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ARTICLE

MED13L pathogenic missense variants 
impair protein stability and interaction, 
underlying diverse clinical outcomes
Thomas Smol, 1,4, * Frédéric Frenois, 1 Morgane Billotte, 1 Roseline Caumes, 1 Leonie A. Menke, 2 
Amara Nassar-Sheikh Rashid, 2 Caroline Thuillier, 1 Didier Monté, 3 Florence Petit, 1 Alexis Verger, 3
and Jamal Ghoumid 1, *

Summary

Heterozygous pathogenic variants in the Mediator complex subunit 13-like gene located in the locus 12q21.21 (MED13L) are associated 
with intellectual disability, developmental delay, and distinctive facial features. While nonsense and frameshift variants typically 
cause haploinsufficiency, resulting in a well-characterized clinical presentation, missense variants have been associated with a broader 
range of phenotypes, including epilepsy and severe motor delay. In this study, we investigated five pathogenic missense variants in 
MED13L—c.2597C>T p.Pro866Leu, c.2605C>T p.Pro869Ser, c.3392G>A p.Cys1131Tyr, c.5695G>A p.Gly1899Arg, and c.6485C>T p. 
Thr2162Met—associated with different clinical severities. We identified significant reductions in protein stability across these variants, 
with some exhibiting aberrant cytoplasmic localization, suggesting disruptions in structural integrity and function. In particular, exon 
15 variants (p.Pro866Leu and p.Pro869Ser) correlated with severe phenotypes, including epilepsy and severe motor impairment, 
whereas p.Gly1899Arg and p.Thr2162Met were associated with milder manifestations. 3D protein modeling suggested that these mis- 
sense variants may disrupt MED13L’s interaction with the CDK8 kinase module, leading to functional deficits. Our findings highlight 
different pathogenic mechanisms, ranging from protein instability to altered molecular interactions, that contribute to the clinical 
variability observed in MED13L-related disorders.

Introduction

Heterozygous pathogenic variants of the Mediator com- 
plex subunit 13-like gene located in the locus 12q21.21 
(MED13L; MIM: 608771), which result in haploinsuffi- 
ciency, have been identified as the cause of MED13L-re- 
lated intellectual disability in patients presenting with 
moderate to severe global developmental delay, distinc- 
tive facial features, and, in some cases, cardiac defects 
(MIM: 616789). 1–7 Heterozygous nonsense or frameshift 
variants leading to a loss of function have been associated 
with the condition. 1,2,4 Then, several pathogenic missense 
variants clustered in exons 15–17, 25, and 27–31 have 
been reported in patients with a broader clinical pheno- 
type, including epilepsy and severe gross motor delay. 5–7 

The functions of the MED13L protein remain partially 
unresolved, and the precise functional consequences of 
missense pathogenic variants remain unknown. The en- 
coded protein is a paralog of MED13 (MIM: 603808), an- 
other subunit of the Mediator complex. 2,8 Both subunits 
are components of the highly conserved CDK8 kinase 
module (CKM), along with MED12 (MIM: 300188) or its 
paralog MED12L (MIM: 611318), CDK8 (MIM: 603184) 
or its paralog CDK19 (MIM: 614720), and cyclin-C

(MIM: 123838). 9 The CKM is thought to be involved in re- 
pressing gene expression by preventing interactions be- 
tween the core Mediator complex and RNA polymerase 
II (RNA Pol II). 10 MED13 and MED13L mediate the inte- 
gration of the CKM into the core Mediator complex, in 
particular by interacting with MED19 (MIM: 612385) 
and regulating the interaction between MED26 (MIM: 
605043) and the carboxyl-terminal domain of RNA poly- 
merase through their intrinsically disordered regions 
(IDRs). 10–12 Within the CKM, MED13L can replace 
MED13 and, conversely, can do so in an exclusive manner 
depending on the cellular context. 13 Dissociation of the 
CKM from the core Mediator complex is mediated by 
MED13 or MED13L degradation through a ubiquitin-pro- 
teasome-mediated mechanism. 9 Subsequently, associa- 
tion of the core Mediator complex with RNA Pol II can 
be achieved for gene transcription. 11,14 

We aimed to elucidate the mechanisms associated 
with the pathogenic MED13L missense variants. We 
selected five variants located in exons 15, 17, and 30 
that cause either a severe or a typical MED13L syndrome 
phenotype: c.2597C>T p.Pro866Leu, 6 c.2605C>A p. 
Pro869Ser, 6,8 c.3392G>A p.Cys1131Tyr, 7 c.5695G>A 
p.Gly1899Arg, 15,16 and c.6485C>T p.Thr2162Met. 16,17
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We observed that different mechanisms may be involved 
in the pathogenicity of missense variants, leading to a loss 
of function correlating with disease severity.

Methods

Patient and molecular data
Patient clinical and genetic data used for these studies were previ- 
ously reported in other publications or databases. The five mis- 
sense variants analyzed in this study—p.Pro866Leu, p.Pro869Ser, 
p.Cys1131Tyr, p.Gly1899Arg, and p.Thr2162Met— have been 
previously described as pathogenic or likely pathogenic. They 
were selected based on their clinical recurrence in public data- 
bases (ClinVar and HGMD), phenotypic relevance, and func- 
tional domain representation. 6–8,15–25 Variants such as p.Pro866- 
Leu, p.Gly1899Arg, and p.Thr2162Met have been reported in 
multiple individuals, while p.Pro869 is a mutational hotspot 
with multiple pathogenic substitutions. Although p.Cys1131Tyr 
is not recurrent, it was included due to its association with a no- 
tably severe phenotype, allowing us to explore potential variant- 
specific effects. 7 Among the patients included in this study, one 
individual carrying the recurrent c.2606C>T p.Pro869Leu variant 
represents a previously unpublished case (P6, supplemental 
note). Written informed consent for the publication of clinical 
and genetic data was obtained from the patient’s parents in ac- 
cordance with institutional ethical guidelines.

Plasmid construction
An expression plasmid containing the full-length 6,633 bp cDNA 
for the human MED13L gene (GenBank: NM_015335.5) with an 
N-terminal triple 3xFLAG tag was custom designed and obtained 
from VectorBuilder (Cyagen Biosciences, Santa Clara, CA, USA) 
for transfection assays. The Q5 Site-Directed Mutagenesis Kit 
from NEB (New England Biolabs, Ipswich, MA, USA) was used 
to introduce single-nucleotide variants into the wild—type 
(WT) MED13L plasmid expression vector sequence according to 
the manufacturer’s protocol. Mutagenic primers were designed 
using the NEBaseChanger tool available online to analyze 
the previously described pathogenic missense variants p.Pro866- 
Leu, 6 p.Pro869Ser, 6,8 p.Cys1131Tyr, 7 p.Gly1899Arg, 15,16 and 
p.Thr2162Met. 16,17 All mutagenesis products were confirmed by 
Sanger sequencing.

Cell culture and transfection
HEK293 cell lines were cultured in DMEM supplemented with 
10% fetal bovine serum, 2 mM L—glutamine, 100 UI/mL penicil- 
lin, and 100 μg/mL streptomycin at 37 ◦ C with 5% CO 2 . Plasmids 
were transfected using Lipofectamine 2000 (Thermo Fisher Scien- 
tific, Waltham, MA, USA) according to the manufacturer’s in- 
structions. The day before transfection, 0.5 × 10 6 cells were plated 
in 6-well plates. Cells were then transfected with 2 μg of plasmid 
DNA containing either WT sequences or mutant sequences. Ex- 
periments were performed in triplicate.

Western blot analysis
Cells were harvested 96 h after transfection. HEK293 cells were 
then lysed in ice-cold lysis RIPA (Radio-ImmunoPrecipitation As- 
say) buffer complemented with Complete Protease Inhibitor 
Cocktail (Roche Life Science, Penzberg, Germany). The lysates 
were centrifuged at 20,000 rpm for 10 min at 4 ◦ C. The superna-

tants were separated from the debris, and the protein concentra- 
tion was determined by the BCA (BiCinchoninic Acid) method. 
For each condition, 20 μg of total proteins was mixed with 
NuPAGE LDS Sample Buffer 4× (Thermo Fisher Scientific) and 
heated at 100 ◦ C for 5 min. Denatured proteins were separated 
on NuPAGE 3%–8% tris-acetate protein gels (Thermo Fisher Sci- 
entific) and transferred to a nitrocellulose membrane. Blots 
were incubated overnight at 4 ◦ C with monoclonal anti-FLAG 

M2 antibody (1:500; Sigma-Aldrich, St. Louis, MO, USA) for 
3xFLAG-MED13L detection and monoclonal β-tubulin antibody 
(1:5,000; CliniSciences, Nanterre, France) as a control. Mem- 
branes were then incubated with secondary antibody goat anti- 
mouse immunoglobulin (Ig)G (H+L) and HRP conjugated 
(SouthernBiotech, Birmingham, AL, USA) for 1 h at RT and re- 
vealed with SuperSignal West Dura Extended Duration Substrate 
(Thermo Fisher Scientific). Quantification was performed using 
the ImageJ software (Rasband, Bethesda, MD, USA). All experi- 
ments were performed in triplicate.

Co-immunoprecipitation
HEK293 human cells were transfected with 6 μg of pcDNA3 3xFLAG 

WT and mutant MED13L plasmids using Lipofectamine 3000 based 
on the manufacturer’s recommendations. Mock-transfected cells 
were used as controls. After 24 h, cells were washed with phos- 
phate-buffered saline (PBS) and lysed in 1 mL buffer containing 
50 mM Tris/HCl (pH 8), 250 mM NaCl, 1 mM EDTA, 1 mM TCEP, 
10% glycerol, 3 mM MgCl 2 , and 0.1% Igepal CA-630. After centrifu- 
gation, the extracted proteins were incubated with 30 μL of anti— 

FLAG M2 affinity gel (Sigma A2220) on a rotating wheel overnight 
at 4 ◦ C. After extensive washing, the precipitated proteins were iden- 
tified by western blot. The antibodies used to detect Mediator subu- 
nits were from Bethyl Laboratories (anti—Med12 A300—774A 
[1:5,000], anti-cyclin C A301—989A [1:5,000], and anti—CDK8 
A302—500A [1:2,500]). The antibody used to detect FLAG 

hMED13L derivatives was from Sigma (monoclonal anti-FLAG M2 
peroxidase [HPR] A8592 [1:10,000]). Western blot was performed 
using an ECL kit (Amersham GE Healthcare Life Sciences) according 
to the manufacturer’s recommendations. HRP—conjugated secon- 
dary antibodies were used at 1:5,000 and were purchased from 

Amersham GE Healthcare Life Sciences. All the membranes were 
scanned on an ImageQuant LAS 500 (GE Healthcare Life Sciences).

Immunofluorescence
Transfected HEK293 cells were fixed for 40 min in PBS—2% par- 
aformaldehyde, washed 3 times in ice—cold PBS, permeabilized 
in PBS—0.1% Triton for 20 min, and then blocked in blocking 
buffer (4% BSA and 0.05% Tween 20) for 60 min at 4 ◦ C. Cells 
were incubated with anti-FLAG M2 antibody (1:750), produced 
in mouse, overnight at 4 ◦ C, followed by Alexa Fluor 488 anti- 
mouse IgG (H+L) (1:1,000; Thermo Fisher Scientific) for 1 h at 
room temperature (RT). After counterstaining with 3 μL of Vecta- 
shield antifade mounting medium with DAPI (1.5 μg/mL, Vector 
Laboratories), cells were visualized using confocal microscopy 
(Zeiss LSM170 Airyscan). Immunofluorescence experiments 
were performed in triplicate, with 3 independent transfections 
and 3 independent plasmid preparations. Cellular localization 
was determined for each cell on at least 4 fields (on average, 50 
cells per variant), and the proportions of nuclear versus cytoplas- 
mic localization for each variant were compared to the WT using 
one-way ANOVA with uncorrected Fisher’s least significant differ- 
ence. A significance threshold (p value) of 0.05 was used.

2 Human Genetics and Genomics Advances 6, 100467, July 10, 2025



3D structure predictions and sequence alignments
The structural model for the MED13L protein was obtained from 

the AlphaFold Protein Structure Database, based on the complete 
UniProt: Q71F56 protein sequence and its distinct subunits: N 

terminus, C terminus, IDRs, and the MedPIWI-like (P-element In- 
duced WImpy testis) domain. 26 To model the effects of the p. 
Cys1131Tyr, p.Gly1899Arg, and p.Thr2162Met variants, the pro- 
tein structure was modified with ChimeraX using the swapaa 
command. 27 The 3D impact was evaluated with the Phyre2 
tool. 28 Conservation analysis of the selected residues was 
carried out through multiple sequence alignment using ClustalW 

with UniProt: Q71F56 (Homo sapiens), H2NIS6 (Pongo abelii), 
F7FWX5 (Macaca mulatta), Q6JPI3 (Mus musculus), and 
Q9UHV7 (MED13, Homo sapiens). 29 The localization of conserved 
residues in the MED13 paralog was examined using the human 
CDK8 module structure (PDB: 8TQC). 12 The MED13L Cys1131 
residue corresponded to MED13 Cys1093, Gly1899 to Gly1863, 
and Thr2162 to Thr2126.

Results

Phenotypic presentations associated to clustered 
MED13L missense variants 
Phenotypic data were compared for 7 different missense 
variants identified in 13 patients: p.Pro866Leu 6 (n = 1), 
p.Pro866Ala (n = 1, ClinVar: SUB15371444), p.Pro 
869Ser 6,8 (n = 3), p.Pro869Leu (n = 1), p.Cys1131Tyr 7 

(n = 1), p.Gly1899Arg 15 (n = 3), and p.Thr2162Met 6,17 

(n = 3) (Table S1). All variants were de novo. Pathogenic 
missense variants were classified into two groups based 
on a combination of clinical severity and location within 
or outside known mutational hotspots. 
Variants in exons 15 and 17 (p.Pro866Leu, p. 

Pro869Ser, and p.Cys1131Tyr) were grouped together 
due to their position within a highly conserved region 
(Asp860–Pro879) and their association with more 
severe phenotypes. The first group was associated with 
a severe phenotype characterized by epilepsy or abnor- 
mal electroencephalogram (EEG) (4/5), severe motor im- 
pairment with an inability to walk independently (6/6), 
and large palpebral fissures in addition to the known fa- 
cial characteristics (5/5). The p.Cys1131Tyr variant was 
also linked to a severe motor phenotype; at the age of 
6 years, the affected patient was only able to sit 
independently. 7 

In contrast, variants in exons 25 and 30 (p.Gly1899Arg 
and p.Thr2162Met) were associated with typical MED13L 
syndrome presentations, including moderate global de- 
velopmental delay and facial features such as upslanting 
palpebral fissures, hypertelorism, bulbous nasal tip, hypo- 
tonia, and an open mouth (Table S1). 6,7 The second group 
lies outside the exon 15—17 hotspot.

In vitro analysis of transient expression of MED13L 
variants 
Western blot analysis of whole-cell extracts from cells 
transiently expressing 3xFLAG—MED13L WT and mu- 
tants revealed single bands at about 245 kDa (Figure 1A).

In comparison to MED13L WT levels, a significant de- 
crease in protein levels was observed across all conditions. 
The most pronounced reductions were observed for p. 
Pro866Leu, p.Cys1131Tyr, and p.Gly1899Arg, with ratios 
of 0.006, 0.008, and 0.02, respectively (p < 0.001). The lev- 
els for p.Pro869Ser and p.Thr2162Met exhibited fewer 
substantial reductions, with values of 0.14 and 0.08, re- 
spectively (p < 0.001) (Figure 1B).

Cellular localization of MED13L mutant proteins 
Immunofluorescence assays were conducted in the 
HEK293 cell line following transfection with various 
MED13L mutants. The majority of cells exhibited nuclear 
localization for the WT and the p.Pro869Ser mutant, with 
nuclear-to-cytoplasmic ratios of 80:20 and 70:30, respec- 
tively. In contrast, the other mutant conditions demon- 
strated a significant alteration in cellular localization, 
with predominant cytoplasmic translocation observed 
for p.Pro866Leu, p.Cys1131Tyr, p.Gly1899Arg, and 
p.Thr2162Met (Figure 1C). The ratios for these conditions 
were 34:66, 45:55, 30:70, and 25:75, respectively 
(Figure 1D).

Interaction between MED13L and CKM complex 
subunit 
To evaluate the capacity of WT or mutant MED13L to in- 
teract with MED12 and CDK8, co-immunoprecipitation 
experiments were conducted with equivalent expression 
levels in the input samples. Utilizing an anti—FLAG 

antibody for immunoprecipitation, MED12 and CDK8 
antibody signals were detected with comparable band in- 
tensity for the WT, p.Pro866Leu, p.Pro869Ser, p.Cys1131- 
Tyr, and p.Thr2162Met mutants. The intensity of the anti- 
MED12 and anti-CDK8 signals was diminished solely 
in the recurrent p.Gly1899Arg mutant (Figure 1E). 
The potential reduction in interactions between the 
p.Gly1899Arg variant and other members of the CKM 

was further corroborated in a subsequent co—immuno- 
precipitation experiment targeting MED12, CDK8, and 
cyclin-C (Figure 1F).

Residue conservation and 3D structural protein 
models 
The pathogenic missense variants were localized within 
the IDR of the MED13L protein for p.Pro866Leu and 
p.Pro869Ser, between the IDR and the MedPIWI-like do- 
main for p.Cys1131Tyr, and in the C-terminal domain 
for p.Gly1899Arg and p.Thr2162Met (Figure 2A). All var- 
iants involved highly interspecies conserved residues 
that are also conserved in the human paralog MED13 pro- 
tein (Figure 2B). 3D models were generated for 3 of the 5 
pathogenic missense variants. As p.Pro866Leu and 
p.Pro869Ser involve residues located in an IDR domain 
with very low model confidence scores according to the 
AlphaFold prediction tool, models for these variants 
were not provided. 26
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The residue Cys1131 is in the central region of the pro- 
tein and is in proximity to several residues that participate 
in hydrogen bonding between the N- and C-terminal re- 
gions. These interactions include Arg1126 with Phe169, 
Arg1126 with Ser1958, Asn1127 with Leu171, Asp1129 
with Arg1903, and Ser1130 with both Glu1954 and 
Lys2129 (Figure 2C). The substitution of Cys1131 with 
Tyr1131 is predicted to introduce steric clashes with resi- 
dues Gln2093, Pro2094, and Phe1128. This spatial overlap 
implies potential structural instability that may disrupt 
proper protein folding. Furthermore, the substitution is 
predicted to result in the formation of a novel hydrogen 
bond with Cys1136, which could modify the rigidity of

the protein structure (Figure 2D). 28 The recurrent patho- 
genic variant p.Gly1899Arg is located within a predicted 
β sheet secondary structure. This residue forms hydrogen 
bonds with Tyr1830 and Val1951 (Figure 2E), which are an- 
ticipated to be preserved following the substitution of 
Gly1899 with Arg1899. However, the p.Gly1899Arg 
substitution replaces a small, buried, and uncharged gly- 
cine residue with a bulky, positively charged arginine resi- 
due. This change is predicted to introduce steric clashes 
with nearby residues Val1951, Met1953, and Phe2196, 
potentially disrupting the local structural integrity 
(Figure 2F). 28 The recurrent p.Thr2162Met mutant also in- 
volves a highly conserved residue near Lys2160, a known

Figure 1. Localization, stability, and integration of pathogenic missense variants
(A) Western blot showing protein levels in cells expressing wild-type or mutant MED13L.
(B) Relative quantification of total MED13L protein levels under different conditions. A significant decrease in MED13L levels was ob- 
served in all mutant conditions, with the greatest instability associated with p.Pro866Leu, p.Cys1131Tyr, and p.Gly1899Arg. Statistical 
comparisons between wild-type and mutant MED13L were performed using a t test (***p < 0.005). 
(C and D) Immunofluorescence studies revealed a nuclear localization for the wild-type condition, while all protein alterations 
except p.Pro869Ser showed an altered localization. 
(E and F) Co-immunoprecipitation assays showed a reduced interaction between the p.Gly1899Arg variant of MED13L and MED12, 
CDK8, and cyclin—C. The 3xFLAG blot of input samples confirms equal expression of wild-type and mutant MED13L.
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ubiquitination site (Figure 2G). The substitution of 
Thr2162 is predicted to alter hydrogen bonding by break- 
ing the bond with Leu2095 (Figure 2H).

Discussion

MED13L—related intellectual disability syndrome is char- 
acterized by a combination of speech impairment, motor 
delay, intellectual disability, and distinctive facial fea-

tures. 1,2,4 In this study, we investigated five pathogenic 
missense variants identified in patients with the more se- 
vere spectrum of the disease, involving residues Pro866, 
Pro869, and Cys1131. In addition, we included two recur- 
rent missense variants, p.Gly1899Arg and p.Thr2162Met, 
that were identified in patients with the typical MED13L 
syndrome phenotype. 15,16,21 

Exon 15 of MED13L, which encodes part of the IDR, has 
been identified as a hotspot for pathogenic variants. Due 
to the very low confidence score for the predicted

Figure 2. MED13L conservation and structural predictions
(A) Schematic representation of human MED13L highlighting conserved N- and C-terminal domains, a potential intrinsically disor- 
dered region (IDR), and the predicted PIWI-like domain.
(B) Multiple sequence alignment showing the conservation of Pro866, Pro869, Cys1131, Gly1899, and Thr2162 residues across species. 
(C and D) Wild-type and predicted mutant conformations and interactions for the p.Cys1131Tyr substitution. The predicted hydrogen 
bond between Cys1131 and Phe1128 stabilizes an α helix formed by residues Arg1126-Asn1127-Phe1128-Asp1129-Ser1130, which par- 
ticipates in interactions with both the N- and C-terminal regions of the protein. Substitution with Tyr1131 is predicted to create a new 
interaction with residue Cys1136. 
(E and F) Wild-type and predicted mutant conformations and interactions for the p.Gly1899Arg substitution. The Gly1899 residue is 
part of a β strand and contributes to an 8-stranded antiparallel β sheet structure. Substitution of the buried Gly1899 with Arg1899 is 
predicted to cause a steric clash with surrounding residues within the β sheet structure. 
(G and H) Wild-type and predicted mutant conformations and interactions for the p.Thr2162Met substitution. The side chain of 
Thr2162 forms hydrogen bonds with residues Leu2166 and Leu2095, the latter being lost upon the introduction of Met2162. 
Reference and alternative residues are underlined in (C)–(H).
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structure of the IDR, modeling of the protein IDR associ- 
ated with exon 15 was not feasible. 26 However, the do- 
main spanning residues Asp860 to Pro879 appears to be 
critical for MED13L function, as heterozygous missense 
variants such as c.2579A>G p.Asp860Gly, c.2591T>A p. 
Met864Lys, c.2590A>T p.Met864Leu, c.2596C>G p.Pro86 
6Ala, c.2597C>T p.Pro866Leu, c.2600C>T p.Thr867Ile, 
c.2605C>G p.Pro869Ala, c.2605C>T p.Pro869Ser, c.2605C>A 
p.Pro869Thr, c.2633C>T p.Ser878Phe, and c.2636C>T 
p.Pro879Leu have been reported as pathogenic. 6,8,30,31 

Among these, variants p.Pro866Ala, p.Pro866Leu, 
p.Pro869Ser, and p.Pro869Leu are associated with more 
severe phenotypes. Affected individuals commonly 
present with large palpebral fissures in addition to the 
known facial characteristics (4/4), epilepsy or abnormal 
EEG (5/5), inability to walk independently (6/6), and se- 
vere feeding difficulties (5/6). Clinical data from the novel 
patient P6, who carries the p.Pro869Leu variant, further 
corroborate the specific phenotype linked to variants af- 
fecting the Pro869 residue (Table S1). Of note, functional 
analyses were limited to five missense variants due to our 
focus on investigating one representative substitution at 
each of the Pro866 and Pro869 residues, which are part 
of a mutational hotspot. 
The precise biological mechanism underlying the severe 

phenotype is difficult to ascertain since the p.Pro866Leu 
and p.Pro869Ser variants exhibit differential behavior. 
We observed that the p.Pro866Leu mutant variant shared 
similarities with the other studied variants—p.Cys1131- 
Tyr, p.Gly1899Arg, and p.Thr2162Met—with cytoplasmic 
localization and protein instability, consistent with a loss- 
of-function pathogenic mechanism, while p.Pro869Ser 
exhibited more stable protein expression and partial nu- 
clear localization, closely resembling the WT condition, 
arguing for the dominant-negative effect of the mutant 
protein or the possibility of a neomorphic effect with 
dominant or semi-dominant properties. Further studies, 
including transcriptomic analyses, will be necessary to 
clarify its precise functional impact. In addition to the al- 
terations in protein stability and cellular localization, it is 
possible that other mechanisms are implicated in the 
pathogenic consequences of the p.Pro866Leu and 
p.Pro869Ser variants. This is particularly relevant given 
that both mutant proteins retain their capacity to interact 
with the other CKM subunits. Residues Pro866 and Pro869 
are highly conserved and close to several predicted phos- 
phorylation sites, Thr867, Ser870, and Ser878, and are ad- 
jacent to proline residues Pro866, Pro868, Pro869, Pro875, 
and Pro879. 32,33 The exact role of the phosphorylation 
sites between residues Asp860 and Pro879 remains unde- 
termined. Both residues are located within an IDR, which 
is defined by a continuous stretch of disorder-promoting 
residues. IDRs contribute to the formation of large interfa- 
ces that interact with multiple partners. Consequently, 
these domains have been implicated in critical processes, 
such as orchestrating protein-protein interactions, includ- 
ing signaling and regulatory pathways. 34 Recent advances

using cryoelectronic microscopy and cross-linking mass 
spectrometry have revealed an important role for the 
IDR in MED13 in blocking the interaction of the MED26 
subunit and the carboxyl-terminal domain of RNA Pol II 
with the core Mediator complex. 11,12 As the phosphoryla- 
tion sites are also close to several proline residues, we hy- 
pothesize that these pathogenic substitutions could alter 
the phosphorylation state of this part of the IDR. This 
could lead to a change in structural organization through 
local proline cis/trans isomerization, resulting in secon- 
dary structure changes and modification of the local fold- 
ing organization. 35 Therefore, these substitutions could 
alter the ability of MED26 to interact with the Mediator 
complex, with a gain— or loss—of—function effect. 11,12 

The pathogenic missense variation p.Cys1131Tyr was 
associated with a severe motor phenotype and no epilepsy 
in the reported patient. 7 The mutant variant was associ- 
ated with putative protein instability, as indicated 
by low levels detected by western blotting and a shift in 
cellular localization to the cytoplasmic compartment 
(Figures 1A–1C). The substitution did not affect the assem- 
bly of the CKM. Residue Cys1131 is predicted to C-cap an 
α helix composed of residues Arg1126—Asn1127— 

Phe1128—Asp1129—Ser1130. The side chain of Cys1131 
is also predicted to form a hydrogen bond with the car- 
boxylate functional group of Phe1128, stabilizing the α 
helix. This secondary structure is likely to be critical for 
the proper folding of the MED13L protein, as residues 
from the α helix are predicted to form hydrogen bonds 
linking the N-terminal and C-terminal regions of the pro- 
tein. 12,26 This substitution could affect the stabilization of 
the α helix, leading to the pathogenic mechanism through 
loss of function. 
The buried Gly1899 residue is located within a β strand 

that forms part of an 8-stranded antiparallel β sheet struc- 
ture. The recurrent p.Gly1899Arg variant showed a signif- 
icant decrease in ex vivo stability, possibly due to protea- 
some degradation. 9 Substitution of the buried Gly1899 
with an Arg1899 is predicted to result in a steric clash 
with surrounding residues within the β sheet organiza- 
tion. This substitution was observed to affect the interac- 
tions of MED13L with other CKM components, CDK8, 
MED12, and Cyclin-C, most likely reducing the integra- 
tion of the p.Gly1899Arg mutant protein into the CKM 

module and leading to a loss-of-function mechanism. 
This finding is consistent with the involvement of 
Gly1899 in a β sheet, as such structures have been reported 
to facilitate protein-protein interactions. 36 Similar effects 
have been described in MED12-related diseases. In cancer, 
the p.Leu1224Phe variant has been shown to affect bind- 
ing to MED13L. In Opitz-Kaveggia (MIM: 305450) and 
Lujan-Fryns (MIM: 309520) syndromes, the p.Arg961Trp 
and p.Asn1007Ser variants have been associated with ab- 
normalities in CDK8 recruitment. 37,38 

The p.Thr2162Met pathogenic substitution was also lo- 
cated in a hotspot of pathogenic variants, including 
c.6485C>A p.Thr2162Lys, c.6488C>T p.Ser2163Leu, and
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c.6530C>A p.Ser2177Tyr variations. 6,17,39 The side chain 
of residue Thr2162 is predicted to form a hydrogen 
bond with the carboxylate functional group of residue 
Leu2095, which is located at the N terminus of a β strand 
involved in an antiparallel β sheet structure. The 
Leu2095—Thr2162 hydrogen bond connects residues 
Ser2002, Pro2094, Thr2162, and Ser2163, all of which 
are associated with pathogenic missense variants. The sub- 
stitution of Thr2162 with Met2162 is predicted to disrupt 
the interaction with Leu2095. Consequently, the 
p.Thr2162Met substitution could disrupt the proper fold- 
ing of MED13L, thereby compromising potentially critical 
proximity between these residues required for MED13L 
function, as Lys2160 is predicted to be a ubiquitination 
site. The cytoplasmic localization and presumed instabil- 
ity of the pathogenic mutant protein, in the context of 
the typical phenotype observed in patients (Table S1), sug- 
gests a loss-of-function rather than a gain—of—function 
effect of the substitution. 6,17 

Variants in components of the CKM are linked to over- 
lapping neurodevelopmental syndromes through various 
functional mechanisms. Pathogenic missense variants 
have been identified in intellectual developmental disor- 
der related to CDK8 (MIM: 618748) and developmental 
and epileptic encephalopathy related to CDK19 (MIM: 
618916). Phosphorylation assays have shown decreased 
kinase activity for pathogenic missense variants in 
CDK8, leading to loss-of-function effects. In contrast, 
CDK19 variants exhibit both decreased and increased kin- 
ase activity, resulting in either loss- or gain—of—function 
effects. 40,41 Pathogenic variants in CDK19 are associated 
with a phenotype similar to MED13L syndrome, but var- 
iants that decrease kinase activity often cause a more se- 
vere presentation, including epilepsy, similar to patients 
with MED13L exon 15 missense variants. 41 Pathogenic 
missense variants in MED13 are linked to mild to moder- 
ate neurodevelopmental disorders (MIM: 618009). Inter- 
estingly, these variants cluster within the phosphodegron 
motif, which is necessary for binding with the SCF—Fbw7 
ubiquitin ligase for degradation. This clustering may pre- 
vent protein degradation, leading to increased MED13 
protein levels. 9,42 No pathogenic missense variants have 
been described in the phosphodegron of the MED13L pro- 
tein. Pathogenic variants in MED12 cause a range of 
X—linked intellectual disability disorders, including 
Opitz—Kaveggia, Lujan—Fryns, Ohdo (MIM: 300895), 
and Hardikar (MIM: 301068) syndromes. Some clinical 
features overlap between MED13L syndrome and both 
Opitz—Kaveggia and Lujan—Fryns syndromes, including 
moderate intellectual disability, poor speech, and facial 
hypotonia. These similarities make MED13L syndrome 
more closely related to MED12 disorders than to MED13 
neurodevelopmental syndrome. 15 In addition to variant- 
specific functional consequences, the clinical variability 
observed among individuals with MED13L—related dis- 
ease may be influenced by other factors, including genetic 
modifiers, epigenetic changes, and environmental influ-

ences. Similar multifactorial contributions have been re- 
ported in other neurodevelopmental disorders, where 
background genetic variant and epigenetic regulation 
modulate the penetrance and severity of phenotypes. 43 

Future studies integrating multi-omic approaches may 
help to identify such modifiers and improve understand- 
ing of the variability associated with MED13L pathogenic 
variants. 
Functional analysis of MED13L pathogenic missense 

variations has identified several potential pathogenic 
mechanisms underlying the disease, highlighting the 
complexity of functional approaches. These variations 
are likely to have different effects by affecting one of the 
many functions of the MED13L protein. This study also 
suggests potential novel MED13L functions, such as 
the involvement of exon 15 phosphorylation sites in the 
MED13L structural conformation, the role of the 
Gly1899 residue in facilitating interactions that embed 
MED13L within the CKM, and the critical importance of 
the MED13L C-terminal domain conformation.
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Supplementary Note: Case Report – patient 6 

 

A 3.24-year-old child harboring a de novo heterozygous missense variant in MED13L (c.2606C>T; 

p.Pro869Leu) presented with severe developmental delay, profound speech impairment limited to 

vocalizations, and global motor delay. Growth parameters were significantly impaired, with a height 

of 88.0 cm (−2.84 SDS), weight of 8.6 kg (weight-for-height −5.6 SDS), and head circumference of 

45.5 cm (−2.5 SDS). Neurological examination revealed hypotonia, while hypertonia and ataxia were 

absent. 

 

Brain MRI identified a slightly shortened corpus callosum, steep Sylvian fissures, and bilateral 

incomplete hippocampal folding. EEG was abnormal, with irregular background activity and focal 

frontal abnormalities, though no epileptiform discharges or clinical seizures were confirmed. 

Behavioral concerns included significant sleep disturbances, but autism spectrum features were not 

assessed. 

  

Craniofacial features included a sloping forehead, bulbous nasal bridge and tip, Cupid-bow upper lip, 

thin vermillion border, hypotonic open-mouth appearance, small, low-set ears, but without significant 

facial asymmetry or common dysmorphisms such as epicanthus or hypertelorism. The patient had no 

congenital heart defects, with normal ECG and echocardiography. 

  

Feeding difficulties were profound, requiring tube feeding, and were complicated by cyclic vomiting 

necessitating a Roux-en-Y jejunostomy, with persistent failure to thrive despite medical therapy. 

Additional history revealed that the patient has a motility disorder of the gut, contributing to the cyclic 

vomiting. Although duodenal feeding has been implemented, the patient continues to experience 

weekly episodes of vomiting, which only resolve when feeding is temporarily replaced with oral 

rehydration solution (ORS), further complicating nutritional status and weight gain. 

  

Additional anomalies included unilateral hypoplastic cochlear nerve, bilateral severe visual 

impairment, hemisacralisation of L5, and scoliosis up to 35 degrees. 

 



Supplementary Table S1: phenotypic description of patients carrying pathogenic MED13L missense variants 
Patient 1 2 3 4 5 6 7 8 9 10 11 

Reference Smol et al. (P20) 
DECIPHER 

#268019 
Smol et al. (P28) 

Smol et al 

(P35) 
Yi et al. Present study Torring et al. 

Caro-Llopis et 

al. 
Bessenyei et al. Smol et al. (P14) Bowling et al. 

MED13L 

variants 
p.Pro866Leu p.Pro866Ala p.Pro869Ser p.Pro869Ser p.Pro869Ser p.Pro869Leu p.Cys1131Tyr p.Gly1899Arg p.Gly1899Arg p.Thr2162Met p.Thr2162Met 

Inheritance 

patterns 
de novo de novo de novo de novo de novo de novo de novo de novo de novo de novo de novo 

Age at 

examination 
15 y. NA 12 y. 24 y. 4y.5m. 3y. 3m. 6 y. 8y NA 4y.4m. NA 

DD/ID Severe Severe Severe Severe Severe Severe Severe Severe Moderate Moderate Moderate 

Speech delay Absent speech NA Absent speech Absent speech Absent speech Absent speech Absent Absent 
Little expressive 
speech 

First words at 4y. Speech delay 

Motor skills 
Ability to walk lost 

at 10y. 
NA 

No independent 

walking 

Ability to walk 

lost at 10y. 

Severe motor 

delay 

No independent 
walking 

Walking not 

acquired  

Head control, no 

independent sitting  

Head control: 7 

m., sitting: 17 m. 
Delay Walking at 26m. NA 

Seizure 
Late onset infantile 

spasms 

Abnormal EEG 

and seizure 
Yes 

Lennox-
Gastaut 

syndrome 

No seizure 

Abnormal EEG 
(spike and slow 

wave rapid 

rhythm) 

Abnormal EEG No seizure No epilepsy 
Focal bilateral 
abnormal waves 

on EEG 

No seizure NA 

Atypical 

Neurological 

findings 

ASD 
Primary 

microcephaly 

ASD 

Microcrephaly 
No 

ASD 

Microcephaly 
  

Major hypotonia 
spastic paraparesis, 

dystonia (extremities 

and tongue) 

ASD with 

aggressive 
behavior 

No NA Microcephaly 

Brain MRI Normal 
Agenesis of 
corpus callosum 

Hypoplasia 

corpus callosum 
Delayed 

myelinisation 

Diffuse 

cortical 

atrophy 

Enlarged 

bilateral lateral 

ventricles 

Slighlty too 

short corpus 

callosum; too 
steep course of 

Sylvius and 

incomplete 
folding of the 

hippocampus 

on borh sides 

Enlarged ventricular 
Partial agenesis of the 

corpus callosum, 

Dandy-Walker 
variant 

Enlarged peri-
cerebral space 

Normal Normal Normal 

Feeding 

difficulties 

Severe weight loss 

in spite of enteral 
nutrition 

Gastrostomy 

tube feeding in 
infancy 

Sond-feeded until 
3 m. age 

Severe weight 

loss in spite of 
enteral 

nutrition 

no 

Severe weight 
loss in spite of 

enteral nutrition 
– Cyclic 

vomiting 

No No No No No 

Atypical facial 

feature 

Large palpebral 

fissures 
NA 

Large palpebral 

fissures 

Large 

palpebral 
fissures 

NA 
Large palpebral 

fissures 
Blepharophimosis No Long face NA No 

Miscellaneous 
Nystagmus 

Craniosynostosis 

Retinal 

dystrophy, 

severely 
reduced visual 

acuity, scoliosis 

No Severe myopia 

Odontoprisis, 

appendicular 

muscular 

atrophy, 

hyperlaxity of 
the joints, 

scoliosis, 

spontaneous 
facture of femur 

Severe visual 

impairment - 
Scoliosis 

Microphthalmia 

Bilateral corneal 
opacities 

Renal cyst No No No 

ASD: Autism Spectrum Disorder; EEG: Electroencephalography;NA: non-available 
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