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Abstract

The TRIO gene encodes a rho guanine exchange factor, the function of which is to

exchange GDP to GTP, and hence to activate Rho GTPases, and has been described

to impact neurodevelopment. Specific genotype-to-phenotype correlations have

been established previously describing striking differentiating features seen in vari-

ants located in specific domains of the TRIO gene that are associated with opposite

effects on RAC1 activity. Currently, 32 cases with a TRIO gene alteration have been

published in the medical literature. Here, we report an additional 25, previously unre-

ported individuals who possess heterozygous TRIO variants and we review the litera-

ture. In addition, functional studies were performed on the c.4394A > G (N1465S)

and c.6244-2A > G TRIO variants to provide evidence for their pathogenicity. Vari-

ants reported by the current study include missense variants, truncating nonsense

variants, and an intragenic deletion. Clinical features were previously described and

included developmental delay, learning difficulties, microcephaly, macrocephaly, sei-

zures, behavioral issues (aggression, stereotypies), skeletal problems including short,

tapering fingers and scoliosis, dental problems (overcrowding/delayed eruption), and

variable facial features. Here, we report clinical features that have not been described

previously, including specific structural brain malformations such as abnormalities of

the corpus callosum and ventriculomegaly, additional psychological and dental issues

along with a more recognizable facial gestalt linked to the specific domains of the

TRIO gene and the effect of the variant upon the function of the encoded protein.

This current study further strengthens the genotype-to-phenotype correlation that

was previously established and extends the range of phenotypes to include structural

brain abnormalities, additional skeletal, dental, and psychiatric issues.

K E YWORD S

GEFD, macrocephaly, microcephaly, phenotype, spectrin, TRIO gene

1 | INTRODUCTION

Guanine exchange factors (GEFs), such as TRIO, are known to activate

Rho guanosine triphosphatases (Rho GTPases) by facilitating the gua-

nosine diphosphate (GDP)-guanosine triphosphate (GTP) exchange.

Rho GTPases play a central part in neurodevelopment as they have a

central regulatory role in actin cytoskeleton dynamics (Govek

et al., 2005; Paskus et al., 2020; Tolias et al., 2011). TRIO is highly

expressed in the developing brain (Ba et al., 2016; McPherson

et al., 2005; Paskus et al., 2020; Portales-Casamar et al., 2006) and it

is well recognized to have a major impact on several important pro-

cesses including cell migration, axonal outgrowth and dendritic arbori-

zation and synaptogenesis (Ba et al., 2013; Briancon-Marjollet

et al., 2008; Herring & Nicoll, 2016; Iyer et al., 2012; Schmidt &

Debant, 2014). TRIO is highly conserved across the species and com-

prises two GEF domains and accessory motifs such as the spectrin

repeats (Debant et al., 1996). The first GEF domain, GEFD1, modu-

lates RAC1 and RHOG while the second GEF domain, GEFD2 regu-

lates RHOA (Bellanger et al., 1998; Blangy et al., 2000).

Previous studies have described TRIO variants in individuals with

neurodevelopmental disorders and associated features included

macrocephaly, microcephaly, behavior problems, seizures, gastrointes-

tinal problems, skeletal features, dental problems, hyperactivity,

aggression, autism spectrum disorder, and hand anomalies among

others (Ba et al., 2016; Barbosa et al., 2020; Pengelly et al., 2016;

Sadybekov et al., 2017).

TRIO gene missense variants have been shown to cluster in two

main mutational hotspots, namely the spectrin and GEFD1 domains,

which are linked to two distinct phenotypes. Pathogenic and likely

pathogenic variants within the spectrin domain have been associated

with more severe developmental issues and macrocephaly, via TRIO-

induced RAC1 hyperactivity and a gain-of-function mechanism,

whereas variants in the GEFD1 domain were shown to lead to a

milder phenotype with less pronounced neurodevelopmental delay

and microcephaly, with demonstrable reduced activity of the TRIO

protein and a loss-of-function mechanism (Barbosa et al., 2020).

Here, we describe detailed phenotype information of an addi-

tional 25 patients and review previously published cases. The current

2 GAZDAGH ET AL.

 15524833, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajm

g.a.63194 by B
iu M

ontpellier, W
iley O

nline L
ibrary on [29/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

mailto:d.baralle@soton.ac.uk


study extends the spectrum of phenotypes with additional skeletal

features, dental anomalies, and structural brain malformations. In addi-

tion, psychiatric issues including bipolar disorders and anxiety are

described.

This is the largest cohort of patients with a TRIO variant to date,

with a potential to extend and refine the phenotypic associations with

mutations in this gene.

2 | PATIENTS AND METHODS

Patients and families wishing to participate in the current project con-

tacted our team via a patient support group called Team TRIO (www.

teamtrio.org) between July 2021 and August 2022. We also included

cases referred to us by clinicians directly or via existing collaboration

with other research teams and patient databases including the DECI-

PHER, Matchmaker, and the Human Disease Genes Database. Clini-

cians and participating families were asked to complete a clinical data

collection form and provide photographs of the affected individual.

Consent for publication was obtained from all patients and their legal

guardians conforming to the standards of the Declaration of Helsinki.

Phenotype and genotype data of individuals with a reported path-

ogenic or likely pathogenic TRIO gene variant have been analyzed and

photographs (face, hands, and feet) have been collated to delineate

facial and limb features. The only exception were Patients 14 and

15, whose variants [c.4394A > G, p.(Asn1465Ser)] were classed as

variants of uncertain significance (VUS), and Patient 23 with the splice

site variant c.6244-2A > G; therefore, we endeavored to perform

functional studies detailed below to provide evidence for their

pathogenicity.

3 | FUNCTIONAL STUDY ON TRIO
VARIANT N1465S

HEK293T and N1E-115 neuroblastoma cells were cultured and trans-

fected as described in the study by Barbosa et al. (2020). Immunoblot

analysis for quantification of Phospho-PAK levels was also performed

as described in the study Barbosa et al. (2020), as was the quantifica-

tion of neurites in N1E-115 cells. Primary antibodies used for immu-

noblotting: 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).

Statistical analyses of phospho-PAK levels were made by non-

parametric one-way ANOVA, Kruskal–Wallis test, and Dunns' post-

test. Asterisks indicate datasets significantly different from WT

(***p < 0.001). Statistical analyses of neurite outgrowth were made by

one-way ANOVA, Dunnett's test (***p < 0.001) (Figure 1).

4 | FUNCTIONAL STUDY ON SPLICE SITE
VARIANT C.6244-2A > G

Primers were designed to span exon 43 (ACACGAGAGAAGGTTG-

CACA) and exon 45 (ATGCACATGACTTCCACAGC) of TRIO
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F IGURE 1 TRIO-N1465S variant
leads to decreased neurite outgrowth and
impaired RAC1 activation.
(a) Quantification of the ratio of phospho-
PAK1 levels over total PAK1 expression,
measured from HEK293T cell lysates
transfected with the indicated GFP-TRIO
constructs. GEF-dead is a TRIO form
mutated in its GEF domain and unable to
activate RAC1. Data are presented as the
mean ± SEM of at least four independent
experiments. (b) Representative

immunoblot of HEK293T cell lysates
transfected with the indicated GFP-TRIO
constructs and detected with an anti-GFP
antibody. PAK1 phosphorylation and total
levels are detected with PAK1 antibodies,
recognizing phosphorylated PAK on
Ser144 or total PAK, respectively.
(c) Quantification of neurite outgrowth
induced by WT or TRIO-N1465S variant
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 ± SEM of at least four
independent experiments.
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transcript NM_007118.4. cDNA was synthesized using High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,

USA). PCR was performed using GoTaq G2 DNA polymerase kit

(Promega, USA). Gel was prepared at 3% agarose in Nancy-520

DNA gel stain (Sigma, USA). Gel picture was documented using

Invitrogen iBirght Imager (Thermo Fisher Scientific). RT-PCR prod-

ucts were purified by GeneJET PCR Purification Kit (Thermo Fisher

Scientific) and bidirectional Sanger sequencing was carried out by

Source Bioscience. PCR experiments were repeated at least twice

for reproducibility.

5 | RESULTS

A total number of 25 individuals with a pathogenic or likely patho-

genic TRIO variant (reference sequence: NM_007118.4) have been

recruited into the current cohort, 9 of which had a variant in the

spectrin domain (Individuals 1–9, Table 1), 7 had a variant in or

around the GEFD1 and GEFD2 domains (Individuals 10–16, Table 2),

8 had truncating variants and 1 participant had an in-frame intra-

genic deletion (Individuals 17–25, Table 3). Of the 25 individuals,

13 were females and 12 males with the age range being 22 months

to 46 years.

Patients 14 and 15 carried a variant that was classified as vari-

ant of uncertain significance (VUS) (p.Asn1465Ser). Of note, these

individuals were unrelated. We therefore performed functional

studies on this variant to provide evidence for pathogenicity. Since

this mutation is located in the RAC-activating GEFD1 domain of

TRIO, we monitored the effect of the N1465S variant on the phos-

phorylation levels of PAK1, a target of RAC1, which serves as a

read-out for RAC1 activation, as described previously (Barbosa

et al., 2020). As shown in Figure 1a,b, the N1465S variant impaired

the ability of TRIO to activate RAC1, as phosphoPAK levels were

significantly reduced, similarly to the GEF dead control. To confirm

this effect, we used the N1E-115 neuroblastoma cell line, in which

TRIO expression leads to enhanced neurite outgrowth, in a

RAC1-dependent manner. As shown in Figure 1c, the N1465S vari-

ant was impaired in inducing neurite outgrowth. These two data

allowed us to reclassify the p.Asn1465Ser VUS into the likely path-

ogenic category.

In addition, the pathogenicity of the variant c.6244-2A > G

identified in Patient 23 was confirmed by splicing analysis. This

has shown aberrant alternative acceptor site activation causing a

26 base pair loss and subsequent frame shift confirming pathoge-

nicity. This result was confirmed by Sanger sequencing (see

Figure S1).

5.1 | Phenotypic characteristics of patients with a
missense variant in the spectrin domain

All nine cases who possessed missense variants in the spectrin

domain had moderate-to-severe delay in their development, with aT
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recognizable facial gestalt including macrocephaly (Table 1 and

Figure 2).

5.1.1 | Neurodevelopmental and neurological
phenotype

All nine patients have significant developmental delay ranging from

moderate to severe with four of the nine (44.4%) cases not walking at

the time of their assessment and four individuals being nonverbal

(three individuals were over 5 years of age at the time of their assess-

ment and one patient was 3 years old). Four out of the nine (44.4%)

cases developed seizures and these included nocturnal seizures,

absence seizures, and myoclonus dystonia.

5.1.2 | Behavioral phenotype

Behavior issues were clearly observed, with three of the nine

(33.3%) cases having stereotypies, three of the nine (33.3%)

aggression, three of the nine (33.3%) obsessive–compulsive

(OCD) traits, and five of the nine (55.5%) cases with a missense

variant had poor attention. Of note, two cases had attention defi-

cit hyperactivity disorder (ADHD), one had hyperactivity, and two

had autism.

5.1.3 | Gastrointestinal, skeletal, dental, and other
features

Infantile feeding difficulties were observed in five of the nine (55.5%)

cases and two patients required tube feeding. Four of the nine (44.4%)

cases had constipation, and intestinal malrotation, increased appetite

and eosinophilic esophagitis was described in a single case. Of note,

five of the nine cases had growth retardation. Skeletal features also

occurred in single cases and included kyphosis, scoliosis, and high

arched feet. Short, tapering fingers were observed in two cases and

long toes in a single case. Dental overcrowding was reported in two

cases, while delayed dental eruption and missing teeth were described

in one case. One participant had cardiac problems with bicuspid aortic

valve, prominence of the aortic root and mild aortic regurgitation. None

of the cases had genitourinary problems apart from possible neuro-

pathic bladder in one case. An intriguing finding was the presence of

brain malformations in Patients 3, 4 and 6, including Arnold-Chiari mal-

formation, thin corpus callosum, and delayed myelin maturation

(Table 1).

5.1.4 | Facial characteristics

Characteristic facial features were recognized in the seven cases

where this information was available and included high forehead,

F IGURE 2 Facial and limb features of individuals with likely pathogenic or pathogenic variant in the spectrin domain of the TRIO gene.
Common features are high forehead, long nose with broad nasal tip, synophrys, and low-set ears.
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frontal bossing, receding hairline, frontal baldness, low-set ears, broad

nasal tip, thin upper lip, and synophrys (Figure 2).

5.2 | Phenotypic characteristics of patients with a
missense variant in the GEFD1 and GEFD2 domains

5.2.1 | Neurodevelopmental and neurological
phenotype

All the seven individuals with a likely pathogenic or pathogenic variant

in the GEFD1 (six cases) or the GEFD2 domain (one case) had mild-to-

moderate developmental delay with microcephaly, except for one

case (Patient 13) who was described to have macrocephaly. Only

Patient 10 was reported not to have any words at 3.5 years of age.

Patient 10 had myoclonic seizures and Patient 11 had hypotonia

(Table 2).

5.2.2 | Behavioral/psychiatric phenotype

Information regarding behavioral issues was provided in four out of

the seven participants and two of the four (50%) had stereotypies,

three of the four (75%) exhibited aggressive behavior, three of the

four (75%) were described as having poor attention and two of the

four (50%) had OCD traits. One of the seven cases had autism

(Patient 11) and one of seven (Patient 15) had hyperactivity

(Table 2).

5.2.3 | Gastrointestinal, skeletal, dental, and other
features

Two of the four (50%) individuals were reported to have infantile

feeding difficulties with one of the two cases requiring tube feeding.

In addition, three of the four (75%) cases had constipation and three

of the four (75%) cases had growth retardation.

Skeletal features were observed in this group of patients with

two of the four (50%) having scoliosis, three of the four (75%) cases

having short tapering fingers, and two of the four (50%) 2–3 toe syn-

dactyly. Pectus excavatum, pes planus, and hypermobility were

observed in single cases. Dental overcrowding was seen in one of the

four cases (Patient 10) and the same individual (Patient 10) had

delayed dental eruption (Table 2).

5.2.4 | Brain malformations

Structural brain abnormalities were described in two cases and

included hypoplasia or agenesis of corpus callosum in one participant

(Patient 10). Patient 10 also had dysmorphic lateral ventricles and dys-

morphic basal ganglia. In addition, one patient (Patient 16) had gliotic

scarring in the right middle cerebral artery (MCA) and duplication of

the inferior branch of the right MCA and a further individual (Patient

13) had syrinx of the spine (Table 2).

5.2.5 | Facial characteristics

Photographs of five of the seven cases were made available, which

revealed a recognizable facial gestalt including microcephaly with

hypertelorism, upslanting palpebral fissures, synophrys; long tubular

nose with a bulbous nasal tip and thin upper lip (Figure 3).

5.3 | Phenotypic characteristics of patients with
truncating variants and the intragenic deletion in the
TRIO gene

5.3.1 | Neurodevelopmental and neurological
phenotype

Nine cases with a truncating variant (TV) or a deletion in the TRIO

gene were identified in the current study. Of note, Patient 19 has

already been included in a study by Kolbjer et al (Kolbjer et al., 2021).

Seven of the nine cases had mild-to-moderate developmental delay

and one individual (Patient 19) with the intragenic deletion had severe

delay with all but one (Patient 25) participants having microcephaly.

Interestingly, the early development of two patients (Patients 22 and

24) with truncating variants was within the normal range. Two cases

(Patients 19 and 25) with a TV had seizures and another participant

(Patient 20) had hypotonia.

The Patient 19 with in-frame intragenic deletion had severe delay

and never walked or talked. He was also described as having intracta-

ble seizures (Table 3).

5.3.2 | Behavioral/psychiatric phenotype

Of the eight individuals with a truncating variant, two (25%) had ste-

reotypies, three (37%%) had aggression, seven (87%) had attention

deficit, and three (37%) had OCD traits. In addition, two of the eight

(25%) had autism and one (12%) had hyperactivity. One patient

(Patient 22) had a diagnosis of bipolar disorder and another individual

(Patient 18) had mood swings and paroxysmal bursts of laughter.

Patient 25 presented with self-mutilating behaviors since a very

young age. Of note, one patient (Patient 21) had anxiety and sleep

paralysis/REM sleep disorder associated with hallucinations from

teenage years requiring sertraline medication (Table 3).

5.3.3 | Gastrointestinal, skeletal, dental, and other
features

Infantile feeding problems were present in seven of the nine (78%)

cases including the patient with the intragenic deletion with only the
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latter and another patient requiring tube feeding. Constipation was

recorded in two of the nine (22%) cases and five out of the nine

(55%) cases were described as having growth retardation. Skeletal

features did not appear to be common in this group of patients, with

short, tapering fingers described in two cases with TV; one of these

individuals (Patient 20) also had a short fifth toe and short nails.

Dental crowding was described in one individual (Patient 22) and

delayed dental eruption was seen in two cases (Patients 19 and 22).

Of note, large incisors were detected in two of the nine cases

(Patients 17 and 19) and abnormality of the dental enamel (Patient

17) and small teeth (Patient 20) in single cases. In terms of cardiac

features, one patient (Patient 20) with a TV had atrial septal defect,

Patient 21 had tetralogy of Fallot and another case had suspected

arrhythmia (Patient 24). One patient (Patient 20) had hypothyroidism

requiring thyroxine and developed profound anemia necessitating

blood transfusion (Table 3).

5.3.4 | Brain abnormalities

Structural brain malformation was seen in four cases (Patients 18, 19,

23, and 24) and these included ventriculomegaly, lissencephaly, global

cerebral atrophy, secondary agenesis of corpus callosum, and progres-

sive leucoencephalopathy on the MRI brain scan (Table 3).

5.3.5 | Facial characteristics

Photographs were provided for six of the nine cases and clinical fea-

tures appeared to resemble those seen in individuals with missense

variants in the GEFD1/2 domain. These included microcephaly,

upslanting palpebral fissures, long, tubular nose with a bulbous nasal

tip and thin upper lip (Figure 4).

6 | DISCUSSION

The TRIO gene encodes a protein that exchanges GDP to GTP on

Rho GTPases and has a role in the remodeling of the cytoskeleton,

hence impacting on cell migration and growth (Schmidt &

Debant, 2014).

Pathogenic variants in the TRIO gene have been linked to neuro-

developmental problems including developmental delay, learning diffi-

culties, behavior issues such as ADHD and autism. Ba et al. (Ba

et al., 2016) described four individuals, one with an intragenic de novo

deletion of TRIO and three with truncation variants. All cases were

described to have mild intellectual disability along with behavior prob-

lems, comprising aggressive behavior, hyperactivity and autistic fea-

tures. Pengelly et al. (2016) reported three members (proband, father,

and paternal uncle) of the same family with the same frameshift

F IGURE 3 Facial and limb phenotypes of individuals with a missense variant in the GEFD1 or GEFD2 domain.
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variant exhibiting similar facial features, mild learning difficulties,

microcephaly, skeletal and dental features, as well as an additional

three cases with missense variants (one in the spectrin and two in the

GEFD1 domains). The two cases with missense variants in the GEFD1

domain had microcephaly and the third patient with the spectrin vari-

ant had macrocephaly. More recently, Barbosa et al. (Barbosa

et al., 2020) reported a cohort of 24 individuals (which included cases

reported by Pengelly et al.) with pathogenic nonsense and missense

variants and reported a distinct phenotype and genotype effect

between sequence changes in different domains. All individuals pre-

sented in that study had a degree of neurodevelopmental delay and

behavioral issues, but those with missense variants in the spectrin

domain were found to have severe intellectual disability and macroce-

phaly, while those with missense variants in the GEFD1 domain had a

milder phenotype with microcephaly. Truncating variants were scat-

tered across the gene and were associated with variable degree of

neurodevelopmental problems. Kloth et al. (Kloth et al., 2021) also

reported two cases with variants in the spectrin domain demonstrat-

ing macrocephaly, characteristic facial features, and moderate-to-

severe developmental delay. One of the cases had stereoptypies and

seizures and both cases presented with growth problems. Skeletal

abnormalities and structural brain malformations were observed in

one of the cases. In addition, Schultz-Rogers et al. (Schultz-Rogers

et al., 2020) reported two cases with truncating variants who had

developmental delay, one of them had macrocephaly and the other

had microcephaly. Interestingly, Patient 2 presented with cutis aplasia.

One of the patients had stereotypies, aggression, poor attention span,

and seizures.

Here, we provide detailed description of clinical features of an

additional 25 individuals, nine of whom have a missense variant in the

spectrin domain, six cases with a missense variant in the GEFD1

domain, one case with a missense variant in the GEFD2 domain, eight

patients with truncating variants, and one individual with an in-frame

intragenic deletion (Figure 5).

Comparing the 25 cases presented here with those reported pre-

viously (see Table 4), there appears to be a recognizable split between

clinical features of individuals with a missense variant in the spectrin

domain and those with a missense variant in the GEFD1 or GEFD2

domains, truncating variants or deletions.

6.1 | Missense variants in the spectrin domain

All nine patients presented here were delayed in the acquisition of

their developmental milestones ranging from moderate to severe,

which is in keeping with findings from previous studies. Short stature

was described in three cases here and growth retardation in five of

the nine cases, in addition to one case that was published by Pengelly

et al. (Pengelly et al., 2016). All cases, where measurements of the

head circumference were available, had absolute—or in a few cases

relative—macrocephaly, which is identical to TRIO cases in other case

series with this finding. Neurobehavioral phenotypes were previously

described in the study by Pengelly et al. (2016) paper and included

stereotypies, aggression, and poor attention span. Barbosa et al.

(Barbosa et al., 2020) also described an overall incidence of 36% for

aggression, 27% for stereotypies, 45% OCD traits, 31% autistic traits,

and 70% had poor attention in the TRIO cohort. In our spectrin cohort,

the rate of stereotypies was 33.3% (3/9), aggression was 33.3% (3/9),

poor attention was 55.5% (5/9), and OCD traits were 43% (3/7). In

addition, hyperactivity, autism, and ADHD were described as in previ-

ous papers. Seizures occurred in four of the nine cases (44.4%), which

is similar to those seen in the Barbosa paper (33.3%). Infantile feeding

difficulties were delineated in the spectrin case of the Pengelly paper

and found in 55.5% (5/9) in the cases here and constipation was seen

F IGURE 4 Facial and limb features of individuals with a truncating variant. Patient 19 possesses an in-frame intragenic deletion.
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in 44.4% (4/9) of this patient cohort. Facial features were described in

previous papers and add to the evidence for a recognizable facial

gestalt comprising high forehead, frontal bossing, receding hairline,

frontal baldness, low-set ears, broad nasal tip, thin upper lip, and

synophrys. The presence of brain malfomations has been alluded to in

the Barbosa et al., 2020 study and described here in detail, including

Arnold-Chiari malformation, thin corpus callosum, and delayed myelin

maturation.

6.2 | Missense variants in GEFD1 and GEFD2,
intragenic deletion and truncating variants present
with a similar phenotype

Of the seven cases with GEFD1/2 variants, five had microcephaly

(or relative microcephaly) and all had mild-to-moderate developmen-

tal delay, which was consistent with findings from other studies

although one patient (Patient 13) was reported to have macroce-

phaly with no actual measurement of the head circumference. Inter-

estingly, patients with TVs and the deletion also had microcephaly

with no reported cases with macrocephaly. All of the TV cases had

mild-to=moderate delay versus the one deletion case who had

severe learning issues. In contrast, there were two TV cases in the

Barbosa et al. paper who had severe delays. None of the cases with

GEFD1 or GEFD2 missense variants had short stature which was

consistent across the case series in previous studies; however, 3 of

13 (23%) of all reported TV and deletion cases reported so far had

short stature.

Neurobehavioral phenotypes were described in the current

cohort (including patients with GEFD1/2 variants, TVs, and the intra-

genic deletion) with stereotypies (4/13, 33.3%), aggression (6/13,

46%), poor attention (10/13, 77%), OCD traits (5/13, 38%), and sei-

zures (4/13, 31%) being described. These features were also delin-

eated in the Barbosa study, although only an overall figure was

presented for the TRIO cohort there. Of note, neurobehavioral pheno-

types appeared to be slightly less common in the TV group (including

the intragenic deletion) with the exception of poor attention that was

seen in seven of the nine (78%) cases (Table 4). Infantile feeding diffi-

culties (9/13, 61%), tube feeding (3/13, 23%), and constipation (5/13,

38%) were observed in the GEFD1/2 and the TV cohort as well, with

similar ratios to previous reports (Ba et al., 2016; Pengelly

et al., 2016). Facial features were similar in all of these cases and

included microcephaly with hypertelorism, upslanting palpebral fis-

sures, synophrys, long tubular nose with a bulbous nasal tip and thin

upper lip.

The current study highlights possible psychiatric complications

such as anxiety, sleep paralysis/REM sleep disorder associated with

hallucinations, bipolar disorder and mood swings with paroxysmal

bursts of laughter that are all reported in single cases.

In addition, we report brain abnormalities, namely hypoplastic or

agenesis of corpus callosum, dysmorphic lateral ventricles, dysmorphic

basal ganglia, global cerebral atrophy, lissencephaly, ventriculomegaly,

progressive leukoencephalopathy, gliotic scarring in the right middle

cerebral artery (MCA), and duplication of the inferior branch of the

right MCA.

Patient 19 has an intragenic deletion of TRIO and 8 patients had

truncating variants suggesting that haploinsufficiency of the TRIO

gene through a loss of function mechanism is the likely molecular

cause of the phenotypes observed in these cases. However, we do

not know whether the frameshift variants result in truncated products

of different sizes or nonsense-mediated decay of the aberrant tran-

scripts. Similarities of clinical features observed in cases with variants

in the GEFD1/GEFD2 and TVs are evident and could be explained by

the effect of the GEFD1 variants on RAC1 leading to reduced activity

of the TRIO protein and a loss-of-function mechanism as shown by

Barbosa et al. (2020).

The current study further supports the finding that missense vari-

ants in the spectrin domain cause more significant developmental

delay with prominent neurological and behavior features including sei-

zures, stereotypies, autism, OCD, and hyperactivity, while frameshift

and GEFD1/2 variants cause a milder phenotype with mild delay but

also with significant neurological and behavior involvement. Differ-

ence in the phenotype was not observed in gastrointestinal, dental,

and skeletal phenotypes.

In view of these findings, we recommend neurodevelopmental,

dental, and spine surveillance for individuals with TRIO gene variants,

with brain MRI performed at their initial assessment. In addition, gas-

trointestinal, psychiatric and behavioral assessments are

recommended.

Further studies are required to determine the possibility of long-

term complications related to TRIO and to uncover the significance of

the structural brain malformations and the psychiatric issues.

In summary, this case series brings the number of reported TRIO

cases to 57 patients with either a variant in spectrin and a likely gain-
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of-function mechanism or a variant in the GEFD1/2 domain, truncat-

ing variant or a deletion likely leading to a loss-of-function of the

TRIO protein, resulting in distinguishable clinical features specific to

the effect of the variant on the gene function. This current cohort fur-

ther supports the contention raised by previous publications that mis-

sense variants in the spectrin domain result in a distinct phenotype

with recognizable features (macrocephaly, frontal bossing, etc.) while

truncating variants, deletions and missense variants in the GEFD1 and

2 domains are more likely to lead to a loss of protein function and

characteristic features that include microcephaly, long, tubular nose,

bulbous nasal tip, and thin upper lip among other features.
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