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SUPPLEMENTARY METHODS: 

Supplementary Methods 1. Splicing Assay  

A region spanning part of SLC4A10 intron 1 (343 bp) and intron 2 (259 bp), containing the complete 5´ 

UTR (55 bp) and Exon 2 (81 coding bp) sequences was directly PCR-amplified from patient (mutant) 

and wild-type genomic DNA samples with primers containing additional XhoI and BamHI restriction 

sites listed in Supplementary Table 1. Clean-up and restriction enzyme digestion of the PCR amplicon 

and pSPL3 exon trapping vector was performed prior to ligation between the vector-containing exons 

A and B of the linearized vector. The vector was transformed into DH5α competent cells (NEB 5-alpha, 

New England Biolabs, Frankfurt, Germany), plated and incubated overnight. Colonies with patient and 

wild-type containing sequences were selected for correct size using colony PCR with an SD6 forward 

and the SLC4A10-specific reverse primer. Colonies with an insert of the correct size were used to 

inoculate overnight cultures of liquid LB-ampicillin for plasmid isolation. The wild-type and mutant-

containing vector sequences were confirmed by Sanger sequencing. 

A limitation of the minigene assay is that splicing machinery cannot recognize the splice acceptor-

deficient first coding exon. To facilitate recognition of exon 2, we used site-directed mutagenesis 

(SDM) at position c.-8G>T to create a “decoy” splice acceptor site at position c.-3. (NEB Q5 Site 

Directed Mutagenesis Kit, New England Biolabs, Frankfurt, Germany) per manufacturer’s protocol. 

SDM primers were designed with NEBase Changer version 1.3.3 (New England Biolabs, 

https://nebasechanger.neb.com/). Colonies cultured overnight for next-day plasmids isolation were 

Sanger sequence verified.  

The sequence-confirmed vectors with mutant and wild-type sequence, as well as two replicates each 

of the SDM-treated plasmids were transfected into HEK 293T cells (ATCC, Manassas, VA, USA) as 

previously described (1). RT-PCR followed using vector-specific SD6 forward and SA2 reverse primers. 

Initial sequencing of the SDM-wild-type (c.81+2T) cDNA showed double peaks, prompting TA cloning 

with the pCR2.1 vector (ThermoFisher, Darmstadt, Germany) following standard protocols. Colonies 

cultured overnight for next-day plasmid extraction were Sanger sequence-verified using M13 primers. 

The amplified fragments were visualized on a 1% agarose gel and Sanger sequenced.  

 

SUPPLEMENTARY RESULTS 

Dysmorphological assessment  

Facial photographs and videos reviewed for 7 children from 3 families (Patients 4-10 from Families 3, 

4 and 5). No photographs were available for review from patients 1-3 from Families 1 and 2).  Figure 

4A shows the facial photographs of all 7 patients. Their dysmorphic features were described based on 

terminology recommended by Elements of Morphology.  Where no term was available for a 

dysmorphic feature seen in a patient, HPO terminology was used instead.  Detailed facial dysmorphic 



features for all 7 patients are shown in Table 1 and they are tabulated using unique HPO IDs in 

Supplementary Table 7 to generate frequency of each feature. 

SUPPLEMENTARY FIGURES 

Supplementary Figure 1. Phasing details of 2 missense variants identified in patient 3 from Family 2 

A. Genomic DNA samples from F2:I1 and F2:II1 were emulsified into aqueous droplets in an oil-

aqueous reverse emulsion. Allele-specific fluorescence probes were used to detect alleles at two 

different loci (GRCh38; chr2:161905754 C>T, c.1864C>T (p.Arg622Trp)-FAM, blue; and GRCh38; 

chr2:161879234 G>C, c.1052G>C (p.Arg351Thr)-HEX, green). Depending on the alleles in the droplets, 

they would be positive for one fluorophore (blue or green), positive for both fluorophores (orange), 

or positive for neither fluorophore after PCR. Trans-alleles partition into droplets independently. 

Therefore, co-partitioning (orange) is determined by chance. Cis- alleles tend to co-segregate into the 

same droplets; co-partitioning significantly exceeds random expectations.  B. Co-partitioning of the 

two alleles could be disrupted by restriction enzyme digestion at a site between the cis-alleles; then 

co-partitioning would happen to the amount predicted by chance. RsaI restriction enzyme was used 

and droplet populations are the same before and after digestion. As a result, variants seem to have a 

trans configuration (2).  

 

Supplementary Figure 2 Genome-wide homozygosity mapping from WES data. 

The AutoMap tool (3) was used to create homozygosity mapping for the 4 probands harbouring 

homozygous SLC4A10 variant (F1:IV5, F3:V4, F4:V2, and F5:V8). The identified SLC4A10 variant-

containing regions of homozygosity are shown in the red rectangle. (Blue regions represent detected 

ROHs.) 

 

Supplementary Figure 3 Multiple sequence alignment. 

Multi-species alignments of SLC4A10, showing locations of the conserved residues (asterisk) and 

each of the missense variants identified in this study (in black rectangle). 

 

Supplementary Figure 4 The SLC4A10 c.81+2T>C variant causes exon skipping. A. Schematic 

illustration of the minigene constructs and RT-PCR results for the c.81+2T>C variant. The pSPL3 vector 

contains two exons (exons A and B, purple) spanning a multiple cloning site with XhoI and BamHI 

restriction sites that were used for cloning of the intron 1 (343 bp) and intron 2 (259 bp)-spanning 

region that include the 5´ UTR (grey, 55 bp) and exon 2 (81 bp, ATG start codon marked in green) 

regions (light blue). The c.-8G>T variant that was created through site-directed mutagenesis (SDM) is 

indicated by an upward pointing arrow. Gel electrophoresis of the reverse‐transcription polymerase 

chain reaction (RT‐PCR) from the variant (c.81+2C), wild‐type (WT, c.81+2T), and empty pSPL3 vector 

amplicons, as well as transfection‐negative control shown to the right. Sanger sequencing confirmed 

the identity of the normally spliced and exon 2-skipping amplicons, that are equivalent to the empty 

vector control. B. In silico splice predictions of the wild‐type (top, red T) and c.81+2T>C (bottom, red 

C) show near-unanimous abolishment of the native splice donor site. C. In silico splice predictions of 

the modified (c.-8G>T) 5´ UTR of SLC4A10 by SDM show the creation of an artificial splice acceptor site 



at position c.-3 to allow exon-recognition and thus provide an RNA-level assay read-out. D. The SDM 

modification at position c.-8 is necessary for 5´ UTR and exon 2-inclusion in the WT construct and 

allows assessment of the c.81+2T>C canonical splice variant. The gel electrophoresis shows RT-PCRs 

of non-SDM treated (lanes 2 and 5) versus SDM-treated (lanes 3-4 and 6-7) pSPL3 constructs 

containing the c.81+2C variant and WT (c.81+2T) amplicons, respectively. Each variant and WT 

transfection using plasmids subjected to SDM were performed twice. Lane 1: 100 bp ladder, Lane 2: 

pSPL3 SLC4A10 c.81+2C variant SDM negative, Lane 3; pSPL3 SLC4A10 c.81+2C variant replicate 1, Lane 

4: pSPL3 SLC4A10 c.81+2C variant replicate 2, Lane 5: pSPL3 SLC4A10 c.81+2T WT SDM negative, Lane 

6: pSPL3 SLC4A10 c.81+2T WT replicate 1, Lane 7: pSPL3 SLC4A10 c.81+2T WT replicate 2, Lane 8: PCR 

negative control. White arrows indicate faint bands. 

 

Supplementary Figure 5 Expression of alternatively spliced transcripts of SLC4A10 

The SLC4A10 MANE select transcript used for annotating variants is 

NM_001178015.2/ENST00000446997.6 (black arrow) while the transcript that was used for testing 

the c.81+2T>C variant corresponds to NM_001178016.1/ENST00000375514.9 (blue arrow), ranked 

second and third in terms of isoform expression, respectively. Exon 2 harbouring the c.81+2T>C variant 

is boxed in black. Source: https://gtexportal.org/home/gene/SLC4A10 

Supplementary Figure 6 Neuroimaging features. 

Gray matter nodular heterotopias in three subjects with SLC4A10 variants (P1, P2 and P3). Axial (A, E, 

I) and sagittal (B, C, F, G, J, K) reformatted 3D T1 weighted images and coronal T2-weighted (D, H, L) 

images demonstrate multiple small nodules of gray matter heterotopia extending from the temporo-

occipital periventricular regions to the temporo-occipital cortex with a peculiar curvilinear disposition 

(yellow arrows). 

 

SUPPLEMENTARY TABLES 

Supplementary Table 1  List of Primer Sequences 

Minigene assay  

hu SLC4A10 Ex2 XhoI F aattctcgagTTTGCAACAGACACATTGGA 

hu SLC4A10 Ex2 BamHI R attggatccCTCTTCCTTTACCGCCCTCT 

Site-directed mutagenesis 

Q5SDM_SLC4A10_c.-8G_T_F TCTTTTGTAAtACAGGAAATGCAG 

Q5SDM_SLC4A10_c.-8G_T_R TAATCACAGCCATCTCTATG 

Sequencing 

SD6 F TCTGAGTCACCTGGACAACC 

SA2 R ATCTCAGTGGTATTTGTGAGC 

M13 F GTAAAACGACGGCCAG 

M13 R CAGGAAACAGCTATGACC 

 All sequences are given in the 5' to 3' direction. 

 



Supplementary Table 2. Variant Table 

Available as a separate excel file 

 

Supplementary Table 3 Variants identified in WGS-WES 

Available as a separate excel file 

 

Supplementary Table 4 In silico splice prediction scores 

 Splice-site Finder 
[0-100] 

MaxEnt 
[0-12] 

NNSPLICE 
[0-1] 

GeneSplicer 
[0-24] 

 Wild-
type 

Muta
nt 

% 
change 

Wild-
type 

Muta
nt 

% 
change 

Wild
-type 

Muta
nt 

% 
change 

Wild-
type 

Muta
nt 

% 
change 

c.81 
splice 
donor1 

84.50 81.70 -3.3% 9.46 0 -100% 0.99 0 -100% 1.61 0 -100% 

c.-3 
decoy 
splice 
acceptor2  

0 91.17 +91.17
% 

0.79 6.30 697.8% 0 
 

 

0.67 +67% 
 

0 3.81 +15.9% 

1Change in splice prediction scores at the native c.81 splice donor site due to the c.81+2T>C variant. 

2Site-directed mutagenesis of a c.-8G>T variant created a new splice acceptor site at the c.-3 

position. 

Supplementary Table 5 Extended clinical table.  

Available as a separate excel file 

Supplementary Table 6 Detailed facial dysmorphic features.  

Available as a separate excel file 

Supplementary Table 7 The frequency of each dysmorphic feature.  

Available as a separate excel file 

Table of clinical details of patient 11 from family 6  

Seizures: yes 



seizure type:  
1.) Epileptic spasms 
2.) Dialeptic seizures 
3.) Myoclonic seizures 
4.) Atonic seizures 

Frequency of seizures before and after therapy (intractable seizures/seizure controlled with [please 
specify medication]) 
Intractable seizures with a frequency of several seizures per hour 

Duration: minutes 

Age of onset: first year of life 

evolution 

Status epilepticus 
never 

Clustering  
no 

Associated manifestations: 
Profound global developmental delay 
Dystonic movement disorder 
Muscular hyptonia 
Feeding difficulties (PEG feeding) 
Bilateral hip luxation 

EEG (Initial and follow up) 
1. Dialeptic and myoclonic seizures 
2. Spikes and spike-wave complexes bilaterally 
3. Continuous slowing bifrontal  

Anti-epileptic drugs (AEDs) (indicate drug, duration of therapy and response to therapy) 
 
Previous drugs without response to therapy 
Sultiame (12.08.2014 – 13.01.2015) 
Clobazame (01.09.2014 – 06.03.2015) 
Vigabatrine (02.09.2014 – 23.04.2015) 
Vitamin B6 (20.12.2014 – 20.01.2015) 
Pulsatile Steroids Methylprednisolonee)  in August 2014  
Topiramate (23.01.2015 – 10.10.2015) 
Ethosuximide (11.06.2015 – 02.07.2015) 
Valproate (07.08.2015 – 18.10.2015) 
Levetiracetam (25.01.2016 – 04.02.2016) 
Modified Atkins diet (14.10.2015 – 15.04.2016) 
Dronabinol (09.03.2016 – 28.08.2016) 
Lacosamide 2018 
Perampanel (05.06.2018 – August 2018) 
Oxcarbazepin (24.08.2021 – 24.09.2021) 
Lamotrigin März 2022 
Cannabidiol 11/2021 – 01/2022 
Current treatment: Dronabinol 

 

Clinical delineation of patient 11 from family 6 



The 9-year-old affected girl from family 6 was suffered from seizures starting in the first year of life, 
which were described as infantile spasms, myoclonic, dialeptic and atonic seizures (further clinical 
details in the supplementary material). Seizures were intractable with a frequency of several seizure 
attacks per hour that last a few minutes. She has a severe-to-profound GDD/ID, muscular hypotonia, 
and progressive choreiform and dystonic movement disorder with feeding difficulties (PEG feeding) 
and bilateral hip luxation. Brain MRI at the age of 8 revealed non-specific findings such as the 
incomplete rotation of the hippocampi and thinning of the corpus callosum.  
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