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Abstract SLC6A1 is associated with an autosomal dominant early-onset seizure and epilep-
tic encephalopathy associated with intellectual disability. We present a 2-yr-old girl with
developmental delay and epilepsy, using a new computational filtering impact score to
show the patient’s variant ranks with other pathogenic variants. Genomic studies within
the patient revealed a G443D variant of uncertain significance. Structural and evolutionary
assessments establish this variant as a loss of function to the protein. Compiled metrics
through our custom tools on sequence, structure, and protein dynamics combined
with PolyPhen-2, PROVEAN, SIFT, and Align-GVGD reveal this variant to rank in the top
functional outcome changes relative to gnomAD, TOPMed, and ClinVar variants known
to date. The patient was resistant to multiple epileptic drugs, finally finding that valproic
acid controls the seizures. This is consistent with additional groups studying SLC6A1 vari-
ants within patients.

CASE PRESENTATION

The patient is a 2-yr-old Hispanic child with developmental delay and epilepsy. She did not
walk until 20 mo of age. She has speech delays and has been diagnosed with autism spec-
trum disorder. She had previously been evaluated by physical therapy and speech therapy
and was measured to be delayed by ∼3 mo. At ∼19 mo of age, her mother noted recurrent
episodes of staring and unresponsiveness. During these events, she would display sudden
behavioral arrest and staring, lasting 10–15 sec at a time. Upon resolution, she would imme-
diately return to her baseline. An electroencephalogram (EEG) was obtained and confirmed
the presence of absence seizures involving generalized 3-Hz spike-and-wave complexes last-
ing <10 sec. Clinically, she displayed brief behavioral arrest with upward eye deviation and
eyelid flutter.

In light of the clinical presentation and EEG findings, the patient was started on ethosux-
imide. Her seizures continued despite escalating doses of ethosuximide.Over the next 3mo,
her mother also witnessed multiple falls with her seizures. The patient was transitioned from
ethosuximide to zonisamide. Her seizures continued on zonisamide despite escalating
doses. A 24-h EEG was obtained at 24 mo of age. This displayed generalized background
slowing, rhythmic posterior δ activity, loosely organized generalized 3-Hz spike-and-wave
discharges, and numerous absence seizures. This EEG was remarkable for worsening en-
cephalopathy when compared to the tracing at 19 mo of age. Valproic acid was added to
the patient’s regimen after her long-term video-EEG monitoring study. Her seizure burden
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became significantly improved after starting valproic acid; however, she had occasional
breakthrough seizures in the setting of fatigue and illness. Clobazam was added to her reg-
imen, which provided further seizure control. She was diagnosed to be on the autism spec-
trum by 30 mo of age, after undergoing a full physical and psychological evaluation at the
Autism Spectrum Disorders Assessment Clinic.

TECHNICAL ANALYSIS

The patient was referred to Medical Genetics at 22 mo of age. Neither the maternal nor pa-
ternal family history shared her clinical findings (Table 1). A chromosomal microarray was ob-
tained and found to be normal. A comprehensive epilepsy gene panel evaluating 181 known
epilepsy-causing genes was obtained (Invitae), with follow-up performed on both parents.
Variants were assessed through our previously published sequence-to-structure-to-function
workflow (Prokop et al. 2017), comparing the patient variant to all gnomAD, TOPMed, and
ClinVar missense variants for SLC6A1. These tools develop a high density conservation and
evolutionary selection map of each amino acid and the additive conservation of motifs while
also developing a quantitative map of biophysical insights of the protein structure. All vari-
ants were assessed with PolyPhen-2, PROVEAN, SIFT, and Align-GVGD. A total of 18 nsec of
molecular dynamics simulations (mds) were run on a lipid membrane-embedded SLC6A1
protein model using the AMBER03 force field (Duan et al. 2003). Using mds is a way to track
atomic movement based on biophysical parameters, allowing for taking 3D structure quali-
tative insights and translating them into quantitative assessments of protein folding.

VARIANT INTERPRETATION

Genetic testing revealed six genemutations as noted on Table 2. One de novo heterozygous
variant of uncertain significance (VUS) was present in SLC6A1. Heterozygous variants for
GRIN2B, KANSL1, andMBD5were inherited from the unaffected father, changing their clas-
sification from VUS to likely benign. CERS1 and SLC25A22 also had one heterozygous var-
iant each, but these are both autosomal recessive linked disorders, thus classifying the
variants as noncausal.

Our top VUS was found within the SLC6A1 gene that codes for the sodium- and chloride-
dependent GABA transporter one protein (GAT-1). GAT-1 is important in GABA concentra-
tion management in synapsis and has been associated with myoclonic–atonic epilepsy with
some variability in epilepsy types, whereas most patients have an intellectual disability with
autistic features similar to this patient (Carvill et al. 2015; Johannesen et al. 2018; Mattison
et al. 2018). Johannesen et al. also report that the genetic etiology of childhood absence ep-
ilepsy can include SLC6A1. This is consistent with our patient’s epilepsy phenotype. Similar
to the findings from Johannesen et al., we find that valproic acid is an effective drug in seizure
control, whereas clobazam has also provided some benefit. This may be related in part to the

Table 1. Clinical findings

Feature Proband Mother Father

Developmental delay Yes No No

Epilepsy Yes No No

Episodes of staring and unresponsiveness Yes No No

Autism Yes No No
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positive effects that both of these medications have on the GABA system. GAT-1 acts as a
voltage-regulated transmembrane transporter that reuptakes GABA from the synaptic cleft
by process of a Na+ and Cl− exchange for GABA, with mouse knockouts showing spike-wave
discharges (Jin et al. 2011; Carvill et al. 2015). Modulation of GABA by various means has
been shown to minimize the myoclonic–atonic seizures (Palmer et al. 2016).

As of early 2020, ClinGen annotates “sufficient” evidence for haploinsufficiency-linked
disorder for SLC6A1 with 229 deposited cases of SLC6A1 variants in ClinVar. Of these, 29
missense variants are annotated as pathogenic or likely pathogenic. A total of 67 (29.3%)
have been annotated as VUSs similar to the patient presented here, highlighting the need
for additional insights of variant linked pathology outside of phenotype matching, linking
VUSs to pathogenic variants using bioinformatics. Evolution and structural analysis of the
SLC6A1 G443D variant suggests a loss of function to the protein. A protein model for
SLC6A1 was generated and embedded into a lipid membrane (Fig. 1A), revealing the
G413 site to be found at the base of an α-helix (Fig. 1B,C) that is well-packed within the struc-
ture based on mds (Fig. 1D). Alterations of the flexible Gly to a polar acidic residue at this
position will disrupt helix formation, disrupting the transmembrane helix packing. A deep
evolutionary analysis of 225 species’ open reading frames (ORFs) for SLC6A1 reveals amino
acid 443 to fall in a highly conserved region (Fig. 1E) under very high selection (Fig. 1F). The
conservation and selection confirm the critical need for the flexible Gly residue at this posi-
tion. Integrating the conservation for each amino acid with a sliding window of conservation
tomap important motifs and functional predictions (PolyPhen-2, PROVEAN, SIFT, and Align-
GVGD), we developed a numerical value for all known SLC6A1 variants. Variant impact for all
gnomAD/TOPMed, ClinVar, and patient variants reveals theG443D to fall near several other
ClinVar variants with high variant impact scores including several pathogenic variants (Fig.
1G). The G443D combined impact is one of the highest categorized annotations, ranking
14th out of 254 variants assessed (Fig. 1H) and falls three-dimensionally near L214 and
S437 previously associated with disease (Fig. 1I). The mds data supports G443 to be critical
in the folding of the protein, with movement far below the average of all other variant groups
(Fig. 1J). The structural, evolutionary, and functional bioinformatics can confirm clustering of
impactful variants between VUS and pathogenic. This data supports theG443D variant to be
a loss-of-function site for SLC6A1, ranking as one of the most impactful VUSs within ClinVar
annotations, clustering in score to pathogenic variants. We also noted that one variant anno-
tated as likely benign for intellectual disability, I292T, scores very highwith conservation in all
species assessed and functional damaging call in all tools used. A second ClinVar inclusion
for I292T linked to myoclonic–atonic epilepsy has the variant entered as a VUS.

In combination we show the variant is de novo in proband with confirmed lack of pres-
ence in parents and paternity confirmed through the presence of other rare variants (PS2)
and is absent in controls of gnomAD/TOPMed (PM2), and we have multiple lines of compu-
tational evidence (PP3) ranking the variant as likely pathogenic using American College of
Medical Genetics and Genomics (ACMG) standards (Richards et al. 2015). In addition, we
show that pharmacogenomics aligns our likely pathogenic variant in SLC6A1 with known
successful drug response.

SUMMARY

In conclusion, we identify a variant in SLC6A1, G443D, that associates with seizures and
developmental delay. Based on assessments to all known variants in SLC6A1, we show
thatG443 is a far outlier for functional impact and structural fold contribution, which indicates
its critical loss-of-function role in SLC6A1. This represents a novel strategy for SLC6A1 as-
sessments for VUSs that can be used in future screening projects.
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Figure 1. SLC6A1 variant analysis. (A,B) Structural model of SLC6A1 (gray) in a lipid membrane (A, multicol-
ored) or alone (B). The top represents a view of the protein from the extracellular surface, whereas the bottom is
from a cross section of the membrane. On B, theG443 position is marked and the zoom-in view is provided on
the right. (C ) 3D printed model ofG443 (red) on SLC6A1 (gray) with a cutout of the membrane (cyan) available
at www.shapeways.com/product/AAUK2K5JU/slc6a1?li=marketplace&optionId=150795805. (D) Molecular
dynamic simulation of the SLC6A1 protein model in A shown for the carbon α root mean squared deviation
(RMSD) for each amino acid averaged throughout 18 nsec of simulation. These values provide quantitative
values for amino acids well packed (low RMSD) and those found within loops with no atomic hindrance in
movement, with most values of SLC6A1 here low, suggestive of a well-folded protein. The bottom red box
is a zoom-in view of amino acid 443 region showing high stability of the structure. (E) Deep evolutionary anal-
ysis using 225 species open reading frame sequences for SLC6A1. The plot shows a slidingwindow calculation
for each site (plus 10 upstream and downstream), identifying the most selected and conserved linear motifs
within the gene. Amino acid 443 is identified in red. (F ) Zoom-in view of conservation for amino acid 443
(red) linear motif. The numbers above represent the percent of sequences with synonymous/nonsynonymous
variants throughout evolution. (G) Variant impact scoring for all TOPMed/gnomAD (gray), ClinVar (benign or
likely benign in green, pathogenic or likely pathogenic in orange, VUS in cyan), and patient (red) variants for
SLC6A1. (H) Box and whisker plot for each group plotted in G, with colors consistent within G–J. This shows
that the value clustering for each ClinVar annotation was likely pathogenic, pathogenic values are seen elevat-
ed over gnomAD/TOPMed and benign annotation, and only a few VUSs score high including G443D in red.
(I ) Clustered 3D variants on SLC6A1 relative to the patients with the same colors as those labeled inH. The lipid
membrane is shown in magenta. (J) Root mean squared fluctuation (RMSF) of variant groups. The values show
the averagemovement of each amino acid throughout biochemical simulations in which benign and gnomAD/
TOPMed variants have higher movement and all other groups (excluding a few VUSs and pathogenic variants)
are low, suggestive of well-packed amino acids including G443D.

http://www.shapeways.com/product/AAUK2K5JU/slc6a1?li=marketplace&optionId=150795805
http://www.shapeways.com/product/AAUK2K5JU/slc6a1?li=marketplace&optionId=150795805
http://www.shapeways.com/product/AAUK2K5JU/slc6a1?li=marketplace&optionId=150795805


ADDITIONAL INFORMATION

Data Deposition and Access
All variants have been submitted to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) with ac-
cession numbers VCV000845407.1, VCV000246440.3, VXV000833548.1, VCV0008335
49.1, VCV000656194.2, and VCV000506576.2.
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