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CAPRIN1 haploinsufficiency causes
a neurodevelopmental disorder with
language impairment, ADHD and ASD
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We describe an autosomal dominant disorder associated with loss-of-function variants in the Cell cycle associated
protein 1 (CAPRIN1; MIM*601178). CAPRIN1 encodes a ubiquitous protein that regulates the transport and translation
of neuronal mRNAs critical for synaptic plasticity, as well as mRNAs encoding proteins important for cell proliferation
and migration in multiple cell types. We identified 12 cases with loss-of-function CAPRIN1 variants, and a neurode-
velopmental phenotype characterized by language impairment/speech delay (100%), intellectual disability (83%), at-
tention deficit hyperactivity disorder (82%) and autism spectrum disorder (67%). Affected individuals also had
respiratory problems (50%), limb/skeletal anomalies (50%), developmental delay (42%) feeding difficulties (33%), sei-
zures (33%) and ophthalmologic problems (33%).

In patient-derived lymphoblasts and fibroblasts, we showed a monoallelic expression of the wild-type allele, and a
reduction of the transcript and protein compatible with a half dose. To further study pathogenic mechanisms, we
generated sCAPRIN1*~ human induced pluripotent stem cells via CRISPR-Cas9 mutagenesis and differentiated
them into neuronal progenitor cells and cortical neurons. CAPRIN1 loss caused reduced neuronal processes, overall
disruption of the neuronal organization and an increased neuronal degeneration. We also observed an alteration of
mRNA translation in CAPRIN1*~ neurons, compatible with its suggested function as translational inhibitor.
CAPRIN1*~ neurons also showed an impaired calcium signalling and increased oxidative stress, two mechanisms
that may directly affect neuronal networks development, maintenance and function. According to what was previ-
ously observed in the mouse model, measurements of activity in CAPRIN1*~ neurons via micro-electrode arrays in-
dicated lower spike rates and bursts, with an overall reduced activity. In conclusion, we demonstrate that CAPRIN1
haploinsufficiency causes a novel autosomal dominant neurodevelopmental disorder and identify morphological
and functional alterations associated with this disorder in human neuronal models.
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proteins fundamental for synaptic plasticity, including AMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors.**

CAPRIN1 interacts with two other RNA-binding proteins critical
for the formation of ribonucleoparticles (RNP) known as RNA gran-
ules: Fragile-X Mental Retardation Protein (FMRP)° and G3BP1.%’
Moreover, CAPRIN1 is suggested to be a scaffold protein able to me-

Introduction

The cell cycle Associated PRote IN 1 (CAPRIN1; MIM*601178) gene en-
codes an RNA-binding protein that is ubiquitous and is highly ex-
pressed in the brain (Supplementary Fig. 2A). While it is mainly
known for its role in cancer,’ evidence implicating CAPRIN1 in brain
development and function is emerging from animal studies.
Homozygous Caprinl knock-out mice (Caprin1™") are not viable due
to respiratory failure after birth.? Caprinl haploinsufficient mice
(Caprin*/~) show reduced sociability, attenuated preference for social
novelty or novel objects, and deficits in reversal learning compared to

diate the formation of distinct RNP complexes.® CAPRIN1 localizes

in neuronal RNA granules at dendrites,*®

where it binds key
mRNAs involved in neuronal activity and synaptic plasticity, such
as CAMK2A, BDNF, CREB, MAP2 and TRKB.® Following synaptic sti-
mulations, CAPRIN1 can repress mRNA local translation through its

controls.? Further, Caprinl deficiency in neurons causes a reduction
N-terminal domain.? Nevertheless, the overexpression of CAPRIN1

of the complexity of the dendritic arborization and smaller dendritic

spines, leading to reduced postsynaptic response to stimulation, and
impaired long-term memory.>* Molecularly, Caprinl deficiency in
neurons causes altered localization of a subset of mRNAs encoding

results in a global inhibition in protein synthesis, through the phos-
phorylation of eukaryotic translation initiation factor 2 alpha
(ELF24).°
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Previous exome-wide screenings in neurodevelopmental dis-
orders have identified a few cases with nonsense variants in
CAPRIN1,'>'! suggesting that the gene might be a candidate
risk gene for autism spectrum disorder (ASD). Also, in a recent
integrated analysis on over 63000 exomes (over 20000 with
ASD),™ CAPRIN1 was identified as one of the 183 genes asso-
ciated with ASD, with a false discovery rate (FDR)<0.05
(CAPRIN1 TADA-ASD FDR=0.01). Interestingly, the association
of the gene with a broader spectrum of neurodevelopmental
disorders (NDDs) was even stronger (CAPRIN1 TADA-NDD
FDR =0.00065) and CAPRIN1 was listed among the 373 genes as-
sociated with general NDDs.*?

Here, we integrate human genetic data and functional evidence
on patient-derived cells and human neuronal models to describe a
novel autosomal dominant neurodevelopmental disorder asso-
ciated with CAPRIN1 haploinsufficiency.

Materials and methods

We identified CAPRIN1 variants in clinical diagnostic or research
settings by exome sequencing, genome sequencing or array CGH
(60 K; Agilent Technologies) (see Supplementary material). Exome
sequencing or genome sequencing trio raw data were processed
and analysed using implemented pipelines.
High-quality variants were filtered against public databases
(dbSNP150 and gnomAD v.2.1.1) so that only variants with un-
known frequency or with a minimum allele frequency (MAF)<
0.1% were considered. A further variant stratification in conformity
with the American College of Medical Genetics and Genomics
(ACMG) guideline,® also considering mode of inheritance and func-
tional in silico prediction of impact, allowed us to consider the final
set of variants for possible associations with the phenotype. All the
variants are referred to genome assembly GRCh37 (hgl9),
NM_005898.5.

Informed consent was obtained from the participating families
and the study protocol was approved by each institutes internal
Ethics Committees, according to the Declaration of Helsinki.

in-house

Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood using Histopaque-1077 (Sigma-Aldrich) and subse-
quently immortalized with Epstein-Barr virus. The resultant lym-
phoblastoid cell line (LCL) was cultured in Roswell Park Memorial
Institute medium (Gibco, Thermo Fisher Scientific) supplemented
with 1% Pen-Strep and 1% L-glutamine. Fibroblasts were obtained
from a skin biopsy and cultured in Dulbecco’s modified Eagle me-
dium supplemented with 10% foetal bovine serum (FBS), 1%
Pen-Strep and 1 mM sodium pyruvate (Thermo Fisher Scientific)
at 37°C, 5% CO,.

DNA extraction from cells was performed by incubating cell
pellets in buffer supplemented with proteinase K (DNeasy
Blood & Tissue Kit; Qiagen) for 90 min at 60°C, followed by
10 min at 95°C. After centrifugation at 14000 rpm for 10 min,
the supernatant was recovered and incubated for 30 min at
37°C and subsequently quantified at NanoDrop (Thermo Fisher
Scientific).
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Total RNA was extracted from fibroblasts, PBMCs or LCL using
the Direct-Zol RNA MiniPrep system (Zymo Research); genomic
DNA was removed by treatment with DNase I (Sigma-Aldrich), fol-
lowing the manufacturer’s protocol. To evaluate gene expression in
different tissues, commercially available total RNA from foetal total
brain and adult total cerebellum, brain, frontal cortex, placenta,
kidney, stomach, heart and lung were used (Applied Biosystems,
Thermo Fisher Scientific).

The M-MLV Reverse Transcriptase kit (Invitrogen, Thermo
Fisher Scientific) was used to generate cDNA. Expression of
CAPRIN1 was measured using the Universal Probe Library system
(probe #67, Roche Diagnostics) and two specific intron-spanning
primers. Reference genes TBP and GUSB were measured with hu-
man predesigned assays (Applied Biosystems, Thermo Fisher
Scientific). Reactions were carried out in triplicate on an ABI 7500
real-time PCR machine using the ABI 2X TagMan Universal PCR
Master Mix II, according to the manufacturer’s instructions
(Thermo Fisher Scientific).

Total RNA was extracted from LCLs, and reverse transcribed as de-
scribed before; cDNA was amplified with touchdown PCR using
KAPA Taq PCR Kit (Roche Diagnostics). Amplimers were visualized
into 2% TBE-agarose gel using ChemiDoc Imaging System (Bio-Rad).
Bands were gel-excised, and the DNA extracted with a GenElute Gel
Extraction Kit (Sigma-Aldrich). Fragments were sequenced using
the Sanger method.

A total of 9 x 10* fibroblasts from Cases 8 and 9 were seeded in six-
well plates and cultured until 80% confluence. From Case 3, 6 x 10°
lymphoblastoid cells were used. Cells were then treated with
100 pg/ml cycloheximide (CHX) for 6 h. After washing with 1x PBS,
cells were detached with 1x Trypsin (Gibco) and prepared for RNA
extraction. The Sanger method was used to sequence cDNAs.

Human induced pluripotent stem cells (hiPSCs) derived from hu-
man umbilical vein endothelial cells (HUVEC)* were used to gener-
ate an isogenic hiPSC line carrying a heterozygous CAPRIN1
deletion based on a published protocol.’® Briefly, HUVEC hiPSCs
were cultured in mTeSR Plus medium (StemCell Technologies)
supplemented with 10 uM Y-27632 (Selleckchem) at a confluence
of 2x10* cells/cm?. After 48 h, cells were transfected with FuGENE
HD Transfection Reagent (Promega) with a Cas9 expression
vector (pX330-hCas9-long-chimeric-grna-g 2p) in which a
CAPRIN1-targeting gRNA (5'-ACCGTTTGCATGGATTGGAA-3') was
subcloned. Starting 24 h post-transfection, the cells were selected
for 48 h with 1 pg/ml puromycin (ThermoFisher Scientific) and al-
lowed to recover for 24h, before being split with Accutase
(ThermoFisher Scientific) and seeded in mTeSR Plus medium with
10 uM Y-27632 into a 96-well plate at single cell density. After 12
days, colonies were split into 24-well plates. When ready for passa-
ging, cells were divided into two aliquots: one was frozen and the
other used for DNA extraction with QuickExtract DNA Extraction
Solution (Lucigen). A 326-bp region targeted by the gRNA was amp-
lified by PCR (CAPRIN1-SA_F1: 5-TCCCTTCCTGCTGCGTCTCA-3’;
CAPRIN1-SA_R1: 5'-ACAGGCACATCACTCATAAGGCTAA-3’) and
genome editing was screened with a T7 Endonuclease (NEB) assay.
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In the case of a positive result, a 901-bp region was sequenced by
Sanger sequencing (CAPRIN1-E14_F1: 5'-TCATCCACAAGTGAG
GGGTACACA-3’; CAPRIN1-E14_R1: 5-AGGTGCTTGCTCAAGAATC
AAGGTA-3’). Clones harbouring heterozygous loss-of-function
(LoF) variants were expanded for further studies and are referred
as CAPRIN1*/~, while wild-type cells are referred to as CTRL.

Human induced pluripotent stem cells were differentiated into cor-
tical neurons as previously described®?” with some modifications.
Briefly, hiPSCs were grown as usual until confluence. A chess pat-
tern was created using a needle that had squares of 2-3 mm/each,;
subsequently, they were washed with PBS and left in collagenase
(3mg/ml) for ~30 min. Detached cells were then gently resus-
pended into Neuronal Induction Medium #1 (see Supplementary
material) and kept in a 5% CO, incubator with 35 rpm shaking for
10 days. The medium was changed every other day. At Day 10, em-
bryoid bodies were plated on poly-Ornhitin/Laminin coated plates
in Neuronal Induction Medium #2 (Supplementary material) and
the medium was changed every other day until confluence. Then,
cells were detached and frozen or plated for neuronal
differentiation (ND) in PEI/Laminin coated plates with ND medium
(see details in Supplementary material). Cells were fed every 3 days,
changing half of the medium (for a detailed description, see
Supplementary material).

Total proteins were extracted from a cellular pellet with RIPA buffer
(50 mM Tris-HCl pH 7.5; 150 mM NaCl; 1% NP-40; 0.5% sodium deox-
ycholate) supplemented with DTT 0.1 M, EDTA 0.5 M and 100x Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific). Ten micrograms of proteins were diluted into 4x LDS
sample buffer and 10x Sample Reducing Agent, and were electro-
phoresed on 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific).

Nitrocellulose membranes 0.45pm were stained with
a MemCode Reversible Protein Stain Kit (Thermo Fisher Scientific)
and immunoblotted. Antibodies are listed in the Supplementary
material. Images were acquired with a ChemiDoc Imaging System
and analysed with ImageLab software (BioRad), using volume tools
quantification with the global subtraction method. The CAPRIN1
protein level was normalized on Vinculin (MemCode normalization
gave similar results).

When not otherwise stated, immunofluorescence of hiPSC-derived
neurons was performed using our standard protocol. Briefly, neurons
were plated on coverslips at low confluence (50000 cells/cm?).
The fixation was performed with 4% PFA 4% sucrose at room tem-
perature for 15 min, followed by three washes for 5 min each with
PBS. Coverslips were then stored at 4°C until immunostaining or im-
mediately processed. Cells were permeabilized using PBS 0.1% Triton
for 5 min and blocked with PBS 5% BSA for 30 min at room tempera-
ture. Primary antibodies were diluted in PBS 1% BSA and left over-
night at 4°C; secondary antibodies were diluted in PBS 1% BSA and
left for 2h atroom temperature protected from light. A full list of anti-
bodies is given in the Supplementary material. For some experi-
ments, cells were subsequently stained with Phalloidin for 45 min
before  being mounted with  Fluoromount G  with
4',6-diamidino-2-phenylindole (DAPI, Invitrogen). When not
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otherwise stated, images were acquired using a Zeiss Imager M2
microscope, with or without the Zeiss Apotome grid, and analysed
using Fiji/Image].

Neuronal progenitors from three independent differentiations
were plated on coverslips in a six-well plate (50000 cells/cm?), in
2 ml of ND medium, and they were cultured for 10 or 14 days. The
day of the recording, coverslips were moved to microscope cham-
bers and 0.5 pl F-127 (0.2%) and 0.5 pl of Fluo-4 (Invitrogen) (2 uM)
were added in 250 pl of preconditioned medium. After 25 min of in-
cubation (5% CO,, 37°C), the medium was removed, cells were
washed with PBS and 500 ul of preconditioned medium without
F-127 and Fluo-4 were added. Coverslips were immediately ana-
lysed using a Leica Thunder Microscope (5% CO,, 37°C) at x20
plan magnification. Each analysed segment of the coverslip was re-
corded for 2 min using live imaging. At least 446 cells/genotype and
three recordings were analysed using Fiji/ImageJ and summing the
IntDen signal of each frame normalized on the lowest IntDen (Fo) of
each cell, as previously described.*®

Reactive oxygen species (ROS) were detected using the
fluorogenic probe CellROX Green Reagent (Thermo Fisher
Scientific). Eighteen days after starting the ND (cells plated on
coverslips, 50000 cells/cm?), 0.5 ul of reagent were added to 250 ul
of preconditioned medium. After 30 min of incubation (5% CO,,
37°C), medium was removed and cells were washed three times
with PBS before being fixed with 4% PFA 4% sucrose for 15 min at
room temperature. Cells were then washed three times with PBS
and once with water, and mounted with Fluoromount G with
DAPI (Invitrogen); x20 images were acquired using a Zeiss Imager
M2 microscope within 24 h of the experiment. Analysis was per-
formed using Fiji/Image], setting regions of interest on the DAPI
signal (channel 1) and measuring IntDen on the CellROX signal
(channel 2). Signals were normalized on the average IntDen of
backgrounds. Twenty-one images/genotype were analysed for a
total of a minimum of 697 cells/genotype.

Protein synthesis was measured by Surface Sensing of Translation
(SUNSET) assay.’ Differentiated neurons (post-ND Days 4 and 14)
were incubated with 1 pM puromycin for 30 min. Puromycin la-
belled peptides were detected by western blotting or immunostain-
ing using an anti-puromycin antibody. For western blotting,
puromycin intensity was normalized on B-actin and on stain free
gel activation signal (ChemiDoc Imaging System, 5min, faint
bands): the latter being performed after the electrophoresis and be-
fore the transfer. Signal intensities were analysed using BioRad
ImageLab software, quantifying the whole lane for anti-puromycin
and stain free gel activation signal and the single bands for
anti-p-actin (Supplementary Fig. 8B). Similar results were obtained
for puromycin normalized on the stain free gel activation signal
and B-actin signal.

For immunostaining, images were captured with a Zeiss Imager
M2 and analysed using Fiji/Image]. The lookup table (LUT) ‘royal’
was used to better visualize signal intensities; puromycin grey va-
lues were registered along the dendrite of six different neurons
from 0 to 50 pm in distance from the soma. Bins of 10 pm/each,
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starting from 5 pm of distance from the soma, were then generated
and the mean intensity of each bin was used for statistical analysis.

Recordings were performed using a multi-electrode array (Multi
Channel Systems) at different time points, using a 24-well plate (12
gold electrodes on epoxy material per well). Then 75000 cells/well
were plated on a PEl/Laminin coating. Measurements were done be-
fore the medium was changed. Data acquisition and analysis was
performed through the Multi-Channel Suite software (Multi
Channel Systems), setting the threshold for spike detection at
+10 pV and a band-pass filter with 100 and 3 kHz cut-off frequencies.
Spike detection was performed using an adaptive threshold set to 5.5
times the standard deviation of the estimated noise on each elec-
trode. Each plate first rested for 2 min in the recorder. Experiments
were performed in a non-humidified incubator at 37°C, recording
for 2 min. Neurons from three independent differentiation batches
were measured [CTRL n=14 wells (two biological replicates, five
technical replicates/each and one biological replicate with four tech-
nical replicates); CAPRIN1*~ n=9 wells (three biological replicates,
three technical replicates/each)].

For each experiment, biological triplicates with at least two tech-
nical replicates were performed. Except where otherwise indicated,
data were analysed with Prism-GraphPad Software performing a
Student t-test with Welch'’s correction; P-values were indicated as
follows: not significant (ns)=P>0.05; *P<0.05; *P<0.01; **P<
0.001; ****P <0.0001.

CAPRIN1 protein was modelled using Protein Homology/analogY
Recognition Engine version 2,%° choosing the intensive modelling
mode option. A pdb file was generated for both wild-type and mutant
protein carrying the ¢.279+1G>T variant and imported in EzMol?*
interface server (v.2.1); the colour code was generated from EzMol,
and it was based on the isoelectric point (red: high/positive, white:
neutral/zero; blue: low/negative). The resulting image was used to
visualize the 3D protein conformation. ClusPro®>> protein-protein
docking server was used to analyse dimer formation.

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Results

A denovo ~1.4 Mb deletion encompassing CAPRIN1 was detected in a
routine diagnostic array CGH screening for patients with neurode-
velopmental disorders (Fig. 1A).

The deletion spans eight genes, including CAPRIN1. CAPRIN1
was the only one predicted to be haploinsufficient (gnomAD
v.2.1.1, pLI score =0.97)?° and had previous evidence of variants in
individuals diagnosed with neurodevelopmental disorders.'®?
Using GeneMatcher” and MSSNG databases, we identified by
exome or genome sequencing 11 additional cases with nonsense
or splicing variants affecting donor/acceptor sites in CAPRIN1
(Fig. 1A, Table 1 and Supplementary Fig. 1). A nonsense variant
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identified in Case 9 was paternally inherited and the father was
also affected (Case 10). All other variants but one (Case 2) were de
novo, absent in the control population (gnomAD v.2.1.1) and classi-
fied as pathogenic using the ACMG guidelines."®?® Two additional
cases with LoF variants in CAPRIN1 were already reported in the lit-
erature in large genetic screenings of patients diagnosed with
ASD'!! (Fig, 1A).

The age of cases ranged from 3 to 48 years old, and all received a
clinical diagnosis of neurodevelopmental disorder. Six were born at
term with normal parameters after uneventful pregnancies and de-
livery. Respiratory concerns were reported in six cases, and in-
cluded foetal respiratory distress, post-natal saturation dips,
obstructive sleep apnoea, sudden chocking spells and asthma
(Table 1).

An overall representation of CAPRIN1-associated phenotypes is
shown in Fig. 1B. Language impairment was observed in all cases,
with most cases speaking very few words at the last evaluations.
Some of the affected individuals were supported with specific tools,
such as Case 1, who was helped using a personal picture agenda
(Supplementary Video 1). Stereotyped movements and behaviours
were also observed in some of the patients (Supplementary Video 2,
Case 1).

Intellectual and/or learning disabilities from mild to very severe
were reported for all but Cases 1 and 6; ASD was diagnosed in eight
patients (67%). Nine of eleven patients (82%) met the diagnostic cri-
teria for attention deficit hyperactivity disorder (ADHD). Four pa-
tients had epileptic seizures with different severity: Cases 2 and 4
showed absence type seizures, which resolved after oxcarbazepine
and ADHD treatment, respectively. Case 11 had infantile spams be-
ginning at 9 months of age, which became absence epilepsy
(Supplementary Video 3) at the last evaluation, and was treated
with sodium valproate and carbamazepine. Case 12 suffered from
secondary generalized epileptic seizures during sleep, and was trea-
ted with valproate with discrete control. Six patients also showed
mild skeletal limb malformations, with fifth digit clinodactyly as
the prevalent feature (Supplementary Fig. 2B); two patients had
scoliosis and mild kyphoscoliosis. Brain MRI was available for six pa-
tients, and all the identified anomalies were considered without clin-
ical significance (Supplementary Fig. 2C). Gastrointestinal issues (2/
12), feeding difficulties (2/12) and ocular anomalies (4/12) were re-
ported; no facial dysmorphism was evident, although some features,
such as broad nasal tip, low hanging columella and thin lip recurred
in different cases (Fig. 1C, Supplementary Fig. 2B and Supplementary
Table 1). Notably, mild hearing loss has been observed in Cases 3 and
10. This finding supports the recent evidence that lack of Caprinl in
inner ear is related to progressive hearing loss and reduced recovery
from noise exposure in mice.? A summary of the prevalent features
is reported in Table 1 and a detailed clinical description is available
in the Supplementary material.

To verify the consequences of the variants on CAPRIN1 expres-
sion, we measured CAPRINI mRNA levels by quantitative PCR
with reverse transcription (RT-qPCR) in fibroblasts and PBMCs
from patients, and found that it was reduced, compatible
with the loss of one functional allele (Fig. 2A). In Cases 8 and
12, we detected the exclusive expression of the reference allele
by Sanger sequencing. To investigate the occurrence of
nonsense-mediated decay (NMD) for premature stop codons,
we treated fibroblasts with CHX and showed a partial rescue
in the expression of the mutant allele by Sanger sequencing
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Figure 1 CAPRIN1-associated disease: variants and clinical features. (A) Schematic representation of a large ~1.4 Mb deletion spanning the CAPRIN1
gene (top) and 11 CAPRIN1 (NM_005898.5) loss of function variants (bottom); 10 single nucleotide variants detected in this work and two variants reported
in the literature'®'* are represented on a schematic view of the protein (created with BioRender.com). Overall, they include two splicing (c.279+1G>T;
€.879G>A) and 10 nonsense/frameshift changes. CAPRIN1 structure was schematized according to Wu et al.®: two highly conserved homologous regions
(HR1, 56-248 amino acids and HR2, 352-685 amino acids) and a less conserved glutamate-rich (E-rich) region in between are shown. Moreover,
C-terminal Arg-Gly-Gly (RGG) motifs—characteristic of some RNA-binding proteins®—are indicated in purple. (B) Main neurological (top) and non-
neurological (bottom) features of CAPRIN1-associated disease in the 12 cases described here. (C) Facial features of the 12 cases do not show peculiar
dysmorphisms, although broad nasal tip, low-hanging columella and thin upper lip vermilion seemed recurrent. Facial features analysis by
Face2Gene software (FDNA Inc., https:/www.face2gene.com/)*® does not show a peculiar overlap. Further details are provided in Supplementary
Fig. 2 and Supplementary Table 1.
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Table 1 Clinical features of CAPRIN1 patients (GenBank: NM_005898.5)

Case 1 2 3 4 5 6 7 8 9 10 11 12
Sex M M M F M F M M M M M F
Age at examination, years 7 12 6 17 10 8 7 7 12 48 3 10
Language impairment + + + + + + + + + + + +
ASD + + + + + + + - - + -
ID/LD - ++ + + ++ +++ + ++ + + +++
ADHD + + - + + + NA + + - +
Developmental delay - + + - +/— - - - + - + —
Other behavioural features + - - + - + - - + + + +
Seizures - + - + - - - - - - + +
EEG anomalies NA + - - - NA NA NA NA NA + +
Hands and feet malformations - + + + + - - - + - - +
Breathing problems - - - + + + - + + + - -
Ocular problems - - - + + - - - + + - -
Hearing problems - - + + - - - - _ + — _
(+) =Reported in the patient; for ID/LD: + mild; ++ moderate; +++ severe. (-) = not reported in the patient. NA = the information is not available. ADHD = attention deficit

hyperactivity disorder; F =female; ID =intellectual disability; LD =learning disability; M =male.

(Fig. 2B). We confirmed a significant reduction of CAPRIN1 pro-
tein in fibroblasts derived from patients by western blot
(Fig. 2C).

In Cases 2 and 3, the ¢.279+1G>T and c.879G>A variants were
predicted to alter the donor splice sites, since they are at the first
nucleotide of intron 3 and at the last base of exon 8.%° Analysis of
the cDNA showed skipping of exon 3 for ¢.279+1G>T and of exon
8 for c.879G>A (Fig. 2D). In the first case, the mature mRNA is pre-
dicted to encode a protein with an in-frame deletion of 31 amino
acids (63 bp) occurring in a highly conserved region. Although the
specific function of the encoded region is unknown (amino acids
73-93), it falls within the HR1 domain of CAPRIN1 (amino acids
56-248), which partially overlaps with the homodimerization do-
main (amino acids 132-251). The large concave negatively charged
surface formed is a protein-protein binding pocket and it mediates
the interaction with up to two molecules of FMRP. In silico analysis
of mutant protein (CAPRIN1 lacking exon 3) showed an alteration in
both its tridimensional structure and its ability to homodimerize
(Supplementary Fig. 3B). This could reduce protein stability and
thus lead to the reduced abundance that we observed
(Supplementary Fig. 3A).

The c.879G>A variant causes the loss of 53 nucleotides, resulting
in an out-of-frame protein. Treatment of patient cells with CHX re-
stored a partial expression of the mutant allele, suggesting that it
undergoes NMD (Fig. 2D, right).

Reduced CAPRIN1 protein
(Supplementary Fig. 3A).

Overall, CAPRIN1 protein levels were clearly reduced in all sam-
ples analysed, supporting haploinsufficiency as the disease mech-
anism. This finding is in line with the type of mutations found in
the cases and the high probability of intolerance to heterozygous
LoF variation (pLI) from gnomAD (https:/gnomad.broadinstitute.
org).31

levels were also observed

To analyse the impact of CAPRIN1 haploinsufficiency in human
neuronal cells, we generated an isogenic CAPRIN1*~ hiPSC line
using the wild-type HUVEC hiPSC line and CRISPR-Cas9 technol-
ogy** (Supplementary Fig. 4A and B). CAPRIN1*/~ hiPSCs were differ-
entiated into cortical neurons, using established protocols'®*? with

some modifications (Supplementary Fig. 4C). CAPRIN1 was well ex-
pressed in neuronal rosettes and in late cortical progenitors, and no
significant differences in size were observed in CAPRIN1*~ neuron-
al rosettes compared to control (Fig. 3A and Supplementary Fig. 5A).
No morphological alterations were observed in neural progenitor
cells in further passages either (Supplementary Fig. 5B). In control
neurons, CAPRIN1 localizes predominantly in the soma in imma-
ture stages and is then increasingly expressed in dendrites during
development (Supplementary Fig. 6). CAPRIN1*~ immature neu-
rons showed an alteration of neuronal structure, accompanied by
reduced neurites length (Fig. 3B and C). This is consistent with pre-
vious observations suggesting a reduction in dendrite length and
neuronal connectivity in murine Caprin1~/~ primary embryonic
neurons.”

During time-course analysis of ND, we observed a progressive de-
generation of neuronal processes in CAPRIN1*~ neurons, which be-
gan with the formation of small clusters of shrinking neuronal
cells®® between Days 17 and 19 post-ND in five independent cul-
tures (Fig. 3D and Supplementary Fig. 7A). To understand the me-
chanisms behind this cellular phenotype, we investigated the
possibility of calcium signal alterations. Impaired Ca** homeostasis
and overload have been described as triggering or contributing to
neuronal cell death.®*® Using a fluorescent tracer, we recorded
Ca®* signals in neurons 10 and 14 days post-ND, using live imaging
(Supplementary Video 4). We chose these time points before cell
death to minimize confounding factors and to study events leading
to neuronal degeneration. Recordings for 2 min under controlled
CO, and temperature conditions showed an increase in Ca* signals
in CAPRIN1*/~ compared to control neurons, both at 10 and 14 days
post-ND (Fig. 4A).

Neuronal death has also been attributed to the induction of
ROS.?” Thus, we tested whether the elevated Ca?* levels could con-
tribute to ROS induction.®®*° We analysed neurons 18 days
post-ND, to capture the events immediately before neuronal death.
Cells were treated with CellROX™ for 30 min and then fixed and
counterstained with DAPI for immunofluorescence analysis.
Notably, we observed a significant increase in CellROX signal in
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Figure 2 Expression analysis of CAPRIN1 in patient-derived cells. (A) Expression of CAPRIN1 versus GAPDH was reduced in patients’ fibroblasts or
PBMC, measured by RT-gPCR (Case 8, wt/Gln399Ter (in figure Q399*)=0.59+0.01, n=3; Case 12, wt/Gln582Ter (in figure Q582*)=0.41+0.01, n=3;
CTRLs=1.03+0.08, n=9; Case 1, wt/del11p13=0.34+0.03, n=9 CTRLs =1.04+0.09, n=3; mean + SEM. P=0.0007 (Q399* versus CTRLs) and <0.0001
(Q582* versus CTRLs and dell11p13 versus CTRLs). For each experiment, three different controls were used, and the experiments were performed in
triplicate; controls were healthy young adults. (B) Sanger sequencing of the cDNA containing the c.1195C>T p.Gln399Ter and c.1744C>T
p-GIn582Ter shows that the mutant allele is probably degraded by NMD; cDNA panels. Indeed, treating cells with CHX, an NMD blocker, prior to
RNA extraction, partially rescued the expression of the mutant allele (cDNA + CHX panels). As comparison, the sequences obtained from genomic
DNA (gDNA panels). (C) CAPRIN1 protein analysis in fibroblasts of the patients carrying the c.1195C>T p.Gln399Ter and c.1744C>T p.GIn582Ter variants.
Western blot shows a protein reduction compatible with a half dose (Case 8 =0.26 +0.03, n=4; Case 12=0.36 +0.02, n=4; CTRLs =0.99 + 0.06, n=10. P <
0.0001). For every experiment, three controls were used from different healthy patients (young adults) and experiments were performed a minimum of
three times. Vinculin was used as a normalizer, and MemCode stain (Thermo Fisher Scientific) to confirm the efficiency of protein transferring and the
overall protein abundancy. (D) Analysis of the cDNA from LCLs of the c.279+1G>T (Case 2) and c.879G>A (Case 3) carriers. The ¢.279+1G>T change
causes an in-frame 84 bp exon 3 skipping (left). The c.879G>A affects the last base of exon 8 and causes out-of-frame skipping of exon 8 and a degrad-
ation by NMD. Exon 8 skipping could be detected by CHX treatment (right). Control (CTRL) LCLs derived from a young adult sex-matched healthy patient.

CAPRIN1*/~ cells compared to controls (Fig. 4B), confirming an in- HelLa cells.*® Interestingly, CAPRIN1 interacts with other proteins
crease in ROS after Ca®* overload. involved in neurodevelopment, including FMRP® and the cytoplas-
mic FMRP-interacting protein 1 (CYFIP1),*! both of which are in-
volved in the regulation of mRNA translation and formation of
dendritic spines.*"*2

Protein synthesis is tightly regulated in neurons, with spatial
CAPRIN1 has been suggested to be a translational inhibitor, and its and temporal regulation of gene expression.*> To understand
overexpression results in global reduction of protein synthesis in whether a lack of CAPRIN1 causes an increase of protein synthesis,

Loss of CAPRIN1 causes an increased global mRNA
translation in neurons
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Figure 3 Haploinsufficiency of CAPRIN1 causes impaired neuronal or-
ganization and increased degeneration of neuronal processes. (A)
Representative images of neuronal rosettes derived from CTRL and
CAPRIN1*~ cells. CAPRIN1 protein (magenta) could be easily detected in
these structures. No gross morphological differences were observed be-
tween CTRL and CAPRIN1*/~ rosettes. Images were acquired at x40 mag-
nification using Z-stack mode. The neuronal marker Tujl (green) is
used to see the rosette morphology, and the DAPI (blue) to stain the nu-
cleus. (B) CAPRINT*~ neurons 10 days post-ND showed an impaired neur-
onal organization (x20 magnification; blue = DAPI; magenta = CAPRIN1;
green = Tujl. Scale bar =25 pm). (C) Quantification of neuronal processes
length on x20 brightfield images, Day 7 post-ND. Length was quantified
using the Fiji/Image] tool. CTRL=134+5.62, n=90; CAPRIN1*/~=74.8+
3.55, n=90; mean + SEM; P <0.0001. Each dot represents a different neur-
onal process; images deriving from three independent differentiations
were analysed. (D) Representative images of the neuronal death observed
starting 18 days post-ND. Images were acquired 18 days post-ND (left: x4
magnification, middle: x10 magnification) and 21 days post-ND (right: x20
magnification), using a brightfield microscope.
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we performed the SUnSET assay. This method tests global protein
synthesis on the basis of puromycin incorporation and is common-
ly used to measure relative rates of de novo protein synthesis.*
Treatment of hiPSCs-derived neurons with 1 pg/ml puromycin for
30min resulted in a slightly increased global translation in
CAPRIN1*~ neurons 4 days post-ND (P=0.228) (Supplementary
Fig. 8A), which became significantly higher 14 days post-ND (P=
0.03) (Fig. 5A).

Interestingly, a difference in the distribution of the puromycin
signal along the neurons was also observed (Fig. 5B and C), both 4
and 10 days post-ND. In control neurons, the signal was higher
near the soma and then slowly decreased along the dendrite; simi-
larly, CAPRIN1*/~ cells showed higher puromycin fluorescence in-
tensity the cell body, which decreased rapidly in the dendrite
starting at ~5 pm from the soma, much more intense than in con-
trols. These data suggest that CAPRINI haploinsufficiency might
also affect local protein synthesis.

CAPRIN1*~ neurons display abnormal spontaneous
firing properties

In Caprinl*/~ mice, neurons had a reduced firing activity.? To inves-
tigate whether the impaired neuronal structure organization af-
fects network activity during neuronal maturation also in human
CAPRIN1*~ neurons, we compared the electrical properties of
CAPRIN1*~ hiPSC-derived neurons and controls using micro-
electrode arrays (MEAs).’®" Spontaneous firing of neurons was
monitored from Day 0 to Day 14 post-ND to assess stages of net-
work maturation (Fig. 6A). Both control and CAPRIN1*~ neurons
showed firing properties already at 4 days post-ND. The spike rate
and spike count were significantly lower in CAPRIN1*/~ neurons
versus controls, both at immature (post-ND Days 4 and 7) and
more mature stages (post-ND Days 10 and 14) (Fig. 6B and C). In add-
ition, the burst count 10 and 14 days post-ND, was significantly low-
er in CAPRIN1*~ neurons, with the absence of bursts in most of the
wells. Interestingly, the duration of the detected bursts was also
shorter in CAPRIN1*~ neurons compared to controls (Fig. 6D and E).

Overall, these results confirmed a reduced spontaneous activity
(spike rate and count) and decreased synchronization of CAPRIN1*/~
neurons (burst count).

Discussion

CAPRIN1 is a candidate gene for ASD (high confidence SFARI 1,
https://gene.sfari.org/): a de novo nonsense variant was identified
in a male ASD proband'* and, more recently, a second nonsense
CAPRIN1 variant was found in a genome sequencing screening
of families with multiple ASD-affected children.’ In a recent
combined analysis of 33 different ASD cohorts,"> CAPRIN1 was
identified as a risk genes associated with ASD and NDDs.?
However, a causal relation between the gene and neurodevelop-
mental disorders was still missing. Our work provides the first
clinical characterization of the individuals with CAPRIN1 haploin-
sufficiency and supports a key role for CAPRIN1 in human neuron-
al development and activity.

Our data point to a critical role of CAPRIN1 in neuronal morpho-
genesis and survival. CAPRIN1*~ hiPSC-derived neurons have aber-
rant neuronal organization, reduced length of neuronal processes,
progressive neuronal degeneration and premature cell death begin-
ning 17-19 days post-ND. In Caprinl™~ cortical neurons, the length
and number of dendrites and the formation of neuronal networks
were reduced compared to wild-type. Interestingly, network area
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Figure 4 Calcium overload and increased oxidative stress are observed in CAPRIN1*~ neurons. (A) Quantification of calcium signal in CAPRIN1*'~ neu-
rons 10 and 14 days post-ND. Neurons were recorded for 2 min, and the integrated density (IntDen) signal of each cell was normalized on its lowest
value during this time. Right: A representative image of the lowest (Fo) and maximum (Fpax) fluorescence intensity for each cell; the lookup table
‘fire’ was used. Left: The Fluo-4 (green) signal, more appreciable in the image on the right (Day 10 post-ND: CTRL = 127 +0.25, n=197; CAPRIN1*~ =
131+0.37, n=197; Day 14 post-ND: CTRL = 125 + 0.67, n=354; CAPRIN1*/~ =138 + 0.45, n=361; P <0.0001). For every genotype and time point, three dif-
ferent coverslips were analysed, each of them deriving from an independent differentiation. (B) Analysis of CAPRIN1*~ neurons (Day 18 post-ND) with
CellROX showed a significant increase of ROS (CTRL=1.73x10’+1.80x10° n =697; CAPRIN1*~=5.64x10” +2.96x10°, n=1596; P <0.0001).
Twenty-two images for every genotype have been analysed from three different coverslips, each of them deriving from an independent differentiation.
Right: Example of the difference between CTRL and CAPRIN1*~ neurons (x20 magnification; blue = DAPI; green = CellROX. Scale bar =25 pum).

was always smaller compared to wild-type neurons, but it degener-
ated during neuronal maturation, particularly after 22 days in vitro
(DIV).? Similarly, in our cell model, we observed an aberrant neuronal
organization and reduced length of neuronal processes (Fig. 3B and
C). In the mouse model, the lack of Caprinl caused increased cell
death both in vitro—in cortical neurons from 10 DIV—and in vivo, as
demonstrated by an increased cleaved caspase-3 signals in brain
slices.?

One of the proposed mechanisms for these cellular phenotypes
is decreased of Na*/K* ATPase (NKA) activity.” Inhibition of NKA ac-
tivity results in increased sensitivity to glutamate excitotoxicity,
which subsequently causes an increase of intracellular Na* and
Ca?"ions.** In addition, inhibition of NKA can partially suppress ex-
citatory postsynaptic potentials (EPSPs) and reduce surface concen-
trations of AMPA receptors in neurons.** In CAPRIN1*~ human
neurons, we observed a Ca®* overload 10 and 14 days post-ND
and an overall reducing firing rate and synchronization on neuron-
al activity. In the mouse model, heterozygous loss of CAPRIN1
causes reduced amplitude and slope of field EPSPs in hippocampal
slices.* Altogether, our data and published data support the
hypothesis that previously reported impairment of NKA activity?
affects Ca?* homeostasis and electrical activity in CAPRIN1*/~
neurons.

Further, during mouse cortical development CAPRIN1 interacts
with several mRNAs, including some metal-binding proteins as se-
lenoprotein W and metallothionein 2, involved in protection
against ROS.? In CAPRIN1*~ hiPSC-derived neurons, we observed
a significant increase in ROS production concomitant with the
neuronal cell degeneration 18 days post-ND. The link between
ROS, ASD and ADHD has been reported in the literature, and
some therapies are now focusing on antioxidant drugs.*® Also, diag-
nostic biomarkers investigating redox metabolism, are the subject
of study in patients with ASD and ADHD, as for instance total, oxi-
dized and free reduced glutathione levels*” or thiol/disulphide
homeostasis.*® It will be of interest to further study increased ROS
species in CAPRIN1*~ neurons, as the method used in the present
work detected a global ROS signal but did not discriminate between
different ROS types.®’

Another potential CAPRIN1 target that might mediate the cellu-
lar phenotypes we observe is the Defender against apoptotic cell
death (DAD1), a cell death suppressor that may act downstream
of the BCL-2 protein®’; in a microarray analysis of CAPRIN1-bound
mRNAs, DAD1 has been identified as an interactor.?

Non-neuronal cells lacking CAPRIN1 do not exhibit changes in
global rate of protein synthesis,” whereas the local expression of
some mRNAs have been reported as altered in a conditional model
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Figure 6 Neurons deficient for CAPRIN1 show abnormal firing properties. (A) MEA analyses in CTRL and CAPRIN1*~ neurons at different stages of mat-
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(5-95th percentile), outliers are indicated as dots; mean is indicated with a plus symbol; numbers on each bar indicate the mean. Wells that never
showed an activity throughout the time course have been excluded from the analysis (total CTRL n=14 wells; total CAPRIN1*/~ n=9 wells). (B)
Quantification of MEA data, reporting the spike rate (Hz) along the 2 min of recording (Day 4 CTRL = 0.66 + 0.14; CAPRIN1*/~=0.22 + 0.09; mean + SEM;
P=0.02; Day 7 CTRL=0.78 +0.11; CAPRIN1*Y~ =0.36 + 0.08; P=0.006; Day 10 CTRL=1.55+0.28; CAPRIN1*~=0.66 + 0.13; P=0.01; Day 14 CTRL=1.82+
0.29; CAPRIN1*~ =1.03+0.20; P=0.04). (C) Quantification of MEA data, reporting the spikes count along the 2 min of recording (Day 4 CTRL=78.7 +
17.3; CAPRIN1*~ =26.7 £ 10.9; mean + SEM; P=0.02; Day 7 CTRL=93.5+13.6; CAPRIN1*~=42.7 +9.06; P=0.006; Day 10 CTRL=186+33.3; CAPRIN1*~ =
78.8+15.7; P = 0.01; Day 14 CTRL =215 + 35.3; CAPRIN1*/~ =124 + 24.3; P=0.05). (D) Burst count along the 2 min of recording (Day 4 CTRL =0.54 +0.25;
CAPRIN1Y~=0.16 + 0.10; mean + SEM; P=0.18; Day 7 CTRL=0.50+0.22; CAPRIN1*~ =0.30 + 0.17; P=0.48; Day 10 CTRL=6.49+1.05; CAPRIN1*~ =1.03
+0.47; P=0.002; Day 14 CTRL=7.62 +0.64; CAPRIN1*/~ =3.30 +0.98; P=0.002). (E) Burst duration (ms) along the 2 min of recording (Day 7 CTRL=233 +
36.7; CAPRIN1*~ =186 + 25.3; Day 10 CTRL =212 + 8.76; CAPRIN1*/~ =223 + 9.51; Day 14 CTRL =183 + 18.5; CAPRIN1*/~ = 147 + 4.49). The number of bursts
in CTRL was higher compared to CAPRIN1*/~, therefore the number of considered events (n) is reported. (F) Representative images of CTRL and
CAPRIN1*/~ detected spikes.
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of Caprin1 knock-out mouse.* In our work, we showed that CAPRIN1
haploinsufficiency is sufficient to cause a significant increase of
global translation in neuronal cells (Fig. 5A) and an impairment of
its localization (Fig. 5B and C), enforcing the concept that the use
of the right cellular model is important to detect cell-specific phe-
nomena. Interestingly, it has been shown CAPRIN1 selectively tar-
gets dendritic mRNAs, and an increase in mRNAs in soma but a
decrease in mRNAs in dendrites has been observed in Caprinl con-
ditional knock-out neurons.* This further supports the decrease in
local translation in distal dendrites in CAPRIN1*/~ neurons that we
identified (Fig. 5B and C). A rapid response to physiological and
pathological mechanisms adjusting the protein synthesis rate is
also mediated by oxidative stress.*® Both the administration of
H,0, and the endogenous increase of ROS can reduce cytosolic pro-
tein synthesis in a reversible manner.’*°? It is therefore possible
that the increased oxidative stress we observed is an attempt by
the neuron to balance the increased translational rate caused by
CAPRIN1 loss.

The lack of impact on global translation in a non-neuronal cell
line’ suggests the loss of CAPRIN1 can have different outcomes de-
pending on the cell type, explaining the predominantly neurologic-
al phenotypes we observed in our patients despite the ubiquitous
expression of CAPRIN1 in human tissues.

In our patients, we reported ASD in 67% of cases, and this clinical
phenotype is compatible with the reduced sociability and weaker
preference for social novelty previously observed in Caprin1*~
mice.? We observed intellectual or learning disability in 83% of cases;
Caprin1*~ mice have difficulties in reversal learning, but no overall
memory deficits.> However, a Caprinl brain conditional knock-out
model shows a deficit in spatial and fear conditioning long-term
memory, as well as reduced basal and induced synaptic transmission
in hippocampal neurons.* One-third of our patients showed seizures
with variable presentation. Interestingly, seizures were sporadically
noted in Caprinl mutant mice during and after the Morris water
maze and contextual fear conditioning tests, and epileptic-like
fEPSP were recorded after induction of long-term potentiation.*
These data suggest that the epileptic phenotype could be triggered
by specific events. We also noted six cases with respiratory problems,
a finding consistent with the post-natal failures in breathing in the
Caprin1™~ mouse model.?

Caprinl has recently been associated with early onset progres-
sive hearing loss and reduced protection from noise exposure in
an inner ear conditional knock-out mouse.* We found a clinical re-
port of mild hearingloss in in a paediatric (Case 3) and an adult case
(Case 10). The adult case works in an environment with high expos-
ure to loud sounds, which is associated with increased risk for hear-
ing loss,>? supporting the data that lack of Caprinl is involved in
recovery from audible insults.?® It is possible that most of the af-
fected individuals do not show hearing impairment due to the
young age, but they might develop this phenotype in the future.

Despite the ubiquitous expression of CAPRIN1 in humans, we
observed prevalently neurological features; however, some minor
and variable defects at the level of skeletal, respiratory, visual
and auditory systems were identified. Noteworthy, the association
between diseases and affected tissues is not always straightfor-
ward and it is common in genetic disorders to observe the impair-
ment of only a small portion of tissues compared to the broader
expression of the causal gene.>® This could be explained by several
mechanisms, including disrupted pathways, regulatory elements,
post-transcriptional mechanisms and microenvironment that can
be cell- or tissue-specific.”® Observations of Caprinl heterozygous,
homozygous or conditional mutants suggest impairment of the
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auditory?® and respiratory® systems, but there is no evidence for
skeletal or ocular involvement. Non-neurological features are ob-
served only in a fraction of patients. We cannot, therefore, exclude
the presence of intra- or extragenic eQTLs or single-nucleotide
polymorphisms that contribute to the variable presentation of
those phenotypes.

Variants identified in our cases were heterozygous LoF because
they introduced a premature stop codon by changing an amino
acid, introducing a frameshift or altering splicing.®

Ten cases were de novo, and two familial (Supplementary Fig. 1).
Case 9 and his father (Case 10) carried the p.(Arg458Ter) variant.
Both showed language delay, ADHD and mild intellectual disabil-
ity/developmental delay as children, but the father had recovered
most of his language impairments by adulthood. Case 2 had the
€.279+1G>T variant inherited from his mother, reported healthy
and without history of intellectual disability, speech delay, neuro-
developmental/behavioural concerns or other medical issues; she
had a college education. These cases suggest the disease has a vari-
able expressivity duringlife and/or incomplete penetrance;itis also
tempting to speculate a sex bias, given the healthy female carrier
and the observation that nine out of 12 affected individuals were
males.

Our work focused on CAPRIN1 LoF variants (nonsense, splicing
and small copy number variants). The possibility that missense
variants are also associated with CAPRIN1-NDD is still to be ex-
plored. Overall, CAPRIN1 is not anticipated to be highly sensitive
to missense variations (Z-score =1.69, GnomAD)ZG; however, some
specific regions of the protein are predicted to be intolerant or high-
ly intolerant to changes, according to MetaDome server (v1, https:/
stuart.radboudumc.nl/metadome).>® Intolerant amino acids are
predominantly located between amino acids 58-131 and 514-583,
part of the Homologous Regions 1 and 2 (HR1 and HR2) domains
of CAPRIN1.° Indeed, a p.(Pro512Leu) recurrent missense variant
in the HR2 domain has been recently found in two independent pa-
tients with a neurodegenerative syndrome with ataxia.*® This indi-
cates that different neurological phenotypes are associated with
CAPRIN1, depending on the variant and its pathophysiological sig-
nificance. The future inclusion of CAPRIN1 in diagnostic genetic pa-
nels might help identifying cases with missense variants and will
probably expand the clinical spectrum associated with the gene.

Altogether, our data finally link CAPRIN1 haploinsufficiency
with an autosomal dominant neurodevelopmental disorder, char-
acterized by language impairment, ADHD, intellectual or learning
disability and ASD, with other variably associated features includ-
ing respiratory, skeletal, ocular, auditory and gastrointestinal is-
sues. Likewise, CAPRIN1 haploinsufficiency damaged the overall
organization of hiPSC-derived neurons, and mediated impairment
of Ca?* homeostasis, neuronal activity, ROS production and global
translation rate.
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