotide exchange factor domains

importance of partial redundancy in ensuring proper execution of ifsgrio link the Racl and the RhoA pathways in vi@ncogenel6, 147-

a (:li\ﬂevelr?prgen:.a‘l prhograén. . to th | f Trio | l?ellanger, J-M., Zugasti, O., Lazaro, J. B., Diriong, S., Lamb, N., Sardet,
uch attention nas been given 1o the role or 1110 In neural ¢ and Debant, A.(1998b). Role of the multifunctional Trio protein in the

development, but evidence for a function in the adult nervous control of the Racl and RhoA GTPase signaling pathw@yR. Seances
system also exists. For example, kalirin is abundant in the adultSoc. Biol. Fil.192, 367-374.
rat brain, and the isoform kalirin-7 localizes to postsynapti®e e Aot O PR e e SEF domain of Tro targets lamin
densmes_ (A"."“T? etal, 19.97’ Penzes et al., 2_000)' Slmllarly' to remodel cytoskeletal actiMlat. CF:aII Biol 2, 888-892.
DrosophilaTrio is present in the mushroom bodies of the aduljangy, A., vignal, E., Schmidt, S., Debant, A., Gauthier-Rouviere, C. and
brain and localizes to dendritic terminals of the lamina Fort, P. (2000). TrioGEF1 controls Rac- and Cdc42-dependent cell
(Awasaki et al., 2000). This expression pattern is consistentS;fuf]tugsl\tnhfo\;lvgh theY diECrtﬂacéiV?iog OI;‘ Rf':AdG/Sell(?Sﬁ:;lla ZZEZ-739-d

H H H H H 1 H okKocnh, . i ang, Y., boni, b. F., Sells, AL ullliam, L. A. an
with a role in synaptic function, p‘?rhaps .m aCtm_medlate& Knaus, U. G. (199%). Interaction of the Nck adapter protein with p21-
processes such as receptor clustering (Da! et al., 20_00)_or IMictivated kinase (PAKL)L Biol. Chem271, 25746-25749.
Rho-family-dependent control of dendritic arborization colomer, V., Engelender, S., Sharp, A. H., Duan, K., Cooper, J. K.,
(Nakayama et al., 2000; Li et al, 2000). Indeed, recent work Lanahan, A, Lyford, G., Worley, P. and Ross, C. A(1997). Huntingtin-
has shown that overexpression of kalirin-7 in primary cortical associated protein 1 (HAP1) binds to a Trio-like polypeptide, with a racl

neurons causes an increase in spine-like structures that i§ 5" nucleotide exchange factor domaiam. Mol. Genets, 1519-

dependent upon GEF1 activity (Penzes et al., 2001kox, D., Condeelix, J., Wessels, D., Soll, D., Kern, H. and Knecht, D. A.
Furthermore, kalirin 7 contains a C-terminal motif that (1992). Targeted disruption of the ABP-120 gene leads to cells with altered
mediates interactions with PDZ-domain proteins that are mOZti“tt'- J. geli(BiO:_-'llﬁdgg3-955;_-| B(2000). The actin-cri t
; ; ; . i, Z., Luo, X., Xie, H. and Peng, H. . The actin-driven movemen
involved in receptor CIUStermg (Shen.g and Pak’ 1999; I:)enzggand formation of acetylcholing receptor clusteksCell Biol. 150, 1321-
et al., 2001). However, the PDZ-binding motif does not appear ;334
to be conserved in other Trio family members, and thus thisaniels, R. H. and Bokoch, G. M(1999). p21-activated protein kinase: a
function may not be universal across species. Alternatively, crucial component of morpholigical signaliigends Biochem. S@4, 350-
Trio might function at the synapse in receptor internalizationl.)e?'bif’rit A Serra-Pages, C.. Seipel. K., OBrien, S.. Tang, M. Park, S-H
CODSIStent Wlth this is the fln(_ilng that kalirin binds '[_0 _an 18- and étréuli, M. (1996’). T‘he muI’tido’main pr(’)teih Trioy bin’ds thé LAR
residue region of PAM that is necessary and sufficient for tansmembrane tyrosine phosphatase, contains a protein kinase domain, and
recycling from the cell surface to the trans Golgi network has separate rac-specific and rho-specific guanine nucleotide exchange
(Alam et al., 1997). Internalization of cell surface components factor domainsProc. Natl. Acad. Sci. US83, 5466-5471.
by Trio could again be mediated by GTPase activation, giveReckert. M., Tartare-Deckert, S., Couture, C., Mustelin, T. and Altman,
. . . . A. (1996). Functional and physical interactions of Syk family kinases with

that both Rac_ and Rho have been implicated in endocytic 4,0 \ay proto-oncogene produtimunitys, 591-604.
pathways (reviewed by Ellis and Mellor, 2000). Desai, C., Garriga, G., Mcintire, S. L. and Horvitz, H. R.(1988). A genetic

Roles for Trio in the adult nervous system highlight a pathway for the development of ti@aenorhabditis elegansiSN motor
multiplicity of functions observed in many molecules Densiti”ocnsj\‘ag’;i?slﬁF?3A8'6}‘<‘S-Shishian ., Zipursky, S. L. and Zinn, K
|mpllcated ".1 Slgnallng to the actin .CytOSkeleton' AlthOUQh (19é9). Tt’1eDrosoyphiIa éHZ—SHS ad’apte;r protein’Dock is expres’sed in
actin dynamics must be regulated during development in orderempryonic axons and facilitates synapse formation by the RP3 motoneuron.
to achieve a specified cell architecture, the cytoskeleton mustbevelopment 26, 1527-1535.
then be continually remodeled post-development in respon§éiGsyT§- andTMegor,cH-ll(éQOI?bF;%ggglﬂon of endocytic traffic by rho family

H ) H - aseslirends Ce 10 A -00.

to signals frpm ne|ghbors in the adul.t cellular comnjum.ty. Ou[:ox' 3., Lamperti E. D., Eksioglu. Y. Z., Hong, S. E., Geng, Y., Graham,
understandmg of Trio _and other actin modulators is aided by ' A’ Scheffer I. E., Dobyns, W. B., Hirsch, B. A.. Radtke, R. A. et al.
the combined exploration of these different avenues of study, (1998). Mutations in Filamin 1 prevent migration of cerebral cortical
providing insight into various biological processes required for neurons in human periventricular heterotoplauron21, 1-20.

normal cell biology and homeostasis. Garrity, P. A., Rao, Y., Salecker, |., McGlade, J., Pawson, T. and Zipursky,
S. L.(1996).Drosophilaphotoreceptor axon guidance and targeting requires
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