Pathogenic TRIO variants associated with neurodevelopmental
disorders perturb the molecular regulation of TRIO
and axon pathfinding in vivo
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ABSTRACT 
The RhoGEF TRIO is known to play a major role in neuronal development by controlling actin cytoskeleton remodelling, primarily through the activation of the RAC1 GTPase. Numerous de novo mutations in the TRIO gene have been identified in individuals with neurodevelopmental disorders (NDDs). We have previously established the first phenotype/genotype correlation in TRIO-associated diseases, with striking correlation between the clinical features of the individuals and the opposite modulation of RAC1 activity by TRIO variants targeting different domains. The mutations hyperactivating RAC1 are of particular interest, as they are recurrently found in patients and are associated with a severe form of NDD and macrocephaly, indicating their importance in the etiology of the disease. Yet, it remains unknown how these pathogenic TRIO variants disrupt TRIO activity at a molecular level and how they affect neurodevelopmental processes such as axon outgrowth or guidance. Here we report an additional cohort of individuals carrying a pathogenic TRIO variant that reinforces our initial phenotype/genotype correlation. More importantly, by performing conformation predictions coupled to biochemical validation, we propose a model whereby TRIO is inhibited by an intramolecular fold and NDD-associated variants relieve this inhibition, leading to RAC1 hyperactivation. Moreover, we show that in cultured primary neurons and in the zebrafish developmental model, these gain-of-function variants differentially affect axon outgrowth and branching in vitro and in vivo, as compared to loss-of-function TRIO variants. In summary, by combining clinical, molecular, cellular and in vivo data, we provide compelling new evidence for the pathogenicity of novel genetic variants targeting the TRIO gene in NDDs.  We report a novel mechanism whereby the fine-tuned regulation of TRIO activity is critical for proper neuronal development and is disrupted by pathogenic mutations. 
INTRODUCTION
Neurodevelopmental disorders (NDDs) such as autism spectrum disorders (ASD) and intellectual disability (ID) originate from disruption in the development of the nervous system, leading to altered brain function. NDDs are disorders with a significant genetic component and the advent of high throughput sequencing technologies has allowed the identification of an increasing number of genes that are found mutated in these pathologies1. However, despite intensive studies, the understanding of the pathophysiological mechanisms of these complex diseases is far from complete.
During brain development, neurons extend an axon that navigates through a complex environment to reach its final target. This process is required for establishing correct neuronal connectivity, essential for normal brain function.  Axon outgrowth and guidance is driven by a specific, F-actin rich structure at the tip of the axon, called the growth cone, which senses and integrates the signal of extracellular guidance cues, translating it into actin cytoskeleton remodelling that ultimately produces motility and steering2. The dynamic F-actin network is concentrated in the peripheral domain of the growth cone, with F-actin bundles forming filopodia separated by sheets of broad lamellipodia3. By their ability to regulate F-actin cytoskeleton remodeling, the Rho GTPases control key steps of nervous system development, including axon outgrowth and guidance4.  
The Rho GTPase activator (RhoGEF) TRIO is a well-established regulator of neuronal development by modulating neuronal migration, axon outgrowth/guidance and synaptogenesis through the activation of the GTPase RAC15–7. The constitutive knock-out of the TRIO gene in the mouse is embryonic lethal and leads to numerous defects in brain organization8. Targeted deletion of TRIO in the hippocampus and the cortex during early mouse embryogenesis results in progressive defects in the learning ability, sociability and motor-coordination in these mice9,10. Together, these data show that TRIO is an essential gene for the development and function of the mammalian nervous system. 
At the molecular level, TRIO’s GEF activity towards RAC1 is carried by the GEFD1 domain, composed of a catalytic DH1 (Dbl-homology) domain and a regulatory PH1 (Pleckstrin-homology) domain, which assists the DH1 domain in its binding to the GTPase11–13. However, how TRIO activity towards RAC1 is regulated in the context of the full-length protein is not yet fully understood. Indeed, in addition to the GEFD1 domain, TRIO includes a second, RHOA-specific, GEF domain and many other protein domains, whose contribution to TRIO function is not well characterised. For example, the spectrin repeat region at the N-terminus of TRIO (hereafter called spectrin domain), has been proposed to participate in intramolecular folding of TRIO, which possibly leads to the inhibition of the catalytic GEFD1 domain14. Different studies have suggested that this intramolecular fold could be released by binding of the spectrin repeats to different proteins such as DISC-1, Kiddins220/ARMS and NAV1 14–16, thus facilitating the access of RAC1 to GEFD1 and thereby promoting RAC1 activation. However, the precise molecular mechanism underlying this intramolecular folding is poorly understood.
Given the importance of TRIO in neurodevelopment, it is not surprising that whole exome sequencing studies have recently identified more than a hundred different de novo mutations in the TRIO gene in distinct cohorts of individuals with heterogeneous NDDs, including ASD and/or ID17–24. We have contributed to establishing TRIO as a novel monogenic cause for NDDs, reporting an important number of de novo mutations in TRIO that fall into two different clusters with two different phenotypic representations (i.e. the spectrin and GEFD1 domains)22,25. The mutations in the 7th spectrin repeat domain (cluster 1) are associated with severe forms of ID and ASD and macrocephaly, and induce RAC1 hyperactivation. Mutations in the RAC1-specific GEFD1 domain (cluster 2) are associated to mild ID and microcephaly, and impair RAC1 activity. We proposed that deregulated modulation of RAC1 activity by TRIO variants may represent a pathogenic mechanism for these diseases. Indeed, depending on the nature of the mutation and the domain targeted, the mutations affect TRIO’s activity towards RAC1 in opposite ways, which in turn causes distinct clinical disorders25. Yet, how these pathogenic TRIO variants affect neurodevelopmental processes such as axon outgrowth and guidance, which are controlled by TRIO and are essential for brain function, has not been investigated so far.
The mutations identified in cluster 1, which hyper-activate RAC1 and are associated with severe NDD and macrocephaly, are of particular interest. They have been found in an important number of unrelated individuals with a similar phenotype, reinforcing the contribution of these specific TRIO variants to the pathology. However, the molecular mechanisms by which this cluster of mutations leads to RAC1 hyperactivation are unknown, as the spectrin domain has no catalytic activity towards RAC1 per se, suggesting that an indirect mechanism is involved. 
Here we report a cohort of 14 individuals carrying a pathogenic TRIO missense variant that allowed us to identify new mutations not only in the spectrin domain, but also in GEFD1, which lead to RAC1 hyperactivation and are associated with severe ID/macrocephaly. By performing conformation predictions coupled with biochemical validation, we propose a model wherein TRIO is inhibited under physiological conditions, and NDD-associated variants relieve this inhibition, explaining how pathogenic variants in the spectrin or GEFD1 domain can lead to RAC1 hyperactivation. In addition, we show that these gain-of-function TRIO variants differentially affect axon outgrowth and growth cone dynamics as compared to the loss-of-function TRIO variants of cluster 2. Interestingly, these gain-of-function TRIO variants similarly alter axon outgrowth/pathfinding in the zebrafish. These data provide the first in vivo evidence of the impact of these pathogenic TRIO variants on neuronal circuit development, and strengthen their potential contribution to the disruption of proper neuronal connectivity in the brain of affected individuals.  
Taken together, our data provide new molecular insights into the regulatory modes of TRIO activity, how these could be disrupted under pathological conditions, and reveal how pathogenic TRIO variants affect key steps of neuronal development such as axon outgrowth/pathfinding. Finally, our current findings refine the phenotype/genotype correlation we had established previously25 and clearly associate TRIO dysfunction to the etiology of these NDDs.  

SUBJECTS, MATERIALS AND METHODS
Identification of pathogenic TRIO variants and patient consent
TRIO gene variants were identified through diagnostic clinical practice either through panel, exome, or genome testing. Variants were reported according to standardized nomenclature defined by the reference human genome GRCh37 (hg19) and TRIO transcript GenBank: NM_007118. None of the missense variants were listed in gnomAD.
Patient consent for participation and phenotyping was obtained through the referring clinical team. Consent and collection of information conformed to the recognized standards of the Declaration of Helsinki. 
Molecular modelling of TRIO domains
Modelling of the TRIO/RAC1 complex was undertaken by using (1) a structural model of the TRIO  fragment 894-1587 made by AlphaFold26. Complex (2) was modeled with the crystal structures of DH1 (PDB: 1NTY) and the complex with RAC1 (PDB: 1KZ7). The complex of the TRIO fragment 894-1587 with the small GTPase substrate RAC1 was obtained by superposition of DH1 domain from model (1) and (2). Figures of the protein structures were generated with PyMol. 
For the TRIO modelling in Figures 2 and 3, we used the Drosophila TRIO (isoform A) structure prediction, available in the AlphaFold Protein Structure Database. Blue regions indicate a very high model confidence index (per-residue confidence score (pLDDT)>90), cyan indicate a high confident index (90>pLDDT>70), yellow indicate a low confidence index (70>pLDDT>50) and orange indicate a very low confidence index (pLDDT<50). This conformation prediction is freely available on https://alphafold.ebi.ac.uk.  


Plasmids, DNA constructs 
[bookmark: _Hlk103065333]The pEGFP-TRIO and pEGFP-TRIO GEF-dead constructs have been described previously16,27. All missense and non-sense mutants were generated with the QuikChange Site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer’s instructions, using appropriate primers. The double mutant R1078W-GEFdead (GD) was generated by introducing Q1427A and L1435E mutations into GEFD1, using the same QuikChange Site-directed mutagenesis kit. Primer sequences are available upon request, and all constructs were verified by sequencing. The pLifeact-mTurquoise (Lifeact-Tq) plasmid was kindly provided by J. Goedhart (University of Amsterdam, The Netherlands). 
Antibodies
List of all primary antibodies used: for immunoblotting, phospho-Ser144 PAK antibody (rabbit; Cell Signaling, #2606S, 1/1000), PAK1 antibody (mouse; Santa Cruz sc-166887, 1/1000), GFP antibody (rabbit; Torrey Pines Biolabs, #TP401, 1/3000), RAC1 antibody (mouse; BD Biosciences 610651, 1/1000); for immunocytochemistry, anti-GFP (chicken, Aves Labs, 1/1000), anti-MAP-2 (Santa Cruz, 1/500). List of all secondary antibodies used: Dylight Rabbit 680 (Thermo Fisher Scientific, 35568), Dylight Mouse 800 (Thermo Fisher Scientific, SA5-35521), Alexa Fluor 488 anti-chicken (Thermo Fisher Scientific, A11039), Alexa Fluor 633 anti-mouse (Thermo Fisher Scientific, A21050), Phalloidin TRITC (Sigma-Aldrich, P1951, 1/40 000), Hoechst (Sigma-Aldrich, B2261, 1/50 000). 
Cell culture, transfection and immunoblot analysis of Phospho-PAK amounts
HEK293T and N1E-115 neuroblastoma cell lines were obtained from ATCC and were regularly tested for mycoplasma contamination by PCR. Cells were cultured and transfected as described in25. Immunoblot analysis for quantification of Phospho-PAK levels were also performed as described in25, as was the quantification of lamellipodia in N1E-115 cells.
RAC1N17 Binding Assay
The TRIO-RACN17 binding assays were performed as described in25. Briefly, HEK293T cells were co-transfected with the indicated biotinylated GFP-TRIO or GFP-GEFD1 variants and a pLXSN-Myc-RAC1N17 plasmid. We used the RAC1N17 construct, which is a dominant negative form of RAC1 that mimics the GDP-bound form of the GTPase and thus binds the GEF with higher affinity than WT RAC1. 48h post transfection, cells were lysed (for lysis buffer see 25). TRIO was pulled down with Streptavidin Dynabeads (Dynabeads M-280 Streptavidin Invitrogen), and co-precipitating RAC1N17 was detected by immunoblotting with a RAC1 antibody. Total cell lysates were analyzed with RAC1 and GFP antibodies.
Streptavidin-based pull-down assays
Protein extract preparation and pull-down experiments were carried out as described 16. Briefly, HEK293T cells were transfected with biotinylated TRIO constructs (bGFP, bGFP-Spectrin Repeat (SR) wt or bGFP-Spectrin Repeat (SR) R1078W) together with GFP-tagged TRIO (or GFP alone as control). 48h post transfection, cells were lysed, and the biotinylated proteins were pulled-down with streptavidin Dynabeads. After extensive washing, interacting proteins were resolved by SDS-PAGE and immunoblotted with an anti-GFP antibody. 
Animal care and maintenance
Wild-type RjOrl:Swiss pregnant female mice (Janvier Labs, St Berthevin, France), used for generating E17.5 embryos for primary cultures of hippocampal neurons, were housed at the animal house facility of the Institut de Génétique Moléculaire de Montpellier (Montpellier, France). Animals had a libitum access to food and water, with 12h-light-dark cycle. The mouse facility has been approved by the Département des pratiques de recherche réglementées " Animaux à des fins scientifiques" – AFiS, under the approval number F3417216.
Zebrafish embryos (Danio rerio) were obtained from natural spawning of Tg (HuC:GAL4)28 transgenic fish. All embryos were maintained at 28°C in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.00001% (w/v) Methylene Blue) and staged by hours post-fertilisation (hpf) and gross morphology according to29. To prevent pigment formation, 0.2 mM of 1-phenyl-2-thiourea (PTU, Sigma) was added to the E3 media from 24 hours post-fertilisation (hpf) onwards. All experiments were made in agreement with the European Directive 210/63/EU on the protection of animals used for scientific purposes, and the French application decree ‘Décret 2013-118’. The fish facility has been approved by the French ‘Service for animal protection and health’, with the approval number A-75-05-25. Zebrafish experiments were conducted on embryos/larvae younger than 5 days post-fertilization, which are capable of independent feeding and are not protected by ethical statements. In the zebrafish, sexual determination is influenced by genetic and environmental factors and occurs between 21–23 days post fertilization. Prior, all zebrafish develop ovary-like gonads, regardless of their chromosomal background. Accordingly, our functional analysis of motor neuron axon pathfinding in 72-hpf transgenic larvae have been be conducted under gender-free consideration. 
Generation of UAS-TRIO-GFP-CAAX constructs and transient transgenesis in the zebrafish
cDNAs encoding human WT or pathogenic variants of TRIO (R1078Q, R1078W and R1428Q) and a T2A cleavable peptide fused to a membrane-targeted GFP (T2A-GFP-CAAX) were PCR amplify from pEGFP-TRIO plasmids, using the CloneAmp HiFi PCR Premix (Ozyme, France) and the following primers:
- TRIO_FOR : 5’-tcttctcagcgtaaagccac CATGAAAGCTATGGATGTTTTAC-3’
- TRIO_REV : 5’- ctccgccgccAACTCTAGGCAGAAGCCTG-3’
Each TRIO cDNA was subsequently cloned in fusion with a T2A-GFP-CAAX cDNA (synthesized by GeneCust, France) in a Nhe-I linearized pUAS:ubc-pA backbone containing a 14xUAS-E1b promoter, a UbC intron and tol1 sites30 (kind gift of the Del Bene lab, Institut de la Vision, Paris), using the NEBuilder® HiFi DNA Assembly Cloning kit (New England Biolabs, UK). 
Mosaic expression of WT or pathogenic variants of TRIO in zebrafish developing motor neurons was achieved by injecting 1-cell stage Tg(HuC:GAL4) transgenic embryos with a solution containing 40 ng/l of UAS:TRIO-T2A-GFP-CAAX plasmids and 40 ng/l of Tol1 transposase mRNAs. Injected larvae were screened and sorted at 48hpf for normal trunk development and GFP expression in motor neurons and then fixed at 72-hfp for analysis. Due to the low efficiency of transient transgenesis with the UAS:TRIO-T2A-GFP-CAAX constructs and the high degree of mosaicism in SMN-targeted TRIO expression in transgenic embryos, we chose to inject more than 200 one-cell stage embryos with each TRIO construct to get more than 50 GFP+ SMNs - from at least 20 larvae - per TRIO variant for robust statistical analyses.
In toto immunolabelling on zebrafish larvae
Zebrafish transgenic embryos were fixed at 72 hfp in PBS/4% paraformaldehyde for 2 hours at room temperature, washed 3 times with PBST 1% (1% Triton X-100 in PBS) and permeabilised for 14 min with a 0.25% trypsin solution (Gibco) at 25°C. Embryos were then blocked for two hours in PBST 1% supplemented with 10% normal goat serum and incubated overnight at 4C with Zn-5 (1/150; ZIRC, University of Oregon) and GFP (1/1000; Molecular Probes) antibodies diluted in PBST 1%/1% normal goat serum. After several washes in PBST 1%, embryos were incubated overnight at 4°C with the appropriate secondary antibody (Alexa Fluor 488 and 555 at 1/1000, Molecular Probes). Images were acquired using a fluorescence microscope equipped with an Apotome module (Zeiss, Axiovert 200M), a 20x objective (NA 0.5), the AxioCam MRm camera (Zeiss) and the Axiovision software (Zeiss). Images were processed with the NIH Image J software. Each figure panel corresponds to a projection image from a z-stack of 2-m sections.Quantification of the impact of TRIO variant overexpression on ventrally-projecting CaP-like axons was performed by measuring the length of GFP+ axons (i.e. from their spinal cord exit point to their distal tip) normalized to the length of non-transgenic neurons (i.e. GFP negative and zn-5 positive axons). 
Primary neuronal culture and transfection and reagents
Hippocampal neurons from E17,5 mice embryos were dissociated mechanically and plated on Poly-L-Ornithine (0,25mg/ml)-coated coverslips in 6-well dishes at a density of 250,000 cells/well (adapted from 31). Neurons were transfected at DIV1 with cDNA constructs as indicated, using Lipofectamine 2000 transfection reagent (Thermofisher) according to manufacturer’s instructions. During transfection, neurons were placed into Neurobasal medium (Gibco) supplemented with B27 (Gibco, 1x), Glutamax (Gibco, 1x), Penicillin/Streptomycin (5µg/ml). After transfection, the medium was replaced by the conditioned medium (containing glucose). 
In vitro Immunolabelling and quantification
Hippocampal neurons (DIV3) were fixed with 4% paraformaldehyde/4% sucrose in PBS for 10min and permeabilized in 0.15% Triton-X100/PBS for 3 minutes. Immunostaining was performed with the indicated primary antibodies and the corresponding Alexa Fluor 488 or 633-congugated secondary antibodies (Thermo Fisher Scientific). All coverslips were mounted with the Prolong Gold Antifade reagent (Invitrogen). 
For neurite morphology quantifications, images were acquired using a fluorescence microscope (Zeiss Axioimager Z2) and a 20x objective (NA 0.8). We considered as a neurite the processes with a length at least equal to the diameter of the soma, and we measured the length of the longest neurite of each single neuron. For the quantification of neurite branching, we counted the number of MAP-2-positive collaterals emerging from a single neurite, among all the neurites emerging from the soma. The quantification of the growth cone perimeter and the number of filopodia in the growth cone were assessed by actin staining (phalloidin), and were done using the ImageJ software. 
For growth cone shape representation, growth cones ROIs were plotted using the “Growth-Cone-Visualizer” ImageJ macro (Github.com/Montpellier Ressources Imagerie).
Live-imaging and quantification
Hippocampal neurons were plated in IBIDI glass-bottom dishes at the density of 150,000 cells/well. Neurons were co-transfected (DIV1) with TRIO constructs and Lifeact-Tq, and video-microscopy was performed at DIV3 by using a Spinning Disk Nikon TI Andor CSU-X1, equipped with a 100x objective (NA 1.45). To visualise F-actin dynamics, Lifeact-Tq in co-transfected neuronal growth cones was imaged during 2 minutes (2 images/second). Filopodia extension and retraction events were quantified by manual tracking and characterized by a forward or backward movement, respectively, that progresses during at least two consecutive frames without pauses. 
Statistical analysis 
[bookmark: OLE_LINK3]Statistical analyses for immunoblots of phospho-PAK levels (Figures 1-3), TRIO/RAC pulldown (Figure 3) and Spectrin/TRIO co-pulldown assays (Suppl Figure 1) were made by non-parametric One-way ANOVA, Kruskal-Wallis test and Dunns’ post-test. Asterisks indicate datasets significantly different from WT (*p < 0.05, **p < 0.01, ***p < 0.001). All data were obtained from at least 5 independent experiments and are shown as mean ± S.E.M.
Statistical analyses of neuronal morphology changes were made by One-way ANOVA, Dunnett test (*p≤0.05; **p≤0.01; ***p≤0.001). Data were obtained from at least 5 independent experiments of neuronal cultures: a total of 77 GFP, 78 TRIO-WT, 44 TRIO-R1078W, 61 TRIO-R1078Q, 45 TRIO-E1299K and 55 TRIO-R1428Q expressing neurons were analysed. Statistical analyses of actin dynamics were made by One-way ANOVA, Dunnett test (*p≤0.05; **p≤0.01; ***p≤0.001). Data were obtained from a total of 28 GFP, 26 TRIO-WT, 15 TRIO-R1078W, 27 TRIO-R1078Q, 11 TRIO-E1299K and 26 TRIO-R1428Q expressing neurons.
For the zebrafish studies: All data were obtained from at least three independent experiments. Morphometric analyses and quantifications were blindly done (no randomization was used). For SMN neurons: a total of 219 WT, 55 R1078W, 156 R1078Q and 118 R1428Q positive SMNs were included in these quantifications. For CAP-like neurons: quantifications were carried out on 71 TRIO-WT, 34 TRIO-R1078W, 113 TRIO-R1078Q and 63 TRIO-R1078W CaP-like neurons observed in 29, 15, 23 and 30 transgenic embryos respectively. The statistical significance of the data was evaluated using in the non-parametric Kruskal–Wallis ANOVA test with Dunn’s post-test when comparing more than two groups assuming non-Gaussian distribution. Data distribution was tested for normality using the D’Agostino and Pearson normality test. The Chi-square test (χ2 test) was used to assess the statistical distribution of the motor neuron phenotypes observed between the different TRIO constructs. All Statistical analyses were performed using GraphPad Prism 5.00 (GraphPad Software, San Diego, CA). 

RESULTS
Identification of new TRIO variants associated to severe NDD and causing RAC1 hyperactivation
TRIO variants clustering in the spectrin domain (cluster 1) are of particular interest as they are associated to severe NDD and macrocephaly in a recurrent number of unrelated individuals, and lead to hyperactivation of RAC125. We therefore aimed to identify new variants in the TRIO gene that could reinforce this genotype/phenotype correlation. To this end, we analysed the clinical phenotype of a new set of individuals carrying a confirmed pathogenic de novo missense variant in the TRIO gene and presenting with neurodevelopmental delay. The mutations were clustered into three main groups. The variants of the first group (individuals 1 to 8) target five adjacent amino acids that are highly conserved across evolution and fall within the cluster 1 variants we previously identified25 (Figure 1A, Supplementary Figure 1A and Table 1). Of note, T1075I and R1078W variants had already been found in patients in our previous study. Arg1078 is to date the most frequently found mutated amino acid in TRIO in individuals with NDDs, with 12 unrelated patients harbouring this mutation, including 4 in this cohort. Within group 1, we delineate a consistent phenotype of severe intellectual disability and macrocephaly, confirming the phenotype/genotype correlation that we established previously (Table 1 and 25). 
A second group of mutations, comprising variants identified in patients 9 to 11 (Leu1124Ser, Val1141Met and Glu1159Lys), all lie on an -helix immediately adjacent to the -helix targeted by group 1 mutations and also affect highly conserved residues (Supplementary Figure 1A). In contrast to group 1 individuals, the clinical features of these individuals are more heterogeneous (Figure 1A and Table 1). 
A third group of individuals (12-14) carry missense mutations on conserved residues within the RAC1-activating GEFD1 domain (Supplementary Figure 1B). Variants Asp1368Val, His1371Tyr have already been described elsewhere23,32. The GEFD1 domain has previously been identified as a mutational hotspot in TRIO22,23,25,33. Of note, most of the mutations within this domain, with the notable exception of Asp1368Val, were so far described as loss-of-function variants, leading to decreased GEFD1-mediated RAC1 activation and were associated to microcephaly and milder ID in patients. In contrast, the three variants listed here (Asp1368Val, His1371Tyr and Gly1448Arg) are located outside the -helices (1, 5,  known to be important for making direct contact with the RAC1 GTPase and hence for activating RAC1 (Supplementary Figure 1B). Intriguingly, the phenotypes of the patients carrying these three variants are more severe and associated to macrocephaly, resembling the phenotype of cluster 1 patients (Figure 1A and Table 1).
We next tested the effects of all the newly identified variants on the main known function of TRIO, i.e. activation of the RAC1 signalling pathway. To do so, we monitored the effect of the different TRIO mutants on the phosphorylation levels of PAK1 as a readout of RAC1 activation, as described previously25. As shown in Figure 1B and C, all the variants in group 1 led to hyper-phosphorylation of PAK1. This is in line with the results we obtained previously, and significantly expands the number of variants found in cluster 1 and associated with a severe phenotype and macrocephaly in patients. Surprisingly, RAC1 hyperactivation was also observed in cells expressing the Leu1124Ser variant, which is also located in the spectrin domain, but further downstream in the sequence. In contrast, the two other variants within this group (Val1141Met and Glu1159Lys) had no effect on RAC1 activation as compared to WT TRIO (Figure 1B and C). Of note, none of the variants within group 2 are associated to macrocephaly in patients. The last group of variants, targeting the GEFD1 domain, all fell within cluster 2,  wherein most of the variants had previously been shown to negatively affect RAC1 activity, like for example variants E1299K and R1428Q25. In contrast, the mutants Asp1368Val, His1371Tyr and Gly1448Arg all led to PAK hyperphosphorylation (Figure 1B and C). Interestingly, all three individuals also presented with severe ID and macrocephaly, similarly to the patients in group 1, whose variants also caused RAC1 hyperactivation.
In conclusion, we have identified a number of new variants over-activating RAC1, not only in the previously described cluster 1, but also in other regions of the TRIO sequence. Most of the cases were associated with severe developmental delay and macrocephaly (Table 1), which reinforces the previously established genotype/phenotype correlation, and the association of TRIO dysfunction to the etiology of these NDDs. 

Intramolecular interactions within the TRIO spectrin domain prevent TRIO-induced RAC1 activation, and these are disrupted by cluster 1 pathogenic variants
Given the increasing importance of these activating TRIO variants for NDD pathology, we sought to better understand how they affect TRIO activity at the molecular level. We were intrigued to understand how the mutations in cluster 1 led to a RAC1 hyperactivation, although the spectrin repeat domain has no catalytic GEF activity per se. To test whether this overactivation of RAC1 was dependent on the GEFD1 activity of TRIO, we introduced a GEF-dead mutation in the R1078W variant (TRIO-R1078W-GEF dead) and measured its ability to activate RAC1. As shown in Figure 2A, the mutation abolishing GEFD1 activity completely abrogated PAK1 hyper-phosphorylation induced by TRIO-R1078W, demonstrating that the observed overactivation of RAC1 was mediated by, and required a functional GEFD1 domain.
We further noticed that, in the pathogenic mutations affecting residue R1078, the basic Arginine amino acid was systematically replaced by non-basic amino acids, such as a Glutamine (R1078Q), a Tryptophan (R1078W) or a Glycine (R1078G)25. We therefore speculated whether the Arginine as such was important for normal RAC1 activation by TRIO, or whether it was its positive charge that was particularly important. We thus generated several artificial TRIO variants and assessed their ability to activate RAC1 by monitoring PAK1 phosphorylation levels (Figure 2B) and lamellipodia formation in N1E-115 cells (Supplementary Figure 1C), which represents another, cellular readout for RAC1 activation25. We showed that all the artificial mutants induced increased RAC1 activation and lamellipodia formation, except for the only positively charged R1078K mutant, which activated RAC1 and lamellipodia formation to similar levels as did WT TRIO. These data indicate that the positive charge associated to the Arginine is important for a normal TRIO-mediated RAC1 activation.
To further study the molecular mechanisms underlying the contribution of the spectrin domain to TRIO function, we turned to structural modelling. Thanks to recent progress in structure prediction achieved with the AlphaFold software26, we could further deepen our prediction of the TRIO conformation. Due to the large size of the TRIO protein, the only TRIO sequence available so far in the AlphaFold Protein Structure Database is the Drosophila TRIO sequence. Nevertheless, as illustrated in Supplementary Figure 1A-B, the sequence of TRIO is highly conserved between these two species, especially in the regions of interest to our study (40% overall identity, >60% identity in the GEFD1 domain). Using the Alphafold prediction tool, we first confirmed that each spectrin repeat is formed by a bundle of three entangled -helices, as we had proposed previously25, and that together, these 8 repeats of triple-helices seem to form a ring surrounding the GEFD1 and GEFD2 domains, which are grouped in the centre of the structure (Figure 2C).
The software further predicted that the 5 amino acids of cluster 1 are all located on the second helix of the triplet in the 7th spectrin repeat. Interestingly, the software predicted several interactions between them, most notably the tight bond between the R1078 and the T1075 residues, the latter being located only one helix-turn away (Figure 2D). Given that these amino acids, when mutated in patients, led to a similar phenotype and to RAC1 hyperactivation, this supports the hypothesis that disrupting the interaction between these amino acids would have strong consequences on the three-dimensional structure of spectrin 7 repeat, and thus on TRIO function. 
In addition to the intra-helical interaction R1078/T1075, the AlphaFold software also predicted that the positively charged R1078 most likely forms an ionic bond with the negatively charged Glutamic acid E1120, located on the adjacent third helix of the same bundle of helices (Figure 2D). It is noteworthy that the E1120 residue in turn makes close contact with the L1124 residue in the same -helix (Figure 2E), which has been found mutated in patient 9 presenting with a severe phenotype, and which also led to RAC1 hyperactivation (Figure 1B and C). This reinforces the importance of the interaction between the 2nd and the 3rd helix in the helix-bundle. We suspected that disruption of the ionic bond between R1078 and E1120 by mutations would lead to the de-structuring of the helix bundle and thus of the whole 7th spectrin repeat. To test this hypothesis, we assessed the effect on TRIO-mediated RAC1 activation of artificial mutants of both amino acids, with the positively charged R1078 changed into a Glutamic acid (R1078E), and the negatively charged E1120 into an Arginine (E1120R). Figure 2F-G shows that, as expected, the R1078E variant strongly induced RAC activation. Interestingly, the E1120R variant also strongly over-activated RAC1, to the same extent as the R1078W mutant, suggesting that the change made in this residue contributed to the de-structuring of the helices. We then reasoned that we could restore the ionic bond, and hence the normal RAC activity, by swapping both charges in the same construct. We thus generated the double mutant R1078E/E1120R and showed in our PAK phosphorylation assays that this double mutant completely restored RAC1 activation to normal, wildtype levels (Figure 2F-G). These findings demonstrate that the strong ionic bond between R1078 and E1120 is crucial for a proper folding of the spectrin 7 helix-bundle, and thus for proper TRIO-mediated RAC activation.

[bookmark: _GoBack]Molecular mechanisms by which pathogenic variants targeting either 7th spectrin domain or GEFD1 residues increase TRIO activity
By superimposing the conformational prediction of the 7th spectrin repeat/GEFD1 provided by AlphaFold and the known crystal structure of the GEFD1 domain in complex with RAC112, we found that the DH1 domain, consisting mainly of 6 -helices, was located in close proximity to the 2nd helix of Spectrin 7, carrying amino acids L1071 to R1078 (Figure 3A, red residues). Interestingly, the residues of DH1 facing this spectrin helix (Figure 3A, purple residues) were precisely those found mutated in patients with severe ID and causing RAC1 hyperactivation (i.e. D1368V, H1371Y and G1448R). Intriguingly, these variants are situated at the opposite of the GTPase binding region, suggesting that they are not directly involved in GTPase binding and activation. This contrasted with our previously identified variants in DH1 (E1299K, R1428Q, P1461T and H1469R), leading to RAC hypoactivation and associated with microcephaly, which were all located at the interface with the GTPase in helices 1, 5, and 6 (Figure 3A, blue residues). We had shown earlier that these variants were all affected in their ability to bind RAC1 and hence to activate it25. 
The observation that DH1 residues D1368, H1371 and G1448 were facing spectrin 7 residues L1071 to R1078, suggested an interaction between DH1 and spectrin repeat 7 (Figure 3A). This prediction is consistent with the previously reported interaction between spectrin domains and GEFD114. We also found that the isolated TRIO spectrin repeats (SR) interact with the full-length TRIO protein (Supp Figure 1D). Interestingly, this interaction was significantly reduced when using the isolated spectrin repeats harboring the R1078W mutation, in line with our hypothesis of an intramolecular folding of TRIO that would be disrupted by mutations. By analysing the conformational prediction of the whole spectrin domain with the GEFD1 in complex with RAC1, we realised that the 8 spectrin repeats form a ring around the GEFD1 domain, preventing RAC1 access to the GEFD1 (Figure 3B, RAC1 in turquoise). We therefore hypothesized that, when the interaction between DH1 and the 7th spectrin repeat is disrupted by mutations, this would lead to unfolding of the whole spectrin domain ring, allowing for better access of DH1 to the GTPase. We reasoned that, when introduced in the isolated GEFD1 domain alone, the activating mutations would bind and activate RAC1 like WT TRIO does, without hyperactivation. To address this point, we tested the ability of the D1368V, H1371Y and G1448R mutations in the isolated GEFD1 domain to bind and activate RAC1. We had shown previously that TRIO variants at the interface with RAC1 did not bind RACN17 and were therefore defective in RAC1 activation25. As predicted, all three variants D1368V, H1371Y and G1448R bound RACN17 as WT GEFD1 did (Figure 3C and D), while the same variants in the context of the full-length protein showed increased RACN17 binding in comparison with WT TRIO (Figure 3E and F). Consistent with this result, all three variants in the GEDF1 context activated RAC1 only to wildtype levels (Figure 3G and H). This result confirmed that the effect of these variants in the full-length TRIO protein (Figure 1C) was dependent on the spectrin domain and could be due to disruption of the binding between DH1 and spectrin 7.
Based on these data, we propose a model wherein pathogenic variants targeting either the 7th spectrin domain or the DH1 residues relieve the autoinhibition of TRIO by disrupting the DH1-spectrin interaction, leading to the unfolding of the whole spectrin ring, which in turn allows full access to the GTPase. This model proposes an explanation as to how the pathogenic TRIO variants lead to RAC1 hyperactivation (Figure 3I). 
TRIO variants with opposite effect on RAC1 activation differentially impact TRIO-induced neurite development in vitro 
TRIO is a well-established regulator of axon outgrowth and guidance via RAC1 activation, yet the impact of pathogenic TRIO variants on these neurodevelopmental processes is still unknown. To explore this, we investigated whether expression of pathogenic variants in cultured primary neurons affected neurite outgrowth, a process positively regulated by RAC134. We focused our study on two mutants from cluster 1 (TRIO-R1078W and -R1078Q) known to over-activate RAC1, and compared their effects to those of two mutants from cluster 2 (TRIO-E1299K and -R1428Q), which are defective in RAC1 activation25. The different GFP-tagged TRIO constructs were transfected into primary hippocampal neurons at DIV1 (Days in Vitro), and neurite length was measured at DIV3 (Figure 4). As described earlier, the expression of TRIO-WT promoted RAC1-dependent neurite outgrowth35. Expression of both TRIO-E1299K and TRIO-R1428Q (cluster 2 variants) resulted in reduction of neurite outgrowth, which was expected, given that these variants are defective in RAC1 activation. Surprisingly, we found that TRIO variants R1078W/Q also led to reduced axon outgrowth, although they over-activate RAC1. By monitoring the presence of F-actin cytoskeleton structures in the neurons, using phalloidin staining, we noticed along the neurites of the TRIO-R1078W/Q-expressing neurons the presence of numerous lamellipodia, which were almost absent in neurons expressing TRIO-WT or TRIO variants R1428Q/E1299K (Figure 4B and D). The presence of these aberrant lamellipodia in neurites was consistent with the enhanced RAC1 activation promoted by these variants, as RAC1 is known to promote the formation of these specific F-actin structures25.
Interestingly, we also observed that only neurons expressing cluster 2 variants presented an increase in neurite branching (Figure 4C and D).  Of note, cluster 1 and 2 variants did not have any impact on the formation of neurites emerging from the soma, as the number of total neurites was not different between control neurons and neurons expressing the TRIO variants R1078W/Q or R1428Q/E1299K (Supplementary Figure 2A). 
Combined, our data show that the TRIO variants of clusters 1 and 2, which affect RAC1 activation in opposite ways, differentially impact on neuronal morphology. The expression of TRIO variants of cluster 1 impairs neurite outgrowth probably by an excessive induction of F-actin-based lamellipodia along the neurite, thus preventing normal neurite outgrowth. In contrast, expression of cluster 2 variants induces neurite branching, and slightly reduces neurite outgrowth, most likely due to their deficiency in promoting adequate F-actin remodeling because of impaired RAC1 activation. 

TRIO variants of clusters 1 and 2 differentially affect growth cone morphology and dynamics 
Axon outgrowth and guidance is driven by the growth cone at the tip of the axon, which integrates the signals of extracellular guidance cues and translates them into signaling pathways leading to cytoskeletal remodeling, which in turn promotes shape changes and movement3. Given the importance of RAC1 activity in growth cone dynamics, we analyzed the morphology and the dynamics of the growth cones following expression of the TRIO variants in primary neurons. The growth cone perimeter of the TRIO-R1078W-expressing hippocampal neurons, and to a lesser extent that of TRIO-R1078Q-expressing cells, increased dramatically compared to TRIO-WT expressing growth cones. In contrast, the expression of cluster 2 variants led to a reduction of the growth cone size (Figure 5A, B and C). In addition, we noticed that the number of filopodia increased in the TRIO-R1078W and TRIO-R1078Q expressing growth cones (Supplementary Figure 2B). However, given that the number of filopodia is strictly correlated to the size of the growth cone, we found that the number of filopodia relative to the growth cone surface was unchanged in the different conditions (Supplementary Figure 2C). 
We subsequently monitored the effect of TRIO variants on filopodia dynamics, by performing live-imaging microscopy on axonal growth cones of neurons co-expressing GFP-TRIO variants and the F-actin reporter Lifeact-Tq (Figure 5D and E). The expression of TRIO-WT led to an increase in the number of both filopodia extensions and retractions, which is consistent with a normal RAC1 activation. In contrast, neurons expressing cluster 2 variants presented a strong reduction in the number of both filopodia extensions and retractions, which reflects a reduced F-actin turnover due to deficient RAC1 activation. Interestingly, while we observed a strong increase in the number of filopodia extensions following expression of TRIO variants of cluster 1 as compared to TRIO-WT, we observed no change in the number of retractions, suggesting that TRIO-R1078W/Q overexpression triggers a robust elongation or stabilization of F-actin bundles in filopodia. Based on these data, we conclude that TRIO variants of clusters 1 and 2 affect F-actin turnover in different ways, leading to distinct defects in growth cone morphology and dynamics. 

TRIO variants of cluster 1 and 2 differentially affect TRIO-regulated axon development in vivo 
We investigated whether the expression of these TRIO variants impacted neuronal development in vivo, in the zebrafish Danio Rerio. To this end, we chose to focus on the zebrafish motor system, based on the following rationale: i) TRIO plays an essential role in motoneuron axon outgrowth and pathfinding in invertebrate models, through RAC1 activation14,36; ii) zebrafish spinal motor neuron (SMN) projections have been well characterized and develop in a highly stereotyped manner, making the detection of connectivity defects relatively easy (Figure 6A); iii) finally, we have successfully used an equivalent strategy to characterize the pathogenic impact of glycine receptor variants found in patients with ASD37.
To analyze the impact of key TRIO mutations identified in cluster 1 and 2 on spinal motor neuron morphology at a single neuron scale in vivo, we used the UAS/GAL4 system and conduct transient transgenesis experiments. To this aim, human WT and mutated TRIO cDNAs were cloned under a 14UAS promoter and fused via a T2A cleavable peptide to a membrane-targeted GFP, a strategy allowing the visualization of the whole morphology of TRIO-expressing neurons. These constructs were then injected in the Tg(HuC:GAL4) driver line to drive mosaic expression of TRIO variants in spinal motor neurons. The impact of TRIO WT and pathogenic variants on SMN axon outgrowth and pathfinding was analyzed in 72-hpf transgenic larvae immunolabeled with GFP and Zn5 antibodies to label TRIO-expressing versus non-expressing SMNs, respectively. While 80% of TRIO-WT-GFP expressing SMNs developed normally compared to GFP-negative SMNs, this number was decreased to 55% and 40% for SMNs expressing TRIO-R1078W and TRIO-R1078Q, respectively. The percentage of motor neurons showing normal axon targeting was even more reduced for the cluster 2 TRIO-R1428Q variant (Figure 6B). By looking more carefully at their morphology, we noticed that cluster 1 expressing SMNs mainly displayed shorter axons as compared to TRIO WT-expressing SMNs, while R1428Q-expressing neurons exhibited both short and hyperbranched axons (Figure 6C). To refine our characterization of the impact of human TRIO variants on SMN axon outgrowth and targeting, we focused our analysis on one SMN subtype, the CaP-like neurons, whose low-complexity, ventrally-projecting axons are easy to track (Figure 6A and D). Axon outgrowth of CaP-like neurons was significantly impaired following expression of variants of both clusters, with the TRIO-R1078W-expressing neurons presenting the shortest axons (Figure 6D, E and F). In contrast, expression of TRIO-R1428Q in CaP-like neurons significantly increased the number of axon branches, compared to TRIO-R1078W, TRIO-R1078Q and TRIO-WT expression (Figure 6D, G). Notably, about 40% of the TRIO-R1428Q-expressing CaP-like neurons exhibited more than two supernumerary branches, compared to TRIO-R1078W (3%), TRIO-R1078Q (22%) and TRIO-WT (4%) expressing neurons (Figure 6D and H). 
Altogether, these data show that TRIO variants of both clusters, which have opposite effects on RAC1 activity, differentially affect axon outgrowth/targeting in vivo in a vertebrate model. Interestingly, the axonal defects associated with pathogenic TRIO variant expression in the zebrafish SMNs strikingly mimic those described in murine hippocampal neurons. This study therefore provides the first in vivo evidence of the impact of pathogenic TRIO gain- and loss-of-function variants on vertebrate neuronal development and strengthens their potential contribution to the disruption of neuronal connectivity in the brain of affected individuals.  


DISCUSSION 
NDDs are complex disorders with large genetic components, but despite intensive efforts, our understanding of the contribution of monogenic mutations in the etiology of the diseases remains elusive. We have previously identified a number of variants in the TRIO gene that all fall into cluster 1 and cause RAC1 hyperactivation. These mutations are of particular interest as they are gain-of-function mutations associated with severe developmental delay, and are the most recurrent variants found in individuals with TRIO disorders25. 
TRIO disorders belong to the expanding family of RAC-related neurodevelopmental diseases38 that have attracted a growing interest, due to the central role of RAC signaling pathways in brain development. They include pathogenic variations in the RAC1 and RAC3 genes themselves, but also in genes encoding either RAC effectors such as PAK1 and PAK3, or more recently regulators of RAC such as TRIO38.  Similar to TRIO, activating gain-of-function mutations have been also identified in PAK1 and are associated with severe neurodevelopmental delay39,40. These findings suggest that gain-of-function mutations associated to RAC1 overactivation represent a general pathogenic mechanism shared by this group of RAC-related neurodevelopmental disorders. They also reinforce the needs to investigate how these novel gain-of-function mutations disrupt the control of TRIO activity, and how they impact on neuronal development. 
New molecular insights on how TRIO activating mutations perturb the regulation of TRIO activity came from our analysis of new TRIO variants associated with neurodevelopmental disorders. Indeed, we report here an important number of new variants leading to RAC hyperactivation and associated with severe ID. Some of these de novo variations target previously identified recurrent mutations of cluster 1, as expected, but we also identified new amino acids in the same spectrin -helix targeted by mutations (5 amino acids in total, from 1071 to 1078).  Combined with our previous study, it is noteworthy that so far, 17 unrelated individuals with variants in cluster 1 have been identified. Most of the patients carrying these variants present with macrocephaly, reinforcing the phenotype/genotype correlation we had made previously25 and confirming the contribution of cluster 1 variants to the pathogenicity of severe TRIO-associated NDDs. Surprisingly, among the RAC1-activating mutations associated to macrocephaly in patients, we also found mutations in GEFD1. It should be noted that most of the previously reported mutations in GEFD1 had been shown to impair RAC activation and to be associated to microcephaly22,23,25. In our study, the in-depth analysis of these activating NDD-associated TRIO variants has served unravelling and proposing a novel mechanism for the auto-inhibition of TRIO activity, which would be released by pathogenic mutations. Indeed, the molecular mechanism by which TRIO variants from cluster 1 lead to RAC1 overactivation was intriguing, since the spectrin repeats had no catalytic activity towards RAC1 per se. We show here that the TRIO GEF activity is required for TRIO-R1078W variant induced overactivation of RAC1. This result excludes the possibility that the TRIO-R1078W variant promotes the recruitment and activation of another RAC1 regulator that would lead to RAC1 overactivation. This suggests that TRIO-R1078W over-activates RAC1 via the disruption of TRIO folding, which in turn may facilitate the access to RAC1. 
Combined, the data presented here allow us to propose a working model that would explain how the different mutations identified in patients with severe condition could lead to hyperactivation of RAC1 (Figure 3I). We propose that under physiological conditions, there is a tightly controlled regulation of TRIO GEF activity by the spectrin repeats that form a ring surrounding the GEFD1. This molecular interaction between the 7th spectrin domain and GEFD1 would prevent the latter from binding and activating RAC1. This is mediated by the 7th spectrin domain with R1078 playing a dual central role. On one hand, R1078 is engaged in the stabilization of the 7th spectrin repeat, most probably by making a strong electrostatic interaction with E1120 in the adjacent -helix of the repeat. On the other hand, R1078 is in close proximity to and most likely interacts with residues in DH1. Further experiments are required to validate this specific interaction. Importantly, the fact that R1078 plays such a crucial role in the control of TRIO folding is consistent with the observation that this amino acid is the most recurrently targeted by mutation in TRIO patients.  
When these residues are mutated in pathological conditions, whether in the spectrin stretch or in the DH1 residues, the folding of the spectrin ring structure would be released, allowing for better access of DH1 to RAC1, and thus leading to uncontrolled hyperactivation of RAC1 (Figure 3I). This is consistent with the similar phenotype observed in patients with these specific variants in the two domains. Interestingly, this model also allows us to propose an explanation as to why mutations in residues D1368, H1371 and G1448 do not lead to RAC1 inactivation, but rather to RAC1 overactivation in the context of the full-length protein. Indeed, these residues are not at the interface with the RAC1 GTPase, unlike the RAC-hypo-activating variants described earlier25. Consistent with this observation, mutations of these residues do not affect RAC1 binding and activation in the context of the isolated GEFD1 domain. Combined, these results confirm that the activating effect of these variants in the full-length protein is dependent on the spectrin domains. Whether this is due to intramolecular interactions or oligomerization of TRIO moieties remains to be established in future studies. In conclusion, our work provides a molecular explanation on how TRIO activity may be inhibited by complex molecular folding involving the whole spectrin repeat domain and the GEFD1, and how this folding would be disrupted by pathogenic mutations. Interestingly, a similar model of TRIO GEFD1 autoinhibition by the spectrin domains has been shown by recent work by Koleske et al, and published during the reviewing process of our work41. Indeed, using different in vitro assays complementary to ours, they showed that the spectrin repeats make complex contacts with the GEFD1, thus inhibiting GEFD1 activity towards RAC1, and that disorder-associated variants are sufficient to relieve this autoinhibitory constraint. In addition, it has been recently shown that introducing the previously described N1080I in the context of the D1368V variant abrogates RAC1 overactivation by D1368V, suggesting that the N1080 participates to another mode of regulation of TRIO GEF activity than the one we describe here42. This suggests that the regulation of TRIO activity is complex and needs further investigation.
Axon outgrowth and guidance is a complex neurodevelopmental process required for the establishment of correct neuronal connectivity. In this study, we show that pathogenic gain-of-function and loss-of-function TRIO variants induce different defects in axon outgrowth and branching both in vitro and in vivo, in the zebrafish model. The axonal defects of zebrafish motoneurons expressing pathogenic TRIO variants phenocopy those observed in cultured murine hippocampal neurons transfected with TRIO variants. Our work provides the first evidence of the impact of TRIO variants in a whole organism and emphasizes the relevance and robustness of the zebrafish model for characterizing the pathogenic impact of novel genetic variants in NDDs.
TRIO variants from cluster 1 impair axonal outgrowth, both in vitro when expressed in hippocampal neurons and in vivo when expressed in zebrafish motor neurons. This is consistent with the observation made in a KO mouse model of ARHGAP15, a negative regulator of RAC1, which represents an in vivo model of RAC hyperactivation43. Cortical neurons from these mice display several defects, including shorter axons in vitro and in vivo. Axon outgrowth and guidance processes are driven by the highly dynamic growth cone at the tip of the axon that undergoes F-actin cytoskeleton remodeling to promote shape changes and motility in response to extracellular guidance cues. Our results show that hyper-activation of RAC1 by the gain-of-function mutations induces an increase in growth cone size. Moreover, the filopodia extension rate is increased, while the retraction rate does not change as compared to TRIO-WT, probably generating stable filopodia-rich protrusions. Based on our data, we propose a model whereby axon outgrowth is impaired by an excessive F-actin remodeling in the growth cone, induced by an overactivation of RAC1 by TRIO gain-of-function mutations. Furthermore, the ectopic lamellipodia formation associated with these variants could represent a physical barrier preventing microtubule growth in the growth cone. Indeed, in addition to F-actin remodeling, the presence of exploratory MTs in the growth cone is essential to sustain axon outgrowth and control axon pathfinding44. Further experiments are needed to explore this hypothesis. 
Several molecular mechanisms could explain how TRIO variants from cluster 1 induce an increase in filopodia extension inside the growth cone. Overactivation of RAC1 could lead to an increase in polymerization or a decrease in depolymerization of actin filaments by acting on the different actin-regulating proteins playing a central role in filopodia formation45. An alternative mechanism could be that TRIO via RAC1 negatively controls the actin retrograde flow, which is induced by the pushing forces against the plasma membrane generated by actin polymerization46.   Future work should examine the contribution of these different hypotheses to the effect of pathogenic TRIO variants of cluster 1 on F-actin remodeling. 
Cluster 2 variants are impaired in axon outgrowth, most probably because they are defective in RAC1 activation. Axons are shorter both in hippocampal neurons and in zebrafish motor neurons. The hypoactivation of RAC1 by cluster 2 variants reduces the size of the growth cone, which presents mostly static filopodia. Interestingly, the most striking phenotype is the presence on the axons of numerous branches both in vitro and in vivo, in zebrafish motor neurons. RAC proteins are known to control multiple aspects of axonal development in different systems from invertebrates to mammals including axon branching47. However, contradictory findings have been published concerning the effect of RAC1 overactivation or inhibition in different systems34. In line with our findings, C. elegans carrying mutations in RAC and unc-73 (TRIO ortholog) also display defects in axonal development, including the formation of ectopic axon branches 48,49. From these results, we can propose that vertebrate TRIO, like UNC-73 and RAC proteins in C. elegans, restricts the number of branches through RAC1 activation, and that TRIO mutants from cluster 2, which are defective in RAC1 activation, are not able to do so. Whether these ectopic branches are still able to make productive synaptic contacts remains to be determined. 
In summary, by combining clinical, molecular, cellular and in vivo data, we provide new evidence for the pathogenicity of novel genetic variants targeting TRIO in NDDs. Our data demonstrate that pathogenic TRIO mutations have a strong impact on neuronal development in vivo. In addition, we propose a novel mechanism whereby the auto-inhibited state of TRIO, likely due to intramolecular folding, is disrupted by pathogenic mutations in TRIO, which may lead to the perturbation of neuronal connectivity in the brain of individuals suffering from these emerging disorders.  
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FIGURE LEGENDS
Figure 1: Impact on RAC1 signalling of newly identified TRIO variants associated to neurodevelopmental disorders
(A) Schematic representation of the TRIO protein subdomains, and of the position of the clustered pathogenic variants studied. Above the protein are shown the previously reported variants of cluster 1, affecting the spectrin 7 repeat, and of cluster 2, targeting GEFD125. Below the protein are represented the new variants of this study. Five pathogenic variants, among which 3 were targeting new residues have been identified in spectrin 7 repeat, related to cluster 1, while 3 additional variations in the spectrin domain (grey) have been found, adjacent to cluster 1. Three new variants have been added to cluster 2 (orange).  (B) Representative immunoblots of HEK293T cell lysates transfected with the indicated GFP-TRIO variants and detected with an anti-GFP antibody. GEF-dead is a TRIO form mutated in its GEF domain and unable to activate RAC1. PAK1 phosphorylation and total levels are detected with PAK1 antibodies, recognising phosphorylated PAK on Ser144 or total PAK, respectively. (C) Quantification of the ratio of phospho-PAK1 levels over total PAK1 expression of the experiments performed in B. PAK1 phosphorylation measurement is used as a readout of the activation of the RAC1 signalling cascade. Quantifications were obtained from at least six independent experiments.

Figure 2: Structural modelling reveals intramolecular interactions within the TRIO spectrin domain that are altered in pathogenic variants from cluster 1. 
(A-B) The positive charge of the Arginine 1078 is required for normal RAC1 activation. Quantification of the ratio of phospho-PAK1 levels over total PAK1 expression, measured from cell lysates of HEK293T cells transfected with the indicated GFP-TRIO mutants, as in Figure 1. (C) Alphafold structure prediction showing the 3D conformation of the TRIO protein. The TRIO isoform A of Drosophila TRIO is presented, since it is the only sequence available in the Alphafold Protein Structure Database. The 7th spectrin repeat is composed of 3 helixes (red circled numbers 1, 2 and 3). Green squares delineate the two regions in the 7th spectrin repeat that contain the amino acids targeted by the mutations and that are close spatially to the DH1 domain of the GEFD1. DH1 and PH1 domains of TRIO are shaded in orange. (D-E) Zoom in the Alphafold prediction, showing an axial view of the triple helices of the 7th spectrin repeat (D) and a lateral view of helix 3 (E). The numbers of the helices correspond to those in panel A. Dotted blue lines, between residues R1078 and T1075, between R1078 and E1120 and between E1120 and L1124, represent predicted bonds between the amino acids. (F) Representative immunoblots of cell lysates of HEK293T cells transfected with the indicated artificial GFP-TRIO variants and detected with an anti-GFP antibody. PAK1 phosphorylation and total PAK levels are detected with PAK1 antibodies, against phosphorylated PAK on Ser144 or total PAK, respectively. (G) Quantification of phospho-PAK1/ total PAK1 expression ratio. Quantification was obtained from at least five independent experiments. 

Figure 3: Molecular mechanisms by which pathogenic variants targeting either 7th spectrin domain or GEFD1 residues increase TRIO activity
 (A) Structure prediction of the spectrin domain (green) and GEFD1 (orange) of TRIO in complex with RAC1 (cyan). Residues located at the interface between the DH1 domain of TRIO and the small GTPase RAC1 are in blue (E1299, R1428, P1461 and H1469) (see also Figure 3 in25). Spectrin 7 residues of cluster 1 (red) are located in close proximity to the GEFD1 residues of cluster 2 (purple). The complex of the TRIO fragment 894-1587 with the small GTPase substrate RAC1 was obtained by superposition of DH1 domain from model (1) and (2). Figures of the protein structures were generated with PyMol. The residues D1368, H1371 and G1448 in the DH1 helices are facing the 5 residues (L1071, C1074, T1075, A1077, R1078) in the spectrin domain. (B) Structural model of TRIO (in its closed conformation) and the predicted position of the RAC1 GTPase, showing the disallowed steric clash with the folded spectrin helices. (C-F) Immunoblot analysis of the pulldown of the indicated TRIO GEFD1 (C) or full-length TRIO (E) constructs bound to RAC1N17. Interacting proteins were resolved by SDS-PAGE and immunoblotted with a GFP antibody. PD: pulldown; TCL: total cell lysate.  (D-F) Quantification of the binding of TRIO GEFD1 or full-length TRIO variants to RAC1N17 in comparison with their respective WT counterparts. Quantification was obtained from three independent experiments. (G) Immunoblot analysis of HEK293T cells transfected with the GEFD1 domain of TRIO containing the mutations as indicated, and detected with an anti-GFP antibody. PAK1 phosphorylation amounts are detected with PAK1 antibodies, against phosphorylated or total PAK. (H) Quantification of the ratio of phospho-PAK1 amounts over total PAK1 expression, after expression of the different GEFD1 constructs. Quantification was obtained from at least four independent experiments. (I) Working model depicting how TRIO folding is relieved by pathogenic TRIO mutations. Pathogenic TRIO variants associated to neurodevelopmental disorders have served in proposing an interesting working model for the regulation of TRIO activity. Under physiological conditions, we propose that there is an inhibition of TRIO by intramolecular folding of its 7th spectrin domain onto its GEFD1 domain, preventing the access of GEFD1 to RAC1. The stretch of residues L1071 to R1078 in the 7th spectrin domain is most probably engaged both in an intramolecular binding to the GEFD1 domain, and in the stabilization of the 7th spectrin repeat, by making an interaction with E1120 in the adjacent alpha-helix. Pathogenic variants targeting the 7th spectrin domain or the DH residues would then relieve this inhibition, allowing better access of GEFD1 to RAC1, which might explain how the pathogenic TRIO variants lead to RAC1 hyperactivation.

Figure 4: TRIO variants of clusters 1 and 2 differentially affect neuronal morphology 
(A-C) Quantification of neurite length (A), number of lamellipodia per neurons (B) and number of branches per neurites (C) in TRIO-variant-expressing neurons as indicated. (D) Representative micrographs of immunostained DIV3 hippocampal neurons overexpressing the different GFP-TRIO constructs. Phalloidin TRITC staining (red) reveals lamellipodia formation occurring in TRIO R1078Q/W overexpressing neurons (inset on the left). Neurons expressing TRIO R1428Q and E1299K variants show an increased number of branches (inset on the left). Quantification was made from 4 independent experiments. Scale bar: 100µm. (A, B, C) **p≤0.01; ***p≤0.001; One-way ANOVA, Dunnett test.

Figure 5: TRIO variants affect growth cone morphology and alter F-actin dynamics
(A) Measurement of the growth cone perimeter in immunostained DIV3 neurons expressing TRIO variants as indicated, from 5 independent experiments. (B) Representative micrographs of the growth cone morphology of DIV3 neuronal growth cones expressing TRIO variants. (C) Plotted ROIs representing the shape of GFP (n=54), TRIO-WT (n=24), TRIO-R1078W (n=13), TRIO-R1078Q (n=32) or TRIO-R1428Q (n=15) expressing growth cones and generated by the “Growth cone visualiser” ImageJ macro (D, E) Quantification of filopodia dynamics using live-imaging on TRIO-variants-expressing growth cones. Number of (D) extensions and (E) retractions per filopodia per minute, from 5 independent experiments. Neurons used for (A) and (D, E) quantifications were the same. The growth cone perimeter has been calculated before the start of the movie. Scale bar: 10µm. (A, D, E) *p≤0.05; **p≤0.01; ***p≤0.001; One-way ANOVA, Dunnett test.

Figure 6: TRIO variants of cluster 1 and 2 differentially affect axonal development in the zebrafish.
[bookmark: OLE_LINK2](A) Schematic representation of the stereotypic organization of spinal motor neuron (SMN) projections in the zebrafish larvae. Ventrally projecting motor neurons (CaP) are highlighted in red, while rostrally and dorsally projecting motor neurons are indicated in grey. Light grey and blue regions indicate the spinal cord (SC) and the horizontal myoseptum (i.e. key guidance choice point; HM), respectively. (B-F) Neuronal-targeted expression of wildtype (WT), spectrin (R1078W, R1078Q) or GEFD1 (R1428Q) TRIO variants together with a membrane GFP (GFP-CAAX) in zebrafish larvae using the UAS/GAL4 system. The membrane-targeted GFP was used to visualize the whole morphology of human TRIO expressing motor neurons. (B) Percentage of GFP+ motor neurons with abnormal morphology. (C) Distribution of the morphological defects associated with the overexpression of the different TRIO constructs. (B-C) A total of 219 WT, 55 R1078W, 156 R1078Q and 118 R1428Q positive SMNs were included in these quantifications. (D) Upper panels: Immunolabelling of SMN in 72-hpf Tg(HuC:GAL4) transgenic larvae injected with UAS:TRIOWT-T2A-GFP-CAAX, UAS:TRIOR1078W-T2A-GFP-CAAX, UAS:TRIOR1078Q-T2A-GFP-CAAX or UAS:TRIOR1428Q-T2A-GFP-CAAX construct using Zn-5 and GFP antibodies. Lateral views of the trunk with a special focus on ventrally-projecting axons (CaP-like); anterior to the left. Blue dotted lines delineate the horizontal myoseptum. Arrows indicate shorter CaP-like axons. Arrowheads point at ectopic branches. Scale bar: 25m. Lower panels: Representative schematics of the morphology of GFP+ CaP-like axons overexpressing human WT TRIO or pathogenic variants. (E-F) (E) Quantification of the mean axonal length ratio of GFP+ CaP-like axons normalized to GFP- CaP-like axons, for each TRIO construct. (F) Distribution of neuronal length in each category calculated from result presented in (E), for each TRIO constructs. (G) Mean number of branches per GFP+ CaP-like axons. (H) Distribution of CaP-like neurons according to their number of branches for each Trio constructs. (E-H) Quantifications were carried out on 71 TRIO-WT, 34 TRIO-R1078W, 113 TRIO-R1078Q and 63 TRIO-R1078W CaP-like neurons observed in 29, 15, 23 and 30 transgenic embryos respectively. (B-C, F, H) Chi-square test (χ2 test) was used to statistically compare the distribution of the motor neuron phenotypes observed in zebrafish larvae expressing the different TRIO constructs. *p≤0.05; **p≤0.01; ***p≤0.001 for TRIO-WT versus TRIO-variants; p≤0.05; p≤0.01; p≤0.001 for TRIO variant from Cluster 1 versus Cluster 2; Chi2 test. (E, G) Box and Whisker graphs. *p≤0.05; ***p≤0.001; ns: non-significant; Kruskal–Wallis ANOVA test with Dunn’s post-test. Whiskers indicate the Min/Max values.
  
Supplementary Figure 1: 
(A-B) Species conservation of the residues which are found mutated in neurodevelopmental diseases, in TRIO’s  7th spectrin repeat (A) and GEFD1 (B). Identical residues are labelled in red, and similar residues are in blue. The mutated residues, are boxed in red when fully conserved and in black, when the conservation is lost in invertebrates. Represented species are Homo sapiens (h), Mus musculus (m), Xenopus laevis (x), Danio rerio (z), Drosophila melanogaster (d) and Caenorhabditis elegans (Ce). The positions of the helical structures are drawn on top of the sequence.
(C) Quantification of lamellipodia formation induced by WT or mutant TRIO in N1E-115 cells. Data are presented as n-fold change over WT TRIO, which was arbitrarily set to 1. Data are presented as the mean 5 SEM of at least five independent experiments.
(D) Left panel: immunoblot analysis of co-pulldown assays between full-length TRIO and WT or R1078W spectrin repeats (SR).  Interacting proteins were resolved by SDS-PAGE and immunoblotted with a GFP antibody. PD: pulldown; TCL: total cell lysate. Right panel: quantification of the TRIO binding to WT and R1078W spectrin repeats (SR).  Quantification was obtained from more than four independent experiments. 

Supplementary Figure 2: Additional observed effects of TRIO variants on neuronal and growth cone morphology 
(A) Quantification of the number of neurites per neuron (DIV3), obtained from three independent experiments. (B) Quantification of the number of filopodia per growth cone, obtained from five independent experiments. Neurons included in these quantifications were the same as those used in Figure 3A, D, E. Filopodia number has been counted before the start of the movie. (C) Ratio of filopodia density in a growth cone (Supp. 1B) related to its surface (figure 3A). (A) *p≤0.05; One-way ANOVA, Dunnett test. (B) *p≤0.05; **p≤0.01; ***p≤0.001; Non-parametric One-way ANOVA, Kruskal-Wallis test and Dunns’ post-test.
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