Corresponding author:
szakszon.katalin
@med.unideb.hu

© 2022 Bessenyei et al. This
article is distributed under the
terms of the Creative Commons
Attribution-NonCommercial
License, which permits reuse and
redistribution, except for
commercial purposes, provided
that the original author and
source are credited.

Ontology terms: abnormality of
the maxilla; delayed gross motor
development; intellectual
disability, moderate; secundum
atrial septal defect

Published by Cold Spring Harbor
Laboratory Press

doi:10.1101/mcs.a006124

COLD SPRING HARBOR

Molecular Case Studies

‘ RESEARCH REPORT

MED13L-related intellectual disability
due to paternal germinal mosaicism

Beata Bessenyei," Istvan Balogh," Attila Mokanszki,? Aniké Ujfalusi,
Rolph Pfundt,® and Katalin Szakszon®*

"Division of Clinical Genetics, Department of Laboratory Medicine, 2Institute of Pathology, Faculty of
Medicine, University of Debrecen, Debrecen, 4032 Hungary; *Genome Diagnostics Nijmegen, Department of
Human Genetics, Radboud University Medical Center, 6525 GA Nijmegen, the Netherlands; Hnstitute of
Paediatrics, Faculty of Medicine, University of Debrecen, Debrecen, 4032 Hungary

Abstract The MED13L-related intellectual disability or MRFACD syndrome (Mental retarda-
tion and distinctive facial features with or without cardiac defects; MIM # 616789) is one of
the most common forms of syndromic intellectual disability with about a hundred cases
reported so far. Affected individuals share overlapping features comprising intellectual dis-
ability, hypotonia, motor delay, remarkable speech delay, and a recognizable facial gestalt.
De novo disruption of the MED13L gene by deletions, duplications, or sequence variants
has been identified as deleterious. Siblings affected by intragenic deletion transmitted
from a mosaic parent have been reported once in the literature. We now present the first
case of paternal germinal mosaicism for a missense MED13L variant causing MRFACD syn-
drome in one of the father’s children and being the likely cause of intellectual disability and
facial dysmorphism in the other. As part of the Mediator complex, the MED proteins have an
essential role in regulating transcription. Thirty-two subunits of the Mediator complex genes
have been linked to congenital malformations that are now acknowledged as transcripto-
mopathies. The MRFACD syndrome has been suggested to represent a recognizable

phenotype.

INTRODUCTION

Disruption of the Mediator complex subunit 13-like gene (MED13L) is increasingly recog-
nized as the cause of an intellectual disability syndrome with associated facial dysmorphism
(Mental retardation and distinctive facial features with or without cardiac defects [MRFACD];
MIM # 616789) (Gordon et al. 2018). The gene, initially termed PROSIT240/THRAPZ2 (Protein
Similar to TRAP240/Thyroid hormone receptor-associated protein 2) was first linked to intel-
lectual disability and congenital heart disease in 2003 by Muncke et al. (2003), but congenital
heart disease was later shown not to be a consistent feature of the MED13L-related syn-
drome (Adegbola et al. 2015). MED13L encodes a component of the Mediator complex,
which regulates transcription via interactions between upstream transcriptional factors and
the basal RNA polymerase Il initiation machinery (Malik and Roeder 2010), and, as such,
plays a role in the control of cell growth, repression of cell cycle target genes, and cell cycle
inhibition (Angus and Nevins 2012). Thirty-two subunits of the Mediator complex have been
linked to congenital malformations (Asadollahi et al. 2017). According to a recently pro-
posed concept, the class of disorders that reflect a global disturbance in transcriptional reg-
ulation may be referred to as “transcriptomopathies” (Yuan et al. 2015; Caro-Llopis et al.
2016).
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Both small-scale (missense and protein truncating mutations) and large-scale (intragenic
copy-number variations) alterations can cause MRFACD syndrome (Smol et al. 2018). Terring
et al. reviewed the clinical presentation and genotype of 69 patients in 2019 (Terring et al.
2019). They disclosed that all cases arose de novo; large deletions or large intragenic dupli-
cations of the MED13L were responsible for approximately one-third of the cases (possibly
overrepresented because of array comparative genomic hybridization [CGH] being the first-
tier diagnostic tool in the investigation of intellectual disability), whereas small sequence
variants (predominantly frameshift and nonsense mutations and less frequently missense var-
iants) account for the rest of the cases. The latter seem to cluster in exons 15-17 and 25-31
and typically result in a more severe phenotype. One familial case with variable, mild pheno-
type was described as having a 3-Mb duplication encompassing the MED13L gene by
Adegbola et al. (2015).

Yamamoto et al. reported the case of siblings having a large deletion of the MED13L
gene encompassing exons 3-14 inherited from their mother, who was mosaic for the dele-
tion (Yamamoto et al. 2017).

Motor delay, intellectual disability, and speech delay are consistent features in the
MED13L-intellectual disability syndrome; a congenital heart defect may or may not accom-
pany the symptoms; and a recognizable facial dysmorphism consisting of macrostomia, mac-
roglossia, an open mouth appearance, broad or depressed nasal root, and ear anomalies are
frequent findings (Terring et al. 2019).

We now present the first case of paternal germinal mosaicism for a missense MED13L
variant causing MRFACD syndrome in one of the father’s children and being the likely cause
of intellectual disability and facial dysmorphism in his other child from a previous marriage.

RESULTS

Clinical Presentation and Family History

The proband was a teenage patient born from nonconsanguineous healthy parents. He was
the first child of the mother and second child of his father (the first was from a previous
spouse). He was born to term with a weight of 25-50 percentile, his length and head circum-
ference were not registered, his Apgar score was 7/9, and he needed short-term oxygen sup-
port in the perinatal period. Muscular hypotonia and dysmorphic facies were noted right
after birth. A congenital cardiac defect was diagnosed consisting of transposition of the pul-
monary veins and secundum-type atrial septal defect. Brain magnetic resonance imaging
(MRI) was normal. Focal bilateral abnormal waves on electroencephalogram (EEG) necessi-
tated the initiation of valproic acid. In his early teens he could speak a few words, and sphinc-
ter control was developing.

His multiple congenital malformations and developmental delay suggested a genetic or-
igin of symptoms.

His longitudinal growth and weight were normal (height 10 pc, weight 10-25 pc, head
circumference 10 percentile). Hypotrophy of the skeletal muscles was described. The facial
dysmorphism was dominated by a long face, maxillary hypoplasia, prominent tongue, and
mandibular prognathism. A more detailed phenotypic description is available via contact
with the corresponding author. On the hands, palmar eminences were flattened and the fin-
gers were slender, whereas on the lower limbs there were prominent calcanei, bilateral pes
planus and hallux valgus, and overriding second and fourth toes. He was a cooperative,
friendly child with moderate intellectual deficit, producing sounds during examination, un-
derstanding simple commands but without meaningful speech. A strong resemblance to
his half-sibling’s facial morphological features and intellectual status was seen, with special
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regards to maxillary hypoplasia and mandibular prognathism, open mouth, protruding
tongue, large and prominent ears, and very little expressive speech.

His half-sibling, born from the father’s previous partner, was an adult individual affected
by intellectual disability and facial dysmorphism. This individual was born after term with nor-
mal parameters (weight at 25 pc, length at 50 pc, occipital frontal circumference [OFC] at
50 pc) as the first child of healthy, nonrelated, Caucasian parents. He had bilateral pes equi-
novarus, spastic limbs, cryptorchidism, kyphoscoliotic spine due to axial hypotonia, strabis-
mus, and epilepsy. He was nonverbal, and his IQ was at the bottom border of moderate
intellectual disability. Fragile X syndrome was suspected, and an FMR1 Southern blot was
performed. Results of these tests were not available to us.

Genomic Analyses

In early childhood the proband underwent G-banding chromosome analysis and an FMR1
gene test, both of which showed normal results. His array CGH did not reveal a pathological
copy-number variation.

Whole-exome sequencing of the proband revealed two variants in two genes associated
with intellectual disability: a heterozygous ¢.5695G > A, p.(Gly1899Arg) missense variant in
the MED13L gene (NM_015335.4) and a hemizygous ¢.638 + 2del (r.spl) splicing variant in
the TMLHE gene (NM_018196.3) (Table 1). Pathogenic mutations in the MED13L gene
have been described before as causative for mental retardation and distinctive facial features
with or without cardiac defects (MIM # 616789).

The heterozygous MED13L variant detected in our patient leads to the substitution of a
strongly conserved nucleotide and amino acid residue, which is located in the Mediator com-
plex, subunit Med13 domain of the MED13L protein. This specific variant has been reported
before by Caro-Llopis et al. (2016) and McRae et al. (2017). It is not present in the gnomAD
and ClinVar databases, and computational predictional tools unanimously support a delete-
rious effect on the MED13L gene. According to the American College of Medical Genetics
and Genomics (ACMG) 2015 guideline, the variant can be classified as likely pathogenic
(Richards et al. 2015) (evidences: PM2, PP3, PP5, PP1).

Pathogenic mutations in the TMLHE gene have been described before as causative for
autism, susceptibility to X-linked 6 (MIM # 300872). The c.638 + 2del hemizygous variant
concerns a deletion of a single nucleotide in the splice donor site of intron 4 of TMLHE.
Prediction tools predict that this deletion will disrupt the functionality of this splice donor
site. The consequence of this change is not predictable, but a skip of exon 4 is predicted
to be likely. The variant has not been reported before in the literature, gnomAD database,
and ClinVar database. It is classified as likely pathogenic according to the ACMG guideline
(evidences: PVS1, PM2).

Neither mother consented to their own testing for segregation analysis of the muta-
tions nor did the mother of the adult individual consent to her child’s testing. We there-
fore only knew the two mutations of the proband and that both were absent from the

Table 1. Variant table

HGVS DNA HGVS protein Variant Predicted dbSNP
Gene Chromosome (GRCh37) reference reference type effect ID Genotype
MED13L  Chr 12: g.116413012C > T c.5695G>A p.Gly1899Arg Substitution  Missense n/a Hetero-
zygous
TMLHE ~ Chr X: g.154743645del €.638 + 2del p.? Deletion Exon n/a Hemi-
skipping zygous
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Figure 1. Sanger sequencing chromatograms of the father
showing the presence of the ¢.5695G > A, p.(Gly1899Arg) var-
iant of the MED13L gene only in the sperm cells.

father's DNA derived from peripheral blood. TMLHE is an X-linked gene, so inheritance
from the father was unlikely. Seeing the similarity between the two affected, related indi-
viduals and theoretically ruling out the rare coincidence that two unrelated healthy fe-
males previously married to the healthy father would transmit mutations in the same
gene or in a different gene with very similar phenotypic consequence causing X-linked
intellectual disability, we informed the father and his new spouse about the limitations
of our genetic counseling and informed them about options regarding insemination
with donor sperm. But before undergoing assisted reproduction, we offered sperm anal-
ysis for the MED13L mutation ¢.5695G > A, which the father accepted. He produced a
sample with high spermium concentration (50 million/mL), from which DNA was isolated,
and targeted mutation testing was performed. The MED13L variant could be identified
unequivocally in the sperm cells, confirming germinal mosaicism of the father for this mu-
tation (Fig. 1). We identified the presence of the MED13L mutation in ~30%-50% of the
sperm cells (predicted on the basis of the peak heights on the sequencing electrophero-
grams) accountable for a high recurrence risk in the couple’s future pregnancies and ad-
vised on either preimplantation genetic diagnosis or insemination with donor sperm cells.
Although we could not confirm that the older child’s condition is caused by the MED13L
€.5695G > A mutation, we strongly believe he has the same MED13L genotype responsi-
ble for the similar phenotype.

DISCUSSION

MRFACD, MED13L-related intellectual disability syndrome, a recently recognized but well-
described congenital malformation, is an intellectual disability syndrome with detailed clin-
ical descriptions available for only 75 reported individuals (Muncke et al. 2003; Asadollahi
etal. 2013, 2017; Redin et al. 2014; Utami et al. 2014; Adegbola et al. 2015; Cafiero et al.
2015; van Haelst et al. 2015; Caro-Llopis et al. 2016; Yamamoto et al. 2017; Gordon et al.
2018; Jiménez-Romero et al. 2018; Smol et al. 2018; Tarring et al. 2019; Yi et al. 2020;
Dawidziuk et al. 2021). A further 14 cases have been identified in the frames of large high-
throughput sequencing studies investigating the genetic background of intellectual disabil-
ity or congenital heart defect (Musante et al. 2004; Najmabadi et al. 2011; lossifov et al.
2012; Hamdan et al. 2014; Iglesias et al. 2014; Codina-Sola et al. 2015; Martinez
et al. 2017; Mullegama et al. 2017; Aoi et al. 2019; Ji et al. 2020; Sabo et al. 2020; Tian
etal. 2021). In 2015, Adegbola et al. (2015) redefined the MED13L syndrome as a novel, rec-
ognizable neurobehavioral syndrome and concluded that cardiac defect is not an invariable
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feature. Since then, several literature reviews and case reports have been published, and the
most prominent features were found to be intellectual disability, hypotonia, motor delay, of-
ten profound language impairment, and facial dysmorphism consisting of an open-mouth
appearance, macrostomia, macroglossia, large or low-set ears, and anomalies of the palpe-
bral fissures (Adegbola et al. 2015; Terring et al. 2019). Friendly behavior was described by
Cafiero et al. (2015); other authors, however, report on challenging behavior including hy-
peractivity, aggression, and autistic traits (Adegbola et al. 2015; Smol et al. 2018). Deep lan-
guage impairment has been reported in affected individuals with or without a heart defect
and was explained with MED13L being part of a functional network in the brain important for
language development (Jiménez-Romero et al. 2018). As for the molecular background, al-
most all cases arose de novo; deletions, duplications, and sequence variants of the MED13L
gene have been reported to be deleterious (Terring et al. 2019). Missense mutations tend to
cause a more severe phenotype than other types of variants (Asadollahi et al. 2017; Smol
et al. 2018), whereas copy-number gains result in a milder phenotype (Asadollahi et al.
2013). Because of the MED proteins’ role in transcriptional regulation, the “MEDs syn-
dromes” have been acknowledged as transcriptomopathies (Yuan et al. 2015; Caro-Llopis
et al. 2016).

Paternal age has been shown to be the primary factor influencing the number of de novo
mutations in a child and is therefore expected to be a risk factor for pathogenic de novo mu-
tations (Kong et al. 2012; Rahbari et al. 2016). In our patient, the father was in his late teens
when his first child was born, in his 30s when his second child was born, and in his 40s at the
time of seeking medical help prior to having more children because of the apparent recur-
rence of intellectual disability in his offspring. We could only test his second child, in whom
whole-exome sequencing revealed two variants in two genes associated with intellectual
disability: a heterozygous mutation ¢.5695G > A, p.(Gly1899Arg) in the MED13L gene and
a ¢.638 + 2del (r.spl) hemizygous variant in the TMLHE gene not yet described in the litera-
ture but predicted to be damaging by in silico tools. The latter mutation may have influenced
the clinical picture in our patient by shifting his mental status toward autism spectrum disor-
der, but the MED13L mutation dominated his cognitive, behavioral, and morphological sta-
tus so that we could not separate the possible effect of the TMLHE variant or identify key
features that would not fit in the symptoms of MED13L-related intellectual disability. The
missense mutation in MED13L in our patient had been described in only two patients before,
published by Caro-Llopis et al. (2016) (Patient 2) and McRae et al. (2017), but from these,
detailed clinical data are accessible for the one reported by Caro-Llopis (Caro-Llopis et al.
2016; McRae et al. 2017). This patient had low body weight, psychomotor delay, behavioral
problems including aggression, autism spectrum disorder, brain MRI abnormalities such as
ventriculomegaly and megacysterna magna, normal myelination, cardiac anomaly (patent
ductus arteriosus), hearing impairment, and dysmorphic features consisting of low-set
ears, hypertelorism, antimongoloid palpebral fissures, strabismus, ptosis, epicanthal folds,
and wide and depressed nasal root. Our patient shared overlapping features, but instead
of aggressive behavior, he had a friendly, sociable personality, a complex cardiac defect
with transposition of the pulmonary veins and atrial septal defect, and normal brain MRI,
but epilepsy (Table 2).

Germinal mosaicism resulting in the recurrence of MRFACD syndrome in a carrier moth-
er’s children have been reported only once in the literature. In the affected family there was a
large intragenic deletion of 12 exons responsible for the disruption of the MED13L gene
(Yamamoto et al. 2017). We presented a case of paternal germinal mosaicism causing
MRFACD syndrome in one of the father's children and being the likely cause of intellectual
disability and facial dysmorphism in the father’s child from a previous marriage. We also pre-
sented our diagnostic approach that circumvented the difficulties of inexecutable segrega-
tion analysis and provided a basis for the couple’s knowledgeable reproductive decision.
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Table 2. Comparison of the clinical features of our patient and the patient described by Caro-Llopis et al. having MED13L ¢.5695G > A,
p.(Gly1899Arg) mutation based on the clinical table created by Terring et al. (2019)

Clinical feature Caro-Llopis et al. (2016) Our patient

Intellectual disability Yes Yes

Speech delay Yes Yes

Anomalies of the hands and feet  NA Yes; fattened eminences, overriding toes, pedes plani,
halluces valgi

Hypotonia Yes Yes

Ophthalmological anomalies Yes; strabismus, ptosis No

Anomalies on cerebral MRI

Congenital heart defect
Complex
Simple (PFO/PDA)

Autistic features

Bulbous nasal tip

Open mouth appearance
Depressed/broad nasal root
Ear anomalies

Macrostomia

Upslanting palpebral fissures
Macroglossia

Bitemporal narrowing
Brachycephaly

Horizontal eyebrows

Others

Yes; ventriculomegaly, mega cisterna magna  No

Yes; PDA Yes; ASD, transposition of the pulmonary veins
Yes NA

NA No; pointed

Yes Yes

Yes; both No; rather high nasal bridge

Yes; low-set Yes; prominent

NA Yes

No; downslanting No; downslanting

NA Yes
NA No; short forehead
NA NA
NA NA

Unilateral hearing loss, atopic dermatitis Epilepsy, broad-based gait, crowded teeth, maxillary

hypoplasia, large frontal incisors, hypotrophic muscles

(NA) Not assessed, (MRI) magnetic resonance imaging, (PFO) patent foramen ovale, (PDA) patent ductus arteriosus, (ASD) atrial septal defect.

METHODS

Genetic tests were done for a diagnostic purpose after obtaining written informed consent.

G-banding chromosome analysis was performed according to standard procedures.
FMR1 CGG repeat expansion was tested using triplet repeat primed polymerase chain reac-
tion (PCR) (AmplideX FMR1 PCR kit, Asuragen). Array CGH was performed using Affymetrix
CytoScan 750K and Affymetrix Chromosome Analysis Suite (ChAS) v2.0 Software
(Affymetrix, Thermo Fisher Scientific).

Exome enrichment (Agilent SureSelectXT Human All Exon 50Mb) and exome sequenc-
ing (Illumina HiSeq) were done at BGI Europe. After read alignment (BWA), variant calling
(GATK), and copy-number variant calling (by CoNIFER), variant annotation and prioritizing
was done by the Department of Human Genetics, Radboud UMC, using a strategy devel-
oped in-house. This pipeline also filters the data for genes defined in the intellectual disabil-
ity gene panel (DG-2.13). The panel contains 1116 genes that were sequenced with an
average target coverage of 100.3242x. The whole-exome sequencing metrics are provided
in Table 3. Confirmation of reported variants by Sanger sequencing was only performed for
low-quality variant calls (GATK score < 500). Variants were checked in the databases
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Table 3. Whole-exome sequencing metrics

Total number of reads Mapped reads On-target reads Mean coverage at target regions

64,892,925 64,888,420 51,399,652 100.3242

gnomAD  (http://gnomad.broadinstitute.org/), ClinVar  (https://www.ncbi.nlm.nih.gov/
clinvar/), and HGMD (www.hgmd.cf.ac.uk). In silico tools (MutationTaster, SIFT, DANN,
Revel, and SpliceAl) were used to predict the effects of the variants. The variants were clas-
sified according to the ACMG 2015 guideline (Richards et al. 2015).

To investigate the presence of the MED13L variant in the father, targeted bidirectional
Sanger sequencing of exon 25 was performed on the paternal DNA samples extracted
from whole blood and sperm cells.

A semen sample was obtained from the father to study germinal mosaicism. After 30 min
of liquefaction at 37°C, routine semen analysis was performed. The main parameters were
the following: volume 1.9 mL, pH 7.8, sperm concentration 51 million/mL, and total motility
85%. Sperm cells were isolated from the semen sample using the swim-up technique. The
sample was diluted with preheated (37°C) Sperm Preparation Medium (Origio), and centri-
fugated for 10 min at 600g. The pellet was layered with Sequential Fert solution (Origio). The
motile sperm cells were allowed to swim up for 1.5 h at 37°C in a 5% CO, thermostat. The
final sperm concentration was 40 million/mL in the supernatant.

DNA was extracted from sperm cells using a spin column—based method (QlAamp DNA
Mini kit, QIAGEN) with a slight modification: dithiothreitol was added to ATL buffer in the
first step of the extraction to enhance the breakdown of the nuclear membrane.

ADDITIONAL INFORMATION

Data Deposition and Access

Sequencing data are not publicly available, because parental consent was obtained for
diagnostic purposes only. The variants were submitted to ClinVar (https://www.ncbi.nlm
.nih.gov/clinvar/) and can be found under accession numbers VCV001240004.1 and
SCV001976436.1.

Ethics Statement
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author. All tests were done for a diagnostic purpose. At all times, testing and examination
procedures fulfilled the criteria of the 2008 Hungarian Law on Human Genetics and the
World Medical Association (WMA) Declaration of Helsinki.
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