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Aim: MEF2C haploinsufficiency syndrome (MCHS) is a severe neurodevelopmental
disorder. We describe the clinical phenotypes and genotypes of seven patients with
MCHS to enhance the understanding of clinical manifestations and genetic alterations
associated with MCHS.

Method: Seven patients (6 females and 1 male, aged between 2 years 5 months and 6
years) who had MEF2C mutations, and their parents underwent trio-based whole-exome
sequencing; subsequently, their clinical features were assessed. A literature review of
patients with MCHS was performed by searching the PubMed and Online Mendelian
Inheritance in Man databases.

Results: Seven mutations were identified, of which six were unreported in the past;
of the reported cases, five patients had de novo mutations but two had an undefined
inheritance pattern. All patients presented delays in developmental milestones, severe
intellectual disabilities and lack of speech. Six patients exhibited infantile hypotonia, five
patients experienced stereotypic movements and were unable to walk, four patients
exhibited poor eye contact indicative of autism and two showed poor performance.
While six patients experienced seizure, five among them became seizure free after
receiving anti-seizure medicine. Three patients showed a regression in their development,
whereas the mothers of two patients exhibited mosaicism but were healthy without any
abovementioned symptoms.

Interpretation: Regression was not a common phenomenon but occurred in MCHS.
The prognosis of MCHS patients with epilepsy was good, but most patients can achieve a
seizure-free status. Healthy people may have low-level mosaicism and carry a pathogenic
MEF2C mutation.

Keywords: MEF2C haploinsufficiency syndrome, trio-based whole-exome sequencing, regression, MOSAIC,
MEF2C gene mutations
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INTRODUCTION

Myocyte enhancer factor 2C (MEF2C) haploinsufficiency
syndrome (MCHS) has been attributed to 5q14.3 microdeletions
(MIM# 613443, developmental delay, stereotypic movements,
epilepsy and/or cerebral malformations) (1) and was defined as
any microdeletions of chromosome 5q14.3-5q15 that involved
multiple genes (www.omim.org). After identifying similar
clinical manifestations in patients with 5q14.3 microdeletion
syndrome, the smallest common deletion regions were found to
only contain the MEF2C gene (2). The MEF2C gene located in
the 5q14.3 region is a member of the MEF2 transcription factor
family; it regulates the number of excitatory synapses, dendrite
morphology, and post-synaptic dendrite differentiation (3-5).

Haploinsufficiency of MEF2C was recognized as the
pathogenic mechanism, in that patients with deletion, truncation,
or missense mutation of this gene present with similar yet
distinct phenotypes (6). To date, 23 patients have been reported
to have pathogenic and likely pathogenic MEF2C variants or
microdeletions without an involvement of other contiguous or
distant genes (1, 6-14). Typical clinical characteristics include
severe global developmental delay accompanied by absent
speech, limited walking, seizures, and stereotypic movements
(15). Here we have described a new cohort of seven patients
with MEF2C point mutations, discussed their clinical features
and reported six novel mutations as well as reviewed previous
data of patients having pathogenic or likely pathogenic MEF2C
variants or MEF2C microdeletions without the involvement of
other contiguous or distant genes, which facilitated us to further
clarify MCHS genotypes and phenotypes.

METHOD

Seven patients with confirmed MEF2C mutations who also had
developmental delay, stereotypic movements or epilepsy were
enrolled from the First Medical Center of PLA General Hospital,
Fujian Provincial Hospital, and Children’s Hospital of Shanxi.
Detailed clinical information was collected including clinical
manifestations, history of epilepsy, previous development status,
family history, physical examination, treatments, and findings
from electroencephalogram (EEG) and magnetic resonance
imaging (MRI). Genomic DNA was extracted from peripheral
blood leukocytes of the patients and their parents for trio-based
whole-exome sequencing (Trio-WES). In accordance with the
requirements of Research Ethics Board at First Medical Center
of PLA General Hospital, informed consent was obtained from
the patients’ parents.

Trio-WES was performed for patients and their parents. One
microgram of genomic DNA extracted from blood leukocytes
was used for targeted exon enrichment on a NovaSeq 6000
instrument (Illumina, San Diego, CA, USA) according to the
manufacturer’s recommendations for paired-end 150-bp reads.
Raw data were processed as previously described. Sequence

Abbreviations: EEG, electroencephalogram; MCHS, MEF2C haploinsufficiency
syndrome; MRI, magnetic resonance imaging; Trio-WES, trio-based whole-
exome sequencing.

Alignment/Map format files were aligned to a human genome
reference sequence (GRCh38/hgl8) using BWA (Burrows-
Wheeler Aligner; v0.6.7), and potential duplicate paired-end
reads were removed using Picard 1.109. Indel realignment
and base quality score recalibration were performed using the
Genome Analysis Toolkit (GATK; v3.3-0). Variants with a
quality score of >30 and an alignment quality score of >20
were annotated with SeattleSeq SNP Annotation (http://snp.
gs.washington.edu/ SeattleSeqAnnotation141/). Rare variants
present at a frequency of >1% in dbSNP 138 and the NHLBI
GO Exome Sequencing Project or those present in local exomes
of unaffected individuals were excluded. Variant prioritization
focused on de novo heterozygous mutations and compound
heterozygotes or hemizygotes affecting the coding sequence
(missense, non-sense, and splice-site variants and coding indels).
Candidate variants were inspected with the Integrative Genomics
Viewer (https://www.broadinstitute.org/igv/) and confirmed
by performing Sanger sequencing. Sequence variants were
numbered starting from the first base of the ATG codon based
on the numbering pattern of reference sequences. Variants were
named using the Alamut 2.6.1 software (Interactive Biosoftware,
Rouen, France) by following the Human Genome Variation
Society nomenclature. The variation was searched across the
Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/
ac/index.php), Genome Aggregation Database (http://gnomad.
broadinstitute.org/about), NCBI Clinvar (https://www.ncbi.nlm.
nih.gov/clinvar/) and Gene4Denovo (http://www.genemed.tech/
geneddenovo/). SIFT, Polyphen-2, CADD, M-CAP, FATHMM,
MutationTaster, Mutation Assessor and dbscSNV were used
to predict mutations. On the basis of the results obtained
from the abovementioned experiments, the pathogenicity of
these mutations was determined in accordance with the
American College of Medical Genetics (ACMG) clinical variant
interpretation guidelines.

RESULTS

Clinical Profiles
All the seven patients were born to unrelated Han Chinese
parents through normal pregnancies.

Patient 1 is a 5-year-old girl, who was observed to have severe
hypotonia in her infancy and developmental delay. She was
incapable of lifting her head when she was 7-month-old as well
as was incapable of sitting by herself and had trouble imitating
speech or actions when she was 1-year-old. By the age of 14
months, she was found to lack the ability to maintain eye contact
and displayed head-shaking, hand-clapping and hand-wringing
as well as bruxism. While she exhibited purposeful hand use,
she presented recurrent, febrile or non-febrile, generalized tonic-
clonic seizures at the age of 18 months. After receiving treatment
with Levetiracetam (LEV) at 20 months, she achieved seizure-free
status at the age of 2 years. At the age of 18 months and 2 years,
the findings of her EEG tests revealed spike-and-slow waves with
bilateral temporal involvement. Her MRI findings at the age of 14
months indicated a widened subarachnoid space (Table 1).

Patient 2 is a female who is currently 5 years 9 months old. She
exhibited a delay in achieving some developmental milestones,
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TABLE 1 | Clinical phenotype of patients with MEF2C gene mutation.

No. P1 P2 P3 P4 P5 P6 P7
Age 5 years 5 years 9 months 4 years 4 months 2years 10 6 years 2 years 7 months 2 years 5 months
months
Sex F F F F F M F
Genetic defect Cc.9A>T, C.78delT, €.833_834insTT, c.55-2(1VS2)A>~G  C.44G>C, c.1A>G, ¢c.3G>A, (p.Met1?)
(p.Arg3Ser) (p.Phe26Leufs*3) (p.Leu278Phefs*1) (p.R15P) (p-Met1Val)
Origin Unknown De novo De novo De novo De novo De novo Unknown
Variation type Missense Frameshift Frameshift Splice site Missense Affecting the Affecting the
translation translation
initiation site initiation site
Febrile seizure + + + + - + -
Seizure type Recurrent FS, Recurrent FS, Recurrent FS, Recurrent FS, GTGC, IS Recurrent FS, -
GTC GTC absence dystonic GTC
Age of seizure 1.5 years 10 months 8 months 11 months 6 months 9 months NA
onset (months)
ASM LEV LEV, OXC LEV, VPA OXC VGB, LEV, VPA VPA, OXC, TPM NA
ASM response Seizure free Seizure free Seizure free Seizure free Seizure free No response NA
Stereotypic + + + + - - +
movements
Poor hand skills - - - - + - +
Delays in + + + + + + +
milestones
Independent 1 year 1 year 8-9 months 1 year - 9 months but 2 years
sitting/age regressed
Independent - 2 years 2 years - - - -
walking/age
(months)
Infantile dystonia Hypotonia - Hypotonia Hypotonia Hypotonia Hypotonia Hypotonia
Speech - - - - - - -
Regression - + - + - + -
Poor eye + - + - + - +
contact/autistic
features
MRI Frontal Normal Delayed Normal Delayed Small splenium of ~ Normal
subarachnoid myelination myelination callosum
space
enlargement
EEG Bilateral temporal Bilateral temporal Generalized Normal Hypsarrhythmia Left temporal and  Left occipital

spike-slow waves

and occipital
spike-slow waves

sharp-slow waves

occipital slow
waves

2-3Hz sharp-slow
waves in sleep

FS, febrile seizure; GS, generalized seizures; GTC, generalized tonic-clonic seizures; IS, infantile spasms; LEV, levetiracetam; NA, not available; OXC, oxcarbazepine; PB, phenobarbital;
PS, partial seizure; TPM, topiramate; VVGB, vigabatrin; VPA, valproic acid; WMH, white matter hyperintensity.

such as head lifting at 4 months, independent sitting at 1 year and
independent walking at 2 years. She could say “baba,” or “mama”
at the age of 1 year but exhibited regression in development
with subsequent instances of only unconscious articulation.
Nevertheless, she possessed non-verbal communication skills.
Hand clapping was observed at 8 months. She displayed good
eye contact as well as a purposeful hand use. She presented
recurrent, febrile or non-febrile, generalized tonic-clonic seizures
at 10 months; after being treated with LEV at the age of 15
months, she achieved a seizure-free status. Her seizure, which
was characterized as a generalized tonic seizure without fever,
relapsed at the age of 3 years and was treated with valproate
(VPA) and LEV. She achieved a seizure-free status when she was

3.5 years old. EEG (15 months) findings revealed spike-and-slow
waves with bilateral temporal and occipital involvement. MRI
findings at the age of 10 months were normal (Table 1).

Patient 3 is a female who is currently 4 years 4 months
old. She showed some signs of developmental delay, such as
lifting her head at the age of 5 months, sitting independently
at the age of 9 months, and walking at the age of 2 years;
she also did not exhibit any non-verbal communication skills
and could not imitate actions or babble. Poor eye contact was
observed at the age of 8 months. Hand clapping and hand
wringing were observed when she was 1 year 6 months old. She
demonstrated purposeful hand use, and at the age of 8 months,
she experienced recurrent, febrile or non-febrile, generalized

Frontiers in Pediatrics | www.frontiersin.org

May 2021 | Volume 9 | Article 664449


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Wan et al.

Children With MEF2C Haploinsufficiency Syndrome

tonic-clonic seizures. She presented with status epilepticus, which
later became absence status epilepticus at the age of 3 years
2 months. At this time, she was started on LEV medication
but showed no response to it; subsequently, VPA was added to
the treatment strategy at the age of 3 years 6 months, and the
patient finally achieved a seizure-free status at the age of 4 years.
Her EEG tests at the age of 15 months demonstrated sharp-
slow synthetical waves at the left central and left parietal-frontal
regions. EEG showed generalized sharp-slow waves and MRI
findings indicated delayed myelination in the periventricular area
at the age of 3 years 2 months (Table 1).

Patient 4 is a female who is currently 2 years 10 months
old. Developmental delay was observed with regard to lifting
of her head only at the age of 7 months and the ability to sit
independently only at the age of 1 year; she also did not have the
ability to walk independently and did not display any non-verbal
communication skills. Although she could say the words “baba”
or “mama” at the age of 2 years, she displayed a regression in
development and only showed signs of unconscious articulation
subsequently. Poor eye contact, head shaking, hand clapping,
hand wringing, and bruxism were observed at the age of 1 year
3 months. Purposeful hand use was presented and retained. She
experienced recurrent, febrile or non-febrile, generalized tonic-
clonic seizures at the age of 11 months. Dystonic seizure occurred
at 14 months. LEV was administered at the age of 16 months and
the patient achieved seizure-free status at the age of 2.5 years.
Her EEG (15 months and 2.5 years) and MRI (3 year) findings
revealed normal findings (Table 1).

Patient 5 is a female who is currently aged 6 years; she was
observed to have severe hypotonia at infancy and exhibited
developmental delay. She could lift her head at 4 months but
has not been able to sit or walk independently; she also did not
display any non-verbal communication skills and was unable to
imitate or babble. Poor eye contact was observed at 5 months. She
did not exhibit purposeful hand usage. She presented generalized
tonic-clonic seizure at the age of 6 months, which was treated
with VPA; the patient responded positively to this treatment at
the age of 7 months. However, seizure, which was characterized
as spasms and of the tonic-clonic type, recurred at 1 year and
7 months; adrenocorticotropic hormone was used to treat this
did not produce a positive outcome. Subsequently, vigabatrin,
LEV and VPA were used for treatment; this treatment had a
positive effect, and the patient achieved seizure-free status at the
age of 2 years 7 months. Her EEG test revealed spike-slow waves
with bilateral occipital involvement at the age of 6 months and
hypsarrhythmia at 2 years of age. MRI scans taken at the age of
2 years showed delayed myelination in the periventricular region
(Table 1).

Patient 6 is a male who is currently 2 years 7 months old.
He was observed to have severe hypotonia in his infancy and
developmental delay. He was incapable of lifting his head at
the age of 5 months but could sit independently at 9 months;
however, he exhibited a regression in development and was
unable to walk independently. He also did not show any non-
verbal communication skills and was unable to imitate or
babble. Poor eye contact, head shaking, hand clapping and hand
wringing were observed at the age of 1 year and 6 months.

The patient displayed purposeful hand usage. He also presented
recurrent, febrile or non-febrile, generalized tonic-clonic seizures
at the age of 9 months. Topiramate, VPA and LEV were used
but none of them showed a positive effect; this treatment was
withdrawn at the age of 2 years. At present, the patients daily
seizures have been characterized as myoclonic. EEG findings
obtained at the age of 10 months revealed spike-slow waves with
bilateral-central-frontal involvement. MRI scans taken at the age
of 15 months showed developmental malformation of the corpus
callosum (Table 1).

Patient 7 is a female who is currently 2 years 5 months old.
She experienced severe hypotonia at infancy and was observed to
have developmental delay. She was incapable of both lifting her
head at the age of 7 months and sitting independently at the age of
2 years; she was also unable to walk independently, demonstrated
no non-verbal communication skills, and was unable to imitate
or babble. Poor eye contact as well as head-shaking and hand-
clapping behavior were observed at the age of 1 year. She
did not display purposeful hand usage. She did not experience
seizure. EEG test conducted at the age of 2 years revealed 2-
3 Hz sharp-slow waves at the left parietal-occipital region. MRI
scans taken at the age of 14 months showed malformation of the
corpus callosum, delayed myelination and leukomalacia in the
periventricular region (Table 1).

Sequencing Analysis of Trio-WES Tests

Trio-WES revealed two ambiguously inherited (P1, c.9A>T,
p.Arg3Ser, P1’s mother, c.9A>T, mosaic, 10/119; P7, c.3G>A,
p-Metl, P7’s mother, c.9A>T, mosaic, 8/113) and five de novo
[P2, c.78delT, p.Phe26Leufs*3; P3, c.833_834insTT, p.Leu278
Phefs*1; P4, c.55-2 (1VS2) A>G; P5, c.44G>C, p.Argl5Pro;
P6, c.1A>G, p.Met1Val] heterozygous mutations in the MEF2C
gene. All these mutations were searched across the databases
mentioned in the section Methods; because P2 and P3 mutations
lead to the formation of a truncated protein, the other five
mutations were assessed using the mutation prediction tools
mentioned previously. Subsequently, the clinical implications
and considerations for evaluating in silico algorithms that can
be used along with the clinical variant interpretation guidelines
established by the American College of Medical Genetics were
investigated; five mutations were classified as pathogenetic, two
mutations were considered to be likely pathogenic (more details
see Supplementary Table 1).

DISCUSSION

In cases where the gene is abnormally expressed owing
to mutation or deletion and a lower level of protein is
produced; therefore, insufficient material for maintaining
normal cellular physiological functions leads to MCHS (1).
Patients with MCHS often exhibit delayed developmental
milestones, severe intellectual disabilities, limited or absent
speech, seizures, hypotonia, limited walking abilities, and
stereotypic movements (12).

All seven patients in our cohort presented delays in
developmental milestones, severe intellectual disabilities, and
absent speech. Six patients exhibited infantile hypotonia and
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five cases showed stereotypic movements; these symptoms were
also common in the 23 patients reported previously (100, 100,
95.7, 78.2, and 73.9%) (1, 6-14). Four cases in our cohort had
poor eye contact, indicative of autism, while two cases showed
poor hand skills. Of the 23 patients in the previous study
(1, 6-14), 18 were evaluated for autism-related manifestations
and 13 of these patients reported autism-like manifestation;
furthermore, 14 of the 23 patients were evaluated for hand
function of whom 5 were reported to have poor hand skills.
The results of our study are consistent with the proportion of
these two manifestations reported in previous studies. Brain
MRI scans revealed abnormalities in five cases, similar to those
reported previously (12); however, the manifestations were varied
and included delayed myelination, frontal subarachnoid space
enlargement, and corpus callosum dysgenesis. Wang et al. (13)
noted that MCHS was more common in females than in males,
but the same pattern was observed in our cohort. It is worth
noting that in our study, five patients were unable to work,
which is significantly higher than the proportion reported in the
literature. However, at present, we cannot comment on whether
the children in our cohort may acquire the ability to work in
the future.

Six patients experienced seizure, including five with onset at
infancy, which was consistent with the proportion reported in
previous studies; 18 patients of the 23 patients analyzed were
found to experience seizures, and 12 of those patients showed
onset when they were <1-year-old (8, 12). Febrile seizures were
very common in our cohort (5/7); similarly, three out of five
patients described by Wang et al. had febrile convulsions (13).
Previous descriptions of seizure outcome in such patients are
limited as only seven patients had described the response to
antiseizure medicine (ASM). Six achieved seizure-free status,
and one patient showed partial response (1, 8, 11, 13, 14). At
present in our cohort, six patients received ASM and only one
patient experienced refractory epilepsy. Seizures experienced by
the other five patients were effectively controlled, including the
case with infantile spasm, which is a severe form of epilepsy. Most
patients with epilepsy and MCHS exhibited good responses to
ASM and achieved a seizure-free status. There does not seem
to be a significant difference between the choice of ASM and
treatment outcome.

Regression has only been described in two patients with
MCHS (1, 13). Contrary to the reports found in the literature,
three patients (P2, P4, and P6) in our cohort also showed clinical
regression. Zweier et al. concluded that the loss of MEF2C
function in humans can significantly reduce the gene expressions
levels of MeCP2 and CDKL5, and MEF2C mutations reduce
synergistic reactivation of the E-box promoter of MeCP2 and
CDKLS5 (15). MeCP2 is the pathogenic gene responsible for Rett
syndrome (16), and the stereotypical loss of motor and language
skills and developmental delay encountered in autism were also
observed in patients with Rett syndrome; this result overlaps
with MCHS and causes some difficulties in MCHS diagnosis.
However, delayed early life development may help distinguish
between the two conditions.

Sixteen MEF2C point mutations were previously described
(1, 7-9, 11-14). Seven patients in our cohort had MEF2C

point mutations, including six novel mutations. Specifically,
two variants (c.3G>A, p.Metl?; c.1A>G, p.MetlVal) affecting
the translation initiation site had not been described in
previous studies. On reviewing previous studies as well as
our cohort, we found an interesting phenomenon: patients
with intragenic deletions seemed more likely to be ambulatory
than the patients with point mutations in MEF2C (6/7 vs.
9/23). This contradicts with the observations reported by Wang
et al; however, we need to investigate more cases to support
our hypothesis. Variants affecting the translation initiation
site have not yet been reported. Patients 6 and 7 in our
study were affected by this type of point mutation, but they
exhibited different clinical phenotypes. P6 showed persistent
drug-resistant epilepsy and developmental regression, whereas
P7 did not.

The human MEF2C protein consists of six core structural
domains, including MADS (MCMI1, agamous, deficiens,
serum response factor), myocyte enhancer factor 2 (MEF2),
HJURP-C (Holliday junction recognition protein C-terminal),
transcriptional activation domain 1 (TAD1), transcriptional
activation domain 2 (TAD2) and a nuclear localization signal
(NLS). The MADS domain contains 56 amino acids, while
the MEF2 domain spans amino acids 57-86. The HJURP-C
domain consisting of 29 amino acids was adjacent to the
MEF2 domain and followed by two transcriptional activation
domains (TAD1 and TAD?2), which are responsible for activating
transcription. The NLS domain (nuclear localization signal) is
located at the C-terminus of MEF2C, which controls nuclear
translocation of the protein. The MADS and MEF2C domains
mediate dimerization and DNA binding, and the other domains
act as transcriptional activators (17). The reported mutation
sites (including those in our study) do not have a specific
distribution within the structural domains, and there are no
obvious phenotypes indicating mutation sites in hot spots
(Figure 1). Among our small cohort, there was no obvious
correlation between clinical phenotype and mutation sites across
different domains.

To date, only 30 patients with MEF2C point mutations,
including the 7 cases described here, have been identified
(1, 6, 7, 9, 11-14), which limited our ability to analyze
correlations. There was no obvious genotype—phenotype
correlation after classification, suggesting that more clinical
cases are needed for conducting further analyses. All
mutations reported in the published papers were de novo,
and two of the seven patients (P1 and P7) in our cohort
had mutations whose inheritance pattern remains unclear,
with their mothers having low-level mosaicism (mother of
P1: 10/119; mother of P7: 8/113). MCHS was previously
considered to be an autosomal dominant disease, and healthy
mosaicism has not yet been reported. To our knowledge,
this is the first description of such a phenomenon, which
leads us to speculate that a low-level mosaicism does not
cause MCHS.

This was a small cohort study, so we cannot draw
firm conclusions about the phenotypic-genotypic associations.
Similarly, owing to technical reasons and the subjects’ refusal
to undergo further studies, we could not further analyze
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FIGURE 1 | Sites of mutations in the MEF2C protein. Red and green indicate reported mutations and novel mutations detected in this study, respectively. C,
C-terminus; N, N-terminus; MADS, MCM1, agamous, deficiens, serum response factor; MEF2, myocyte enhancer factor 2; HJURP-C, Holliday junction recognition
protein C-terminal; NLS, nuclear location signal; TAD, transcriptional activation domain.
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the genetic patterns of the two cases; however, we suspect
that the patients inherited the mutated gene from the
mother in both instances as their mothers carried the
same mutation.

CONCLUSION

We described six novel MEF2C gene mutations. Although
the clinical manifestations of MCHS are diverse, common
features include global developmental delay, impaired language
function, seizure, stereotyped behavior, infantile hypothermia,
and abnormal brain MRI findings. Although regression was not
a common phenomenon, it was reported to occur occasionally.
Currently, it has been difficult to establish a clear genotype-
phenotype relationship in MCHS, which should be the focus of
future research. Although patients with MCHS often experience
seizures during the early stages of their life, most patients
eventually achieve a seizure-free status. People without any
MCHS symptoms may also have low-level mosaicism and carry
the pathogenic MEF2C mutation that can be passed on to
their offspring.
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