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Abstract

Recently, we marked TRIO for the first time as a candidate gene for intellectual disability (ID). Across diverse vertebrate
species, TRIO is a well-conserved Rho GTPase regulator that is highly expressed in the developing brain. However, little is
known about the specific events regulated by TRIO during brain development and its clinical impact in humans when
mutated. Routine clinical diagnostic testing identified an intragenic de novo deletion of TRIO in a boy with ID. Targeted
sequencing of this gene in over 2300 individuals with ID, identified three additional truncating mutations. All index cases had
mild to borderline ID combined with behavioral problems consisting of autistic, hyperactive and/or aggressive behavior.
Studies in dissociated rat hippocampal neurons demonstrated the enhancement of dendritic formation by suppressing
endogenous TRIO, and similarly decreasing endogenous TRIO in organotypic hippocampal brain slices significantly increased
synaptic strength by increasing functional synapses. Together, our findings provide new mechanistic insight into how genetic
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deficits in TRIO can lead to early neuronal network formation by directly affecting both neurite outgrowth and synapse

development.

Introduction

Intellectual disability (ID), defined as an IQ of <70, has an esti-
mated prevalence of 2-3% in the population (1). The genetic eti-
ology of ID is highly heterogeneous, with to date approximately
>700 genes known to be associated with this common disorder
(2), the majority of which are very rarely mutated. Novel sequen-
cing approaches, such as massive parallel sequencing, have pro-
ven to be successful in identifying novel genes for Mendelian
disorders (3). Especially family-based whole exome sequencing
(WES) in proband and parents has been instrumental to identify
de novo pathogenic variants in sporadic cases with ID, thereby in-
creasing the diagnostic yield in patients with severe ID (IQ <50) to
up to 36% (4-10). For mild and borderline ID, however, family-
based sequencing is more complex as the distinction between a
normal or a mildly affected parent can be difficult to make. This
complicates the interpretation of variants from family-based
WES as the phenotype can also be the result of inherited variants.
To determine the role of mutations in candidate ID genes in indi-
viduals with ID, itis necessary to find additional individuals with
a mutation in the same gene and a comparable phenotype. Fur-
thermore, interpretation can be supported by functional studies
to investigate the mutational effect on protein function. Recently,
we marked TRIO (MIM 601893; NM_007118.2) for the first time as
one of these candidate genes for ID, based on the identification of
two potentially pathogenic de novo missense mutations in this
gene in independent individuals with severe ID (6). Both indivi-
duals, however, also carried a second de novo mutation in a
known ID gene, TCF4 and another candidate ID gene, GFPT2, re-
spectively, complicating a straightforward interpretation of the
contribution of the TRIO mutation to the patients’ phenotype
(6,11). In a routine diagnostic setting using a genomic microarray,
we also identified an individual with mild developmental delay car-
rying an 235 kb intragenic de novo deletion, disrupting TRIO (12)
[chr5:14160447-14395478 (hg19)]. Finally, seven de novo mutations
were found in TRIO in the context of large scale sequencing projects
focused on various neurodevelopmental conditions, including ID,
epilepsy and autism (8,13,14). Whereas these seven de novo muta-
tions were not reported as conclusive cause of disease, they do sup-
port a possible role for TRIO in the development of ID (Fig. 1B).
TRIO is a large protein encoded by 57 coding exons (3097
amino acids) and containing several domains, including an
N-terminal SEC14 domain, several spectrin repeats, two Dbl-
homology-Pleckstrin-homology (DH-PH) Rho-guanine exchange
factor (GEF) units, an Ig-like domain, and a C-terminal serine/
threonine kinase domain (Fig. 1C). The serine/threonine kinase
domain is presumed to be active but quite selective; both DH-
PH Rho-GEF domains are enzymatically active (15,16). The first
DH-PH domain has been shown to activate Racl and RhoG,
whereas the second DH-DP domain activates RhoA (17,18). Rho
GTPases regulate changes in cell morphology in response to
many factors including stimulation by extracellular ligands.
They are activated by GEF catalyzing GDP dissociation and allow-
ing the binding of GTP (19). Interestingly, Rho GTPase signaling
pathways have been identified as a major hub-signaling pathway
in ID, affecting synaptic structure and function (20,21). In Dros-
ophila, TRIO has been shown to be involved in axon guidance
and dendritic arborization (22-24) during neuronal development.
Additionally, TRIO is required for axonal growth in vitro and in vivo

(25-27) and may contribute to the regulation of cell-cell contact
(28,29). Yet, surprisingly little is known about the function of
TRIO in early dendrite formation and synaptic function in the
mammalian system (20).

Here, we report the identification of four cases with intragenic
truncating mutations in TRIO, presenting with mild to borderline
ID combined with behavioral problems consisting of autistic,
hyperactive and/or aggressive behavior. Additionally, we show
that during early neurodevelopment TRIO negatively regulates
neurite outgrowth and synaptic strength by interfering with
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor (AMPAr) endocytosis.

Results

Identification of individuals with mutations in TRIO

Based on the identification of multiple de novo mutations affecting
TRIO, we decided to perform targeted sequencing for TRIO in >2300
patients with ID using molecular inversion probes (MIPs) (in the
‘Materials and Methods’ section) (30). Filtering for putative loss-of-
function (LoF) mutations (initiator codon, nonsense, frameshift and
canonical splice sites), we identified three additional TRIO truncat-
ing mutations (Fig. 1C), including one de novo nonsense mutation,
€.4128G>A, predicted to result in p.(Trp1376%), in a 10-year-old boy;
a de novo frameshift mutation, c.3752del, predicted to result in
p-(Asp1251Valfs*11) in a 35-year-old woman and a nonsense muta-
tion, ¢.649A>T leading to p.(Arg217*) in a 20-year-old male. The lat-
ter mutation was inherited from a similarly affected father
(Supplementary Material, Fig. S1). This family also has a second
child with learning difficulties and behavioral problems, who did
not show the mutation upon segregation analysis, suggesting that
his phenotype may have another (genetic or environmental) origin.
A third, unaffected brother, did not show the variant either. DNA of
a fourth brother, the grandparents and/or the 13 siblings from the
father, was unavailable for testing. All these individuals, however,
appeared to be normal.

As also de novo missense mutations have been implicated in
ID (6), we subsequently selected for rare, possible pathogenic
(combined annotation dependent depletion score > 20), mis-
sense mutations in TRIO detected in our cohort. This analysis
yielded seven missense variants (Supplementary Material,
Table S1), for which three could be tested for segregation in par-
ental samples. Two of them appeared inherited from an unaffect-
ed parent, whereas the other was also identified in a father with
borderline ID and behavioral problems, similar to his child. For
the remaining four missense variants parental samples were
not available. As from these data the impact of (de novo) missense
mutations cannot unambiguously be assessed, we decided to
further focus on the LoF aspects of TRIO.

De novo truncating mutations have not been observed in over
2000 healthy controls (14), but 13 different LoF variants are
reported in EXAC, a large databases collecting next generation
sequencing variants as proxy for the general population (Supple-
mentary Material, Table S2) [URL: http:/exac.broadinstitute.org
(November 2015)]. Notably, only 2 of 13 have been observed
more than once (highest minor allele frequency 3.11E-04).
These two variants represent a single-base deletion and -dupli-
cation at the same genomic location, in a homopolymer stretch,
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Figure 1. Individuals with LoF TRIO mutations. (A) Frontal and lateral photographs of Individual 1 with the deletion disrupting TRIO and Individuals 2-4 with LoF mutations
in TRIO. Only mild facial dysmorphisms were observed. (B) Schematic overview of the 235 kb de novo deletion on chromosome 5, partially disrupting TRIO in Individual 1. (C)
Schematic overview of TRIO, including the known domains (N-terminal SEC14 domain, several spectrin repeats, two DH-PH Rho-GEF units, Ig-like domain and C-terminal
putative serine/threonine kinase domain). The positions of the three identified mutations in Individuals 2—4 (p.Trp1376", p.Asp1251Valfs*11 and p.(Arg217") are depicted.

potentially suggesting a sequencing and/or mapping artifact ra-
ther than the true nature of the reported variant. Comparison
of the observed de novo mutation frequency of TRIO in ID to the
gene specific de novo mutation rate (31), however, indicates that
we observed more de novo mutations in our ID cohort than ex-
pected based on chance alone (exact Poisson test, P <0.005).

In total, we identified five individuals from four families with
a truncating mutation of TRIO, suggestive for loss of the TRIO
function. The clinical details for these four families are given in
Table 1. To avoid reporting inherited familial traits, the father
of Individual 2, who also had learning difficulties and behavior
problems, was not included in this table. In summary, all of the
index cases (age range, 7-35 years) showed mild to borderline
ID (IQ range, 68-81) with autistic, hyperactive and aggressive be-
havioral problems. All individuals attended special education
and needed special therapy to improve their language and
motor development. Other observed features were recurrent
infections (3/4 individuals), micrognathia (3/4), minor hand ab-
normalities (4/4), microcephaly (2/4) or low normal head circum-
ference (2/4). No congenital abnormalities were observed and
only mild facial dysmorphisms were noted (Fig. 1A).

Developmental expression of TRIO and its role in neurite
outgrowth

To find supportive evidence for TRIO as underlying cause in the
phenotypes observed in our individuals, we investigated the
neuronal function of TRIO in mammalian cells by examining
the expression of TRIO during rat hippocampal development.
Western blot analysis of protein extracts revealed that full-length
TRIO is expressed during the early postnatal (P) period, but rapid-
ly decreases after postnatal (P) day 11 (Fig. 2A and B). The rapid re-
duction in TRIO during postnatal development was further
confirmed by measuring Trio mRNA expression (Fig. 2C). This de-
creased expression of TRIO is consistent with previous results
(32) and suggests a role for TRIO in early neuronal development.

To study the function of endogenous TRIO during early neur-
onal development, we designed short hairpin RNAs (shRNAs) tar-
geting the spectrin repeat region of Trio, a region that is present in
most of the alternately spliced Trio transcripts (33). The efficiency
of Trio shRNA 1 and 2 was verified by co-expression with a vector
encoding myelocytomatosis viral oncogene homolog tagged TRIO
(MYC-TRIO) (full-length) in HEK293 cells (Fig. 2D). Dissociated rat
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Table 1. Molecular and clinical details of individuals with TRIO mutations

Individual 1 Individual 2 Individual 3 Individual 4
Gender Male Male Female Male
Age at last visit 7 20 35 10
Mutations
Deletion breakpoints Chr5:14160447-14395478 - - -
Deleted genes TRIO - - -
cDNA change - C.649A>T c.3752del c.4128G>A
Amino acid change - p.Arg217* p-Asp1251Valfs*11 p.Trp1376*
Chromosome position - 14290933 14387728 14390409
Growth
Birth weight 0SD +0.25 SD -0.75SD 0SD
Height 0SD —-0.75SD -1.5SD +1.25 SD
Weight NR NR +1SD +3 SD
Head circumference -1SD -2.5S8D -25SD -1.5SD
Development
ID Borderline (IQ81) Borderline (IQ78) Mild (IQ62) Mild (IQ68)
Speech delay + NR + +
7 years: 5-6 words NR 3 years: first words NR
Motor delay + + + +
Fine motor delay 3 years: first steps 2 years: first steps Fine motor
delay
Neurological
Behavioral problems + + + +
PDD-NOS ADHD Autistic-like traits ADHD
High reflexes - + + -
Hyperacusis + - + -
Swallow difficulties - NR + +
Facial
Facial asymmetry - + + -
Periorbital fullness + + -
Full lips - + + -
High palate - + NR +
Dental crowding - + + +
Micrognathia - + + +
Other facial High forehead, large protruding High forehead, High forehead,
dysmorphism ears, short philtrum Full eyebrows, Long philtrum
Downslanted palperbral
fissures, full nasal tip
Extremities
Minor hand + + + +
abnormalities Short, broad with Broad proximal Brachydactyly digI, tapering Tapering
Simian creases and volaire pads interphalangeal joints, fingers fingers
camptodactyly dig V
Other
Recurrent infections + NR + +
Kyphosis - + +
Fatigue + - + -
Neonatal feeding + - NR +
difficulties
Other clinical features Anal fistula, scapula alatae, Torsio testis, pectus Constipation, Automutilation
fourth palmar crease, excavatum and tremor hypercalcemia,

clinodactyly digitus 5 and
sandal gap

hypotonia, pes planus and

varices

NR, not reported.

hippocampal neurons were nucleofected at days in vitro (DIV) 0
with either a Trio shRNA or a scrambled shRNA control; expression
of DsRed, which is encoded by the same vector, allowed identifica-
tion of transfected cells and assessment of neuronal morphology.
We first evaluated whether TRIO contributes to axon specification
in early development by immunostaining neurons with a mono-
clonal antibody against Ankyrin G, which localizes to the axon

initial segment (34). A single-Ankyrin-G-positive process was iden-
tified in the control group and in the Trio knock-down groups at DIV
4 and DIV 7 (Fig. 2E), indicating that axon polarity is not affected by
the absence of endogenous TRIO. Next, we examined dendritic
arbor formation. Compared with control neurons, expression of
Trio shRNAs significantly increased both the number of primary
dendrites and branch points observed at DIV 4 and at DIV 7

9T0Z ‘TT |1dYy uo uoibuiysepn Jo Alisieniun e /Bio'seulnolployxo-Buy//:dny woly pepeojumoq


http://hmg.oxfordjournals.org/

896 | Human Molecular Genetics, 2016, Vol. 25, No. 5

A B.5 ;;
. kDa = 20
Tio| W8  wp - - 250  F Sos
g < 04
‘ g -5 5%
y-tubulin | sesss s = e J— = gu.z
u
Pl P4 P7T PM P19 P29 Adult A b o 0
C _ 10 D
o5
g E 0.8 ‘\ﬁg -\}
E5os o 400 ®
2 an= 0.2 _250
n ot GAPDH : -
Q’\ ?ba Q'\ ?’\ ?’\q ?']9 P‘d\‘
E DsRed Ankyrin G Merge F 8 81 .. =Ctrlsh
3 :y =+ Trio sh#1
2 64 - Trio sh#2
= —
Ctrl shRNA £ 44
(=9
k]
£
£
2
DIV4 DIV7
Trio shRNA#1 £ 81 = Cirl ShRNA
2 «; = Trio ShRNA¥1
- = Trio ShRNA#2
©
544
s
Trio shRNA#2 é 24
2 0_—
DIV4 DIV7

Figure 2. Developmental expression of TRIO and its role in neurite outgrowth. (A) Rat hippocampi were collected at the indicated ages; equal amounts of protein (50 pg)
were subjected to western blot analysis and representative blots are shown. (B) Quantification of Trio protein levels at different postnatal ages, normalized to the levels at
P1 (n=3). (C) Quantification of Trio mRNA levels using Q-PCR at different postnatal ages (n = 3). (D) 293 cells co-transfected with vectors encoding MYC-TRIO and Trio sShRNA
1 and 2 were harvested after 24 h. Western blot analysis using a MYC antibody demonstrated that both Trio shRNA 1 and 2 efficiently reduced Trio expression. (E) Rat
hippocampal neurons nucleofected at the time of plating with a control (scrambled) shRNA or Trio shRNA 1 or 2 were fixed and analyzed at the indicated times.
shRNA transfected neurons were identified by DsRed co-expression; axon initial segments were identified by staining for Ankyrin G; representative images at DIV7 are
shown. Scale bar, 50 pm. (F) Quantification of primary neurites and branch points at DIV4 and DIV7. Neurons expressing Trio ShRNAs exhibited more primary neurites and
more branch points than neurons expressing the control shRNA. Five separate experiments were performed; 20-30 neurons per group per experiment were counted.

*P <0.01 with respect to the control (scramble) shRNA vector.

(Fig. 2E and F). Similar results were obtained at DIV 2 (data not
shown). These results demonstrate that endogenous TRIO limits
dendrite formation, without affecting the establishment of axon
polarity. Kalirin, a TRIO orthologue with the 64% identical protein
structure (33), is emerging as a key regulator of structural and func-
tional plasticity. Interestingly, Kalirin has been reported to exhibit
the opposite effect, stimulating both dendritic outgrowth and
branching at this stage of neuronal development (35).

Post-synaptic TRIO regulates synaptic transmission

Previous proteomics studies of adult tissue have shown that TRIO
is present at both the human and mouse post-synaptic density
(36), suggesting that TRIO functions at this site. In addition, the
major isoform of Kalirin found in the adult nervous system has
been shown to play a critical role in synaptic transmission, spe-
cifically through the regulation of ionotropic AMPAr (37) and
N-methyl-D-aspartate receptor (NMDAr) (38) trafficking. Modifi-
cations in the number and/or function of glutamate receptors
are a core mechanism of regulating synaptic efficiency (39). We,

therefore, assessed whether TRIO plays a role in synaptic trans-
mission at the hippocampal CA3-CA1 pathway.

Organotypic hippocampal brain slices were prepared from P6
pups, a time period at which dendrites have already formed, al-
lowing us to bypass the effect of TRIO on dendritic arborization
(Fig. 2). Hippocampal brain slices were biolistically transfected
with Trio shRNAs. Four days post-transfection, simultaneous re-
cordings of evoked excitatory postsynaptic currents (eEPSCs)
from a DsRed-labeled, shRNA expressing CA1 pyramidal neuron
and an adjacent non-transfected neuron were performed
(Fig. 3A). We stimulated the Schaffer collaterals with two
independent bipolar electrodes and measured the evoked re-
sponse while holding CA1 neurons at either —60 mV to measure
AMPAr-mediated responses or at +40 mV to measure NMDAr-
mediated responses. Neurons transfected with either Trio shRNA
1 or Trio shRNA 2 showed significantly increased AMPATr-
mediated, but not NMDAr-mediated, transmission compared
with control (Fig. 3A-D). These data indicate that TRIO, at least
at excitatory CA1 synapses, is specific for AMPAr’'s versus
NMDARSs. Importantly, we previously showed that expressing
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Figure 3. Post-synaptic TRIO regulates synaptic transmission. (A, B) Amplitudes of AMPATr (left panel) and NMDATr (right panel) eEPSCs in control, non-transfected neurons
are plotted against simultaneously recorded neighboring neurons expressing (A) Trio shRNA 1 (AMPATr, n=25; NMDAr, n=22), (B) Trio shRNA 2 (AMPAr, n=20; NMDAr,
n=19). Black symbols represent single pairs of recordings; grey symbols show mean amplitudes. Inserts in each panel show sample averaged traces; grey traces,
transfected neurons; black traces, non-transfected neighboring neurons. Scale bars represent 10 ms and 25 pA. (C and D) Summary (mean + SEM) of effects of
expressing Trio shRNA 1, on AMPAr (left) and NMDATr (right) eEPSCs calculated as the averaged ratios obtained from pairs of infected and uninfected neighboring
neurons. Data are shown as mean + SEM. *P <0.05, paired Student’s t-test, Trio shRNA 1 (AMPAr, n=25; NMDAr, n = 22), (B) Trio shRNA 2 (AMPAr, n=20; NMDAr, n = 19).
(E) Representative traces of SEPSC recorded at —60 mV in an individual neuron from untransfected (control) or Trio shRNA 1 transfected group. Scale bars represent
100 ms and 5 pA. (F) Quantification of sEPSC frequency (left) and amplitude (right) for control and Trio shRNA 1-expressing neurons. Data are shown as mean + SEM.

*P <0.05, paired Student’s t-test, n =8 pairs.

GFP or a scrambled shRNA by means of biolistics does not affect
AMPAr-mediated synaptic transmission (40,41).

The changes in AMPAr-mediated transmission could be a re-
sult of either a change in synaptic AMPATr’s at individual synap-
ses, or a change in the number of functional synapses or both.
In order to determine the precise mechanism of action of the
above possibilities we measured spontaneous sEPSCs. We ob-
served that the frequency, but not the amplitude, of the sEPSCs
was significantly increased when neurons were transfected
with Trio shRNA 1 (Fig. 3E and F). Increases in sEPSC frequency
could be due to either increased intrinsic excitability of the pre-
synaptic CA3 neurons, or increased active synapse between

CA3 and CA1 neurons. Since biolistic transfection resulted in
low transfection efficiency (a few neurons/slice), the major con-
tribution of knocking down Trio therefore comes from the re-
corded transfected postsynaptic cells (CA1) of the CA3-CA1l
synapse. Our data, thus, suggest that depleting endogenous
TRIO in CA1 neurons is sufficient to increase synaptic strength
by increasing the amount of functional synapses.

Down-regulation of Trio reduces AMPAr endocytosis

To further understand the mechanism by which TRIO affects
hippocampal glutamatergic synapses, we tested whether
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Figure 4. Down-regulation of Trio reduces AMPAr endocytosis. (A) Representative double-label images of internalized (green) and surface (red) AMPAr GluA1 subunit in
low-density hippocampal neurons. (B) Ratiometric analysis of the intensity of internalized GluA1 to surface GluA1l in indicated conditions. Control shRNA: n=15; Trio

shRNA 1: n = 14; scale bars, 10 um; *P < 0.05, t-test; error bars represent SEM.

down-regulation of Trio correlated with persistent changes in
AMPAr internalization rate. Previously, an isoform of Trio has
been shown to colocalize with Rab5 in endosomes (42) and
Rab5 is required for AMPAr endocytosis at excitatory CA1 synap-
ses (43). We, therefore, assessed directly the function of Trio in
AMPATr endocytosis. Primary hippocampal neurons were trans-
fected with Trio shRNA 1 at DIV 3. At DIV 14 surface AMPAr
GluA1l subunits were lively labeled with an antibody recognizing
the extracellular epitopes of GluA1l and allowed AMPATr’s to in-
ternalize at 37°C for 2 h. Neurons transfected with Trio shRNA 1
showed a marked reduction in endocystosis as assessed by the
ratio between internalized and extracellular GluA1, suggesting
that down-regulation of Trio decreases AMPAr endocytosis rate
(Fig. 4A and B). Collectively, our results indicate that TRIO-
mediated signaling controls synaptic function by regulating
AMPATr endocytosis at CA1 excitatory synapses.

Discussion

Here, we show that LoF mutations in TRIO are responsible for
a clinical phenotype involving mild to borderline ID with be-
havioral problems, and that TRIO has an important function
during neurite outgrowth and basal synaptic transmission.
Specifically, we demonstrated for the first time that endogen-
ous Trio negatively regulates hippocampal synaptic strength
by specifically affecting AMPAr internalization at CA1 excita-
tory synapses.

Large scale reference data sets such as present in EXAC have
now catalogued human genetic diversity at the unprecedented
level (44). Whereas the LoF mutations identified in this study are
not present in ExXAC, 13 other truncating variants in TRIO
(NM_007118.2) are. Four of these are located in the last exon,
thereby escaping nonsense mediated mRNA decay. This leaves
nine different potential LoF variants, reported to occur in 33 of
>60 000 individuals represented in EXAC. Remarkably, EXAC re-
cently reported that only 3230 human genes (~15%) are near-
completely depleted from truncating variants. This implicates
that for the vast majority of genes such truncating variants
are observed, and therefore likely, also include well-known dis-
ease genes causing disease by haploinsufficiency. For instance,
analysis of ARID1B revealed 16 different LoF variants, identified
in 29 of >60 000 individuals in ExAC (data not shown). Interest-
ingly, however, LoF mutations in ARID1B cause autosomal

dominant mental retardation type 12 (MIM 614562). Whereas
such individuals could go undiagnosed in the general popula-
tion for which ExAC is a proxy, the frequency in which these
ARID1B LoF mutations are observed relatively high to remain
undiagnosed in the general population. In contrast, the aspecific
phenotype and mild-to-borderline ID observed in patients with
truncating variants in TRIO could remain undiagnosed in the
population. Hence, LoF of TRIO is not unexpected to be present
in EXAC.

The molecular mechanisms that promote excitatory synapse
development have been extensively studied. However, the mo-
lecular events that prevent premature excitatory synapse devel-
opment so that synapses form at the correct time and place are
less well-understood. Here, we find that knockdown of Trio, dur-
ing early development prevents both neurite outgrowth and syn-
apse formation. Together with our observation that TRIO is
highly expressed at early stages of development and that its ex-
pression decreases at the time when synapses are being formed,
our data suggest that TRIO serves as an endogenous break for
synaptic development. Indeed, down-regulation of TRIO in hip-
pocampal brain slices, using two independent shRNAs, increased
AMPAr-mediated, but not NMDAr-mediated transmission. This
Increased synaptic AMPAr-mediated response, was accompan-
ied by an increase in the frequency of spontaneous excitatory
currents as well as by a reduction of AMPAr internalization. Inter-
estingly, an isoform of Trio (Trio8) has been shown to modulate
early-endosome dynamics in COS-7 cells and to colocalize with
Rab5 in neurons, whereas Rab5 activation drives the specific in-
ternalization of synaptic AMPAr’s in a clathrin-dependent man-
ner (42,43). It is, therefore, plausible that TRIO controls AMPAr
endocytosis via a functional interaction with Rab5 in hippocam-
pal neurons.

It is known that the redistribution of postsynaptic AMPAR’s
plays a key role in controlling excitatory synaptic efficacy
during early development. Early in development a majority of
the synapses are silent, referring to the fact that they contain
NMDArs but no functional AMPAr’s (45). The proportion of
these silent synapses rapidly decreases during the first two
weeks of post-natal development in the hippocampus, coincid-
ing with the maturation process of the synapses (46) and occurs
as a result of AMPAr incorporation. The loss of TRIO could thus
accelerate this unsilencing process. Of interest, premature mat-
uration of excitatory synapses has been observed in several
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models for ASD. For example, accelerated maturation of excita-
tory synapses in an early period of hippocampal development
contributes to the learning deficits in a mouse model of human
SYNGAP1 haploinsuffciency (47). Similarly, accelerated matur-
ation of glutamatergic synapses has been seen upon the loss of
the ID and Schizophrenia-associated microRNA, miR-137 (48).

Kalirin and TRIO belong to the dbl family of RhoGEFs and are
unique within this family in that they display two GEF domains
of distinct specificity. Whereas Kalirin has been extensively
studied for its synaptic function, very little is known regarding
the role of TRIO at the synapse. To our surprise we found that
TRIO plays an opposing role compared with Kalirin both, at the
level of neurite outgrowth and synaptic strength. Whereas Kalir-
in stimulates neurite outgrowth (35) we found that knockdown of
Trio enhanced neurite outgrowth. Similarly, whereas Kalirin is re-
quired for activity-dependent spine enlargement and enhance-
ment of AMPA-mediated synaptic transmission we found that
TRIO negatively regulated AMPAr-mediated, but did not affect
NMDAr-mediated transmission (37). The distinct effects of TRIO
and Kalirin in mammals indicate that these genes contribute to
different aspects of neuronal development. Their opposing
roles could result in the fine balance needed to form complex
dendritic arbors during development, which are critical for prop-
er synaptogenesis and precise cognitive function. In addition,
several Trio splicing variants have been identified (33), and the ex-
pression of each isoform is regulated in a temporal and spatial-
specific manner. These isoforms display either one or both GEF
domains, suggesting that they could differentially regulate Racl
and RhoA. The loss of TRIO in different brain structures could
therefore account for different phenotypes. Functions of these
isoforms are however largely unknown. Future studies will be
needed to explore the function of the multiple TRIO domains in
dendritic arborization and synapse formation and how the ac-
tions of the different domains are coordinated to regulate neur-
onal development.

In summary, our current data identified TRIO in patients with
mild to borderline ID combined with behavioral problems and
provide novel insight into how genetic deficits in TRIO can lead
to glutamatergic dysfunction. Over the coming years, we expect
many more mutations in TRIO to be identified. Therefore, we es-
tablished a website (http:/www.triogene.com) to collect detailed
phenotypic data of individuals harboring TRIO mutations not
only to gain insight into the clinical spectrum that these muta-
tions might cause but also to obtain fundamental understanding
of the pathogenic mechanisms underlying TRIO-related ID.

Materials and Methods

Identification of additional individuals with TRIO
mutations

We performed targeted sequencing of the coding sequence of
candidate ID genes, including TRIO, in a cohort of 2326 indivi-
duals with unexplained ID, using MIPs as described previously
(30). The individuals in this cohort were selected from the in-
house collection of the Department of Human Genetics of Rad-
boud University Medical Center (Nijmegen), containing more
than 5000 samples from individuals with unexplained ID. DNA
was extracted from peripheral blood. After confirmation with
Sanger sequencing, de novo occurrence of the mutation was de-
termined by using parental DNA. This study was approved by
the institutional review board Commissie Mensgebonden Onder-
zoek Regio Arnhem-Nijmegen NL36191.091.11. Written informed
consent was obtained from all individuals.
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Cell culture

Hippocampal neuron cultures were prepared from embryonic
day 18 rats (Sprague-Dawley, Charles River) and nucleofected
with various Ds-Red vectors as described previously (35).
Briefly, hippocampal tissue was separated and meninges
were removed carefully with forceps under the dissecting
microscope. Tissues were digested with 0.25% trypsin (Corn-
ing) for 15 min before dissociation. Culture media contained
1pg/ml fungizone (amphotericin B, Gibco) and 1pm Ara-C
(Sigma) until harvest. Cultures were examined at DIV 2, 4 and
7, enumerating the numbers of primary neurites and branch
points in the transfected cells, using fluorescence to identify
transfected neurons (35).

Organotypic hippocampal slice cultures were prepared from
postnatal day 6 rat pups as described (49). Slices were biolistically
transfected at four DIV using a Helios Gene Gun (Bio-Rad) (41) and
recorded 4 days post-transfection.

Knockdown experiments

To reduce expression of endogenous Trio in the cultures, shRNAs
targeted the spectrin repeat region, since most of the alternately
spliced Trio transcripts contain the spectrin repeats? the effects
of shRNAs targeting Trio were compared with a control shRNA
(scrambled shRNA), which matches nothing in rodent genomes
or transcripts. Oligonucleotides were annealed and ligated into
the RNAi-Ready-pSiren-DNR-DsRed-Express vector (Clontech,
Mountain View, CA, USA). This vector utilizes the human U6
promoter to control shRNA expression and the CMV promoter
to control DsRed expression®. The sequences targeted were:
scramble shRNA, AATGCACGCTCAGCACAAGC; Trio shRNA 1,
TTCTGGCAGAAACAGAGGA; Trio shRNA 2, TTCAGACGCAGCA
CAATCA. All constructs were verified by sequencing. Transfec-
tion with 2 ug DNA was performed using a Nucleofector™ 2b
device (Lonza) at the time of plating and 2.5 x 10° neurons for
each transfection (35). Neurons were fixed at DIV 2, 4 or 7 using
4% paraformaldehyde in phosphate buffered saline.

Immunocytochemistry and image acquisition

Fixed neurons were permeabilized with 0.3% Triton and stained
with antisera to Ankyrin G (1: 1000; mouse, Neuromab). Images
were taken using a Zeiss LSM 510 Meta confocal microscope
and a 40x objective. For each neuron, numbers of primary neur-
ites and branch points were measured from the same image. Pri-
mary neurites that are longer than one soma diameter were
counted at all days in vitro indicated.

Western blot analysis

For time-course studies, hippocampal tissues collected from rats
at different ages were sonicated into the sodium dodecyl sul-
phate lysis buffer, heated for 10 min at 95°C and insoluble debris
was removed by centrifugation. The supernatant protein concen-
tration was determined using the bicinchoninic acid assay
(Pierce, Rockford, IL, USA) and bovine serum albumin (BSA) as
the standard; 50 pg of total protein was loaded onto each lane
for analysis of Trio expression. Westerns were performed with
Trio antibody (UltraCruz) at 1:1000% Similar expression patterns
were observed in a separate set of animals.

RNA isolation, reverse transcription and real-Time
polymerase chain reaction

Total RNA from the tissue was isolated using Nucleospin RNA kit
(Macherey-Nagel). cDNA was synthesized from 0.5 to 1 mg RNA
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using iScript™ cDNA Synthesis Kit. For detecting Trio expression,
real-time polymerase chain reaction (PCR) was performed in
7900HT Fast Real-Time PCR System using GoTaq qPCR Master
mix (Promega). The following primers were used: forward 1,
GTCACGGAACATGTTGAAGG, reverse 1, CCTGTATCACCTCACG
GATG,; forward 2, TCGAGGAAGTTGCACAGAAC, reverse 2, ATCT
CTTCGGGGTCACATTC; forward 3, AGTTGGAGAACGGGTACAGG;
reverse 3, ACCTCGCTCAATGGGATAAC. Relative Trio expression
compared with the control was calculated by 2724,

Electrophysiology

Whole-cell recordings were obtained with Multiclamp 700B
amplifiers (Axon Instruments). To monitor TRIO’s effects on
synaptic transmission, slices were biolistically transfected at
DIV 4. Two days later, whole-cell recordings were obtained simul-
taneously from a transfected and an adjacent non-transfected
neuron in the CA1 region under visual guidance using epifluores-
cence (red fluorescence) and transmitted light illumination. The
recording chamber was perfused with artificial cerebrospinal
fluid (ACSF) containing 119 mM NacCl, 2.5 mm KCl, 4 mm CacCl,,
4 mMm MgCl,, 26 mm NaHCO3, 1 mMm NaH,PO4, 11 mM glucose,
0.1 mMm picrotoxin and 4 uMm 2-chloroadenosine (pH 7.4), and
gassed with 5% CO,/95% O,. Recordings were made at 30°C.
Patch recording pipettes (3-5 MQ) were filled with intracellular
solution containing 115 mM cesium methanesulfonate, 20 mMm
CsCl, 10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 2.5 mm MgCl,, 4 mm Na,ATP, 0.4 mm NasGTP, 10 mM sodium
phosphocreatine, and 0.6 mM ethylene glycol tetraacetic acid
(pH 7.25). Evoked responses were induced using bipolar electro-
des placed on Schaffer collateral pathway. Responses were re-
corded at both —60 mV (for AMPAr-mediated responses) and
+40 mV (for NMDAr-mediated responses). NMDAr-mediated re-
sponses were quantified as the mean between 60 and 65 ms after
stimulation. All recordings were done by stimulating two independ-
ent synaptic inputs; results from each pathway were averaged and
counted asn=1.

Spontaneous responses were recorded at —-60 mV (sEPSC) in
ACSF containing 2.5 mM CaCl, and 1.2 mm MgCl, at 30°C. sEPSCs
were recorded in the presence of 0.1 mM picrotoxin. Five to
10 min of recordings were analyzed from each cell. Data were ac-
quired at 5 kHz, filtered at 2 kHz, and analyzed using the mini
analysis program (Synaptosoft). All data are reported as mean +
SEM. A statistical significance was determined by the paired
Student’s t-test. Significance was set to P <0.05.

AMPAr endocytosis assay

Endocytosis assay was performed as previously described (50,51)
with modifications. Briefly, living primary hippocampal neurons
transfected with indicated constructs were pretreated for 30 min
with 100 pg/ml leupeptin and then labeled with anti-GluA1 anti-
body (Millipore). Internalization of the labeled GluA1 subunits
was then allowed for 2 h at 37°C. After fixation with 4% parafor-
maldehyde and blocking with 5% BSA, surface-labeled GluA1l
subunits were exposed to Alexa-488 secondary antibody (Invitro-
gen). After washing, the remaining surface GluA1 subunits were
incubated with an unlabeled secondary antibody at a concentra-
tion of 0.13 mg/ml overnight to saturate surface anti-GluA1 anti-
bodies. Neurons were then permeabilized and incubated with
Alexa-647 secondary antibody to label internalized GluA1 subu-
nits. GluA1 endocytosis was calculated by dividing the intensity
of internalized GluA1l by the intensity of surface GluA1l using
image]J (lags/Isa7)-

Supplementary Material

Supplementary Material is available at HMG online.
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