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Abstract Genetic syndromes involving both brain and
eye abnormalities are numerous and include syndromes
such as Warburg micro syndrome, Kaufman oculocerebro-
facial syndrome, Cerebro-oculo-facio-skeletal syndrome,
Kahrizi syndrome and others. Using exome sequenc-
ing, we have been able to identify homozygous mutation
p-(Tyr39Cys) in MED25 as the cause of a syndrome char-
acterized by eye, brain, cardiac and palatal abnormalities
as well as growth retardation, microcephaly and severe
intellectual disability in seven patients from four unrelated
families, all originating from the same village. The protein
encoded by MED?25 belongs to Mediator complex or MED
complex, which is an evolutionary conserved multi-subunit
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RNA polymerase II transcriptional regulator complex. The
MED?25 point mutation is located in the von Willebrand
factor type A (MED25 VWA) domain which is responsi-
ble for MED25 recruitment into the Mediator complex;
co-immunoprecipitation experiment demonstrated that this
mutation dramatically impairs MED25 interaction with the
Mediator complex in mammalian cells.

Introduction

The application of classical and high-throughput genomic
technologies has led to the identification of a large number
of genes involved in the pathogenesis of syndromes involv-
ing intellectual disability accompanied by eye and brain
abnormalities. Examples of syndromes associated with
both intellectual disability and congenital eye abnormalities
include Warburg micro syndrome (MIM 600118, 614222,
615663, 614225), Kaufman oculocerebrofacial syndrome
(MIM  244450), Cerebro-oculo-facio-skeletal syndrome
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(COFS) (MIM 214150), Kahrizi syndrome (MIM 612713)
and other syndromes. Molecular causes of many syndromes
involving both eye and brain abnormalities still remain elu-
sive. Autosomal recessive diseases are common in the Arab
population of Israel, mostly as a result of the high rate of
consanguinity. According to the previous studies (Jaber
et al. 1994, 2000), up to 44 % of marriages among Israeli
Arabs were conducted between relatives, approximately
half of which were between first cousins, although these
numbers are becoming lower in recent years (Jaber et al.
1994, 2000; Basel-Vanagaite et al. 2006a).

We have identified seven individuals from four unrelated
families living in the same village who were all affected
by autosomal recessive intellectual disability. The disorder
involves a wide range of symptoms including eye abnor-
malities, palatal abnormalities, thin corpus callosum, intel-
lectual disability and other abnormalities. We report on the
identification of homozygous MED25 mutation in all the
affected individuals.

Materials and methods
Subjects

Subjects were enrolled in the study after a parental written
informed consent was obtained. Additional informed con-
sent was obtained from all individual participants for whom
identifying information is included in this article. DNA
samples were collected from 4 affected and 7 non-affected
individuals belonging to 4 families.

Whole exome sequencing

In two of the families, exome sequencing was carried out;
one affected individual and two control individuals from
each family were examined (Family 1: I-1, I-2, II-10, Fam-
ily 2: 1-2, 1I-1, 1I-3).

Genomic DNA was extracted from peripheral leuko-
cytes following standard protocols. Exome enrichment was
achieved by the Nextera Rapid Capture Expanded Exome
Kit (FC-140-1006) following manufacturer’s guidelines.
Sequencing was performed using the Illumina HiSeq 2500
machinery. The analytic pipeline available at the Genetics
and Genomic Medicine Laboratory (Gene by Gene, Hou-
ston, Texas) was used to map the obtained fragments to the
human reference genome (hgl9), to generate the final list
of candidate variants and to identify the variants of poten-
tial effect on function. Common variants in populations and
variants without clear functional effect (intronic variants
deeper than £10 bp, intergenic and synonymous variants)
were usually filtered. The search for the variant(s) with
potential causative role in the described phenotype was
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performed based on autosomal recessive inheritance mode
and the familial segregation of the variants. We focused on
private and rare (minor allele frequency <0.01) most likely
damaging variants (splicing, missense, nonsense, truncat-
ing, frameshift) which were common to all the patients.
While consanguinity between these two families was not
reported, it is noteworthy that as both families reside in
the same village which is known for high prevalence of
inbreeding (Jaber et al. 1994, 2000); therefore, an autoso-
mal recessive mode of inheritance was anticipated.

Mutation detection by restriction analysis

For detection of MED25 gene variant missense mutation
c.116A>G p.(Tyr39Cys) in exon 1 amplification of a 555-
bp fragment from genomic DNA was performed using the
following primers: 5’-tgccctttctgagtctteca-3’  (forward),
and 5’-ctttctecctecctcagace-3’ (reverse), for 36 cycles at an
annealing temperature of 60 °C. The mutation generates a
restriction site, which digests the 555-bp fragment into 133,
182 and 240-bp fragments. The fragment was digested with
BTSI restriction enzyme (New England BioLabs), and the
reaction products were separated by electrophoresis on 2 %
agarose gel.

Bioinformatics methods

MED25 was characterized using the UCSC Genome
Browser [February 2009 (GRCh 37/hg 19)], NCBI
[Build37.1 (August 2009)], and Ensembl Genome Browser
[February 2009 (GRCh 37)]. Evolutionary conserved
regions (ECR) browser analysis was performed on human
genome (hg 19) to show MED25 gene pairwise align-
ments between human and various species, as follows:
zebrafish (Danio rario, danRer7), rat (Rattus norvegicus,
rn4), mouse (Mus musculus, mm10), and rhesus monkey
(Rhesus macaque, theMac3). Protein domains were delin-
eated on MED25 homologs from 5 organisms mentioned
above, using databases Interpro (Hunter et al. 2012), Pfam
(Finn et al. 2014) and SUPERFAMILY (Wilson et al.
2009). Servers SIFT (Kumar et al. 2009) and PolyPhen-2
(Adzhubei et al. 2010) were used to predict mutation sever-
ity. A model structure for the von Willebrand factor type A
domain (residues 14-225) of human MED?25 was predicted
using FFAS server (Jaroszewski et al. 2005), based on PDB
file IN3Y, a von Willebrand factor type A domain of Inte-
grin alpha-X/beta-2, as a template structure (Vorup-Jensen
et al. 2003). The template shares 11 % identity with the
target. The model was built using Modeller program (Sali
et al. 1995) and validated using model evaluation tools
WHAT-IF (Vriend 1990), ModFold (McGuffin and Roche
2010) QMEAN (Benkert et al. 2008, 2009) and ProSA
(Wiederstein and Sippl 2007). A sequence alignment of six
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different MED25 sequences from mammals was built using
Uniprot server [Activities at the Universal Protein Resource
(UniProt) 2014] and Mafft alignment program (Katoh and
Standley 2013), then an HMMsearch (Finn et al. 2011)
was performed to collect distant homologous sequences.
A multiple sequence alignment of 102 sequences was built
using Mafft (Katoh and Standley 2013). The alignment was
projected on the 3D model structure, using ConSurf server
(Landau et al. 2005). The Kyte—Doolittle hydrophobic-
ity scale (Kyte and Doolittle 1982) was used for detecting
hydrophobic regions.

Plasmid construction, transfection
and co-immunoprecipitation

The human pCDNA3-Flag-NLS-MED25-Y39C mutant was
generated by PCR using the previously described human
pCDNA3-Flag-NLS-MED25 as a template (Verger et al.
2013) (primer sequences and detailed procedures are avail-
able upon request). 293-HEK cells were cultured in DMEM
supplemented with 10 % FCS (Gibco BRL). 6 x 10° cells
were plated in 100 mm tissue culture dishes and trans-
fected with 1 pg of MED25 expression vectors using the
Lipofectamine 2000 procedure (Lifetechnologies) for 18 h.
Transfected cells were lysed in lysis buffer (50 mM Tris/
HCI, pH 8, 250 mM NaCl, 1 mM EDTA, 1 mM TCEP,
10 % glycerol, 3 mM MgCl,, 0.1 % Igepal CA-630). After
centrifugation, extracted proteins were immunoprecipitated
overnight with anti-FLAG M2 magnetic beads (Thermo)
at 4 °C. After extensive washing, the fished proteins were
detected by Western blot. The antibodies used were from
Sigma (anti-Flag M2), from Santa-cruz (anti-Med6 and
anti-Cdk8) or from Bethyl laboratories (anti-Medl, anti-
Med14, anti-Med16, anti-Med23 and anti-Med24).

Real-time PCR population screening

Screening for MED25 gene variant c.116A>G [p. (Tyr-
39Cys), NM_030973] in random 80 healthy individuals
was performed by polymerase chain reaction (PCR) with
preamplification using gene-specific oligonucleotide prim-
ers (Supplemental Table S1), targeting MED25 gene, and
a polymerase with proofreading activity. The samples were
processed using automation to identify the zygosity at the
nucleotide sites responsible for imidazolinone tolerance
by RT-PCR for identification of a single-nucleotide poly-
morphism (SNP) using minor groove binder (MGB) type
probes—Black Hole Quencher dye (BHQ-plus, Biosearch
Technologies, Inc, Novato, CA, USA). To detect a MED25
gene mutation, probes were designed to differentiate the
two alleles (Supplemental Table S1), and each probe was
bound to a distinct fluorescent molecule that was detected
using a duplex PCR. The two probes were specifically

designed for hybridization to the non-mutant allele and to
the mutant allele, respectively. The forward and reverse
primers for amplification of the MED25 gene were mixed
in the same well with the probes (mutant and non-mutant),
generating fluorescent signals with different wavelengths.
The emissions of the signal generated by the two probes
were captured in real time by an Applied Biosystems
7900HT thermal cycler. The genotype of mutation sample
was determined by comparison to a standard control of
known genotype.

Results
Clinical evaluation

Clinical features that are shared by the affected individuals
include intellectual disability, dysmorphic features, struc-
tural eye abnormalities, central nervous system abnormali-
ties and nevus flammeus simplex on the forehead (Table 1).

Patient 1 (Fig. 2a, Family 1, II-5). This boy is the first
affected child in the family. He died at the age of 8 years.
Clinical features included congenital cataract and hypo-
spadias. Additional features, as collected from his medical
records, are presented in Table 1.

Patient 2 (Fig. 2a, Family 1, 1I-7) is the second affected
child in family 1. He died shortly after birth; no clinical
records are available.

Patient 3 (Fig. 2a, Family 1, II-10) is the tenth of eleven
children born to allegedly non-related Israeli Arab parents.
Patient was born after an uneventful pregnancy at 40 weeks
of gestation by vaginal delivery. Clinical features included
congenital cataract and cleft palate; additional clinical fea-
tures are listed in Table 1. At the age of 2 years, he was
observed to be constantly smiling, presented with jerky
movements, severe developmental delay and psychomotor
retardation. Patient was still unable to crawl or speak but
now had the ability to stand. During a visit at age three, the
doctor once again observed severe psychomotor retarda-
tion. The individual demonstrated minimal movements, as
well as a lack of concentration and eye contact. Brain MRI
images of the affected individual at the age of 2 years and
8 months show abnormal hyperintense signal in the occipi-
tal periventricular white matter bilaterally (Fig. 1b).

Patient 4 (Fig. 2a, Family 2, II-2) is a sibling of Patient
5. She was born after an uneventful pregnancy at 40 weeks
of gestation by vaginal delivery. At 16 months she was
noted to be able to sit with some assistance but unable to
stand. Severe developmental delay was noted. At the age of
six, the individual was noted to have bilateral Achilles con-
tractures and pes cavus. Clinical features included bilateral
microcornea and cleft palate (additional features listed in
Table 1).
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Table 1 continued

Patient 7

Patient 6

Patient 5

Patient 4

Patient 3

Patient 1

Family 1, II-10 Family 2, 11-2 Family 2, 1I-3 Family 3, 1I-1 Family 4, 1I-1

Family 1, II-5

NA

Hypotonia

Hypotonia, later spastic-  Hypotonia, later spastic-

Hypotonia decreased

Seizures

Neurological

ity, seizures

ity, seizures

deep tendon reflexes,

seizures

abnormalities

Thin corpus callosum

Dilated lateral and 3™ Thin corpus callosum,

Thin corpus callosum

NA

Absent corpus callosum,

Structural brain

cavum septum pelluci-
dum and vergae

brain ventricles, cavum
septum pellucidum

dilated lateral and third

abnormalities

brain ventricles, cerebral
parenchymal atrophy

Yes

Yes Yes Yes Yes

Yes

Intellectual disability

NA not available

= i 8

Fig.1 Facial features of individuals with MED25 mutations. a
Patient 6 (Family 3, II-1) at the age of 3 years (leff) and patient 7
(Family 4, 1I-1) at the age of 2 years (right). Facial dysmorphic fea-
tures include nevus flammeus simplex on the forehead, receding fron-
tal hairline, sparse hair, sparse eyebrows, transparent skin, epicanthal
folds, hypertelorism, short philtrum, wide cupid bow, tented upper lip
and everted lower lip vermilion. b Brain MRI images of the affected
individuals. Upper row, patient 3 (Family 1, II-10): axial FLAIR
image at the age of 2 years and 8 months shows abnormal hyperin-
tense signal in the occipital periventricular white matter bilaterally
(left); on midline sagittal images a thin corpus callosum is noted
(right). Lower row, patient 7 (Family 4, II-1): axial FLAIR image
at the age of 1 year and 2 months shows abnormal hyperintense sig-
nal in the periventricular white matter of frontal and occipital region
bilaterally, but mainly in the occipital regions (left). On midline sagit-
tal images a thin corpus callosum is noted (right)

Patient 5 (Fig. 2a, Family 2, II-3) is the third child of
first-cousin parents of Israeli Arab origin (Table 1). His
mother was noted to have bilateral ptosis. Individual was
born after an uneventful pregnancy at 40 weeks of gesta-
tion by vaginal delivery. At 2 months of age, he suffered
from pneumococcal meningitis. At the age of one year

@ Springer
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Fig. 2 Pedigrees and mutation analysis. a Pedigrees and mutation
segregation in the families with affected individuals. Individuals
affected or likely affected are represented by filled black symbols.

the patient was observed to have gross psychomotor retar-
dation and hearing loss. He had head lag with inability
to straighten his back and thus unable to carry his own
weight. There was lack of movements on the right side, as
well as a weak grab with his left hand. The patient was
noted to have a friendly disposition and a constant smile.
Clinical features, among others (Table 1) included micro-
phthalmia, microcornea, congenital cataract and grooved
tongue.

Patient 6 (Fig. 2a, Family 3, 1I-1) came into the clinic
at 3 years presented with multiple congenital anomalies,
severe microcephaly and global developmental delay.
Clinical examination showed for strabismus but there were
no structural eye abnormalities (Table 1). She had failure
to thrive and chronic otitis media. The brainstem evoked
response audiometry (BERA) examination showed hearing
loss, mainly conductive, 45 dB on the right and 65 dB on
the left. Visual evoked potentials (VEP) examination was
normal. She could sit independently but could not stand
unsupported. At the age of 4 years, she had a one-word

@ Springer

N indicates the wild-type allele and M indicates the mutation. b
Sequence chromatograms show the homozygous mutant (M), the het-
erozygous carrier (C) and a non-carrier (WT) individual

vocabulary. Seizures were well controlled by Valproate
treatment.

Patient 7 (Fig. 2a, Family 4, II-1) is the first of two chil-
dren born to non-related Israeli Arab parents originating in
the same village. This patient was born after a pregnancy
complicated with polyhydramnios at 40 weeks of gesta-
tion by vaginal delivery. Eye examination showed bilateral
cataract (additional clinical features are listed in Table 1).
He had a good eye contact. At the age of 3 years, he had
no words and had severe psychomotor retardation. Brain
MRI images of the affected individual at the age of 1 year
and 2 months showed abnormal hyperintense signal in the
periventricular white matter of frontal and occipital region
bilaterally, but mainly in the occipital regions (Fig. 1b).

None of the affected individuals, including a 13-year-
old patient, developed ability to speak or were able to walk
independently. All affected individuals have large nevus
flammeus simplex on the forehead. Other features common
to all or most of the patients include sparse hair, sparse eye-
brows, transparent skin, epicanthal folds, hypertelorism,
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Table 2 Segregation of candidate variants identified by whole exome sequencing

Gene list chr Position REF ALT Substitution list Segregation

NPAS1 chrl9 47544375 C T p-(Arg212Cys) c.1208C>T c.683C>T  Variant did not segregate with the disease phenotype
MED25 chrl9 50321714 A G p-(Tyr39Cys) Variant segregate with the disease phenotype
MYHI14 chrl9 50735262 G A p-(Arg342Gln) p.(Arg350GlIn) Variant segregate with the disease phenotype
ZNF525 chr19 53884101 T C p-(Ile54Thr) p.(11e90Thr) Variant did not segregate with the disease phenotype
LOC284379 chr19 54103610 G A p.(Thr131Ile) Variant did not segregate with the disease phenotype

short philtrum, wide cupid bow, tented upper lip and
everted lower lip vermilion (Fig. 1a).

Laboratory evaluation, performed in at least one affected
individual, included blood cell count and peripheral blood
smear, renal and liver function tests, total bilirubin, uric
acid, albumin, blood electrolytes, blood amino acids, thy-
roid function tests, blood very-long-chain fatty acids, blood
transferrin analysis to exclude congenital disorders of gly-
cosylation (CGD), urine organic acids and urine mucopoly-
saccharides. All the results were normal.

Whole exome sequencing

The coverage recorded for the six obtained exome sequenc-
ing samples demonstrated an average coverage of 71x
(12x = SD). The homozygotic genomic area (chrl9:
450,000,000-550,000,000) contained 2600 targeted regions
(787Kbp total sequenced) in 399 genes. None of these
regions had null coverage in all samples (Supplemen-
tal List S1). The average coverage of regions per sample
was >100x (Supplemental Table S2). Under a hypothesis
of homozygous recessive mode of inheritance, a total of
17 variants segregating with the disease were identified.
Namely, all affected individuals displayed homozygous
mutations, whereas parents displayed heterozygosity for
a normal and a disease allele. Interestingly, 14 of these 17
variants formed a ~7 Mb homozygosity region in the two
affected individuals and spanning approximately through
chromosome 19: 47,500,000-54,743,000. The three addi-
tional variants were found in chromosomes 1, 5 and 19.
A total of twelve variants were ruled out due to their pub-
lished global minor allele frequencies, to concentrate on
the rare variants in the population, since this syndrome is
presumed to be very rare. The remaining five variants were
all missense variants found in NPASI, MED25, MYH14,
ZNF525 and LOC284379 genes (Table 2). Segregation
studies, completed on all additional patients that were
not included in the exome genotyping, filtered out all but
two gene variants: MYHI4 ¢.1049G>A [NM_001077186
p-(Arg350GIn) 1s373908919] and MED25 c.116A>G
[NM_030973 p. (Tyr39Cys)]. Although the segregation
studies on the MYH 14 gene have not ruled it out (Table 2),
the position of its mutated amino acid was not found to be

conserved (ConSurf analysis, data not shown). In addition,
this variant has been found in homozygous state in two con-
trol individuals in our local database; moreover, this variant
has been found many times in the general population in the
ExAC database (Supplemental Table S2), excluding it from
further studies. Mutations in this gene are associated with
non-syndromic autosomal dominant hearing loss, while
parents of all the affected individuals and all the patients
had normal hearing, except for the patient 6 with the his-
tory of bacterial meningitis and patient 5 with conductive
hearing loss.

DNA of 204 chromosomes from control individu-
als of Arab origin was tested for MED25 gene variant by
restriction analysis. None of the individuals tested carried
the mutation found in the affected individuals. Screen-
ing for MED25 gene variant c.116A>G [p.(Tyr39Cys),
NM_030973] in random 80 healthy individuals was per-
formed in the same Muslim Israeli Arab village from where
the families with MED25 mutation originated. Among the
village founders were families whose ancestors migrated
from Sudan and descendants of families who came to Pal-
estine from Egypt accompanying Muhammad Ali’s troops
in 1834. Mutation testing revealed that 7/80 of the subjects
were carriers of p.(Tyr39Cys) mutation, thus reflecting the
founder effect among the inhabitants of the village.

Bioinformatics analysis

Regions that are evolutionarily conserved between human
and various species are shown in supplemental Figure S1A.
The 747-residue protein includes 4 domains (Supplemen-
tal Figure S1B). The MED25 Y39C mutation is located
towards the end of the coding region of exon 1 in a con-
served position of the VWA domain (Fig. 3c). VWA-related
domain is implicated in the recruitment of the Mediator
complex. Although both tyrosine and cysteine are polar
residues, replacement of the aromatic amino acid tyrosine
by any other residue is not tolerated and is predicted to be
probably damaging with high score (0.97, PolyPhen-2)
(Adzhubei et al. 2010). According to the NCBI Homolo-
Gene database, high conservation among vertebrates is
found for MED25 protein, with 99 % identity between
human and rhesus, 91 % identity with mouse, 93 % identity
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Fig.3 MED?25 protein structure prediction. a MED25 model struc-
ture presented as ribbons and colored by conservation scores as
calculated by Consurf, based on the multiple sequence alignment
described in “Materials and methods”. The most conserved residues
are colored burgundy and the most variable residues are colored
cyan. Residues in the hydrophobic core are presented as transpar-
ent spheres. The figure was generated using Pymol. b MED25 model
structure presented as ribbons and colored by the hydrophobicity
scale of Kyte-Doolittle (hydrophobic residues in red, hydrophilic

with rat and 79 % with zebrafish. The protein is also found
in invertebrates and in plants. MED25 is ubiquitously
expressed; with the highest levels present in the brain,
heart, kidney, peripheral leukocytes, placenta, skeletal mus-
cle and spleen (Yang et al. 2004 and UniProt). The model
structure of human MED25 suggests that Tyr39 is located
on an alpha-helix, pointing towards the core of the domain,
surrounded by conserved hydrophobic residues from adja-
cent helix and beta strands (Fig. 3). A cysteine in position
39 may compromise the hydrophobic core formation dur-
ing domain folding or may change the disulfide bonding
network in this domain and thus disrupt the proper folding
of this domain.

Functional consequences of the Y39C mutation

The Y39C point mutation is localized in the MED2S5 region
(VWA domain) responsible of the MED25 recruitment into
the Mediator complex (Mittler et al. 2003). To detect poten-
tial effects of this mutation on MED25-Mediator interac-
tion, co-immunoprecipitation experiments were performed

@ Springer

residues in blue). Residues in the hydrophobic core are presented
as transparent spheres. The figure was generated using Pymol. ¢
Sequence logo view of the first 70 residues of MED25 (Y39 position
is highlighted in red rectangle) from Domain Mapping of Disease
Mutations (DMDM) database. Amino acids are colored according
to their chemical properties: polar residues in green, basic in blue,
acidic in red, and hydrophobic in black. The overall height of the let-
ter within the stack reflects the relative frequency of the residue at
this position

upon transfection in mammalian cells (as described in the
“Materials and methods”) (Verger et al. 2013). When WT-
MED?25 was recovered with anti-Flag antibodies, subu-
nits encompassing all Mediator modules were also pulled
down. By contrast, none of these Mediator subunits was
recovered when YC-mutated MED25 was immunoprecipi-
tated. Our results clearly indicate that the YC point muta-
tion in the MED25 VWA domain dramatically impairs
MED?2S5 interaction with the Mediator complex (Fig. 4).

Discussion

In this study, we show that a homozygous mutation in
MED?25 is responsible for a hitherto previously unde-
scribed syndrome characterized by severe intellectual
disability, characteristic dysmorphic features, congeni-
tal eye abnormalities, corpus callosum abnormalities and
other congenital abnormalities. While this manuscript was
under revision, an article was published on homozygous
missense p.(Argl40Trp) mutation in MED25 in a large
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Fig.4 The Y39C MED25 mutation impaired Mediator recruitment.
WT or YC mutated Flag-NLS-MED25 was expressed in 293-HEK
cells. Cellular extracts were precipitated with anti-Flag antibody
(IP-a-Flag) and various co-immunoprecipitated Mediator subunits
(Med1, Med6, Med14, Medl6, Med23, Med24 and CdKS8) were
detected with the corresponding antibodies. Aliquots of the same
extracts (before and after immunoprecipitation) were analyzed with
the same antibodies to detect exogenous proteins in the cellular
extracts. Anti-Flag detection was also performed to assess precipita-
tion efficiency and comparable WT and YC MED?25 production levels

consanguineous family from Northeastern Brazil in which
seven adults were diagnosed with syndromic intellectual
disability (Figueiredo et al. 2015). Facial features described
in the present study, such as prognathism, prominent chin
and very large and overhanging nose tip, were not observed
in the affected individuals described in that article, possi-
bly due to the evolvement of these features with age. Eye
abnormalities were not described in the reported patients,
while in the families described in our report cataract and, in
some cases, microcornea were present in 6 out of 7 affected
individuals. A thin corpus callosum was also a constant
feature amongst our patients. The differences observed
between the patients reported by Figueiredo et al. and the
patients described in this report might be attributable to the
different localization and severity of the mutation, although
both mutations are localized within VWA domain.

The clinical and radiological features observed in the
patients described in this study partially overlap with
other eye-brain syndromes such as MICRO syndrome
and eye—muscle-brain syndromes; however, the overall
constellation of features is recognizable and distinct from
other syndromes. Mutation in MED25 was associated with
axonal form of Charcot—Marie-Tooth disease type 2B2 in
one study (Leal et al. 2009). However, no additional cases

have been described since the original publication in 2009
and further evidence is needed to prove that mutations in
MED?25 cause CMT2B2.

We identified a carrier rate of 8.7 % among the inhabit-
ants of the village from which all the families described in
this study originated. The high prevalence of the mutation
can be explained both by the founder effect owing to the
generally high consanguinity rate among the inhabitants of
the village, and also because several families in this village
had excessive numbers of intellectually disabled offspring
due to founder mutations of other genes related to intellec-
tual disability (CC2DIA gene) and thus were unacceptable
as marriage partners to the other families in the same vil-
lage (Basel-Vanagaite et al. 2006b).

In eukaryotes, protein-coding genes are transcribed by
RNA polymerase II. The initiation of transcription and its
regulation requires initiation factors, DNA-binding tran-
scription factors as well as transcription co-activators. The
Mediator complex is the complex that forms the bridge
between transcription factors bound at the upstream regu-
latory elements and the general transcription machinery
at the core promoter region (Kornberg 2005). It functions
as a transcriptional co-regulator by conveying signals
from activators and repressors to the RNA polymerase II
transcription machinery (Malik and Roeder 2010). It has
approximately thirty polypeptide subunits that are highly
conserved from human to yeast; the complex has four parts
including a core, a head, a tail, and a kinase module. The
MED?25 subunit is found exclusively in higher eukaryotes.
MED?25 is believed to function in chromatin modification
and pre-initiation complex assembly by recruiting CBP and
the Mediator complex (Lee et al. 2007). It regulates the
activation of transcription by several transcription factors,
including the retinoic acid receptor RARa (Lee et al. 2007),
the orphan receptor HNF4a (Rana et al. 2011) and the
chondrogenic factor Sox9 (Nakamura et al. 2011). Down-
regulation of MED25 by siRNA specifically reduces RAR
but not thyroid hormone receptor activity, and stimulation
of RAR by MED25 has been correlated with enhanced RA
cytotoxicity in vivo (Lee et al. 2007). Depletion of MED25
disrupts the association of several PEA3 group transcrip-
tion factors with the Mediator complex in vitro (Verger
et al. 2013). We demonstrated that the Y39C point mutation
in the MED25 VWA domain dramatically impairs MED25
interaction with the Mediator complex, thus strongly sug-
gesting that this mutation is causative of the disease. Inter-
estingly, in zebrafish, morpholino-mediated knockdown
of MED?25 leads to palatal malformation (Nakamura et al.
2011), resembling the palatal phenotype observed in our
patients. Other genes encoding MED complex proteins that
are known to be involved in the pathogenesis of human
disorders include autosomal recessive intellectual dis-
ability (MED23), microcephaly, postnatal progressive, with
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seizures and brain atrophy syndrome (MEDI17), X-linked
Ohdo syndrome, Lujan—-Fryns syndrome and Opitz—Kaveg-
gia syndrome (MED12). These syndromes, as the syndrome
described here, are all characterized by intellectual dis-
ability. It was shown using two-hybrid in vitro assays that
the interactions of mutated Medl1 subunit with Med17,
Med22, and Rad3 were decreased (Esnault et al. 2008).

In summary, we have described seven patients with a new
clinically recognizable Eye—ID syndrome and have shed light
on the pleiotropic clinical effects of the MED25 mutation.

Web resources

The URLs for data presented herein are as follows:

UniProt (Universal Protein Resource), http://www.uni-
prot.org/uniprot/Q71SY5.

Online Mendelian Inheritance in Man (OMIM), http://
www.omim.org/.

About MODELLER, https://salilab.org/modeller/about_
modeller.html.

Pymol, http://www.pymol.org/.
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