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The CCR4-NOT complex, crucial in gene expression regulation, includes CNOT3, a subunit linked to neurodevelopmental disorders
when mutated. This study investigates 51 patients from 42 families with heterozygous CNOT3 variants, aiming to expand the
understanding of CNOT3-related neurodevelopmental disorders and explore genotype-phenotype correlations. Patients originated
from various countries, reflecting the disorder’s global significance. All patients exhibited developmental delays, particularly in the
language area. Intellectual disability was found in 87% of patients and was typically mild to moderate. Behavioral issues, including
autism spectrum disorders and attention deficits, were common, affecting over half of the patients. Dysmorphic features were
highlighted and may help establishing the diagnosis. Epilepsy was uncommon (10%). Twenty-eight novel variants were identified,
including missense, nonsense, frameshift, intronic variations and a deletion of 12 exons. Missense variants clustered at the N- and
C-terminal regions of the protein, indicating critical functional roles. No clear genotype-phenotype correlation was observed,
suggesting that all identified variants resulted in a loss-of-function effect. Finally, this work delineates the clinical and molecular
spectrum of CNOT3-related disorders thanks to an in-depth characterization of a large cohort. Further research will be necessary to
understand the functional consequences of the variants and enhance patient long-term outcomes.

European Journal of Human Genetics (2025) 33:989-996; https://doi.org/10.1038/s41431-025-01884-z

INTRODUCTION

The CCR4-NOT complex, a pivotal regulator of gene expression, is
involved in various cellular processes, including cell cycle
regulation, activation and inhibition of transcript initiation, control
of transcription elongation, mRNA export, nuclear control, and
DNA damage repair [1]. This complex is composed of 8 subunits,
including CNOT3, which binds to the ribosome. De novo
heterozygous loss-of-function CNOT3 variants were first described
by Martin et al. [2] in 2018 in 16 individuals presenting with
hypotonia, relatively short stature, developmental delay, beha-
vioral disorders and intellectual disability. Two years later, Meyer
et al. [3] reported two familial cases with dominantly segregating
CNOT3 variants and variable intra-familial phenotypes. So far, 31
individuals from 25 families have been described with CNOT3
heterozygous variants [2-8].

Here, we report a large cohort of 51 additional individuals from
42 families. We aim to further delineate the spectrum of CNOT3-
related neurodevelopmental disorders and discuss genotype-
phenotype correlations.

SUBJECTS AND METHODS

Individuals

Individuals with heterozygous CNOT3 variants originated from Belgium,
Canada, Czech Republic, Denmark, France, Germany, Italy, the Netherlands,
Portugal, United Kingdom and United States. Clinicians and biologists from
different centers were contacted through GeneMatcher [9], DECIPHER [10],
the French ANddi-RAres healthcare network and the European Reference
Network (ITHACA). Clinical and molecular data were provided by the
referring clinicians in a detailed table (Supplementary Data S1) and a
summarized free text (Supplementary Data S4). Written informed consent

A full list of author affiliations appears at the end of the paper.

Received: 23 June 2024 Revised: 8 February 2025 Accepted: 20 May 2025

Published online: 25 June 2025

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-025-01884-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-025-01884-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-025-01884-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-025-01884-z&domain=pdf
http://orcid.org/0000-0003-1531-7628
http://orcid.org/0000-0003-1531-7628
http://orcid.org/0000-0003-1531-7628
http://orcid.org/0000-0003-1531-7628
http://orcid.org/0000-0003-1531-7628
http://orcid.org/0009-0003-8965-7171
http://orcid.org/0009-0003-8965-7171
http://orcid.org/0009-0003-8965-7171
http://orcid.org/0009-0003-8965-7171
http://orcid.org/0009-0003-8965-7171
http://orcid.org/0000-0002-9743-4205
http://orcid.org/0000-0002-9743-4205
http://orcid.org/0000-0002-9743-4205
http://orcid.org/0000-0002-9743-4205
http://orcid.org/0000-0002-9743-4205
http://orcid.org/0000-0002-3097-0388
http://orcid.org/0000-0002-3097-0388
http://orcid.org/0000-0002-3097-0388
http://orcid.org/0000-0002-3097-0388
http://orcid.org/0000-0002-3097-0388
http://orcid.org/0009-0008-0915-3923
http://orcid.org/0009-0008-0915-3923
http://orcid.org/0009-0008-0915-3923
http://orcid.org/0009-0008-0915-3923
http://orcid.org/0009-0008-0915-3923
http://orcid.org/0000-0001-9729-7346
http://orcid.org/0000-0001-9729-7346
http://orcid.org/0000-0001-9729-7346
http://orcid.org/0000-0001-9729-7346
http://orcid.org/0000-0001-9729-7346
http://orcid.org/0000-0001-5034-7457
http://orcid.org/0000-0001-5034-7457
http://orcid.org/0000-0001-5034-7457
http://orcid.org/0000-0001-5034-7457
http://orcid.org/0000-0001-5034-7457
http://orcid.org/0000-0003-4324-7372
http://orcid.org/0000-0003-4324-7372
http://orcid.org/0000-0003-4324-7372
http://orcid.org/0000-0003-4324-7372
http://orcid.org/0000-0003-4324-7372
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0009-0002-7334-0842
http://orcid.org/0009-0002-7334-0842
http://orcid.org/0009-0002-7334-0842
http://orcid.org/0009-0002-7334-0842
http://orcid.org/0009-0002-7334-0842
http://orcid.org/0000-0001-6928-6287
http://orcid.org/0000-0001-6928-6287
http://orcid.org/0000-0001-6928-6287
http://orcid.org/0000-0001-6928-6287
http://orcid.org/0000-0001-6928-6287
http://orcid.org/0000-0002-6239-707X
http://orcid.org/0000-0002-6239-707X
http://orcid.org/0000-0002-6239-707X
http://orcid.org/0000-0002-6239-707X
http://orcid.org/0000-0002-6239-707X
http://orcid.org/0000-0002-2152-4626
http://orcid.org/0000-0002-2152-4626
http://orcid.org/0000-0002-2152-4626
http://orcid.org/0000-0002-2152-4626
http://orcid.org/0000-0002-2152-4626
http://orcid.org/0009-0001-1532-7685
http://orcid.org/0009-0001-1532-7685
http://orcid.org/0009-0001-1532-7685
http://orcid.org/0009-0001-1532-7685
http://orcid.org/0009-0001-1532-7685
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-4115-9806
http://orcid.org/0000-0002-4115-9806
http://orcid.org/0000-0002-4115-9806
http://orcid.org/0000-0002-4115-9806
http://orcid.org/0000-0002-4115-9806
http://orcid.org/0000-0003-2648-7657
http://orcid.org/0000-0003-2648-7657
http://orcid.org/0000-0003-2648-7657
http://orcid.org/0000-0003-2648-7657
http://orcid.org/0000-0003-2648-7657
http://orcid.org/0000-0003-2979-3764
http://orcid.org/0000-0003-2979-3764
http://orcid.org/0000-0003-2979-3764
http://orcid.org/0000-0003-2979-3764
http://orcid.org/0000-0003-2979-3764
http://orcid.org/0000-0001-7551-248X
http://orcid.org/0000-0001-7551-248X
http://orcid.org/0000-0001-7551-248X
http://orcid.org/0000-0001-7551-248X
http://orcid.org/0000-0001-7551-248X
http://orcid.org/0000-0002-0316-4903
http://orcid.org/0000-0002-0316-4903
http://orcid.org/0000-0002-0316-4903
http://orcid.org/0000-0002-0316-4903
http://orcid.org/0000-0002-0316-4903
http://orcid.org/0000-0002-6301-6363
http://orcid.org/0000-0002-6301-6363
http://orcid.org/0000-0002-6301-6363
http://orcid.org/0000-0002-6301-6363
http://orcid.org/0000-0002-6301-6363
http://orcid.org/0000-0003-2049-5058
http://orcid.org/0000-0003-2049-5058
http://orcid.org/0000-0003-2049-5058
http://orcid.org/0000-0003-2049-5058
http://orcid.org/0000-0003-2049-5058
http://orcid.org/0000-0003-2194-7239
http://orcid.org/0000-0003-2194-7239
http://orcid.org/0000-0003-2194-7239
http://orcid.org/0000-0003-2194-7239
http://orcid.org/0000-0003-2194-7239
http://orcid.org/0000-0001-6094-4394
http://orcid.org/0000-0001-6094-4394
http://orcid.org/0000-0001-6094-4394
http://orcid.org/0000-0001-6094-4394
http://orcid.org/0000-0001-6094-4394
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-6065-1476
http://orcid.org/0000-0002-6065-1476
http://orcid.org/0000-0002-6065-1476
http://orcid.org/0000-0002-6065-1476
http://orcid.org/0000-0002-6065-1476
http://orcid.org/0000-0003-1497-9363
http://orcid.org/0000-0003-1497-9363
http://orcid.org/0000-0003-1497-9363
http://orcid.org/0000-0003-1497-9363
http://orcid.org/0000-0003-1497-9363
http://orcid.org/0000-0002-0211-5763
http://orcid.org/0000-0002-0211-5763
http://orcid.org/0000-0002-0211-5763
http://orcid.org/0000-0002-0211-5763
http://orcid.org/0000-0002-0211-5763
http://orcid.org/0000-0001-9744-5222
http://orcid.org/0000-0001-9744-5222
http://orcid.org/0000-0001-9744-5222
http://orcid.org/0000-0001-9744-5222
http://orcid.org/0000-0001-9744-5222
http://orcid.org/0000-0003-2814-6303
http://orcid.org/0000-0003-2814-6303
http://orcid.org/0000-0003-2814-6303
http://orcid.org/0000-0003-2814-6303
http://orcid.org/0000-0003-2814-6303
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
https://doi.org/10.1038/s41431-025-01884-z
www.nature.com/ejhg

C. Engel et al.

990

was obtained for genetic testing and the use of photographs (if
applicable). In addition, published clinical articles [2-7] were reviewed on
PubMed up to the beginning of January 2024 using the keyword “CNOT3"
(Supplementary data S2).

P3 and P43, previously reported in the literature by Martin et al. [2]
(respectively as individuals P4 and P13) were included in our cohort with
updated and extensive clinical data.

METHODS

CNOT3 variants were identified using exome sequencing in 38 individuals,
by targeted gene panels for 5 individuals, and through whole genome
sequencing for 2. Segregation analyses were performed by targeted
Sanger sequencing and confirmed the diagnosis in 6 family members.

CNOT3 variants are given according to the mRNA reference number
NM_014516.4. The bioinformatics data were obtained from Mobidetails
interface [11] (CADD (v1.6) [12], Polyphen-2 [13], SIFT scores [14], and
ClinVar (v20230819) [15], LOVD [16], dbSNP (v.156) [17] and gnomAD
(v4.1.0) [18] databases), UCSC database [19] (GERP score [20]), Grantham
matrix [21] and PROVEAN score [22]. The effect on splicing was analyzed
using SPIP (v2.1) [23], RDDC RNA Splicer [24], splice Al score [25] and the
UCSC database (Supplementary data S3). The graphical representation of
the protein variants was created using IBS 1.0.3 software [26].

Only likely pathogenic (LP) or pathogenic (P) variants according to the
ACMG guidelines were retained for this study [27]. The Franklin interface
[28] was used to classify the variants.

Individuals with variants of unknown significance according to the
ACMG criteria were not included in this study. To ensure consistency, we
applied the same criteria to the individuals previously reported in the
literature, and therefore excluded individuals with ¢.355A > G; p.(Lys119-
Glu) and c.2090 G > A; p.(Arg697GIn) variants reported by Martin et al.,
c.2017_2019del; p.(Phe673del) reported by Lee et al. [8]. as well as
c.910 G > A; p.(Gly304Ser) and c.1318 G > A; p.(Leu522lle) variants reported
by Pinard et al. [4].

Variants with supportive splicing predictions by both Splice Al (>0.2)
and Spip (>80%) were considered as possibly impacting splice variants.
This corresponds to the following variants in our cohort: ¢25G>C;
p.(Gly9Arg), c26-2A>G ; p.(?), c93G>A ; p.Lys31=), c258G>A;
p.(Thr86 =), ¢387+1G>A; p.(?), c.1406+1G>A; p.(?), c.170542T>G ;
p.(?) and ¢.1904+2 T > C; p.(?) and to the variant ¢.387+2T>C; p.(?) in the
literature data. The RNA sequence has been studied in silico (splice Al and
RDDCQ), and the majority of variants appear to result in a frameshift, with
the exception of two variants that could potentially result in an inframe
deletion. As these are only predictions, we decided to consider these splice
variants separately and not as truncating or missense variants.

RESULTS

Clinical data (Table 1)

Thanks to an international collaboration, we collected in-depth
clinical data from 51 new individuals with CNOT3 P/LP variants.
Families were of West and Central Europe (Belgium, Czech
Republic, France, Germany, Italy, the Netherlands, Portugal, the
UK), North Africa (Algeria), Middle East (Turkiye), South Asia
(Thailand, Sri Lanka), Mayotte and North American descent.
Consanguinity was noted in 1 family. Twenty-two individuals
were female and 29 were male. The median age at last follow-up
was 10 years (11 months - 36 years).

Pregnancy was uneventful for both mother and fetus in 57% of
cases (28/49). One pregnancy resulted from in vitro fertilization.
Four twin pregnancies were included (one with fetal resorption at
7 weeks' gestation). Gestational complications were observed in
ten women, with seven developing gestational diabetes, one with
gestational hypertension, another having a deep vein thrombosis,
and one with a fever at 4 months of pregnancy. Ultrasound
detected fetal anomalies in 34% of pregnancies (16/47), mostly
growth restriction or IUGR (13/47; 28%), including three from twin
pregnancies. [IUGR was associated with maternal smoking in two
cases, oligohydramnios in two other cases, and pre-anasarca in
one pregnancy. Other fetal findings included isolated oligohy-
dramnios, polyhydramnios with duodenal atresia, dilatation of the
lateral ventricle, and a cerebral cyst, each observed in one fetus.

SPRINGER NATURE

Amniocentesis was performed in three pregnancies with cerebral
or gastrointestinal ultrasound anomalies. Delivery by Cesarean
section was performed in 36% of cases (15/42), half of which were
urgent (9/15; 60%). Prematurity (birth before 37-weeks of
gestation) was observed in 15 individuals (16/49; 33%). The
neonatal period was marked by hypotonia in 43% of cases (18/42)
and feeding difficulties in about half the cases (26/47; 55%).

All patients had a history of neurodevelopmental delay (47/47;
100%). Of the remaining 4 patients, early childhood informations
were not available for 3, and one patient is under one year old. In
most cases, developmental delay was global and more pro-
nounced in the language area. Gross motor delay affected 88% of
individuals (42/48). Ninety-eight percent of them acquired
independent sitting (49/50), in 41% of cases after 10 months
(12/29). Ninety-eight percent acquired the ability to walk (47/48),
in 63% of cases after 18 months (28/46). The individual who was
not able to walk was 18 months old at the time of the study.
Difficulties with fine motor skills were reported in 33 individuals in
our cohort (33/35; 94%). All individuals had language delay (44/44;
100%). Of the 7 individuals for whom we have no information on
language skills, two are less than one year old and five are adults
for whom childhood data were not available. Most individuals
could say a few words (41/49; 84%), while two-thirds were capable
of using word associations (35/48; 73%) or form sentences (32/48;
67%). Speech therapy was necessary in the majority of cases (36/
41; 88%).

Intellectual disability was found in 87% of individuals (33/38).
Thirteen individuals were too young to be assessed. ID was mild to
moderate in the most cases (19/33; 58% and 12/33; 36%
respectively). Two individuals had severe ID and remained non-
verbal. Of the five individuals without a diagnosis of ID, two had
borderline 1Qs, two others had low 1Qs, one of which combined
with a language disorder, and the last one had a heterogeneous
IQ. Of the 44 individuals who are either currently enrolled in
school or previously attended school, 33 required specialized
schooling (33/44; 75%) and 11 needed human or material support
at a mainstream school (11/44; 25%).

Twenty-eight patients in our cohort exhibited autistic features,
with 12 formally diagnosed with autism spectrum disorder (25%)
and 16 displaying significant autistic traits (33%). These individuals
were described as having difficulties in social interaction (18/28;
64%), resistance to change (15/28; 53%), stereotypies (15/28; 53%),
abnormal affect (15/28; 53%), and restricted interests (14/28; 50%).
Twenty-one individuals had an attention deficit disorder with or
without hyperactivity, either formally diagnosed or not (21/38;
55%) and 27 individuals had behavioral disturbances (28/45; 62%)
including intolerance to frustration (14/26; 54%), repeated
tantrums (9/26; 35%), hetero-aggressivity (10/26; 38%) and
oppositional behavior (7/26; 27%). Anxiety and sleep disorders
were respectively reported in 8 and 10 individuals (8/37; 22% and
10/39; 26%).

In our cohort, data from 10 adult individuals (>18 years old)
were collected. Nine of them had intellectual disability and
attended specialized schooling. Five of them worked in sheltered
places, two attempted sheltered work, but were unsuccessful, one
is in job training and the last one had just turned 18. The tenth
adult individual had a borderline 1Q, she obtained a middle school
diploma but had a much lower level of education than her
relatives. She currently works as an employee. Curatorship or
guardianship was required for four individuals (4/8; 50%). Five
adult individuals are able to live independently, while three live in
sheltered homes and the two youngest still live with their parents.
Four have children, who are included in this cohort.

Five individuals in our cohort had epileptic seizures (5/51; 10%).
One had a simple generalized convulsive seizure at 2 days of age,
without recurrence; two had a few episodes of generalized tonic-
clonic seizures and are currently seizure-free without treatment;
one presented with long-term epilepsy starting at the age of 4,

European Journal of Human Genetics (2025) 33:989 - 996
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Table 1. Clinical data of the 50 individuals with CNOT3 heterozygous variants.

Our cohort
Number of families 42
Number of patients 51
Pregnancy and birth
IUGR or growth retardation 13/47
C-section 15/42
Prematurity 16/49
Neonatal hypotonia 18/42
Feeding difficulties 26/47
Developmental delay 47/47
Motor delay 43/49
Language delay 44/44
Acquisitions, schooling and work
Intellectual disability 33/38
Mild 19/33
Moderate 12/33
Severe 2/33
Schooling 44/50
Need for support in mainstream schooling 11/44
Specialized schooling 33/44
Ability to work 6/10
Sheltered employment 5/6
Ability to live independently 5/10
Need for curatorship/guardianship 4/8
Behavior and neuropsychiatric disorders
Autism spectrum disorder 12/48
Autistic features w/o formal ASD diagnosis 16/48
Attention deficit hyperactivity disorder 21/38
Behaviouhal disturbances 28/45
Neurological or sensory conditions
Seizures 5/51
Hearing loss 7/51
Strabismus 14/44
Organ malformations
Cardiac anomalies 4/46
Gastrointestinal malformations 4/39
Genital anomalies 3/42
Physical examination
Macrocephaly (OFC > +2 SD) 5/47
Microcephaly (OFC < -2SD) 6/47
Small stature (height < -2SD) 12/50
Hypotonia 21/43
Cerebral MRI 32/50
Normal 10/32
Corpus callosum anomalies 13/32
Posterior fossa anomalies 5/32
Ventriculomegaly / Hydrocephalus 5/32

stabilized on bitherapy ; and the fifth individual had West
syndrome in the first months of life, in a context of prematurity
with intraventricular hemorrhage, and died at 6 months. An
additional individual suffered a single febrile seizure at 14 months
of age and another presented 2 episodes of unconfirmed seizures;
they were therefore not considered to have epilepsy.

European Journal of Human Genetics (2025) 33:989 - 996

Literature Total
20 62
24 75
28% 2/3 67% 15/50 30%
36% 3/16 19% 18/58 31%
33% 3/21 14% 19/70 27%
43% 2/4 50% 20/46 43%
55% 2/5 40% 28/52 54%
100% 21/21 100% 68/68 100%
88% 17/18 94% 60/67 90%
100% 20/20 100% 64/64 100%
87% 12/12 100% 45/50 90%
58%
36%
6%
88% 11/11 100% 55/61 90%
25% 2/10 20% 13/54 24%
75% 8/11 73% 41/55 75%
60% 1/1 100% 7/11 64%
83%
50%
50%
25% 6/8 75% 18/56 32%
33% 3/5 60% 19/53 36%
55%
62%
10% 4/24 17% 9/75 12%
14% 2/23 9% 9/74 12%
32% 10/17 59% 24/61 39%
9% 4/24 17% 8/70 11%
10% 2/24 8% 6/63 10%
7% 2/24 8% 5/66 8%
11% 0/19 0% 5/66 8%
13% 1/19 5% 7/66 11%
24% 10/23 43% 22/73 30%
49% 9/16 56% 30/59 51%
64% 14/23 61% 46/73 63%
31% 4/14 29% 14/46 30%
41% 5/14 36% 18/46 39%
16% 1/14 7% 6/46 13%
16% 1/11 9% 6/43 14%

Brain magnetic resonance imaging (MRI) was performed in 64%
of the cases (32/50) and was normal in one third of individuals (10/
32; 31%). Corpus callosum anomalies were found in 41% of cases
(13/32) (hypoplasia in 8, dysmorphism in 5 and partial or total
agenesis in 3) and posterior fossa anomalies in 5 (5/32; 16%).
Ventriculomegaly was reported in 4 individuals, cerebral atrophy
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Fig. 1

Brain magnetic resonance image (MRI) of individuals with CNOT3 variants. Note hypoplastic, absent and dysmorphic corpus

callosum (white arrows), septum pellucidum cyst and retrocerebellar cysts (white asterisks).

or dilatation of pericerebral spaces in 3 and arachnoid cysts in 3
others. Two individuals have periventricular leukomalacia and
intraventricular hemorrhage in the context of prematurity. Other
brain MRI signs, each found in a single individual, were thin white
matter, ventricular asymmetry, partial thrombosis of the sinus
sagitalis, periventricular hyperintensity, thin optic nerve and small
pituitary gland (Fig. 1).

Congenital birth defects included cardiac anomalies in 4
individuals (atrial septum defect in two, ventricular septum defect
in one and patent foramen ovale in another), gastro-intestinal
defects in 4 cases (anal atresia in a proband and his mother,
esophageal stenosis in one individual and duodenal atresia in
another) and genital anomalies in 3 cases (cryptorchidism in 3
male individuals associated with hypospadias in one case).

Twelve people showed a susceptibility to infections, with six
suffering from upper respiratory tract infections, four from ear
infections and two from urinary tract infections. Osteoarticular
anomalies included brachydactyly (8/42; 19%), tapering fingers (6/
42; 14%), single transverse palmar crease (6/42; 14%), flat feet (9/
39; 23%), hyperlordosis (4/40; 10%) and scoliosis (3/40; 8%). Eleven
individuals had umbilical or inguinal hernias (respectively 3/49; 6%
and 8/42; 19%), and 6 had joint hyperlaxity (6/43; 14%).

Bilateral sensorineural hearing loss requiring hearing aids was
reported in two individuals, one occurring before the age of 2 and
the other during adulthood. A third individual presented with a
moderate unilateral mixed hearing loss from the age of 4 and also
benefited from hearing aids. A 4th individual had congenital
unilateral profound deafness linked to cochleovestibular nerve
agenesis. Three other individuals had conductive hearing loss,
normalized by grommets in two cases.

Ophthalmological signs included strabismus in 14 individuals (14/
44; 32%), refractive abnormalities in 11 (11/41; 27%), optic nerve
injury in 5 (5/38; 13%) and nystagmus in 3 (3/42; 7%). Amblyopia and
lacrimal duct obstruction were also reported in two individuals each.

On clinical examination, short stature (<-2 SD) was observed in
24% of patients (12/50), microcephaly (OFC < -2 SD) in 13% (6/47),
and macrocephaly (>+2 SD) in 11% (5/47). Hypotonia was noted in
21 individuals (21/42; 50%) and clumsiness in 12 (12/39; 31%). The
most common morphological features were a high, broad and/or
prominent forehead in 72% of individuals (34/47), upslanting
palpebral fissures in 48% (22/46), a thin upper lip in 48% (22/46)
and variable nose anomalies (39/45; 87%), including short nose in
17 individuals, low-hanging columella in 17, broad nasal tip in 16,
alae nasi hypoplasia in 14, and anteverted nostrils in 12. Other
characteristics frequently observed were deep-set eyes or
enophtalmia (26%; 12/46), protruding, dysplastic or low-set ears
(55%; 24/44) and a smooth or short philtrum (18/43; 42%) (Fig. 2).
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Fig. 2 Photographs of individuals with CNOT3-related NDD. Note
recurrent signs as high, wide and prominent forehead, upslanting
palpebral fissures, dysplastic and/or posteriorly rotated ears, low
hanging columella, anteverted nares, smooth philtrum and thin

upper lip.

Molecular findings

In addition to the 20 pathogenic/likely pathogenic variants
previously published, we identified a deletion of 12 exons and
27 new SNVs in our cohort, including 9 frameshifts, 6 missense, 5
intronic variants, 4 nonsense, 2 synonymous variants, and 1 in-
frame deletion (Fig. 3).

Three CNOT3 variants were recurrent in our cohort: c.732dup;
p.(Ser245fs) was found in 5 families, c.563 G > A; p.(Arg188His) and
€.1979_1980del; p.(Val660GlyfsTer22) in 2 families. These variants
were already reported in the literature, as well as the variants
c.286 C>T; p.(Arg96Ter), c821_825dup; p.(Asn276GlInfsTer61) and
c.1473_1474del; p.(Gly493ThrfsTer21). All missense variants
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Fig.4 Pedigrees of familial cases. Pedigrees of familial cases from our cohort (A) and the literature (B). A second variant in a gene involved in
NDD was identified in families 7 and 32 and was inherited from the other symptomatic parent. Two parents carry the variant found in their

children in a mosaic state (Families 7 and 8).

identified in this study were classified as probably or possibly
damaging by CADD, PolyPhen-2, and SIFT prediction tools
(Supplementary data S3), except for the two variants ¢25G>G;
p.(Gly9Arg) and c¢.2090 G > A; p.(Arg697GIn) for which bioinfor-
matic results were non-consistent. None of the missense variants
were present in the gnomAD database (v4.1.0) [18]. The c.25G > C;
p.(Gly9Arg) variant, affecting the last nucleotide of exon 2, was
predicted to alter splicing.

For 35 individuals, the variant occurred de novo, while it was
inherited from a symptomatic parent for 7 patients, including 4
children from the same family (Fig. 4). For three individuals from 2
families (Families 7 and 8), the variant was present in a mosaic
state in an unaffected parent.

In three patients, an additional LP/P variant in another gene was
identified, namely a de novo variant in TNPO3 involved in variable
limb-girdle muscular dystrophy (LGMD) in patient P6; a variant in
BPTF, involved in NDD, inherited from a symptomatic mother in
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patient P7; and a variant in CACNATA, involved in developmental
and epileptic encephalopathy, maternally inherited, in patient P40.
In the literature, a variation in SMAD6, involved in aortic valve
disease, was identified in patient L16, reported by Priolo et al. [5].
It remains difficult to determine whether clinical manifestations
are linked to CNOT3 or to the additional LP/P variant in the second
gene, or if patients with two variants are more severe due to the
interaction of genetic and environmental factors. Moreover, the
presence of a SMADG variation in patient L16 certainly explains his
aortic stenotic coarctation (CoA), hypertrophic left ventricle and
bicuspid aortic valve (BAV). At the time of examination, patient P7
had no signs of muscular dystrophy.

DISCUSSION
Thanks to an in-depth characterization of a large cohort of 51 new
individuals, we were able to further delineate the spectrum of
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CNOT3-related neurodevelopmental disorders (CNOT3-NDD). Over-
all, the clinical picture seems variable, and no case of non-
penetrance was shown in the cohort. Developmental delay was
present in all individuals, but with speech therapy, 84% of
individuals acquired the ability to speak at least a few words.
Intellectual disability was mild to moderate in the vast majority of
cases (94%). Behavioral difficulties and autism spectrum disorders
affected more than half of the individuals. Interestingly, we were
able to describe 10 adult individuals, who showed the ability to
integrate into society with sheltered employments. Long-term
follow-up of these adult individuals will be of major importance in
determining the natural history of the condition. In keeping with
the literature, the occurrence of epilepsy in our series was
infrequent (5/51; 10%). Congenital birth defects were rare and
varied. We noticed a relatively large number of cases of inguinal or
umbilical hernia. Common dysmorphic features that may help
make the diagnosis were a high forehead, upslanting palpebral
fissures, a low hanging columella, hypoplastic alae nasi and a thin
upper lip. Interestingly, short stature reported in the initial articles
[2, 3] was only documented in one quarter of our patients.
Moreover, the association with Moya Moya disease suggested by
Pinard et al. [4]. was not confirmed in our cohort. It should be
noted that of the three variants reported to be associated with this
condition, two were identified in individuals with no neurodeve-
lopmental disorders. In one case, the variant was inherited from an
asymptomatic father. However, no MRA-TOF was performed in our
patients, so we cannot rule out an association between Moya
Moya disease and certain CNOT3 variants.

Study of genotype-phenotype correlations showed no signifi-
cant differences or distinctive features between individuals with
different types of variants in the CNOT3 gene. We did not observe
any difference in the severity of ID between the different groups.
Mild ID appears to be more frequent than moderate ID in patients
with a missense variant (6/9; 67% and 1/9; 11% respectively) than
in those with a truncating variant (12/20; 60% and 8/20; 40%
respectively) or a splice variant (1/4; 25% and 3/4; 75%
respectively). However, the five individuals without ID had
truncating or splice variants and both individuals with severe ID
carried missense variants. This absence of correlation is corrobo-
rated by the fact that the rate of individuals admitted to special-
need schools is high in the three groups (8/10; 80%, 20/28; 71%
and 5/6; 83% respectively). Furthermore, in the familial cases of
our cohort, the degree of intellectual disability varied between
affected members of the same family, which is consistent with the
absence of genotype-phenotype correlation for ID in this gene.

In two inherited cases from the cohort (Families 7 and 32), the
CNOT3-NDD occurred in an environment where a pathogenic
variant in a NDD-gene segregates in the other family branch
(Fig. 4, Supplementary Data S1 and Supplementary Data S5).
Double diagnosis is estimated to occur in around 3.5% of NDD
cases [28] and this phenomenon could be more common in
children of couples where both members are intellectually
disabled. A second diagnosis was not identified by exome
sequencing in any of the two patients with severe ID, and it is
therefore not possible to conclude at present whether there is a
second acquired or genetic cause that would explain the severity,
or whether this is simply the extremity of CNOT3-NDD clinical
spectrum. In the literature, some reported patients have no
language [2] which could suggest the existence of severe forms,
but the data are insufficient to reach a conclusion. Epilepsy
seemed to be more common in patients with a missense variant in
the N-terminal domain in our cohort (4 of 5 patients), but this was
not the case for patients from the literature. Three of eight
unrelated individuals with epilepsy shared the same ¢.563 G > A;
p.(Arg188His) variant. We suggest that a different impact of this
variant, such as a gain-of-function effect, could possibly explain
this difference. DynaMut2 [29] predicts a destabilizing change for
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this variant but further functional studies are required to verify this
hypothesis. It should also be noted that several patients had
suspected seizures without a proven diagnosis, indicating that a
better neurological evaluation would be important to truly
understand the prevalence of epilepsy in this condition.

We noticed that nonsense and missense variants are almost
exclusively located in the N- and C- terminal parts of the protein,
which are considered as domains [30, 31], while frameshifts are
rather located in the median part of CNOT3. The higher frequency
of frameshift variants in this segment could be linked to the
higher proportion of cytosine-rich sites in this region. Interestingly,
there are only two CNOT3 truncating variants reported in gnomAD
genomes Vv4.1.0 for the MANE reference transcript
(ENST00000221232.11—NM_014516.4) [18] and none in the
predicted nonsense-mediated decay (NMD) escape region. As no
truncating variant in this area was reported in gnomAD, we can
suppose that variants in this region could also be deleterious for
the protein.

The high occurrence of missense variants at both ends of the
protein could probably be explained by the function of CNOTS3 itself.
Structurally, the CCR4-NOT complex is L-shaped and consists of a
catalytic module comprising two deadenylases and a NOT-module
formed by the CNOT1, CNOT2 and CNOT3 subunits in humans
[30, 31]. CNOT3 binds to CNOT2 and CNOT1 via the NOT-Box
domain in its C-terminal region [30]. When exposed to non-optimal
MRNA, CNOT3 binds to the ribosomal E-site via its N-terminal part
and permits recruitment of the CCR4-NOT complex via its C-terminal
domain, leading to decapping of non-optimal mRNA by dead-
enylases [31, 32]. The occurrence of missense variants only in these
two regions seems consistent with the loss-of-function mechanism
initially suggested in the literature [1]. In fact, as these are located in
binding domains, their effect could be null and equivalent to
truncating variants. This might explain the absence of phenotypic
differences between individuals according to the type of variants
identified.

Presence of pathogenic missense variants elsewhere than in
these functional domains is unlikely, given the number of
missense variants reported in gnomAD and a landscape that
appears to be tolerant in MetaDome [33]. We know that missense
variants in the middle third of the protein were reported by Pinard
et al. in individuals with Moya Moya disease but no neurodevelop-
mental disorder [4]. We did not consider these variants in our
cohort, as they are not considered as pathogenic by ACMG
classification nor by in silico predictions tools. However, we cannot
exclude the possibility of any effect other than loss-of-function of
these variants.

Interestingly, parental gonosomal mosaicism was reported in 2
of the 42 families of our cohort. Considering that parental
segregation could not be performed in 6 families, and the
unknown rate of germline mosaicism, the recurrence risk for de
novo CNOT3 mutations could be higher than 1%.

Overall, the core clinical phenotype associated with pathogenic
or likely pathogenic CNOT3 variants includes developmental delay,
mild to moderate intellectual disability, dysmorphism, behavioral
disorders and autistic features. The absence of a clear genotype-
phenotype correlation may be attributed to the uniform loss-of-
function impact of all identified variants. Other studies are
necessary to further describe the adult phenotype, and better
understand the functional consequences of the variants.
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