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Abstract
Pathogenic variants of the myelin transcription factor-1 like (MYT1L) gene include heterozygous missense, truncating vari-
ants and 2p25.3 microdeletions and cause a syndromic neurodevelopmental disorder (OMIM#616,521). Despite enrich-
ment in de novo mutations in several developmental disorders and autism studies, the data on  clinical characteristics and 
genotype–phenotype correlations are scarce, with only 22 patients with single nucleotide pathogenic variants reported. We 
aimed to further characterize this disorder at both the clinical and molecular levels by gathering a large series of patients with 
MYT1L-associated neurodevelopmental disorder. We collected genetic information on 40 unreported patients with likely 
pathogenic/pathogenic MYT1L variants and performed a comprehensive review of published data (total = 62 patients). We 
confirm that the main phenotypic features of the MYT1L-related disorder are developmental delay with language delay (95%), 
intellectual disability (ID, 70%), overweight or obesity (58%), behavioral disorders (98%) and epilepsy (23%). We highlight 
novel clinical characteristics, such as learning disabilities without ID (30%) and feeding difficulties during infancy (18%). 
We further describe the varied dysmorphic features (67%) and present the changes in weight over time of 27 patients. We 
show that patients harboring highly clustered missense variants in the 2–3-ZNF domains are not clinically distinguishable 
from patients with truncating variants. We provide an updated overview of clinical and genetic data of the MYT1L-associated 
neurodevelopmental disorder, hence improving diagnosis and clinical management of these patients.

Introduction

The MYT1L protein is encoded by the MYT1L gene, also 
called NZF-1. It belongs to the family of myelin transcrip-
tion factors, together with MYT1 (or NZF-2) and ST18 (or 

NZF-3) (Jiang et al. 1996). This transcription factor contains 
six characteristic zinc finger (ZNF) domains (one N-terminal 
zinc finger, two tandem central zinc fingers and three C-ter-
minal zinc fingers) with a unique cysteine-cysteine-histidine-
cysteine (CCHHC) consensus DNA binding sequence. Its 
expression pattern is best characterized in a subset of neural 
progenitors in distinct regions of the central nervous sys-
tem, particularly the cortex (Jiang et al. 1996; Kim et al. 
1997; Matsushita et al. 2014). Expression levels appear to 
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peak during fetal development in both animal models and in 
humans but also continue into larval/pre-weaning stages in 
rodents and fish, implying that transcription may also per-
sist in children's brains (Kim et al. 1997; De Rocker et al. 
2015). MYT1L plays a pivotal role in neurogenesis in the 
transformation of neural stem cells into mature neurons and 
in the differentiation and proliferation of oligodendrocyte 
precursor cells (Shi et al. 2018), which are essential for 
myelination and remyelination of the central nervous sys-
tem (CNS) (Jiang et al. 1996; Kim et al. 1997). Interest-
ingly, MYT1L cooperates with other transcription factors in 
the in vitro conversion of fibroblasts into functional neurons 
(Vierbuchen et al. 2010). MYT1L acts as a transcriptional 
repressor of non-neuronal genes, mediated through the 
recruitment of a complex containing Sin3b, by binding to 
the 5′–AAGTT–3′ motif present in the promoter of its target 
genes (and absent from the promoters of neuronal genes) 
(Romm et al. 2005; Mall et al. 2017; Manukyan et al. 2018). 
In addition, the involvement of MYT1L in appetite regulation 
and predisposition to overweight/obesity has been studied in 
zebrafish knockdown models, suggesting that MYT1L may 
play a role in regulating the development of the neuroendo-
crine hypothalamus through the leptin-melanocortin-SIM1 
pathway (Blanchet et al. 2017).

The association of MYT1L with neurodevelopmental dis-
orders (NDD) in humans (OMIM #616,521) was described 
in 2011 with the observation that overlapping 2p25.3 dele-
tions encompassing MYT1L in 6 patients shared intellectual 
disability (ID), obesity or overweight and dysmorphic facial 
features (Stevens et al. 2011). Subsequently, microarray-
based analysis identified additional patients, leading to a 
better clinical understanding of this chromosomal disorder 
(Becker et al. 2010; Rio et al. 2013; Bonaglia et al. 2014; 
Doco-Fenzy et al. 2014; Tu et al., 2014; De Rocker et al. 
2015; Mayo et al. 2015; Vlaskamp et al. 2017; D’Angelo 
et al. 2018, Mansfield et al. 2020). The identification of de 
novo truncating single nucleotide variants (SNVs) in two 
patients with an overlapping phenotype further implicated 
haploinsufficiency of MYT1L as the cause of the phenotype 
associated with 2p25.3 deletions (de Ligt et al. 2012; De 
Rocker et al. 2015). In 2017, Blanchet et al. published a 
comprehensive series of nine novel patients with nucleotide-
level MYT1L variants and compared the clinical pictures 
of SNV mutation carriers with that of microdeletion car-
riers (Blanchet et al. 2017). Subsequently, 11 additional 
patients with SNVs have been described with clinical data 
and comparison with individuals harboring MYT1L large 
deletions revealed no significant difference in the main clini-
cal features (Wang et al. 2016; Loid et al. 2018; Al Tuwaijri 
and Alfadhel 2019; Windheuser et al. 2020; Carvalho et al. 
2021). Furthermore, while MYT1L haploinsufficiency has 
been associated with NDD, partial duplications of MYT1L 
have been suggested as responsible of a distinct phenotype 

with schizophrenia (Mansfield et al. 2020). However, the 
precise molecular mechanisms underlying this phenotype 
remain elusive.

In a genomic approach, several trio-based exome/genome 
studies identified a significant enrichment in de novo MYT1L 
mutations in patients with NDD and autism (De Rubeis et al. 
2014; Sanders et al. 2015; Deciphering Developmental Dis-
orders Study 2017; Satterstrom et al. 2020; Kaplanis et al. 
2020). These strong statistical signals contrasted with the 
paucity of clinical descriptions in the literature. We there-
fore aimed to further characterize this disorder at both the 
clinical and molecular levels by gathering and analyzing a 
large series of patients with MYT1L-associated neurodevel-
opmental disorder.

Materials and methods

Patient recruitment

Forty patients with likely pathogenic and pathogenic 
(LP/P) MYT1L variants were gathered through data shar-
ing resources including Genematcher (Sobreira et al. 2015), 
the French national AnDDi-Rares network and the GeneDx 
laboratory. Each patient received a sequencing test in the 
context of neurodevelopmental abnormalities and/or obe-
sity, either by NGS gene panel, exome or genome sequenc-
ing. Clinical and molecular information was collected for 
all patients consisting of qualitative and quantitative clini-
cal elements, as well as photographs. Notably, the presence 
or absence and quantification of ID was established either 
subjectively by the patient's clinician or objectively with an 
IQ test. This aspect is specified for each patient in supple-
mentary data. The IQ norms used were as follows: no ID 
(full scale IQ greater than 70), mild ID (50–69), moderate 
ID (35–49), severe ID (20–34). The BMI curves were estab-
lished from the latest curves from the French Association 
of Ambulatory Pediatrics (updated in 2019). The criteria 
for establishing the clinical diagnosis of microcephaly were 
a head circumference of less than -2SD, while the crite-
ria for establishing the clinical diagnosis of macrocephaly 
were a head circumference greater than + 2SD. All patients 
or legal guardians provided informed written consent for 
genetic analyses. Patients or legal guardians have given their 
consent for their photograph to appear in the publication. 
This study has been approved on 01/15/2020 by the IRB 
of Rouen University Hospital, France, approval n°69–2020. 
The patients described in this study had not been previously 
reported in the literature.

The inclusion criteria in our study were: (i) presence 
of an heterozygous truncating variant, i.e. any SNV/indel 
introducing a premature stop codon or disrupting a canon-
ical splice site, whatever the inheritance status or (ii) an 
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already described pathogenic non-truncating variant, what-
ever the inheritance status, or (iii) presence of a de novo 
heterozygous missense variant with a predicted deleteri-
ous by the SIFT, Polyphen2 and MutationTaster bioinfor-
matics tools, and absent from gnomAD v2.1 (Karczewski 
et  al. 2020). MYT1L variants were annotated following 
the NM_015025.4 transcript (1184 residues). In total, 40 
patients were included, from France, Belgium, Luxembourg 
and the United States of America.

Literature review

We performed a comprehensive PubMed search with the 
terms "MYT1L" and "2p25.3" and manually assessed arti-
cles to identify those reporting cases of SNVs/indels in 
patients. Only articles with clinical description and LP/P 
variant were retained. A total of 22 patients with SNVs/
indels were included in this study, representing a total of 
eight articles (de Ligt et al. 2012; De Rocker et al. 2015; 
Wang et al. 2016; Blanchet et al. 2017; Loid et al. 2018; Al 
Tuwaijri and Alfadhel 2019; Windheuser et al. 2020; Car-
valho et al. 2021).

Statistical analyses

First, we assessed whether or not missense variants clustered 
more than expected by chance. We performed a permutation 
test following the method described in Lelieveld et al. (2017) 
(Lelieveld et al. 2017).

Then, to assess if missense variants were present in our 
cohort cluster within the second and third zinc-finger (2–3-
ZNF) domains, we performed an exact binomial test to com-
pare the proportion of missense variants observed within the 
2–3-ZNF domains to the expected proportion ( �

0
 ) under a 

uniform distribution of missense variants along the coding 
region ( �

0
 = 88/1184 = the number of residues within the 

2–3-ZNF domains / the total number of residues within the 
gene). Then, we assessed whether the proportion of mis-
sense variants within the 2–3-ZNF domains differs from the 
proportion of truncating variants included in these domains 
using a Fisher exact test.

We merged literature data and our cohort to compare 
phenotypes of carriers of heterozygous truncating vari-
ants (N = 40) to carriers of heterozygous missense variants 
(N = 19). Forty-one phenotypes were analyzed separately 
using a χ2 test or a Fisher’s exact test when conditions for 
χ2 test were not met. Threshold for significance at level 5% 
after Bonferroni correction is set to 0.0012.

We also performed a multiple linear mixed effect model 
to assess the evolution of BMI according to age, type of vari-
ant and age*type of variant interaction. Data were censored 
and thus interpreted until 18-years old to overcome the lack 

of data at older ages. The model was adjusted for sex as fixed 
effect and for individual identifier (intercept and slope) as 
random effects.

All statistical tests were two-tailed and performed with R 
software (version 3.4.2, https:// www.r- proje ct. org/).

Results

We collected clinical and molecular data from 40 patients 
with LP/P variants (SNV or indels) in the MYT1L gene. 
Thirty-six variants arose de novo, two were inherited from a 
symptomatic parent who were not included in this study due 
to a lack of clinical information, and two were not inherited 
from one parent while the other was not available for testing. 
Mother of P5 presented no motor delay but received specific 
care in an adapted school and then sheltered employment. 
She can read and write a little, and may have a mild intel-
lectual disability, of which we have no details. She is over-
weight (height 165 cm for 75 kg). The cranial perimeter is 
53,5 cm (mean). Father of P33 is described as having devel-
opmental issues and is overweight. Variants included four-
teen missense, thirteen frameshift indels, eight nonsense, 
four splice variants and one single exon deletion (See Fig. 4).

Description of a series of 40 patients 
with MYT1L‑associated neurodevelopmental 
disorder

Patients’ ages ranged from 1.6 to 34 years (median 8.4 years) 
at last visit. Of the 40 patients included, 18 were female 
(45%). Patients were referred to clinical geneticists or pedia-
tricians for developmental delay, ID, epilepsy and/or obesity. 
Fourteen patients were diagnosed through a neurodevelop-
mental disorders gene panel, 25 patients by singleton or 
trio-based exome sequencing and one with whole genome 
sequencing. The phenotypic data of these 40 novel patients 
harboring a LP/P MYT1L variant, together with data from 
22 SNV/indel patients from the literature, are summarized in 
Table 1 and Supplementary tables 1–3, and further described 
in the next sections.

Pregnancy and neonatal period

Pregnancies were marked by complications of varying 
severity and low specificity in 12/40 patients: gestational 
diabetes, decreased fetal active movements, intrauterine 
growth restriction (IUGR), intrapartum hemorrhage, ges-
tational hypertension, and threat of preterm delivery. Three 
children were reported with organ malformations: renal 
cysts in P7, a right diaphragmatic dome hernia diagnosed 
at 23 weeks of gestation in P29 and a moderate unilateral 
cerebral ventriculomegaly in P40. Thirty-five (90%) patients 
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Table 1  Clinical features of the 40 individuals of the cohort and previously published MYT1L SNV/indel patients

ID intellectual disability, MRI magnetic resonance imaging, N/A not available, ASD autism spectrum disorder, ADHD attention deficit hyperac-
tivity disorder, SD standard deviation
a Blanchet et al. (2017), Windheuser et al. (2020), Al Tuwaijri et Alfadhel (2019), Loid et al. (2018), Carvalho et al. (2021), Wang et al. (2016)

Phenotype Our study (n = 40) Previously published patients 
with SNVs/indels1 (n = 22)

Neonatal period  Sex (%F) 45% (18/40) 50% (11/22)
 Complicated pregnancy 30% (12/40) 19% (4/21)
 Term (> 37 weeks of gestation) 90% (35/39) 95% (20/21)
 Eutrophic (weight 10–90 percentile) 92% (34/37) 94% (17/18)
 Neonatal hypotonia 15% (6/39) 42% (8/19)
 Early neonatal disorders 40% (16/40) 26% (5/19)
 Organ malformations 8% (3/40) 14% (3/21)
 Neonatal eating disorders 18% (7/40) 11% (2/19)
 Gastroesophageal reflux neonatal 13% (5/40) 11% (2/18)

Development  Motor delay 78% (31/40) 90% (19/21)
 Fine motor disorder 81% (26/32) 90% (9/10)
 Global hypotonia in childhood 47% (18/38) 68% (13/19)
 Language delay 95% (38/40) 95% (20/21)
 Intellectual disability 70% (21/30) 100% (20/20)
  Mild 24% (5/21) 30% (6/20)
  Moderate 43% (9/21) 15% (3/20)
  Severe 19% (4/21) 0% (0/20)
  ID of non-specified severity 14% (3/21) 55% (11/20)

 Learning difficulties without ID 30% (9/30) 0% (0/20)
 Specialized education 94% (34/36) 100% (10/10)
 Para-medical support 94% (34/36) 100% (1/1)

Neurology/behavior  Behavioral disorders 98% (39/40) 90% (19/21)
  ASD, formal or informal diagnosis 43% (17/40) 43% (9/21)
  Stereotypies 55% (22/40) 19% (4/21)
  Self- or hetero-aggressiveness 45% (18/40) 38% (8/21)
  Intolerance to frustration 53% (21/40) 19% (4/21)
  ADHD 38% (15/40) 48% (10/21)
  Anxiety 25% (10/40) 10% (2/21)
  Cheerful behavior 18% (7/40) 10% (2/21)

 Epilepsy 23% (9/40) 29% (6/21)
 Brain MRI abnormalities 28% (8/29) 31% (5/16)

Weight disorder  Overweight/obesity 58% (23/40) 59% (13/22)
  Overweight (BMI 25–29.9) 23% (9/40) 23% (5/22)
  Obesity (BMI > 30) 35% (14/40) 36% (8/22)

 Standard weight (BMI 18.5–24.9) 43% (17/40) 41% (9/22)
 Eating behavior disorder 45% (18/40) 48% (10/21)
 Failure to thrive 18% (7/40) 0% (0/22)

Others  Sleep disorders 33% (13/40) 28% (5/18)
 Ophthalmological abnormalities 30% (12/40) 53% (9/17)
 Short stature (< -2 SD) 8% (3/40) 0% (0/20)
 Endocrine disorders 10% (4/39) 18% (2/11)
 Lipid abnormalities 3% (1/39) 9% (1/11)
 Dysmorphism 67% (26/39) 47% (9/19)
 Macrocephaly (> + 2SD) 3% (1/38) 17% (3/18)
 Microcephaly (< −2SD) 11% (4/38) 6% (1/18)
 Tested for Prader–Willi syndrome 68% (15/22) 35% (7/20)
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were born at term (> 37 weeks of gestation) and 92% had 
birth weights between the 10th and 90th percentiles. Two 
pregnancies were twin pregnancies, marked by low birth 
weight but the other dizygotic twins did not show any devel-
opmental abnormalities. Neonatal hypotonia was observed 
in 15% of cases. Other non-specific and various neonatal 
symptoms were identified in 40% of cases such as: early 
onset of abnormal movements, neonatal torticollis, hypogly-
cemia, abnormally quiet behavior, oromotor problems, poor 
eye contact, and respiratory distress.

Neurodevelopmental features

Seventy-eight percent of the patients had a motor delay. The 
median age of sitting acquisition was 11.5 months and the 
median age of independent walking was 22 months (Sup-
plementary table 3). Fine motor difficulties were identified in 
81% cases. Forty-seven percent of the patients had persistent 
hypotonia in childhood. Speech delay was evident in 95% 
of the participants. Language delay was usually reported as 
severe, with a median for first spoken words at 2.3 years of 
age, and at 5.0 years for first sentences. Some patients had 
a major phonological disorder in childhood, with unintelli-
gible jargon and monosyllables. Older patients often spoke 
with short and simply constructed sentences. Some patients 
acquired reading and writing abilities, but with limited 
capabilities. This global psychomotor delay evolved in 70% 
(21/30) of patients to intellectual disability (ID) of vary-
ing severity while 30% (9/30) of patients eventually dem-
onstrated cognitive difficulties without meeting ID criteria 
or with IQ at the threshold according to current standards. 
Ten patients could not be cognitively evaluated because of 
their young age and could not be included in the intellec-
tual impairment calculations, although they all had devel-
opmental delay. Among patients with ID, 24% (5/21) were 
assessed as having mild intellectual impairment, moderate 
impairment in 43% (9/21) and severe impairment in 19% 
(4/21). Three patients had ID of unspecified severity. All 
9 patients not fulfilling the ID criteria (P3, P10, P11, P23, 
P25, P26, P29, P34, P40) had learning disabilities, some-
times identified at pre-school age. The absence of significant 
intellectual impairment had been established by neuropsy-
chological testing or alternatively by the clinical assessment 
of referring physicians. Many patients appeared to have 
good lexical stock and verbal comprehension, with lower 
scores in visuospatial skills, processing speed and working 
memory. Constraints in orofacial and phonological praxis 
were frequently noted in association with these difficulties. 
Visio-attentional disorders were also considered as putative 
comorbid factors by the physicians. Ninety-four percent of 
the patients benefited from adapted schooling, generally 
from the time they entered school. Almost every patient 
(34/36) was treated from childhood in multidisciplinary 

rehabilitation (occupational, physical or speech therapy). 
Two adult patients lived in an occupational home and one 
worked in a protected sector.

Neurological abnormalities

Nine out of forty participants (23%) were followed for vari-
able types of epilepsy, starting in the neonatal period or 
during childhood. These included febrile seizures, absence 
epilepsy, focal epilepsy, and/or tonic–clonic seizures, as 
well as epileptic foci on an electroencephalogram (P13, 
P25). Eight patients presented with coordination problems 
with a slightly unsteady gait. Abnormal brain imaging was 
seen in 28% of the 29 patients who underwent brain mag-
netic resonance imaging (MRI). Nonspecific white matter 
hyperintensities were noted in four patients (14%), ventricu-
lar dilatation in 2 (7%), a cyst in the posterior fossa in one 
(3%), and a thin and dysmorphic corpus callosum as well 
as delayed myelination in another patient. Four patients had 
microcephaly (< -2SD) while one patient was macrocephalic 
(> + 2SD).

Behavioral disorders

All participants presented with behavioral disorders of vary-
ing severity. The main symptoms are summarized in Fig. 1. 
Of the 40 individuals, 17 were affected (43%) with autism 
spectrum disorder (ASD). Stereotypies were reported in 55% 
(22/40) of patients, some with and some without an ASD. 
Forty-five percent of participants (18/40) exhibited self-
harming behavior and/or hetero-aggressiveness which could 
be manifested by self-mutilation of the hands, head banging 
against walls, biting on the wrists, and occasional aggres-
siveness towards those around them. Fifty-three percent 
(21/40) of the patients showed impulsivity or intolerance to 
frustration. Temper tantrums were reported as intense and 
exaggerated and could be sometimes linked with food issues. 
In addition, attention deficit hyperactivity disorder was 
present in 38% (15/40) of the patients and anxiety in 25% 
(10/40). Cheerful behavior in everyday life was reported in 
18% (7/40). Finally, some patients presented with bruxism 
in childhood, disinhibition, and recklessness with lack of 
appreciation of danger, nervous tics, obsessive–compulsive 
disorder (OCD) or polyembolokoilamania (mainly inserting 
objects into the external ear canal).

Eating disorders

Gastroesophageal reflux was noted in 13% (5/40) of the 
children in the neonatal period. Early feeding difficulties, 
such as poor sucking and slow drinking, were identified 
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in 18% (7/40) of the neonates. Seven patients (18%) pre-
sented with failure to thrive during the neonatal period 
or childhood that sometimes required early nutritional 
support through food fortification, nasogastric tube or 
even placement of a gastrostomy tube in one patient. In 

addition, intermittent vomiting, restrictive diet or dyspha-
gia were noticed.

Most patients were overweight (23%) or obese (35%). The 
median age at onset of excessive weight gain, evaluated by 
clinicians in obese or overweight patients was 3.5 years. We 
plotted body mass index (BMI) curves (Fig. 2) for patients 

Fig. 1  Behavioral disorders in 
40 individuals with MYT1L-
related syndrome. Each patient 
is described in one line, accord-
ing to six behavioral traits. Gray 
rectangles correspond to the 
presence of the phenotypic trait 
in the patient
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with at least 3 height and weight data points (13 male and 14 
female patients). While the females’ charts appeared rather 
homogeneous in the ranges of overweight and obesity, the 
males’ curves tended to show a bimodal distribution, with 
obese patients more clearly distinguished from those with 
normal weight. Strict and sustainable diet but also food 
intake control with parental supervision seemed effective 
in managing BMI in a few patients (for example P1 and 
P12, and also P40 regarding medical reports, not shown on 
Fig. 2). Eating behavior disorders were observed in 45% 
(18/40) of all patients and in 68% (16/23) of overweight/
obese patients. Hyperphagia was frequently found and some-
times associated with tachyphagia and persistent absence 
of satiety.

Dysmorphic features

Various dysmorphic facial features were reported in 67% of 
participants in our series (26/39) (Fig. 3). We established 
a representative mask of the facial gestalt using the Face-
2gene algorithm (Fig. 3). This MYT1L mask recapitulated 
the most frequent features observed in the patients with path-
ogenic MYT1L variants, including almond-shaped eyes with 

enophthalmos, a bulbous nose with slightly anteverted nos-
trils, full and sagging cheeks, a marked cupid’s bow of the 
upper lip and thick and/or attached lobes for some patients.

Other symptoms

Ophthalmological disorders were noticed in 30% patients 
(12/40). Refractive errors were the most prevalent (72%), all 
identified in patients over 2 years of age, with five patients 
presenting with hyperopia, four patients having associated 
or isolated astigmatism and one patient having myopia. Five 
patients had strabismus of which two underwent surgery 
and two children had oculomotor apraxia. One patient had 
nystagmus.

Four patients presented with diverse endocrinologic 
abnormalities: Hashimoto's thyroiditis (P13), pituitary 
stem abnormalities with low prolactin (P7), hypogonadism 
(P27) and episodes of hypo- and hyperglycemia (P15). 
Hyperlipidemia was found in one child (P7). One patient 
had a micropenis and three others required surgery for 
uni- or bilateral cryptorchidism.

Sleep disorders were reported in 33% patients (13/40) 
and included difficulties with falling asleep, nocturnal 
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Fig. 2  Body mass index of individuals from birth to 18 years old (kg/m2). a Female curves b Male curves
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awakenings or night terrors. Sleep apnea was identified in 
two patients, one of whom was not overweight.

Rarer clinical features included musculoskeletal abnor-
malities (kyphosis or scoliosis, ligament hyperlaxity, 
sprains, sacralization of the L5 vertebra), dermatologic 
features (hyper and hypopigmented areas and acantho-
sis nigricans in P28 and supracentimeter hypopigmented 
macules with jagged contours in P40), and visceral abnor-
malities (inguinal hernia in P12 and diaphragmatic hernia 
complicated by severe pulmonary arterial hypertension in 
P29).

Molecular characteristics and genotype–phenotype 
correlations

Likely pathogenic and pathogenic MYT1L variants from this 
study are represented in Fig. 4 and Supplementary Table 4. 
The distribution of LP/P missense variants in our cohort 
showed a high degree of clustering (p = 7 ×  10–8, permuta-
tion test) (Fig. 4). The 2–3-ZNF domains represent 7.4% of 
the coding sequence (88/1184 residues) and contain 79% 
of the missense variants of our cohort (11/14), indicating a 
significant enrichment (p = 1.13 ×  10–10, binomial exact test 
within our data), as previously suggested (Blanchet et al. 
2017; Al Tuwaijri and Alfadhel 2019).

Interestingly, we observed a mirror distribution of mis-
sense variants in the gnomAD V2.1 database, suggesting 

Fig. 3  Dysmorphic features in MYT1L-related disorder. a Photo-
graphs of 17 individuals with MYT1L-related syndrome from our 
cohort. (1) patient 1 frontal at age 6; frontal and profile at age 10; 
frontal and profile at age 14; frontal and profile at age 17; (2) patient 
2 frontal and profile at age 2; (3) patient 3 frontal and profile at age 6; 
frontal and profile at age 7.5; (4) patient 4 frontal and ¾ at age 6.5; 
(5) patient 6 front and side at age 13; (6) patient 7 front and side at 
age 7; (7) patient 11 front at age 7.5; (8) patient 12 front and side at 
age 34; (9) patient 13 front and side at age 8; (10) patient 14 3/4 and 

side at age 4. 5 years; (11) patient 16 frontal at age 8 months; frontal 
and profile at age 18 months; frontal at age 28 months; (12) patient 19 
frontal and profile at age 28 years; (13) patient 26 face and profile at 
age 30 years; (14) patient 27 profile at age 33 years; (15) patient 30 
face and profile at age 9 years; (16) patient 33 face and profile at age 
17 years; (17) patient 40 face and profile at age 6; patient 40 face and 
profile at age 7 after 4 months of diet. b MYT1L mask from face2gene 
research program. A composite of 11 photographs of participants has 
been used for the elaboration of the mask
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a negative selection for missense variants in these two 
domains (Fig.  4). This representation also shows other 
regions depleted for missense variants in gnomAD, includ-
ing the positions around the three missense variants 
p.(Gly209Arg), p.(Gly209Ser) (outside ZNF domains) and 
p.(Arg1024Ser) (6th ZNF domain) that we report as likely 
pathogenic outside the 2nd and 3rd ZNF domains. Further 
studies are needed to explore the pathogenicity of missense 
variants in regions outside the 2nd and 3rd ZNF domains. 
Of note, in three unrelated patients we observed a recur-
rent variant, c.1700G > A, p.(Arg567Gln) variant in the 
2nd ZNF domain. Two patients presented distinct genomic 
variants leading to the same p.(Gly527Arg) substitution, and 
two other patients harbored a substitution of the same c.625 
nucleotide, leading to distinct amino acid substitutions.

We sought for a genotype–phenotype correlation by 
comparing truncating variants and missense variants in 
the 2nd and 3rd ZNF domains. These two domains are 
known to play a key role in the interaction with the DNA 
targets (Mall et al. 2017; Romm et al. 2005; Manukyan 
et al. 2018). We compared the phenotypic data of the com-
bined literature and current study cohort between patients 
with truncating variants (n = 40) and patients with mis-
sense variants in the 2–3-ZNF domains (n = 19). Forty-one 

clinical criteria were used for clinical comparison (Sup-
plementary Fig. 1). This analysis showed no difference 
in trait frequency between the two groups, except for the 
criteria "behavioral disorder" (p = 0.031, Fisher’s exact 
test) and “epilepsy” (p = 0.047, Fisher’s exact test), but 
this difference was no longer significant after correction 
for multiple testing (Bonferroni correction on 41 tests) 
(Supplementary Table 5). We also compared the dynam-
ics of weight gain between those two variants groups 
within our data, by using the BMI curves (Supplementary 
Fig. 2). The non-significant Age*type of variant interac-
tion (test of coefficient nullity, beta (Missense vs Trun-
cating) =  − 0.24, SE = 0.29, p = 0.4087) indicates that 
the slope is not different between individuals carrying 
missense or truncating variants. Moreover, type of vari-
ant marginal effect was not significant either (beta (Mis-
sense vs Truncating) = -0.84, SE = 0.94, p = 0.3822 in the 
whole model, and beta (Missense vs Truncating) =  − 1.2, 
SE = 0.83, p = 0.1624 after removing interaction from 
the model) indicating that BMI at birth was not different 
between groups. Altogether, patients with missense vari-
ants clustered in 2nd and 3rd ZNF domains were clinically 
indistinguishable from patients with truncating variants, 
indirectly suggesting that these variants also cause a loss 

Truncating variations
Missense variations

Zinc Finger domain, C2HC type

MYT1 domain
Smc domain

Frequency in GnomAD 1e−04

Frequency in GnomAD 1e−05

Frequency in GnomAD 1e−06

GnomAD missense only

MYT1L
NM_015025

Previously published data
22 variants

Protein length

Novel Cases
39 variants

Fig. 4  Location of variants identified in this cohort and in previous 
published papers. Representation based on Protein Paint (https:// prote 
inpai nt. stjude. org/). Variants from the current cohort are represented 
on the upper panel. The variant resulting in the complete deletion of 
exon 9 (patient 38) is not shown on the Fig. 22 variants from previous 
published data are represented in the lower panel (Wang et al. 2016; 

Blanchet et al. 2017; Loid et al. 2018; Al Tuwaijri and Alfadhel 2019; 
Windheuser et  al. 2020; Carvalho et  al. 2021). GnomAD missense 
variants are displayed as controls from general population. Note the 
clustering of (likely) pathogenic variants in 2–3-ZNF domains both 
in literature and in this study, while these regions appear depleted in 
gnomAD
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of MYT1L function, most probably through impaired DNA 
binding of the protein.

Discussion

Our study increases the total number of patients reported 
with LP/P SNV/indels in MYT1L to 62, and provides an 
updated and more accurate description of the condition. 
Figure  5 presents an overview of the clinical aspects 
(counts appear on Table 1). Our study confirmed the main 

features of MYT1L haploinsufficiency, namely develop-
mental delay and language impairment (95% in both lit-
erature and our study), behavioral disorders (90 and 98%) 
including ASD (43% in both), ADHD (48% and 38%) and 
aggressiveness (38% and 45%), early onset overweight/
obesity (59% and 58%), eating behavioral disorder includ-
ing hyperphagia (48% and 45%), epilepsy (29% and 23%), 
and non-specific brain MRI abnormalities (31% and 28%). 
Sleep disorders were relatively frequent (28% in litera-
ture data vs. 33% in our study), with nocturnal awaken-
ings and difficulties falling asleep. Non-specific and 
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Neonatal hypotonia n=58

Complicated Pregnancy n=61
Neonatal Ea�ng Disorders n=59

Gastroesophageal reflux neonatal n=58
Organ malforma�ons n=61
Specialized educa�on n=46
Para-medical support n=37

Language delay n=61
Fine Motor Disorder n=42

 Intellectual disability  n=50
 Motor Delay n=61

Global hypotonia in childhood n=57
Learning difficul�es without ID n=50

ASD, formal or informal diagnosis n=61
ADHD n=61

Self- or hetero-aggressiveness n=61
Stereotypies n=61

Intolerance to frustra�on n=61
Anxiety n=61

Cheerful behavior n=61
Brain MRI abnormali�es n=45

Epilepsy n=61
Ea�ng Behaviour Disorder n=61

Standard weight n=62
Obesity n=62

Overweight n=62
Failure to thrive n=62

Dysmorphism n=58
Tested for Prader-Willi syndrome n=42
Ophthalmological abnormali�es n=57

Sleep Disorders n=58
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Short Stature (<-2 SD) n=60

Fig. 5  Summary of key clinical signs identified in individuals with 
(likely) pathogenic MYT1L variants. Positive values among our 
patients are represented in dark pink; whereas, positive values among 
patients from literature are represented in light pink (Wang et  al. 

2016; Blanchet et al. 2017; Loid et al. 2018; Al Tuwaijri and Alfadhel 
2019; Windheuser et al. 2020; Carvalho et al. 2021). In beige is rep-
resented the negative fraction for each of the clinical aspects
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inconsistent craniofacial dysmorphic features had been 
reported by all previously published articles. Our data con-
firmed some common but inconsistent features including 
almond-shaped eyes with enophthalmos, a bulbous nose 
with slightly anteverted nostrils, full and sagging cheeks 
and a marked cupid’s bow of the upper lip. In addition 
to the main clinical features already well established, we 
highlight novel features. Patients may have difficulties in 
gaining weight in the neonatal or childhood period. These 
difficulties were associated in some patients with oral aver-
sion, dysphagia, or vomiting and some required dietary 
support to increase caloric intake (nasogastric tube or 
hyper-caloric diet). These feeding difficulties were remi-
niscent of those in patients with Prader–Willi syndrome; 
however, all patients did not subsequently become obese or 
overweight. Of note, these seven patients harbored either 
truncating (n = 4) or missense (n = 3) variants, thus rul-
ing out the hypothesis of an endo-phenotype caused by a 
specific category of variants.

We were able to specify the age of rapid weight gain in 
patients who were overweight or obese (median 3.5 years), 
suggesting early-onset obesity in MYT1L-associated disor-
der. We observed that some patients benefited from food 
restriction, with normalization of their weight curves after 
strict food monitoring by the families (P1 and P12, and also 
P40 regarding medical reports, not shown on Fig. 2). These 
results underscore the importance of global and multidis-
ciplinary care with control of the patient's environment. It 
involves the establishment of a strict dietary framework, the 
limitation of access to food, and the ritualization of food 
intake and the practice of adapted, supported, and supervised 
physical activity (Poitou et al. 2020). However, in our study 
43% of individuals were reported with a normal weight 
(BMI 18.5–25 kg/m2) according to the curves of the French 
Pediatrics Association (AFPA), which was comparable to 
the 41st % found in the literature. The role of MYT1L in 
hyperphagic obesity is not yet clearly understood in humans; 
Blanchet et al. (2017) recognized MYT1L to be involved 
in the leptin-melanocortin-SIM1 pathway downstream 
of SIM1-ARNT2 and demonstrated that in turn, MYT1L 
regulates oxytocin (OXT) expression in the hypothalamus. 
OXT is known to be involved in both autism and obesity 
pathogenesis (Francis et al. 2014). Interestingly, the loss of 
MYT1L function in zebrafish interferes with the develop-
ment of the neuroendocrine hypothalamus and results in a 
loss of OXT expression in the hypothalamus (Blanchet et al. 
2017). Intranasal OXT is currently under study in Prader-
Willi syndrome (PWS), as patients have an OXT deficiency. 
Results in clinical trials in this population seem encouraging, 
suggesting that OXT may be a safe and effective treatment 
improving socialization, anxiety, repetitive behaviors and 
reducing food intake (Miller et al. 2017). Further studies 
are needed to investigate if OXT could also be a potential 

therapeutic target in MYT1L-associated neurodevelopmental 
disorder.

Our data also allowed us to refine the cognitive and neu-
ropsychiatric phenotype. While ID was previously consid-
ered as consistent (Blanchet et al. 2017; Windheuser et al. 
2020), we report nine patients without ID according to the 
observations of the referring physicians, leading to a preva-
lence of ID of only 70% in our cohort. However, despite 
the absence of ID, it should be noted that all patients had 
learning difficulties, of varying severity, but mostly severe. 
Some neuropsychological aspects stood out with the pres-
ence of a complex learning disorder associated with dyspha-
sia,  dyspraxia, dyscalculia, dysgraphia and attention deficit 
disorder. As a limitation of this study, standardized evalu-
ation of intelligence, adaptive skills, and psychiatric disor-
ders have not been performed for each individual, limiting 
the degree to which prevalence and severity of these traits 
can be assessed. Data from a larger number of patients with 
diagnoses evaluated in a standardized way will be needed to 
refine the neuropsychological profile of these individuals. 
Children with impulsivity or aggressivity had ID of vary-
ing severity, highlighting the fact that the presence of these 
behaviors cannot be entirely attributed to difficulties in ver-
bal expression or understanding. In addition, we wondered 
if individuals with behavioral disorder and/or ID were more 
likely to be overweight or obese. We did not observe an asso-
ciation between these two variables (OR = 1 [0.12–6.65], 
p value = 1 (Fisher’s exact test). Unexpectedly, despite the 
frequency of angry or frustrated behavior, 18% (7/40) of 
the additional patients we report here were also described 
as presenting a happy demeanor, although this phenotype 
was not further detailed (Rio et al. 2013; Doco-Fenzy et al. 
2014; De Rocker et al. 2015; Windheuser et al. 2020). It had 
been suggested that macrocephaly, microcephaly and short 
stature might be over-represented among individuals with 
MYT1L variants compared to patients with larger microdele-
tions (Windheuser et al. 2020; Carvalho et al. 2021). While 
we found similar proportions of patients with microcephaly 
in our study compared to our review of the literature (6% in 
published data vs 11% in this study, regarding the criteria 
for microcephaly), we found a lower prevalence of macro-
cephaly (17% in published data vs 3% in our study) and 
therefore it is unclear if macrocephaly is indeed enriched 
in patients with MYT1L LP/P variants, as it had been pro-
posed by other authors. We also identified fewer patients 
with short stature in our study than previously reported (8% 
(3/40) in our study as compared to 20.5% (9/44) reported by 
Windheuser et al. (2020)), possibly explained by different 
data collection methods.

We analyzed the mutational landscape in MYT1L, which 
confirmed that besides large deletions, the majority of SNV/
indels consisted of either truncating variants predicted to 
lead to nonsense-mediated decay (NMD) or missense 
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variants mostly located in the 2nd and 3rd ZNF domains. 
We showed no phenotypic differences between patients 
harboring these two types of variants. We also described 
three patients with an indistinguishable phenotype, who car-
ried de novo missense mutations outside the two main ZNF 
domains. Of note, two of these patients (P30 and P31) had a 
different substitution of the same nucleotide (G nucleotide at 
position 625) but leading to two different missense substitu-
tions (respectively, p.(Gly209Arg) and p.(Gly209Ser)). The 
pathogenic mechanisms by which these variants likely lead 
to a loss of MYT1L function remain to be elucidated.

In conclusion, this international collaborative study 
increases the number of published patients with LP/P SNV/
indels to 62 individuals, strongly supporting some well-
known clinical features such as developmental delay, the 
presence of an ID of varying severity, ASD, hyperphagia, 
epilepsy, and also highlighting additional less frequent fea-
tures associated with MYT1L mutations. We broaden the 
phenotype by reporting the first patients without ID and the 
first patients with failure to thrive and feeding difficulties. 
We specify the characteristics of the inconsistent craniofa-
cial dysmorphisms. We identify no strong genotype–pheno-
type relationships, supporting the hypothesis that missense 
variants likely lead to a loss of MYT1L function. This case 
series further defines the clinical phenotype and the asso-
ciated molecular alterations of this rare disease, with the 
objective of a better management of patients in their daily 
life, especially in terms of nutritional and neuropsychologi-
cal care.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00439- 021- 02383-z.

Acknowledgements We thank all the patients and their families as 
well as their referring physicians for their participation in this study. 
Some of the participants in the study were contacted through Gen-
eMatcher (https:// www. genem atcher. org/). We thank the GeneDX 
team (Gaithersburg, MD), especially M. M. Morrow for facilitating 
the French-American collaboration. Several authors of this publication 
are members of the European Reference Network for Developmental 
Anomalies and Intellectual Disability (ERN-ITHACA). B.C. is a senior 
clinical investigator of the Research Foundation–Flanders. The authors 
have no conflict of interest to declare. Collaboration CEA-DRF-Jacob-
CNRGH—CHU de Rouen. This work is dedicated to the memory of 
Professor Thierry Frébourg, who passed away during the writing of 
this paper.

Author contributions Dr Coursimault Juliette, Dr Lecoquierre François 
and Dr Gaël Nicolas contributed to the study conception and design. 
Material preparation, data collection and analysis were performed by 
Dr Juliette Coursimault and Dr François Lecoquierre. The first draft 
of the manuscript was written by Dr Juliette Coursimault and Dr Gaël 
Nicolas, Dr François Lecoquierre and Dr Anne-Marie Guerrot per-
formed critical revision of the manuscript. All authors contributed to 
data acquisition. All authors read and approved the final manuscript.

Funding This study was co-supported by the European Union and 
Région Normandie in the context of Recherche Innovation Normandie 

(RIN2018). Europe gets involved in Normandie with the European 
Regional Development Fund (ERDF). This work was generated within 
the European Reference Network for Developmental Anomalies and 
Intellectual Disability (ERN-ITHACA). Support provided by SFARI 
and the JPB Foundation. This work did benefit from support of the 
France Génomique National infrastructure, funded as part of the « 
Investissements d’Avenir » program managed by the Agence Nationale 
pour la Recherche (contract ANR-10-INBS-09).

Availability of data and material De-identified clinical information 
tables are available upon request.

Code availability N/A

Declarations 

Conflicts of interest FMZ, FZ, AS, SL and MMM are employees of 
GeneDx, Inc.

Ethical approval This retrospective study was approved by the Insti-
tutional Review Board of the Rouen University Hospital (CERDE, 
Comité d’Ethique pour la Recherche sur Données Existantes et Hors 
Loi Jardé, Rouen, France) (notification n°69–2020).

Consent to participate Informed consent was obtained from all par-
ticipants included in the study.

Consent for publication Patients’ guardians signed informed consent 
regarding publishing their data and photographs.

References

Al Tuwaijri A, Alfadhel M (2019) MYT1L mutation in a patient causes 
intellectual disability and early onset of obesity: a case report and 
review of the literature. J Pediatr Endocrinol Metab 32:409–413. 
https:// doi. org/ 10. 1515/ jpem- 2018- 0505

Becker K, Jaggard C, Horrocks S (2010) A novel presentation of a 
rare chromosome 2p25.2 deletion. Clin Dysmorphol 19:101–102. 
https:// doi. org/ 10. 1097/ MCD. 0b013 e3283 37bb28

Blanchet P, Bebin M, Bruet S et al (2017) MYT1L mutations cause 
intellectual disability and variable obesity by dysregulating gene 
expression and development of the neuroendocrine hypothalamus. 
PLoS Genet 13:e1006957. https:// doi. org/ 10. 1371/ journ al. pgen. 
10069 57

Bonaglia M, Giorda R, Zanini S (2014) A new patient with a terminal 
de novo 2p25.3 deletion of 1.9 Mb associated with early-onset of 
obesity, intellectual disabilities and hyperkinetic disorder. Mol 
Cytogenet 7:53. https:// doi. org/ 10. 1186/ 1755- 8166-7- 53

Carvalho LML, D’Angelo CS, Mustacchi Z et  al (2021) A novel 
MYT1L mutation in a boy with syndromic obesity: case report 
and literature review. Obes Res Clin Pract. https:// doi. org/ 10. 
1016/j. orcp. 2021. 01. 001

D’Angelo CS, Varela MC, de Castro CIE et al (2018) Chromosomal 
microarray analysis in the genetic evaluation of 279 patients with 
syndromic obesity. Mol Cytogenet 11:14. https:// doi. org/ 10. 1186/ 
s13039- 018- 0363-7

de Ligt J, Willemsen MH, van Bon BWM et al (2012) Diagnostic 
exome sequencing in persons with severe intellectual disability. 
N Engl J Med 367:1921–1929. https:// doi. org/ 10. 1056/ NEJMo 
a1206 524

De Rocker N, Vergult S, Koolen D et al (2015) Refinement of the 
critical 2p25.3 deletion region: the role of MYT1L in intellectual 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Human Genetics 

1 3

disability and obesity. Genet Med 17:460–466. https:// doi. org/ 10. 
1038/ gim. 2014. 124

De Rubeis S, De Rubeis S, Goldberg AP et al (2014) Synaptic, tran-
scriptional and chromatin genes disrupted in autism. Nature 
515:209–215. https:// doi. org/ 10. 1038/ natur e13772

Deciphering Developmental Disorders Study (2017) Prevalence and 
architecture of de novo mutations in developmental disorders. 
Nature 542:433–438. https:// doi. org/ 10. 1038/ natur e21062

Doco-Fenzy M, Leroy C, Schneider A et al (2014) Early-onset obesity 
and paternal 2pter deletion encompassing the ACP1, TMEM18, 
and MYT1L genes. Eur J Hum Genet 22:471–479. https:// doi. org/ 
10. 1038/ ejhg. 2013. 189

Francis SM, Sagar A, Levin-Decanini T et al (2014) Oxytocin and 
vasopressin systems in genetic syndromes and neurodevelopmen-
tal disorders. Brain Res 1580:199–218. https:// doi. org/ 10. 1016/j. 
brain res. 2014. 01. 021

Jiang Y, Yu VC, Buchholz F et al (1996) A Novel Family of Cys-Cys, 
His-Cys zinc finger transcription factors expressed in develop-
ing nervous system and pituitary gland. J Biol Chem 271:10723–
10730. https:// doi. org/ 10. 1074/ jbc. 271. 18. 10723

Kaplanis J, Samocha KE, Wiel L et al (2020) Evidence for 28 genetic 
disorders discovered by combining healthcare and research data. 
Nature 586:757–762. https:// doi. org/ 10. 1038/ s41586- 020- 2832-5

Karczewski KJ, Francioli LC, Tiao G et al (2020) The mutational con-
straint spectrum quantified from variation in 141,456 humans. 
Nature 581:434–443. https:// doi. org/ 10. 1038/ s41586- 020- 2308-7

Kim JG, Armstrong RC, v Agoston D, Robinsky A, Wiese C, Nagle 
J, Hudson LD. Myelin transcription factor 1 (Myt1) of the oligo-
dendrocyte lineage, along with a closely related CCHC zinc fin-
ger, is expressed in developing neurons in the mammalian central 
nervous system. J Neurosci Res. 1997 Oct 15;50(2):272–90. doi: 
https:// doi. org/ 10. 1002/ (SICI) 1097- 4547(19971 015) 50: 2< 272:: 
AID- JNR16 >3. 0. CO;2-A. PMID: 9373037.

Lelieveld SH, Wiel L, Venselaar H et al (2017) Spatial clustering of de 
novo missense mutations identifies candidate neurodevelopmen-
tal disorder-associated genes. Am J Human Gen 101:478–484. 
https:// doi. org/ 10. 1016/j. ajhg. 2017. 08. 004

Loid P, Mäkitie R, Costantini A et al (2018) A novel MYT1L muta-
tion in a patient with severe early-onset obesity and intellectual 
disability. Am J Med Genet 176:1972–1975. https:// doi. org/ 10. 
1002/ ajmg.a. 40370

Mall M, Kareta MS, Chanda S et al (2017) Myt1l safeguards neuronal 
identity by actively repressing many non-neuronal fates. Nature 
544:245–249. https:// doi. org/ 10. 1038/ natur e21722

Mansfield P, Constantino JN, Baldridge D. MYT1L: A system-
atic review of genetic variation encompassing schizophrenia 
and autism. Am J Med Genet B Neuropsychiatr Genet. 2020 
Jun;183(4):227–233. doi: https:// doi. org/ 10. 1002/ ajmg.b. 32781. 
Epub 2020 Apr 8. PMID: 32267091; PMCID: PMC7605444.

Manukyan A, Kowalczyk I, Melhuish TA et al (2018) Analysis of tran-
scriptional activity by the Myt1 and Myt1l transcription factors. J 
Cell Biochem 119:4644–4655. https:// doi. org/ 10. 1002/ jcb. 26636

Matsushita F, Kameyama T, Kadokawa Y, Marunouchi T (2014) Spa-
tiotemporal expression pattern of Myt/NZF family zinc finger 
transcription factors during mouse nervous system development: 
expression of NZF S in neural development. Dev Dyn 243:588–
600. https:// doi. org/ 10. 1002/ dvdy. 24091

Mayo S, Roselló M, Monfort S et al (2015) Haploinsufficiency of the 
MYT1L gene causes intellectual disability frequently associated 
with behavioral disorder. Genet Med 17:683–684. https:// doi. org/ 
10. 1038/ gim. 2015. 86

Miller JL, Tamura R, Butler MG et al (2017) Oxytocin treatment in 
children with Prader-Willi syndrome: a double-blind, placebo-
controlled, crossover study. Am J Med Genet A 173:1243–1250. 
https:// doi. org/ 10. 1002/ ajmg.a. 38160

Poitou C, Mosbah H, Clément K (2020) MECHANISMS IN ENDO-
CRINOLOGY: update on treatments for patients with genetic 
obesity. Eur J Endocrinol 183:R149–R166. https:// doi. org/ 10. 
1530/ EJE- 20- 0363

Rio M, Royer G, Gobin S et al (2013) Monozygotic twins discord-
ant for submicroscopic chromosomal anomalies in 2p25.3 region 
detected by array CGH: monozygotic twins discordant for CNV 
profiles. Clin Genet 84:31–36. https:// doi. org/ 10. 1111/ cge. 12036

Romm E, Nielsen JA, Kim JG, Hudson LD (2005) Myt1 family recruits 
histone deacetylase to regulate neural transcription: neural zinc 
finger proteins that remodel chromatin. J Neurochem 93:1444–
1453. https:// doi. org/ 10. 1111/j. 1471- 4159. 2005. 03131.x

Sanders SJ, He X, Willsey AJ et al (2015) Insights into autism spec-
trum disorder genomic architecture and biology from 71 risk loci. 
Neuron 87:1215–1233. https:// doi. org/ 10. 1016/j. neuron. 2015. 09. 
016

Satterstrom FK, Kosmicki JA, Wang J et al (2020) Large-scale exome 
sequencing study implicates both developmental and functional 
changes in the neurobiology of autism. Cell 180:568-584.e23. 
https:// doi. org/ 10. 1016/j. cell. 2019. 12. 036

Shi Y, Shao Q, Li Z et al (2018) Myt1L promotes differentiation of 
oligodendrocyte precursor cells and is necessary for remyelination 
after lysolecithin-induced demyelination. Neurosci Bull 34:247–
260. https:// doi. org/ 10. 1007/ s12264- 018- 0207-9

Sobreira N, Schiettecatte F, Valle D, Hamosh A (2015) GeneMatcher: 
a matching tool for connecting investigators with an interest in 
the same gene. Hum Mutat 36:928–930. https:// doi. org/ 10. 1002/ 
humu. 22844

Stevens SJC, van Ravenswaaij-Arts CMA, Janssen JWH et al (2011) 
MYT1L is a candidate gene for intellectual disability in patients 
with 2p25.3 (2pter) deletions. Am J Med Genet 155:2739–2745. 
https:// doi. org/ 10. 1002/ ajmg.a. 34274

Tu X, Zeng J, Cong X, Yan A, Lin Y, Zhang X, Qiu L, Zhou Y, Lan 
F. [Genetic diagnosis and analysis of related genes for a pedi-
gree with 2p25 and 12p13 cryptic rearrangements]. Zhonghua 
Yi Xue Yi Chuan Xue Za Zhi. 2014 Aug;31(4):444–8. Chinese. 
doi: https:// doi. org/ 10. 3760/ cma.j. issn. 1003- 9406. 2014. 04. 007. 
PMID: 25119907.

Vierbuchen T, Ostermeier A, Pang ZP et al (2010) Direct conversion 
of fibroblasts to functional neurons by defined factors. Nature 
463:1035–1041. https:// doi. org/ 10. 1038/ natur e08797

Vlaskamp DRM, Callenbach PMC, Rump P et al (2017) Copy num-
ber variation in a hospital-based cohort of children with epilepsy. 
Epilepsia Open 2:244–254. https:// doi. org/ 10. 1002/ epi4. 12057

Wang T, Guo H, Xiong B et  al (2016) De novo genic mutations 
among a Chinese autism spectrum disorder cohort. Nat Commun 
7:13316. https:// doi. org/ 10. 1038/ ncomm s13316

Windheuser IC, Becker J, Cremer K et al (2020) Nine newly identified 
individuals refine the phenotype associated with MYT1L muta-
tions. Am J Med Genet 182:1021–1031. https:// doi. org/ 10. 1002/ 
ajmg.a. 61515

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 Human Genetics

1 3

Authors and Affiliations

Juliette Coursimault1 · Anne‑Marie Guerrot1 · Michelle M. Morrow2 · Catherine Schramm1 · 
Francisca Millan Zamora2 · Anita Shanmugham2 · Shuxi Liu2 · Fanggeng Zou2 · Frédéric Bilan3 · 
Gwenaël Le Guyader3 · Ange‑Line Bruel4,5 · Anne‑Sophie Denommé‑Pichon4,5 · Laurence Faivre4,6 · 
Frédéric Tran Mau‑Them4,5 · Marine Tessarech7 · Estelle Colin7,8 · Salima El Chehadeh9 · Bénédicte Gérard9 · 
Elise Schaefer9 · Benjamin Cogne10 · Bertrand Isidor10 · Mathilde Nizon10 · Diane Doummar11 · Stéphanie Valence11 · 
Delphine Héron12 · Boris Keren12 · Cyril Mignot12 · Charles Coutton13 · Françoise Devillard14 · Anne‑Sophie Alaix15 · 
Jeanne Amiel15 · Laurence Colleaux15 · Arnold Munnich15 · Karine Poirier15 · Marlène Rio15 · Sophie Rondeau15 · 
Giulia Barcia15 · Bert Callewaert16 · Annelies Dheedene16 · Candy Kumps16 · Sarah Vergult16 · Björn Menten16 · 
Wendy K. Chung17 · Rebecca Hernan17 · Austin Larson18 · Kelly Nori18 · Sarah Stewart18 · James Wheless19 · 
Christina Kresge20 · Beth A. Pletcher20 · Roseline Caumes21 · Thomas Smol22 · Sabine Sigaudy23 · 
Christine Coubes24 · Margaret Helm25 · Rosemarie Smith25 · Jennifer Morrison26 · Patricia G. Wheeler26 · 
Amy Kritzer27 · Guillaume Jouret28 · Alexandra Afenjar29 · Jean‑François Deleuze30 · Robert Olaso30 · 
Anne Boland30 · Christine Poitou31 · Thierry Frebourg1 · Claude Houdayer1 · Pascale Saugier‑Veber1 · Gaël Nicolas1 · 
François Lecoquierre1 

 Juliette Coursimault 
 j.coursimault@chu-rouen.fr

 Anne-Marie Guerrot 
 anne-marie.guerrot@chu-rouen.fr

 Michelle M. Morrow 
 mmorrow@genedx.com

 Catherine Schramm 
 catherine.schramm@inserm.fr

 Francisca Millan Zamora 
 fmillanzamora@genedx.com

 Anita Shanmugham 
 ashanmugham@genedx.com

 Shuxi Liu 
 sliu@BioReference.com

 Fanggeng Zou 
 fzou@genedx.com

 Frédéric Bilan 
 frederic.bilan@univ-poitiers.fr

 Gwenaël Le Guyader 
 gwenael.leguyader@chu-poitiers.fr

 Ange-Line Bruel 
 ange-line.bruel@u-bourgogne.fr

 Anne-Sophie Denommé-Pichon 
 anne-sophie.denomme-pichon@chu-dijon.fr

 Laurence Faivre 
 laurence.faivre@chu-dijon.fr

 Frédéric Tran Mau-Them 
 marine.tessarech@chu-angers.fr

 Marine Tessarech 
 marine.tessarech@chu-anger.fr

 Estelle Colin 
 escolin@chu-angers.fr

 Salima El Chehadeh 
 salima.elchehadeh@chru-strasbourg.fr

 Bénédicte Gérard 
 benedicte.gerard@chru-strasbourg.fr

 Elise Schaefer 
 elise.schaefer@chru-strasbourg.fr

 Benjamin Cogne 
 benjamin.cogne@chu-nantes.fr

 Bertrand Isidor 
 bertrand.isidor@chu-nantes.fr

 Mathilde Nizon 
 mathilde.nizon@chu-nantes.fr

 Diane Doummar 
 diane.doummar@aphp.fr

 Stéphanie Valence 
 stephanie.valence@aphp.fr

 Delphine Héron 
 delphine.heron@aphp.fr

 Boris Keren 
 boris.keren@aphp.fr

 Cyril Mignot 
 cyril.mignot@aphp.fr

 Charles Coutton 
 ccoutton@chu-grenoble.fr

 Françoise Devillard 
 fdevillard@chu-grenoble.fr

 Anne-Sophie Alaix 
 annesophie.alaix@gmail.com

 Jeanne Amiel 
 jeanne.amiel@inserm.fr

 Laurence Colleaux 
 laurence.colleaux@inserm.fr

 Arnold Munnich 
 arnold.munnich@inserm.fr

 Karine Poirier 
 karine.poirier@inserm.fr

 Marlène Rio 
 marlene.rio@aphp.fr

 Sophie Rondeau 
 sophie.rondeau@aphp.fr

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Human Genetics 

1 3

 Giulia Barcia 
 giulia.barcia@aphp.fr

 Bert Callewaert 
 Bert.Callewaert@Ugent.be

 Annelies Dheedene 
 Annelies.Dheedene@Ugent.be

 Candy Kumps 
 Candy.Kumps@UGent.be

 Sarah Vergult 
 Sarah.Vergult@Ugent.be

 Björn Menten 
 Bjorn.Menten@Ugent.be

 Wendy K. Chung 
 wkc15@cumc.columbia.edu

 Rebecca Hernan 
 rh2813@cumc.columbia.edu

 Austin Larson 
 austin.larson@childrenscolorado.org

 Kelly Nori 
 Kelly.Nori@childrenscolorado.org

 Sarah Stewart 
 sarahelizabethstew@gmail.com

 James Wheless 
 jwheless@uthsc.edu

 Christina Kresge 
 bondcm@njms.rutgers.edu

 Beth A. Pletcher 
 pletchba@njms.rutgers.edu

 Roseline Caumes 
 roseline.caumes@chru-lille.fr

 Thomas Smol 
 thomas.smol@chru-lille.fr

 Sabine Sigaudy 
 sabine.sigaudy@ap-hm.fr

 Christine Coubes 
 c-coubes@chu-montpellier.fr

 Margaret Helm 
 mhelm@mmc.org

 Rosemarie Smith 
 smithro@mmc.org

 Jennifer Morrison 
 Jennifer.Morrison2@orlandohealth.com

 Patricia G. Wheeler 
 Patricia.Wheeler@orlandohealth.com

 Amy Kritzer 
 Amy.Kritzer@childrens.harvard.edu

 Guillaume Jouret 
 Guillaume.Jouret@lns.etat.lu

 Alexandra Afenjar 
 alexandra.afenjar@aphp.fr

 Jean-François Deleuze 
 deleuze@cng.fr

 Robert Olaso 
 olaso@cnrgh.fr

 Anne Boland 
 boland@cnrgh.fr

 Christine Poitou 
 christine.poitou-bernert@aphp.fr

 Thierry Frebourg 
 inserm.u1245@univ-rouen.fr

 Claude Houdayer 
 Claude.Houdayer@chu-rouen.fr

 Pascale Saugier-Veber 
 Pascale.Saugier-Veber@chu-rouen.fr

 Gaël Nicolas 
 gaelnicolas@hotmail.com

1 Department of Genetics and Reference Center 
for Developmental Disorders, Normandie Univ, 
UNIROUEN, CHU Rouen, Inserm U1245, FHU G4 
Génomique, F-76000 Rouen, France

2 GeneDx, Gaithersburg 20877 MD, USA
3 Service de Génétique, Centre Hospitalier Universitaire de 

Poitiers, BP577, 86021 Poitiers, France
4 UMR1231 GAD, Inserm - Université Bourgogne-Franche 

Comté, Dijon, France
5 Unité Fonctionnelle Innovation en Diagnostic Génomique 

des Maladies Rares, FHU-TRANSLAD, CHU Dijon 
Bourgogne, Dijon, France

6 Centre de Référence Anomalies du Développement et 
Syndromes Malformatifs de l’Inter-Région est, FHU 
TRANSLAD, CHU Dijon-Bourgogne, Dijon, France

7 Service de Génétique Médicale, CHU d’Angers, Angers, 
France

8 Univ Angers, [CHU Angers], INSERM, CNRS, 
MITOVASC, ICAT , 49000 Angers, SFR, France

9 Service de Génétique Médicale, Institut de Génétique 
Médicale d’Alsace (IGMA), Hôpitaux Universitaires de 
Strasbourg, Hôpital de Hautepierre, Strasbourg, France

10 Service de Génétique Médicale, CHU Nantes, Nantes, France
11 Hôpital Trousseau, APHP.Sorbonne Université, Service de 

Neuropédiatrie, Paris, France
12 Département de Génétique, Groupe Hospitalier 

Pitié-Salpêtrière-Hôpital Trousseau Centre de Référence 
Déficiences Intellectuelles de Causes Rares, APHP.Sorbonne 
Université, Paris, France

13 Genetic Epigenetic and Therapies of Infertility, Institute 
for Advanced Biosciences, UMR 5309, CNRS, Université 
Grenoble Alpes, Inserm U1209, Grenoble, France

14 Service de Génétique et Procréation, CHU Grenoble Alpes, 
Grenoble, France

15 Department of Genetics, IHU Necker-Enfants Malades, 
University Paris Descartes, Paris, France

16 Center for Medical Genetics, Department of Biomolecular 
Medicine, Ghent University Hospital, Ghent University, 
Ghent, Belgium

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 Human Genetics

1 3

17 Columbia University Irving Medical Center, New York, NY, 
USA

18 School of Medicine and Children’s Hospital, University 
of Colorado, Aurora, CO, USA

19 Division of Pediatric Neurology, University of Tennessee, 
Health Science Center, Memphis, USA

20 Division of Clinical Genetics, Rutgers New Jersey Medical 
School, Newark, USA

21 Université de Lille, CHU de Lille, Clinique de Génétique « 
Guy Fontaine », EA7364 RADEMEF-59000 Lille, France

22 Université de Lille, CHU de Lille, Institut de Génétique 
Médicale, EA7364 RADEMEF-59000 Lille, France

23 Département de Génétique Médicale, Hôpital Timone Enfant, 
Marseille, France

24 Département de Génétique Médicale, Maladies Rares et 
Médecine Personnalisée, CHU Montpellier, Montpellier, 
France

25 Department of Pediatrics, Division of Genetics. Portland, 
Maine Medical Center, Maine, USA

26 Arnold Palmer Hospital, Orlando Health, Orlando, FL, USA
27 Division of Genetics and Genomics, Boston Children’s 

Hospital, Boston, MA 02115, USA
28 National Center of Genetics (NCG), Laboratoire National de 

Santé (LNS), L-3555 Dudelange, Luxembourg
29 Centre de Référence Malformations et Maladies Congénitales 

du Cervelet et Déficiences Intellectuelles de Causes Rares, 
Département de Génétique et Embryologie Médicale, 
APHP. Sorbonne Université, Hôpital Trousseau, 75012 Paris, 
France

30 Centre National de Recherche en Génomique Humaine 
(CNRGH), Université Paris-Saclay, CEA, 91057 Evry, 
France

31 Service de Nutrition, Hôpital de la Pitié Salpêtrière - AP-HP, 
Paris, France

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

