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ABSTRACT

Mutations in interleukin-1 receptor accessory protein like 1 (ILIRAPLI) gene have been associated with
non-syndromic intellectual disability and autism spectrum disorder. This protein interacts with synaptic
partners like PSD-95 and PTPS, regulating the formation and function of excitatory synapses. The aim of
this work is to characterize the synaptic consequences of three /L/RAPLI mutations, two novel causing
the deletion of exon 6 (Aex6) and one point mutation (C31R), identified in patients with intellectual
disability. Using immunofluorescence and electrophysiological recordings we examined the effects of
IL1RAPLI1 mutants over-expression on synapse formation and function in cultured rodent hippocampal
neurons. Aex6 but not C31R mutation leads to ILIRAPLI1 protein instability and mislocalization within
dendrites. Analysis of different markers of excitatory synapses and sEPSC recording revealed that both
mutants fail to induce pre- and post-synaptic differentiation, contrary to WT IL1RAPL1 protein. Cell
aggregation and immunoprecipitation assays in HEK293 cells showed a reduction of the interaction
between ILIRAPL1 mutants and PTPS that could explain the observed synaptogenic defect in neurons.
However, these mutants do not affect all cellular signaling since their over-expression still activates JNK
pathway. We conclude that both mutations described in this study lead to a partial loss of function of the
IL1RAPLI protein through different mechanisms. Our work highlights the important function of the trans-
synaptic PTP3/ ILIRAPLI1 interaction in synaptogenesis and as such, in intellectual disability in the

patients.



INTRODUCTION

Intellectual disability (ID) is defined as an overall intelligence quotient (IQ) lower than 70 and limitations
in adaptive behavior, with an onset before the age of 18. ID affects around 3% of the population, and X-
linked ID (XLID) is responsible for 10% of severe ID cases. To date, 116 of XLID genes have been
identified. Mutations in one of these genes, interleukin-1 receptor accessory protein-like 1 (/L/RAPLI),
are associated with cognitive impairment ranging from non-syndromic ID to autism spectrum disorder
(ASD). Until now, described mutations include exon deletions and nonsense mutations that result in the
absence of protein, in most of the cases (1-14).

ILIRAPLI1 is a member of interleukin 1 receptor family, and shares 52% of homology with the IL-1
receptor accessory protein (ILIRAcP) (1). It contains 3 extracellular Immunoglobulin (Ig) —like domains,
a single transmembrane domain, an intracellular Toll/IL-1R (TIR) domain and a C-terminal tail of 150
amino acids, that is not shared with other family members. ILIRAPL1 is expressed in the brain, and is
located on excitatory synapses with an enrichment at the postsynaptic compartment (15).

The importance of ILIRAPL1 in brain function was demonstrated by studies of Il1rapll knockout mouse
model (16). These mice show impaired associative learning and synaptic defects, including decrease in
dendritic spines and synaptic plasticity in different brain regions (15, 17).

Growing body of evidence underlines the importance of ILIRAPL1 on synapse physiology. Several
IL1RAPL1-interacting proteins necessary for ILIRAPL1-induced pre- and post-synaptic differentiation
have been identified. ILIRAPL1 interacts through its C-terminal domain with the calcium sensor NCS-1,
regulating the activity of N-type voltage-gated calcium channel (VGCC) in PC12 cells (18, 19). In
neurons, ILIRAPL1 interacts with PSD-95, a major scaffolding protein of excitatory synapses, and
modulates its synaptic localization by regulating JNK activity and PSD-95 phosphorylation (15).
Interaction with RhoGAP2 and Mcf2l, two regulators of Rho GTPases activity, is required for ILIRAPL1
to induce dendritic spine formation and function (20, 21). Hayashi et al., identified other proteins

interacting with the intracellular domain of ILIRAPLI, like PKCe, PLCB1 and Rasall (21). Trans-



synaptic interaction with the protein tyrosine phosphatase PTPS through the extracellular domain of
IL1RAPLI was also shown to be essential for synaptogenesis (20, 22).

We identified two novel /ILIRAPLI mutations, an in frame deletion of exon 6 (Aex6), in two unrelated
patients with ID. Unlike the majority of previously reported /L/RAPLI mutations, which primarily lead to
loss of ILIRAPL1 protein, this deletion and one point mutation in exon 3 (c.91T>C; p.(Cys31Arg)) (23),
are compatible with ILIRAPL1 protein synthesis, but are predicted to affect the function of its
extracellular domain. As part of this work we explore the impact of these mutations on synapse formation

and function and how this can explain the intellectual disability of the patients.



RESULTS

Clinical characterization of patients and identification of two novel mutations on ILIRAPL1

P72 Family. The pedigree of family P72 is shown in Figure 1A. Patient II-2 (male, 30 years) presents
moderate 1D, autistic-like behaviour, is extraverted, aggressive, and has language and motor delay. He has
large hands, big ears, long face and synophrys. Patient II-3 (male, 43 years) presents mild ID and has no
major behavioural problems. He also has autistic-like behaviour and language and motor delay. He has
facial dysmorphism, big ears and round face. Neurological examination was normal. The only clinical
feature of III-2 (female, 10 years) is ID, needing special care.

During a search for mutations in /L/RAPLI gene in male patients with XLID, we found a deletion of exon
6 in genomic DNA from patient II-2. This deletion was also found in the affected brother II-3. Physical
mapping of the deletion by CGH array and long range PCR allowed us to characterize its size (7744 base
pairs (bp)) and define the DNA breakpoints between intron 5 and 6 of I[LIRAPLI
(2.29684073 29691812del; c.1212 1286del; hg19/LOVD3 ILIRAPL1 000009). Using oligonucleotides
flanking the deletion breakpoints, we studied by real-time PCR the segregation of the deletion in P72
family. As shown in Figure 1B, the deletion is present in I1I-2, 1I-3 and III-2 but not in II-1 and II-4 DNA
isolated from blood; the low level of amplification in obligate carrier I-2 suggests somatic mosaicism. The
in frame deletion of /LIRAPLI exon 6 is predicted to lead to a protein lacking 25 amino acids in the

extracellular domain, between immunoglobulin domain (Ig) 2 and 3 (p.(Ala235 Leu259del); Fig. 1G).

In order to elucidate if II1-2’s phenotype is due to a skewed X chromosome inactivation we evaluated her
X-inactivation pattern using the AR, FMRI or FMR?2 loci in her fibroblasts. Unfortunately none of these
markers was informative and given that /LIRAPLI expression in fibroblasts and blood cells is very low,
we assessed the X-inactivation skewing by testing the expression of one SNP (single-nucleotide
polymorphism) in the 3'UTR of APOO, a gene located on the X chromosome at <5 kb from ILIRAPLI, in

fibroblasts from III-2. Using this SNP (rs8680) we were able to differentiate her parent’s contribution, and



we found the expression of both alleles in III-2 cDNA suggesting random X-inactivation in her fibroblasts
(Suppl. Fig. 1).

BMC Family. The proband II-1 (male, 27 months old) was born after an uneventful pregnancy as the
second child of non-consanguineous parents (Fig. 1C). He had some delay of motor development, sitting
at 9 months and walking at 25 months. At the age of 27 months he only speaks three words and formal
developmental testing confirmed delay. He was advised to start in special education. Family history is
significant for learning difficulties in the mother; she attended special education. The proband has one
sister with learning difficulties. Physical examination reveals height of 84 cm (below third percentile),
weight 12.7 kg (25™ percentile) and head circumference 48.4 cm (25™ percentile). He has mild facial
dysmorphism with a prominent forehead. He has generalized joint hyperlaxity, normal male genitalia and
skin significant eczema. Brain MRI was normal.

Microarray analysis revealed a deletion of ~200 kb with the proximal breakpoint in intron 5 and the distal
breakpoint in intron 6 of ILIRAPLI (g.29517322 29746541del; ¢.703+99897 778+59920del; hgl9/
LOVD3 IL1RAPL1_000008) predicted to result in a deletion of the entire exon 6 (Fig. 1D). Additionally,
a duplication on chromosome 19q13.41 of unknown clinical significance was observed
(2.52860055 52996104dup; c.-41492 *76112dup; hgl9, LOVD3 ZNF528 000001). The parents and
sister of the proband were also tested and both the deletion and duplication are inherited from the mother,
and present in the sister. Similarly to the above-described deletion of exon 6, this one is predicted to lead
to the same IL1IRAPLI mutant protein lacking 25 amino acids in the extracellular domain, between

immunoglobulin domain (Ig) 2 and 3 (p.(Ala235 Leu259del); Fig. 1G).

A28 Family. The pedigree of family A28 is shown in Figure 1E. II-1 (male, now deceased) had moderate
ID (IQ assessed as 36-51), gynaecomastia, obesity, small testes, normal height (169 cm) and head
circumference (54.5 cm), sexual deviant behavior (treated with an anti-androgen medication and
necessitating living in care). I1-2 (male, 57 years) presents mild ID, obesity, significant behavioral issues,

normal head circumference, normal facial features, gynaecomastia, normal hands and feet. The female



obligate carrier I-2 is phenotypically normal, with normal height (153 cm) and head circumference (54.2
cm). She appeared to have low average intelligence.

A missense substitution in /L/IRAPLI exon 3 (c.91T>C) (LOVD3 IL1RAPL1 000003) leading to an
amino acid change p.(Cys31Arg) (C31R) was initially reported by Tarpey et al. in II-2 patient (23), but no
clinical information about the family nor further characterisation of this variant (ie. if deleterious to
IL1IRAPLI function or not) was studied. We first confirmed the segregation of this variant in the A28
family (Fig. 1F) and subsequently investigated its functional consequences. This point mutation is located
in the extracellular domain of ILIRAPL1 protein before the first [g domain (Fig. 1G). We assessed the
pathogenicity of this variant by in silico analysis using the following software: Mutation taster (24), SIFT
(25) and PolyPhen 2 (26). Mutation taster analysis predicted that this missense variant is a disease-causing
mutation. PolyPhen analysis, which predicts possible impact of an amino acid substitution on the structure
and function of a human protein using straightforward physical and comparative considerations, of the
missense mutation also considered it to be “probably damaging” (score 1.0). Finally, SIFT analysis
predicted also the substitution at position 31 from Cys to Arg to affect protein function with a score of
0.00 (damaging). Alamut splicing predictions (Interactive Biosoftware) suggested no significant impact of
this substitution on donor and acceptor splice sites.

Finally, a point mutation in ILIRAPLI exon 11 (c.1927A>G) leading to an amino acid change
p-(Ile643Val) (1643V), was found in a male with ID, but was not observed in his affected brother
potentially ruling out this variant as the genetic cause of the disease in this XLID family. This /LIRAPLI
variant was reported before by Piton et al.,(5) and is unlikely to be pathogenic since in silico analysis
considered it to be tolerated by the protein. In our study, we use this variant as a control, as this single

amino acid change is located in the intracellular domain (Fig. 1G), contrary to Aex6 and C31R mutations.

In this and previous studies (15, 20) we used as controls two ILIRAPL1 mutant proteins, AC and AN,

lacking a large part of intra or extra cellular domains, respectively (Fig. 1G and Table 1).



AC mutant corresponds to a nonsense /L/RAPLI mutation in exon 11 (c.1377C>A) observed in a patient
with non syndromic ID (1). The construct used in our study lacks the half of the TIR and the complete C-
terminal domains (p.(Tyr459X)).

AN mutant protein lacks the first two Ig-like domains, and corresponds to the deletion of exons 1 to 6 of
ILIRAPLI (c.1 _778del) (Fig. 1G and Table 1). Deletions of these exons were found in different patients

with ID, but they probably lead to the absence of ILIRAPL1 expression (4, 6-9).

IL1RAPLI1 protein expression and localization is affected by mutations in its extracellular domain

In order to evaluate the effect of ILIRAPL1 mutations on protein stability, HEK293 cells were co
transfected with GFP and vectors bearing HA-tagged WT or mutant ILIRAPL1. Protein expression of
mutants is significantly decreased (~75% for Aex6 (~108 KDa) and ~60% for C31R (~115 KDa),
compared to the WT (~115 KDa) protein) 24 hours after transfection as revealed by immunoblot (Suppl.
Fig. 2). The decrease in protein is not due to lower transfection efficiency (evaluated by GFP signal)
suggesting that both mutations lead to decreased stability of the ILIRAPLI1 protein in these cells. Protein
expression of an ILIRAPL1 mutant lacking the half of the TIR and the complete C-terminal domains (AC,
~62 KDa) is decreased to similar levels than Aex6 and C31R. Next, we studied the stability of the mutants
in mouse hippocampal neurons. Whereas ILIRAPL1 protein expression in Aex6 transfected neurons is
severely abolished to the background level, C31R mutant protein has similar expression level to WT
protein (Fig. 2A and 2B). 1643V variant is more abundant compared to WT protein, but there are probably
no consequences since this excess of protein does not affect other analyzed parameters (see below). All
IL1RAPLI variants including Aex6 are correctly targeted to the membrane of neurons as measured by the
ratio of surface HA per total HA signal, compared to WT ILIRAPLI protein (Fig. 2C and 2D). As WT
IL1RAPLI protein is present in the dendrites and enriched at the postsynaptic site in the dendritic spines
(15), we analyzed the subcellular localization of the variants by measuring the coefficient of variation of
HA-IL1RAPL1 signal along dendrites (CV, see material and methods) and also the distribution of

IL1IRAPLI signal in spines versus dendrites. Both C31R and 1643V mutant proteins are distributed in
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dendritic shafts and are also enriched in spines similarly to WT (Fig. 2E and 2F). In contrast and despite
its low abundance, Aex6 mutant is predominantly observed forming discrete puncta within dendritic
shafts. Coefficient of variation analysis of Aex6 ILIRAPL1 signal along the dendritic shaft clearly shows
more variations than WT and other mutated proteins (*** p <0.001 compared to WT protein, n=14
neurons (not shown)). In addition, Aex6 mutant shows a decrease of ILIRAPLI signal in dendritic spines
of neurons compared to WT transfected neurons (Fig. 2F).

In conclusion, deletion of the region between Ig2 and Ig3 domains in Aex6 mutant is responsible for its
instability and mislocalization in dendrite and spines. In contrast, these parameters are not altered by

C31R mutation.

Impact of ILIRAPL1 mutations on excitatory synapse formation

Knocking-down or overexpressing ILIRAPL1 decreases or increases excitatory synapse formation,
respectively (15, 20, 22, 27). In order to evaluate the impact of the three newly described mutants on this
IL1RAPLI1-dependent synaptogenic phenotype, we co-transfected cultured hippocampal neurons with
GFP and HA-tagged IL1RAPL1 constructs and their effect on pre- and post-synapse formation was
evaluated using specific markers.

WT and 1643V ILIRAPLI1 transfected neurons at DIV18 present a large increase of the pre-synaptic
marker synaptophysin that is not observed in neurons overexpressing Aex6 or C31R mutant (Suppl. Fig.
3). As synaptophysin labels both excitatory and inhibitory pre-synapses, we stained transfected neurons
with more specific markers using anti-VGLUT1 and anti-VGAT antibodies to label excitatory or
inhibitory pre-synapses, respectively. We observed that ILIRAPL1 increases the excitatory pre-synaptic
marker, an effect that is not observed after Aex6 or C31R mutant over-expression (Fig. 3A and 3B).
Staining for the inhibitory pre-synaptic marker VGAT is not affected after WT or mutants expression
confirming the specific function of ILIRAPLI in excitatory synapses (Suppl. Fig. 4A).

Over-expression of both WT and 1643V IL1IRAPLI induces an increase of the excitatory post-synaptic

marker PSD-95 (Fig. 3C and 3D, ~100 and ~150% respectively, no statistical differences between them)
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together with an increase in the number of dendritic protrusions (Fig. 3E, ~20% in both cases), compared
to control neurons. In agreement with these data and as previously reported, WT and 1643V IL1RAPL1
over-expression increase the frequency (~300% in both cases), but not the amplitude of spontaneous
excitatory post-synaptic currents (SEPSC) (Fig. 3F and 3G). In contrast, none of the post-synaptic effects
are observed in neurons overexpressing Aex6 or C31R mutants (Fig. 3C-E) suggesting that these mutants
lose their synaptogenic properties. According to immunocytochemistry data, neither WT nor mutant
protein altered the frequency and amplitude of spontaneous inhibitory post-synaptic currents (sIPSC,
Suppl. Fig. 4B).

Worth noting, AC mutant lacking part of intracellular domain is able to increase synaptophysin (Suppl.
Fig. 3) and VGLUT]1 staining, but not to increase PSD-95 staining (n=16 neurons per group from 2
independent experiments) or the number of dendritic spines (20). On the other hand, a mutant lacking part
of the extracellular domain (AN in Fig. 1G) is also unable to increase pre- and post-synaptic
differentiation (Suppl. Fig. 3). These observations support the fact that pre-synaptic differentiation is
dependent on ILIRAPL1 extracellular domain, while both extra and intracellular domains are important
for post-synaptic differentiation (20, 22). This suggests that extracellular domain of IL1RAPLI is
damaged in C31R mutant, and that this could account for its synaptogenic deficit. In the case of Aex6
mutant, this deficit is probably due to the decrease in protein stability and mislocalization within dendrites

as shown above.

Mechanism of synaptic deficits induced by ILIRAPL1 mutants

The synaptogenic activity of ILIRAPLI1 is dependent on its interaction with a specific isoform of the
tyrosine phosphatase PTPS (20, 22, 28). This protein interacts with ILIRAPL1 extracellular domain, and
was shown to be specific as other members of the protein family, like LAR and PTPo, are able neither to
interact with nor to induce ILIRAPL1-dependent synaptogenesis.

As C31R mutant lack synaptogenic activity, presumably because of changes in its extracellular domain

structure, we hypothesized that this mutation perturbed the trans-synaptic interaction with PTPS. In order
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to test this hypothesis, a group of HEK293 cells overexpressing either GFP or HA-ILIRAPL1 proteins
and another group expressing Myc-PTPS ectodomain were subjected to a cluster assay as previously
described (20). After counting the number of red/green clusters (yellow in merge image in Fig. 4A), this
assay revealed some but not significant interaction between C31R IL1IRAPL1 mutant and PTP9, compared
to control cells and AN mutant that lacks the 2 first Ig-like domains (Fig. 4A). Similarly, the small amount
of the Aex6 mutant expressed shows a severe reduction of clustering. However compared to WT
IL1RAPLI, both mutants show significant decrease of clustering efficiency, suggesting that the mutants
reduce somehow the interaction with PTPS (~40% for both mutants). This deficit could contribute to the
inability of C31R mutant to induce the formation of excitatory synapses.

To support this conclusion, we performed in vitro interaction tests by immunoprecipitating IL1IRAPLI
from protein lysates containing both IL1IRAPL1 and Myc-PTPd proteins, and we evaluated by
immunoblotting the presence of Myc- PTP3 ectodomain in the immunoprecipitate. Whereas WT or 1643V
efficiently interact with PTPS, we observed a strong reduction of Myc staining after immunoprecipitation
of both Aex6 and C31R mutants (Fig. 4B). However, decrease of Aex6 protein expression is likely to be
also responsible for this observation (Suppl. Fig. 2 and Fig. 4B, input 10% and immunoprecipitated
IL1RAPL proteins).

Taken together, cell aggregation and immunoprecipitation assays lead us to conclude that C31R mutation

decreases the interaction of ILIRAPL1 with PTPS.

Mutants regulate other ILIRAPL1-dependent signaling

Besides PTP6, ILIRAPLI1 interacts with NCS-1, PSD-95, RhoGAP2, Mcf2l, PKCe and PLCP1 (15, 18,
20, 21). These proteins interact with the intracellular domain of ILIRAPLI1, suggesting that signaling
independent from the extracellular domain could still be induced in neurons expressing IL1RAPL1
mutants with intact intracellular domains.

Even if there is no evidence for direct interaction with c-jun N-terminal kinase (JNK), the role of
IL1IRAPLI on the regulation of activity of this kinase has been reported (15, 29, 30). Over-expression of

11



IL1RACcP and IL1IRAPL1 was shown to increase JNK basal activity in HEK293 cells (29, 31). In order to
evaluate the capacity of the mutants to activate JNK, we assessed by immunoblotting the basal activity of
this kinase in HEK293 cells overexpressing different ILIRAPL1 constructs.

We show that over-expression of IL1IRAPLI mutants in HEK293 cells increases the basal JNK
phosphorylation, to levels comparable to the WT protein (Fig. 4C). Even if only p56 JNK isoform was
quantified, phosphorylation of p46 isoform appears also to be increased after ILIRAPL1 over-expression.
This result suggests that Aex6 and C31R mutants do not lose all signaling capacity, independently from
synaptogenesis, and that even low expression of the ILIRAPL1 Aex6 mutant is able to induce this

signaling.
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DISCUSSION

There are hundreds of genes in which mutations are known to cause intellectual disability or ASD or both.
Since its discovery as a gene implicated in ID, several mutations of /L/RAPLI were found in patients with
different severity of ID. As shown in Table 1, the majority of the described mutations include large
deletions. It is of particular interest that they mostly involve the first exons coding for extracellular domain
of ILIRAPLI protein. Some authors suggest that because of the incidence of genomic rearrangements,
such as pericentromeric inversions, this region must be particularly prone to recombination (3, 32).
Moreover, the majority of mutations likely results in the absence of the ILIRAPLI1 protein, or is predicted
to lead to truncated proteins. Until now only one frame shift mutation leading to a shorter ILIRAPLI
protein has been characterized functionally (5). The impact of mutations described so far on ILIRAPLI
protein production and function, when available, is summarized in Table 1.

Here we report two novel mutations of /L/RAPL]I related to non-syndromic ID and we characterize their
functional consequences. Both mutations result in an in frame deletion of exon 6, leading to a 25 amino
acids loss in the extracellular domain of ILIRAPL1. These mutations were identified in two unrelated
families (P72 and BMC) and have different DNA breakpoints. In both cases, the deletion co-segregates
with the ID phenotype in an X-linked recessive manner. Besides exon 6 deletion, patient II-1 in family
BMC presents also a duplication on chromosome 19 that includes ZNF528 gene. Missense mutations of
this gene were previously identified in two patients with mild ID (33). Due to the fact that Aex6 mutation
was also found in members of the P72 family presenting ID, we propose the deletion in /LIRAPLI as the
major cause of ID in these 2 families, but we cannot rule out that the severity of cognitive impairment
could be modulated by deletions or duplications in other genes, such as ZNF528.

We also characterized the functional consequences of a unique missense variant C31R previously
reported, but not further investigated (23). This variant was predicted to be damaging to ILIRAPLI1
protein, which can be due to the importance of this region for protein folding. To our knowledge, this is

the only pathogenic /L1RAPLI missense variant described so far.

13



Several studies on XLID genes, including /L/RAPLI, raise the question of the role of X chromosome
inactivation on female phenotype (3, 4, 6, 8). In the present study, /L/RAPLI mutations were found in
healthy as well as in affected females from the three families (Fig. 1). Females I-2 and II-2 (BMC family),
and -2 (A28 family) have some learning problems or low average intelligence. But unlike III-2 from P72
family, they do not have ID. We speculate that, even if not observed in fibroblasts, the X chromosome
inactivation pattern may be skewed in III-2’s brain or in particular subsets of neurons, resulting in a
predominant expression of the mutant allele (34).

Together with Aex6, the C31R mutation allowed us to address the impact of relatively milder mutations,
in comparison to large deletions or nonsense mutations, on ILIRAPL1 protein stability, localization and
synaptic function. ILIRAPL1 is located at both pre- and post-synaptic compartments of excitatory
synapses, but is enriched in the post-synaptic membrane (15), and it’s over-expression is known to
increase the formation of this type of synapses on hippocampal neurons (15, 20, 21). We showed that
Aex6 mutation lead to decreased protein stability in neurons, mislocalization within dendrites and
decreased presence in spines, even if mutant protein is correctly targeted to the membrane. In the other
hand, C31R mutation does not affect ILIRAPL1 stability in neurons nor localization on dendritic spines
and shafts. Our experiments clearly show that Aex6 and C31R were not able to increase excitatory
synapse number, after evaluation of either pre- or post-synaptic markers. In the case of Aex6 mutant, the
lack of synaptogenic effect can be explained by the severe decrease in ILIRAPL1 protein expression and
its miss localization, as shown in Figure 2A-B and 2E-F. However C31R mutant protein, whose
expression is similar to WT, also fails to increase synaptic formation. This impairment was also observed
in AN, which lack the majority of the ILIRAPL1 extracellular domain (Suppl. Fig. 3 and Table 1). As
previously shown (20), AC mutant with intact extracellular domain is able to increase the pre-synaptic
marker synaptophysin establishing that this domain is essential for pre-synaptic differentiation (Suppl.
Fig. 3). We then hypothesized that C31R mutation affects this domain and the binding to interacting
partners. PTPS is the only partner known to interact with ILIRAPLI1 extracellular domain and this

interaction was shown to be essential for ILIRAPL1-mediated synaptogenesis (20, 22). In order to dissect
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the molecular mechanism underlying the synaptic deficits observed in neurons transfected with C31R, we
evaluated mutant's capacity to interact with PTPd. The cell aggregation and immunoprecipitation assays
shown in Figure 4 allowed us to conclude that the decrease of interaction with this tyrosine phosphatase
participates to the inability of C31R ILIRAPLI mutant to increase the number of excitatory synapses.
Despite reduced expression (Aex6) and perturbed synaptogenesis (C31R), we hypothesized that some of
the signaling could be preserved in cells transfected with Aex6 and C31R mutants. Indeed, we observed
that both mutant proteins were able to induce JNKs basal activation. The capacity of ILIRAPLI to
regulate JNK activity was previously shown (15, 29, 30), even if the mechanism is still unclear. PSD-95
phosphorylation by JNK has been shown to regulate PSD-95 at the excitatory synapses and we proposed
that the reduction of excitatory synapses in ///rapll knockout neurons was secondary to reduced JNK
activity (15, 35). Our results suggest that Aex6 and C31R mutations decrease ILIRAPL1 synaptogenic
activity while maintaining other signaling, like JNK activation, uncoupling the two events. Alternatively,
JNKSs belong to the MAPK family, and in neurons they are involved in diverse roles including cell death,
radial migration, neurite formation, metabolism regulation, and behavioral control. JNK signaling has an
impact on synaptic plasticity, as a regulator of AMPA receptors trafficking (36, 37). The functional role of
JNK, in particular in response to IL1[ stimulation, is still under investigation (30).

Finally, the 1643V variant was reported in ID patients as well as in controls. This, together with in silico
prediction suggests that this variant is not deleterious for ILIRAPL1 function. In this study we evaluated
the potential functional consequences of this amino acid change within the intracellular domain of
ILIRAPL1 with the aim to assess if it may act as a susceptibly variant to ID. We observed that 1643V
protein was significantly increased in transfected neurons, but the increase of excitatory synapse number
was comparable to WT IL1RAPL1. These observations support the hypothesis that the functional
interactions, but not the quantity of ILIRAPLI protein is important for synapse formation. This functional
characterization strongly suggests 1643V to be a neutral /L/RAPLI variant.

In conclusion, the cognitive deficits observed in patients carrying Aex6 mutations can be explained by the

decrease of ILIRAPLI1 protein stability in neurons, together with the fact that residual produced protein is
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mislocalized. In the other hand, deficits observed in patients with C31R mutation are caused by a decrease
of the capacity to interact with PTPJ, and thus to increase synaptogenesis. In addition, these mutations
allowed us to rule out the functional involvement of JNK in the PTPo induced synaptogenic activity of

IL1IRAPLI.
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MATERIALS AND METHODS

Genetic analysis

DNA was extracted from peripheral blood or skin fibroblasts using standard methods after parental and
patients’ consent was obtained.

The following intronic primers were used to investigate the exon 6 deletion in P72 family:
TGAAAGTGAAAAATATTTGGGAAA, and CACAATGTAACGAGAGCAGCA. Confirmation of the
deletion was obtained by gqPCR (LightCycler LC480, Roche) targeting exon 6
(CCCAAGCTTTTGTATCCTAT and ATGGATTTAGCTGCGAGTA) and exon 8
(ACATCAGATTCGGATTCATC and GCGTGTCGACGTCCATT) was used as a reference. CGH array
(NimbleGen's, Roche) and long range PCR (TGTGAGTGAGTGTGCATATGTGTGTATAGGTG and
CGTGGGGACTAGACCAGGAGTTG) was used to map exon 6 deletion in P72 family members.
Germinal mosaicism of the deletion was explored by qPCR (TGCTTGACAGAATTTTCCAAGGAGCA
and GTTACCACTTTCATTTACCTTGGGATGA) were COL6AS expression was used as a reference
(ACCACTGGCAGCTTCTGGCAA and CGCCCCTGGACATCCTGCAA). The following primers were
used to detect APOO  polymorphism in  patients’  fibroblasts:  genomic =~ DNA
(TCCCAACTGTCTGGTTCTAGCTTGT andTGGTTTGACCCTGTCCCCCAT), and cDNA
(TGGGATTAGCTGCCTCCCTCT and ACTGACTTCTATGCCATTTTTCTGT). X-chromosome
inactivation studies were performed using the AR, FMRI and FMR2—specific Hpall/PCR assay, to assess
X-inactivation pattern.

SNP array analysis on BMC family members was performed using a HumanCytoSNP-12v2.1 beadchip
following standard protocols as provided by the manufacturer on an iScan system (Illumina, San Diego,
CA). CNV analysis was performed using CNV-WebStore (38). Familial relationships were validated by
comparing the SNP patterns of the patient with those of the parents.

Identification of ¢.91T>C (C31R) mutation II-2 member of family A28 is described elsewhere (23).

Segregation studies were performed by PCR and Sanger sequencing.
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Newly identified variants were submitted to Leiden Open Variation Database 3.0 (LOVD 3.0)(39)

(IL1RAPL1_000008 and IL1RAPL1_000009).

c¢DNA constructs
HA-tagged human IL1RAPL1 described before (15) was modified using QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies) to generate Aex6, C31R, 1643V and Algl23 constructs. Myc-

tagged PTPS, AC, AN were described elsewhere (20).

Antibodies

The following primary antibodies were used: rabbit anti-ILIRAPL1 (K10,(15)), goat anti-IL1IRAPLI
(R&D), mouse anti-GFP (Roche and Abcam), rabbit anti-VGlutl (Synaptic Systems), rabbit anti-VGAT
(Synaptic Systems), rabbit anti-HA-tag (Santa Cruz Biotechnology), mouse anti-HA-tag (Roche), mouse
anti-c-Myc (Santa Cruz Biotechnology), mouse anti-PSD-95 (Affinity Bioreagents), rabbit anti-
synaptophysin (Cell Signaling), rabbit anti-P- Thr183/Tyr185 JNK (Cell Signaling), mouse anti-JNK (Cell
Signaling), mouse anti-GAPDH (Ambion). All fluorophore conjugated secondary antibodies were

purchased from Jackson ImmunoResearch Labs.

HEK?293 cells culture, transfection and immunoblotting

HEK?293 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine
serum and penicillin/streptomycin (all Invitrogen). Cells were seeded at 60-70% of confluence and
transfected with the different constructs using Lipofectamine 2000 (Life Technologies). 24h after
transfection, cells were lysed and an equal amount of protein was submitted to SDS-PAGE and transferred
to nitrocellulose membrane. Membranes were incubated over night with HA tag, GFP, GAPDH or P-JNK
antibodies. Total JNK was evaluated after stripping P-JNK signal. After incubation with HRP-conjugated
secondary antibodies (Dako), Super Signal West Femto and ECL substrate (Pierce) were used for
revelation. Acquisition was performed with LAS-4000 (General Electric) and quantification of band
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intensity was done with ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2014.). ILIRAPL1 abundance was evaluated in
lysates from cells co transfected with ILIRAPL1 constructs and GFP (control of transfection efficiency),
by dividing HA intensity signal by GAPDH signal (protein loading control). JNK phosphorylation was
measured by calculating the ratio between P-JNK (P-p54) and total JNK (p54). Statistical analysis was
performed by one way analysis of variance (ANOVA) followed by Tukey’s post-hoc test for multiple

comparisons.

Cell culture and transfection of primary rat and mouse hippocampal neurons

Low-density rat hippocampal neuronal cultures were prepared from embryonic day (E) 18-19 hippocampi
as previously described with minor modifications (40, 41) and were grown in 12-well Petri dishes (Primo).
Cultured mouse hippocampal neurons were prepared from E16.5 embryos, grown in 10 mm glass
coverslips and maintained in Neurobasal B27-supplemented medium (Life Technologies). Neurons were
transfected using Lipofectamine 2000 on Days In Vitro 11 (DIV11) and experiments were performed at

DIV14-18. Experimental procedures on animals were approved by the local ethical committee.

Neuron surface staining

At DIV 14-15, live hippocampal neurons were labeled for 10 min at 37°C with anti-HA-tag rabbit
antibody (10 ug/ml). After washing, neurons were fixed with paraformaldehyde (PFA) 4% plus 4%
sucrose and incubated with anti-HA-tag mouse antibody in GDB (30 mM phosphate buffer, pH 7.4, 0.2%
gelatin, 0.5% Triton X-100, 0.8 M NaCl (all Sigma-Aldrich)) for 3 h at room temperature. Cells were
washed in 20 mM phosphate buffer containing 0.5 M NaCl and incubated with FITC- and Cy3-

conjugated secondary antibodies.

Immunocytochemistry and image analysis
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Cells were fixed in 4% PFA plus 4% sucrose at room temperature for 20 minutes, or 100% methanol at -
20° for 10 min. Primary (1:100-1:800) and secondary (1:200) antibodies were applied in GDB buffer or in
PBS (pH 7.4) containing 3% BSA and 0.2% Tween 20.

Confocal images were obtained using a Zeiss 510 confocal microscope (Carl Zeiss, a gift from
Fondazione Monzino) or a Leica DMI6000 Spinning disk microscope. Quantification of synaptic protein
staining was performed using MetaMorph (Molecular Devices, Downingtown, PA), and ImageJ software
and NeuronJ plugin (42). Labeled, transfected cells were chosen randomly for quantification from six
coverslips from 3 independent experiments for each condition and image analysis was performed under
blind condition.

Coefficient of variation of ILIRAPLI staining was calculated by dividing the standard deviation of HA
signal by mean pixel intensity within dendrites (43) .The dendritic spine number was measured as
described previously (41, 44) with minor modifications. For each neuron we measured the number of
protrusions present in all the dendrites along their entire length. Then we calculated mean and SEM
(Standard Error of the Mean) for the neurons transfected with the same construct.

Quantification of protein surface staining was performed using MetaMorph (Molecular Devices,
Downingtown, PA), and ImageJ software. The ratio of integrated intensity of surface rabbit anti-HA signal
per total mouse anti-HA signal was measured for each neuron. Then we calculated the mean and SEM for
the neurons transfected with the same construct.

HA-IL1RAPLI1 in spines and dendritic shafts was quantified using IMARIS 7.2 software and Filament
Tracer wizard (Bitplane). Integrated density of HA signal was normalized by GFP integrated density in
each compartment. The ratio of HA/GFP in spines and in dendritic shafts was assessed for each neuron
and mean + SEM was reported for neurons transfected with the same ILIRAPL1 construct.

Statistical analysis was performed by one way analysis of variance (ANOVA) followed by Tukey’s post-

hoc test.

Electrophysiological recording on mouse hippocampal cultured neurons
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Whole-cell patch-clamp recordings were made from GFP or ILIRAPL1 transfected mouse hippocampal
neurons at 18-21 DIV. Non transfected cells from the same coverslip were also recorded as controls. Patch
electrodes, fabricated from thick borosilicate glass, were pulled and fire polished to a final resistance of 2-
4 MQ and filled with internal solution containing (in mM): 125 CsMeSOs;, 2 MgCl,, 1 CaCl,, 4 Na,ATP,
10 EGTA, 10 HEPES, 0.4 NaATP, and 5 QX314. Cultured neurons were superfused with an oxygenated
external solution containing (in mM): 130 NaCl, 2.5 KCl, 2.2 CaCl,, 1.5 MgCl,, 10 HEPES, and 10 D-
Glucose. Neurons were voltage clamped at =70 mV to record EPSCs and at 0V to record IPSCs. All of the
experiments were performed at room temperature. Inward synaptic currents at -70 mV and outward
currents at 0 mV were automatically detected by an automatic template based routine using pClamp 10.4
software (Molecular Devices). Recordings were performed under blind conditions. Typically, time periods

of 120 seconds were used for analysis of synaptic events occurring at both membrane potentials.

Cell aggregation and immunoprecipitation assays

Two groups of HEK293 cells grown in 12-well plates were transfected, one with HA-ILIRAPL1 WT or
mutants, and the other with Myc-PTPS ectodomain. Cells transfected with GFP were used as negative
control. After 12 h, cells were detached and counted for the cell aggregation assay, or lysated with 50 mM
TRIS-HCI, 200 mM NaCl, 1 mM EDTA, 1% NP40, 1% Triton X-100 and protease inhibitors (RIPA
buffer), for the immunoprecipitation assay.

For the cell aggregation assay, cell suspension was transferred to microtubes and gently centrifuged (800
g, 5 minutes, RT) to eliminate PBS-EDTA. The pellets were resuspended in aggregation medium (AM)
containing HBSS 1x, MgCl, 1mM, and CaCl, 2mM. The two groups of transfected cells were mixed
together and rotated at room temperature for 30 min to allow cells to aggregate. Cell mixtures (4 x 10°
cells) were added to 1 ml AM on poly-L-Lys coated coverslips in multiwall (12 well) plate and let attach
for some minutes at 37°C with 5% CO,. Once attached, cells were fixed and stained. Image analysis was

performed under blind conditions, and aggregation coefficient was calculated by the number of green +
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red clusters (yellow in merge images) divided by the number of total transfected (green + red) cells and
expressed as percent.

For the immunoprecipitation assay, protein A Sepharose beads (GE Healthcare) were washed in RIPA
buffer. Anti-ILIRAPLI antibody (K10, (15)) was added to the beads at Sug/ml in RIPA buffer and
incubated for 1 h. Lysates from the two groups of transfected cells in RIPA buffer were mixed in a in a
volume proportion of 1 (for ILIRAPL1) to 1.5 (for Myc-PTP3) and incubated overnight at 4° C with the
beads/ILIRAPLI antibody. The beads were washed 3 times with RIPA buffer and elution was performed
in sample buffer for SDS-PAGE (5 min at 100°C), and loaded to 10% SDS-PAGE. Protein detection was

performed as described in immunoblotting section.
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LEGENDS TO FIGURES

Figure 1. Identification of two novel mutations on ILIRAPLI1 associated with intellectual disability.
(A) Pedigree of family P72, were 11-2, 1I-3 and III-2 present moderate to mild ID. In those individuals a ~
7 kb deletion on /LIRAPLI between intron 5 and 6 results in exon 6 deletion. This was confirmed by real-
time PCR in fibroblast from the obligate carrier female I-2 and affected patients, using oligonucleotides
flanking the deletion (B). This in frame deletion leads to an ILIRAPLI protein lacking 25 amino acids in
the extracellular domain (G). (C) Pedigree of family BMC, where II-1 has ID. I-2 and II-2 (shaded in
gray) have learning problems but their developmental delay is less severe than that of the proband. (D)
SNP array revealed a deletion of ~200 kb between intron 5 and 6 of /LIRAPL]I that results in the in frame
exon 6 deletion, as in family P72.

(E) Pedigree of Family A28, were II-1 and II-2 present moderate to mild intellectual disability, and I-2 has
learning problems (shaded in gray). (F) Both affected males inherited from I-2 a point mutation located in
exon 3 of ILIRAPLI (c.91T>C), which results in an amino acid change C31R. (c.91T>C mutation in II-2
was initially reported by Tarpey et al., (23)). This missense mutation is located before the first Ig-like
domain (G).

Structure of 1643V variant and mutants are shown in (G). ILIRAPL1 protein (696 aa) contains 3
extracellular Ig-like domains (Igl-3), a single transmembrane domain (TM), an intracellular Toll/IL-1
Receptor (TIR) domain, and a 150 amino acid C-terminal tail. AC and AN mutants were used as controls

in this study. The in frame deletion of /L/RAPLI exon 6, found in P72 and BMC, is referred as Aex6.

Figure 2. Protein expression and localization of Aex6 and C31R IL1RAPL1 mutants. (A) Protein
detection by immunofluorescence in mouse hippocampal neurons co-transfected with different HA-
IL1RAPLI constructs and GFP. ILIRAPL1 proteins were revealed by an anti-HA tag antibody, and signal
was normalized to GFP expression (scale bar 20 pum). (B) Bar graphs show the mean + SEM of HA-

ILIRAPL1 to GFP expression ratio (at least 35 neurons per each condition from 3 independent
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experiments, *p <0.01 compared to WT). (C) Total (top panel) and surface (bottom panel) staining of HA-
IL1RAPLI proteins in mature hippocampal neurons using an anti-HA tag antibody (scale bar 20 um). The
ratio of integrated intensity of surface HA signal per total HA signal was measured for each neuron, and
the mean + SEM is shown in (D). (E) Localization of total ILIRAPL1 within dendrites at DIV 18 in
hippocampal neurons co-transfected with GFP (green) and the different HA-IL1RAPLI constructs (red).
Arrows in merge images show IL1RAPLI localization to spines, or forming puncta on dendritic shafts
when Aex6 is expressed (scale bar 5 pm). (F) Bars show the mean + SEM of the ratio of HA/GFP
integrated density in spines and the HA/GFP integrated density in dendritic shafts (*** p <0.001

compared to WT protein).

Figure 3. Consequences of IL1IRAPL1 mutations on excitatory synapse formation. (A) Rat
hippocampal neurons co-transfected with GFP and different HA-ILIRAPL1 constructs were stained with
anti-VGLUT1 antibody to label excitatory pre-synapses. Each column of images shows double-labeling
for GFP (top panel) and VGLUT]1 (middle panel); the merged images are shown in the bottom panel
(scale bar 20 pm). Quantification of VGLUT1 clusters intensity in neurons overexpressing ILIRAPL1
constructs is shown in (B). Bar graphs show the mean + SEM of VGLUT1 intensity (15 neurons from 3
independent experiments for each condition, ** p <0.005, *** p <0.001, compared to control neurons).
(C) Mouse hippocampal neurons were co-transfected with GFP and the different ILIRAPL1 constructs,
and were stained at DIV 18 with anti-PSD-95 antibody to label excitatory post-synapses. Each column of
images shows double-labeling for GFP (top panel) and PSD-95 (middle panel); the merged images are
shown in the bottom panel (scale bar 10 um). Bar graphs in (D) show the mean + SEM of the PSD-95
clusters per micron in at least 26 neurons from 3 independent experiments (* p < 0.01 *** p < 0.001,
compared to control neurons). The number of protrusions along dendrites was assessed from at least 25
neurons from each condition as showed in (E) (* p <0.01, compared to control neurons).

(F) Typical recording of sEPSC from mouse hippocampal neurons at 18-21 DIV transfected with different

IL1IRAPLI constructs. The average frequency and amplitude of these events is represented in (G) (6 to 10
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transfected neurons per condition and 32 non transfected neurons (nt) * p< 0.01, compared to control

neurons).

Figure 4. Molecular mechanism accounting for synaptic deficits induced by ILIRAPL1 mutants. (A)
HEK?293 cells expressing either GFP or HA-IL1RAPLI constructs (green), and HEK293 cells expressing
Myc-PTPS ectodomain (red) were subjected to a cluster assay. Nuclei (blue) were stained with DAPI
(scale bar 10 um). Clustering was assessed by counting the number of green/red clusters (yellow in merge
images) and normalizing by the number of transfected cells (green + red) cells (** p< 0.005 *** p< (0.001
compared to Control + PTPS; ## p< 0.005 compared to WT + PTP3). AN mutant, which lacks the first 2
Ig-like domains, was used as negative control. (B) Lysates from HEK293 cells expressing the indicated
HA-ILIRAPLI1 constructs were mixed with lyzates from another group of cells expressing Myc-PTP6
ectodomain in a volume proportion of 1 (for ILIRAPL1) to 1.5 (for Myc-PTPd) and subjected to an in
vitro immunoprecipitation assay using ILIRAPL1 antibody. 10% of the mixed lyzates was loaded as
control of ILIRAPL1 and Myc-PTPd protein over-expression (left panel). ILIRAPL1 antibody
immunoprecipitates were revealed after immunoblotting (IB) using ILIRAPL1 (K10) and Myc antibodies.
Rabbit IgG antibody was used as a negative control (central panel).

(C) Lysates from HEK293 cells transfected with different ILIRAPL1 constructs were probed by
immunoblot with antibodies against total p54 and phospho-specific (Thr183/Tyr185) p46 and p54 INK
isoforms. Protein loading was normalized by GAPDH expression. Bar graphs show the mean + SEM of
phospho / total ratio of p54 JNK isoform (6 independent experiments, ** p <0.005 *** p <0.001 compared

to control lysates).

Supplementary figure 1. X-Chromosome inactivation study in III-2 patient (P75 family). Analyzes of
genomic DNA (gDNA) from fibroblast by PCR and Sanger sequencing shows that female I1I-2 patient is
heterozygous (C/T alleles) for the SNP (rs8680) in the 3’UTR of APOO gene. Amplification and

sequencing of the APOO transcript using cDNAs from III-2 patient’s fibroblasts reveals that both alleles

32



are expressed at similar levels suggesting the absence of X-inactivation bias in patient’s fibroblasts. The
exon 8/intron 8 and exon8/exon9 boundaries of APOO gene and transcript respectively are indicated by

grey dash lines with arrow.

Supplementary figure 2. Protein expression of ILIRAPL1 mutants in HEK293 cells. Protein
detection by immunoblot on lysates from HEK293 cells co-transfected with different HA-IL1RAPLI
constructs and GFP. ILIRAPLI1 proteins were revealed by an anti-HA tag antibody, and signal was
normalized to GAPDH expression. GFP is used as a control of transfection efficiency. Bar graphs show
the mean + SEM of ILIRAPLI protein expression normalized to the WT -transfected cells (6 independent

experiments, *p <0.01 *** p <0.001).

Supplementary figure 3. Consequences of ILIRAPL1 mutations on pre-synaptic formation. Mouse
hippocampal neurons were co-transfected with GFP and the different ILIRAPL1 constructs, and were
stained at DIV 18 with synaptophysin antibody to label excitatory post-synapses. Each column of images
shows double-labeling for GFP (top panel) and synaptophysin (middle panel); the merged images are
shown in the bottom panel (scale bar 10 um). Bar graphs show the mean + SEM of the synaptophysin
clusters per micron in at least 50 neurons for each condition from 3 independent experiments (*** p <

0.001, compared to control neurons).

Supplementary figure 4. Consequences of ILIRAPL1 mutations on inhibitory synapse formation.

(A) Mouse hippocampal neurons co-transfected with GFP and different HA-ILIRAPL1 constructs were
stained with anti-VGAT antibody to label inhibitory pre-synapses. Each column of images shows double-
labeling for GFP (top panel) and VGAT (middle panel); the merged images are shown in the bottom panel
(scale bar 20 pm). Bar graphs show the mean + SEM of VGAT intensity (15 neurons from 3 independent

experiments for each condition). (B) Typical recording of sIPSC from mouse hippocampal neurons at 18-
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21 DIV transfected with different ILIRAPL1 constructs. Bars represent the average frequency and

amplitude of these events (14 to 21 transfected neurons per condition and 61 non transfected neurons (nt)).
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TABLES

Table 1. Reported mutations on /L/RAPLI gene in ID patients, and their consequences for protein

function.
Reference Ml;z)t:;n 4 Protein Functional consequences
(1) :;(1)?1302 Probably not produced
nonsense Y459X predicted to lead to a protein
(1) exon 11 lacking part of the TIR domain and the AC (15, 20)
entire C-ter domain - Does not increase dendritic spines number nor changes their
length and width
nonsense W487X predicted to produce a protein - Increases the number of active pre-synaptic compartments
2,3) exon 11 lacking half of the TIR domain and the - Fails to target RhoGAP2 to synapses
entire C-ter domain
4) e)?;llztgo_ré o Probably not produced
1367SX6 predicted to produce a protein ~ 1367SX6 (5)
©) nonsense lacking part of the trans membrane - Not targeted to the membrane
exon 9 domain as well as the entire C-ter - Rescues neurite number and length phenotype after I/1rapll
domain knock down
Frame shift A28EfxX15 predicted to
®) deletion produce a short protein containing
exon 3-7 only 8 amino acids in addition to the
signal peptide
1643V variant produces a full length 1643V (Current report)
(5) and current missense protein - Induce dendritic spines formation and increase functional
report exon 11 In silico analysis predicts it to be excitatory synapses
tolerated by the protein - Interacts with PTP9 and induces basal JNK activation
The resulting protein should lack the
©) deletion first two Ig-like domains, but it is
exon 3-5 possible that synthesis stops after
deletion
(6) t:gﬂozn Probably not produced
) eif)lz;lgtls Probably not produced
8) e?:)lr?;l(l)ils Probably not produced
AN (20)
) n frame deletion (p.28_259del) Does not increase dendritic spine density, nor changes
deletion " . spine length and width
8) " predicted to produce a shorter protein . . . .
exons 3-6 devoid of the two first Te-like domains Fails to increase functional excitatory synapses
= Lacks interaction with PTPS and fails to target RhoGAP2 to
synapses
) eizlg:g% Probably not produced
deletion
(10) exons 3-11 Probably not produced
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Out of frame deletion leading to a

(11, 13) d:):ii:%n premature stop codon A28EfxX7
Protein is probably not produced
(12) deletion Predicted to cause an in frame deletion
exon 3-5 of 207 amino acids (N29_A235del)
deletion In frame deletion that results in a
Current report eietio shorter extracellular domain
exon 6 . o
Protein instability
One amino acid change before the first
(23) and current missense Ig-like domain (C31R)
report exon 3 In silico analysis predicts damage to
the structure and function
. Predicted to produce a truncated
deletion . L
(14) exon 7 protein, containing only the first two

Ig-like domains

* Modified from original article, in accordance with hg38 assembly.

Aex6 (current report)

- Induces protein instability

- Targeted to the membrane but mislocalized within dendrites

- Does not increase dendritic spines and functional excitatory
synapses

- Induces basal INK activation

C31R (current report)

- Targeted to the membrane and to dendritic spines

- Does not increase dendritic spines and functional excitatory
synapses

- Decreased interaction with PTPS, but induces basal JNK
activation
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ABREVIATIONS

ID (Intellectual Disability)

XLID (X-linked Intellectual Disability)
1Q (intelligence quotient)

ASD (Autism Spectrum Disorder)
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