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Abstract 92 

Progressive myoclonus epilepsies (PMEs) comprise a group of clinically and genetically 93 

heterogeneous rare diseases. Over 70% of PME cases can now be molecularly solved. Known PME 94 

genes encode a variety of proteins, many involved in lysosomal and endosomal function. We 95 

performed whole-exome sequencing (WES) in 84 (78 unrelated) unsolved PME patients, with or 96 

without additional family members, to discover novel causes. We identified likely disease-causing 97 

variants in 24 out of 78 (31%) unrelated patients, despite previous genetic analyses. The diagnostic 98 

yield was significantly higher for cases studied as trios or families (14/28) versus singletons (10/50) 99 

(OR = 3.9, p-value = 0.01, Fisher’s exact test). The 24 likely solved cases involved 18 genes. First, 100 

we found and functionally validated five heterozygous variants in NUS1 and DHDDS and a 101 

homozygous variant in ALG10, with no previous disease associations. All three genes are involved 102 

in dolichol-dependent protein glycosylation, a pathway not previously implicated in PME. Second, 103 

we independently validate SEMA6B as a new dominant PME gene in two unrelated patients. Third, 104 

in five families, we identified variants in established PME genes; three with intronic or copy-number 105 

changes (CLN6, GBA, NEU1) and two very rare causes (ASAH1, CERS1). Fourth, we found a group 106 

of genes usually associated with developmental and epileptic encephalopathies, but here, remarkably, 107 

presenting as PME, with or without prior developmental delay. Our systematic analysis of these cases, 108 

suggests that the small residuum of unsolved cases will most likely be a collection of very rare, 109 

genetically heterogeneous etiologies.    110 
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Introduction 111 

The progressive myoclonus epilepsies (PMEs) are a group of rare clinically and genetically 112 

heterogeneous disorders that typically present in childhood or adolescence with action myoclonus, 113 

generalized tonic-clonic seizures, and progressive neurological decline.1 The majority of PMEs 114 

follow autosomal recessive inheritance, with rare mitochondrial causes and a small, but increasing 115 

number of autosomal dominant genes.2,3 116 

Clinically, the PMEs can be categorized into two broad groups. In one group, cognition is largely 117 

preserved with clinical features dominated by severe, treatment-resistant and physically disabling 118 

myoclonus, tonic-clonic seizures and ataxia.1 The most common and paradigmatic form is 119 

Unverricht-Lundborg disease (ULD, EPM1), which is caused by recessive mutation, most commonly 120 

a dodecamer repeat expansion, of cystatin B (CSTB). The second clinical group is associated with 121 

significant cognitive impairment and decline, with the major forms including Lafora disease 122 

(EPM2A/B) and the neuronal ceroid lipofuscinoses (NCLs) which involve a number of  recessive 123 

genes.  124 

Known PME genes encode a variety of proteins, many of which have an endosomal and lysosomal 125 

function (Table S1). Despite this, there is no apparent unifying pathway leading to the phenotype.4,5 126 

Importantly a molecular genetic diagnosis will currently be made with an established PME gene in 127 

approximately 70% of all patients diagnosed with PME.2 128 

We previously performed a whole-exome sequencing (WES) study on a cohort of 84 molecularly 129 

unsolved and unrelated singleton cases of PME. We identified a recurrent pathogenic variant in 130 

KCNC1 (p.Arg320His) as a new cause of PME now known as MEAK (Myoclonus epilepsy and ataxia 131 

due to K+ channel mutation, EPM7).3,6 This heterozygous variant not only added a new autosomal 132 

dominant gene to the list of known PME genes, but also highlighted a role for de novo pathogenic 133 

variants in PME.   134 



v. 2020-12-04 AJHG R1 

 
 

6 
 

In this study, we aimed to identify further causative genes for the unsolved PMEs by expanding our 135 

WES data analysis to include new unsolved patients and using, where possible, a trio-design approach 136 

to enhance the detection of de novo pathogenic variants.  137 

 138 

 139 

 140 

Subjects and Methods 141 

Patients 142 

We studied a total of 84 (78 unrelated) molecularly unsolved patients (45 males) who had been 143 

clinically diagnosed with PME. Patients were referred for genetic research from centers in Europe, 144 

Australia and the USA over 25 years. Informed consent for DNA analysis was obtained from patients 145 

in line with local institutional review board requirements at the time of collection.   146 

The majority of the cohort had previously had extensive genetic investigations, including clinical 147 

microarray and gene panel analyses (including mitochondrial gene testing where suspected), or 148 

singleton WES as part of our earlier research (n=57).3 Specifically, all patients had been screened and 149 

tested negative for recessive variants in CSTB, including the dodecamer repeat expansion, and for the 150 

KCNC1 recurrent pathogenic p.Arg320His variant. 151 

A trio-design approach was used for 22/78 unrelated cases (28%) where DNA was available for both 152 

unaffected parents for WES. Six unrelated patients were exome sequenced with an affected first-153 

degree relative (parent-child, n=2; or sibling pairs, n=4); two of the four sibling pairs had both 154 

unaffected parents available for WES and were analyzed as a quartet. The remaining 50 patients were 155 

analyzed as WES singletons (Figure S1).  156 
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Exome sequencing 157 

This study included two sequencing cohorts (Figure S1). The first cohort comprised 57 singleton 158 

patients with PME that remained unsolved after our initial study;3 of these, 44 did not have parental 159 

DNA available for trio- or quartet- WES re-analysis. This cohort was exome sequenced previously at 160 

the Wellcome Sanger Institute, Cambridge, UK in 2011-2012 (details of sequencing described in 161 

Muona, et al. 2015).3   162 

The second cohort comprised a total of 40 patients with PME and 48 unaffected parents (contributing 163 

to 22 trios and 2 quartets). 27 PME cases in cohort 2 were newly referred patients; 13 were cases 164 

from cohort 1 that were re-sequenced with their parents. Exome sequencing for this cohort was 165 

performed at the Broad Institute of MIT and Harvard, Cambridge, MA, USA in 2015-2016. In detail, 166 

genomic DNA (approximately 1 µg) extracted from peripheral blood for each sample was 167 

enzymatically sheared in whole-exome library preparation. In-solution hybrid exome capture was 168 

performed using the Illumina Rapid Capture Exome enrichment kit with 38Mb target region (29Mb 169 

baited), which includes 98.3% of the intervals in the RefSeq exome database. Sequencing was 170 

performed on either Illumina HiSeq 4000 or HiSeq X instrument with the use of 151bp paired-end 171 

reads. The mean average sequencing depth for each sample was 78-fold, with more than 80% of 172 

target bases having at least 30-fold coverage.  Mitochondrial DNA (mtDNA) was not targeted in 173 

either sequencing cohort. 174 

Variant calling 175 

Sequence reads were processed as described previously.3 Variant calling of single nucleotide variants 176 

and indels was done by GATK HaplotypeCaller using joint calling approach. Thirteen patients 177 

underwent WES twice, in the previous study and here, so their sequence data was merged to maximize 178 

coverage. Variant quality scores were recalibrated jointly with GATK VariantRecalibrator. A truth 179 
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sensitivity cutoff of 99.8% was used for both SNVs and indels. De novo variants were called by 180 

GATK GenotypeRefinement and GATK PossibleDeNovo tools.  181 

Sex and pedigree checks 182 

Sex and ancestry checks for all samples and relatedness checks between all sample pairs were 183 

estimated using Peddy.7 Inbreeding coefficients for all samples were estimated using FEstim.8   184 

Variant annotation 185 

Variant consequences were annotated using Variant Effect Predictor tool.9 In silico prediction of 186 

deleterious variants was carried out by CADD,10 SIFT,11 PolyPhen212 and, in the case of splicing 187 

variants, Transcript inferred Pathogenicity (TraP) Score.13 Variant allele frequencies were obtained 188 

primarily from the Genome Aggregation Database (gnomADv2.1.1). Gene-phenotype associations 189 

were annotated based on OMIM database and Clinical Genomics Database. 190 

Variant filtering 191 

To identify potentially pathogenic variants from the annotated data, all variants within 8 bp of exonic 192 

regions were filtered based on the potential modes of inheritance: X-linked, autosomal recessive, 193 

dominant and de novo using a similar approach to previously.3 In recessive filtering, the exome data 194 

were analyzed for rare (<150 heterozygous counts and no homozygotes in the gnomADv2.1.1 195 

database)14 homozygous or compound heterozygous variants including missense, nonsense, splice 196 

site, inframe insertion and deletion and frameshift variants based on Variant Effect Predictor 197 

annotations in CCDS genes (Ensembl release 88). In the dominant filtering strategy (applied to both 198 

singleton cases, affected parent-child pairs and the de novo variant analysis), we included 199 

heterozygous variants with <5 counts in gnomADv2.1.1.  200 

Variant prioritisation 201 
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Variants surviving the filtering steps were manually assessed and prioritized.  All prioritised variants 202 

were classified according to ACMG standards and guidelines.15 As these guidelines are not designed 203 

for novel research findings, and because they do not always capture the phenotypic subtleties, we also 204 

used a study-specific method of classification. We combined three lines of evidence: 1) at the variant 205 

level (e.g., using in silico prediction tools), 2) at the pedigree level (e.g., variant segregation data 206 

within families), and 3) at the gene level (e.g., prior disease phenotype associations). Each variant 207 

was given a score between 0-2 for the three lines of evidence making the maximum score 6 (Table 208 

S2). 209 

We deemed variants as causative with “high confidence” if a score ≥ 5 was achieved; “moderate 210 

confidence” for variants with scores ≥ 4.  Variants scoring < 4 were not prioritized or reported without 211 

the support of functional data.   212 

Variant validation and segregation 213 

Candidate variants in known and potentially novel disease genes were confirmed by bi-directional 214 

Sanger sequencing (ABI BigDye 3.1, Applied Biosystems) on ABI3730xl DNA Analyser. Primers 215 

were designed with Primer-BLAST.16 The sequences were analysed using Sequencher v.5.3 (Gene 216 

Codes Corporation).  217 

Specific splicing in silico predictions were made using Human Splicing Finder v3.1. Confirmation of 218 

CLN6 splicing effect was performed by RT-PCR from total RNA extracted from patient fibroblast 219 

cells followed by sequencing of the abnormal amplicon (Figure S4).  220 

Deletion confirmation of NEU1 was performed by quantitative PCR (qPCR) (Figure S5).  221 

Primers for Sanger sequencing and PCR are available upon request. 222 

Copy number variant analysis from WES data 223 
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Copy number variants were called from the WES data based on relative sequencing depth. CNVkit 224 

was used to call the variants.17 This analysis was performed separately for WES data generated in the 225 

original study3 and in the current one owing to the different exome capture kits used. CNV analysis 226 

focused on known disease genes (annotated against Clinical Genomics Database), in particular those 227 

associated with PMEs.  228 

Analysis of short tandem repeats 229 

We additionally examined whether any of the probands had short tandem repeats (STRs) that were 230 

expanded at 27 known pathogenic loci (Table S3). The WES samples were examined separately using 231 

two STR detection tools, Expansion Hunter v.2.5.518 and exSTRa.19 For each locus we looked for 232 

evidence of outlying samples in terms of STR length by inspecting plots of estimated STR size 233 

(ExpansionHunter), and empirical cumulative distribution function (eCDF; exSTRa) plots of the 234 

number of repeated bases observed for each sample. 235 

Human fibroblast culture 236 

Fibroblast cultures were established from skin biopsy samples of patients PME1, PME2, PME71 and 237 

PME27 as well as controls. Cells were cultured in DMEM (Gibco, Thermo Scientific) plus 10% FBS, 238 

100 units/mL penicillin, 100 µg/mL streptomycin, and 2mM glutamine in a 37 °C and 5% CO2 239 

humidified incubator.  240 

Microsomal cis-prenyltransferase activity measurement 241 

Crude microsomes were prepared as described20 with minor modifications. Cis-prenyltransferase 242 

(cisPTase) assays and activity measurements in human dermal fibroblasts were performed as 243 

described21,22 with minor modifications. In brief, microsomal fractions from cells were prepared by 244 

centrifugation at 100 000 g for 40 min at 4°C. 50 μg microsomal protein was used for cisPTase 245 

activity measurement with reaction mixture containing 45 μM FPP, 50 μM [1- 14C]- isopentenyl 246 
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pyrophosphate (IPP) (55 mCi/mmol), 25 mM Tris–HCl, pH 7.4, 5 mM MgCl2, 1.25 mM DTT, 2.5 247 

mM sodium orthovanadate, 10 μM Zaragozic acid A and 0.35% Triton X-100. Reactions were 248 

performed at 37°C for 1 hr and stopped by the addition 4 ml of chloroform:methanol (3:2 ratio). The 249 

protein pellet was removed by centrifugation and the supernatant was washed three times with 1/5 250 

volume of 10 mM EDTA in 0.9% NaCl. The incorporation of radioactive IPP into organic fraction 251 

containing polyprenyl pyrophosphate was measured by scintillation counting.  252 

Western blot analysis 253 

Cells were washed twice with ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl, 1% NP-40, 254 

0.1% SDS, 0.1% Deoxycholic Acid, 0.1 mM EDTA, 0.1 mM EGTA, protease and phosphatase 255 

inhibitors). Protein extracts were separated by SDS-PAGE and then transferred to nitrocellulose 256 

membrane. Primary antibodies against NUS1 (Abcam, ab168351), DHDDS (Sigma, HPA026727), 257 

ICAM1 (Santa Cruz, Sc8439), LAMP1 (BD Transduction Laboratories, 611402), and HSP90 (Cell 258 

Signaling Technology, 4877) were used. The appropriate LI-COR secondary IRDye antibodies and 259 

LI-COR Odyssey Infrared Imaging System (LI-COR, Lincoln, NE) were used for antibody detection. 260 

Filipin staining 261 

Cells were grown on glass cover glasses, fixed in 4% PFA for 10 min and permeablized in 0.1% 262 

TritonX-100 for 5 min. Cells were then incubated with 50 μg/ml filipin (Sigma, F4767) for 1 hr. As 263 

a positive control for induction of cholesterol accumulation, cells were treated for 16 hr with 1 μM 264 

U18666A (EMD Biosciences). Relative intensity of filipin staining was quantified by calculating 265 

average pixel intensity using Adobe Photoshop according to the equation: average filipin intensity = 266 

total intensity above low threshold/number of pixels above low threshold.23 267 
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Yeast strains and culture methods 268 

S. cerevisiae strain alg10Δ (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 YGR227W::kanX4, 269 

Dharmacon) and its derivatives were used. Cultures were grown at 30°C in YPD or Synthetic minimal 270 

medium made of 0.67% (wt/vol) yeast nitrogen base and 2% (wt/vol) glucose supplemented with 271 

auxotrophic requirements. For solid media, agar (Becton Dickinson) was added at a 2% (wt/vol) final 272 

concentration. Yeast transformations were performed by standard yeast genetic methods.  273 

Functional characterization of ALG10/ALG10B variants in yeast 274 

To examine the functionality of hALG10 proteins, the N-glycosylation status of carboxypeptidase Y 275 

(CPY) was tested in S. cerevisiae alg10Δ strain transformed with empty pKG-GW1 plasmid (2, 276 

LEU2 marker21) (negative control) or pKG-GW1 carrying yeast (y) ALG10 ORF (positive control), 277 

human (h) ALG10, hALG10 p.Lys391Valfs*35, hALG10B or hALG10B p.Leu253Trp. Yeast 278 

transformants were inoculated from single colony and grown overnight at 30°C in synthetic medium 279 

lacking leucine. Cells from saturated overnight cultures were harvested and lysed by alkaline method.  280 

Whole-cell lysate (WCL) was subjected to SDS PAGE (7.5% gel) and immunoblotting. Yeast CPY 281 

was detected with anti-CPY monoclonal antibodies (Fisher Scientific, clone 10A5B5). 282 

Statistical and data analysis 283 

Statistical analyses and graphical representation were performed with the GraphPad Prism v.7.0 284 

software (GraphPad Software, inc., USA) or the R statistical programming language (version number 285 

3.6.1.). Figure legends indicate the statistical test used in functional experiments. P-values <0.05 were 286 

considered significant.  287 

Gene co-expression networks 288 

For gene co-expression analyses, normalised brain expression values from the BrainSpan 289 

Developmental transcriptome dataset were downloaded from http://www.brainspan.org. Genes were 290 
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removed if they had expression values missing from >50% of the 524 samples available from 42 291 

individuals.  292 

Using the log2 transformed expression values, a matrix of weighted correlations was generated, with 293 

weights determined as 1/n, where n is the number of samples contributed by the respective 294 

individual. Correlation plots were visualized using the corrplot R package, with genes ordered by 295 

hierarchical clustering, using the median linkage method.  296 

To determine whether the established and candidate PME genes were more highly co-expressed than 297 

expected by chance we randomly sampled 5,000 sets of genes. We calculated the median |𝜌| for each 298 

random gene set and compared this to the observed median |𝜌| of the PME gene set.  299 
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Results 300 

Patient cohort 301 

The study cohort included 84 patients with PME from 78 families who did not have a known 302 

molecular basis. Genomic ancestry checks suggested 74 families (95%) were of European descent, 303 

with more than half (n=46) referred from hospital centres in Italy. The other four families were 304 

admixed American (n=2) and East Asian (n=2). Inbreeding estimates using FEstim suggested 24% 305 

of families were consanguineous (19/78). This was consistent with clinical descriptions of parental 306 

relatedness in ten families; detailed pedigree histories were not available for the other nine. 307 

Clinically, the majority of the 78 unrelated patients were classified into the two well-established 308 

groups: 43% (n=34) had “ULD-like” (i.e. classical childhood/adolescent onset of PME; no dementia) 309 

and 31% (n=24) as PME + dementia. Two smaller groups comprised developmental delay predating 310 

PME onset (n=12) and a group of late-onset (>20 years) PME cases (n=8) (Figure 1). Age of disease 311 

onset across the cohort ranged from late infancy to 45 years (mean 12 years) (Figure S2). 312 

In total, we identified variants in 24 out of 78 (31%) unrelated patients that we regarded with 313 

moderate-to-high confidence (see Methods) as causative. Interestingly, the diagnostic success was 314 

highest in one of the two newly recognised, rarer clinical groups (PME with prior developmental 315 

delay), although the numbers were small (Figure 1).  316 

We had the most success with cases in whom we had sequenced additional family members (14/28); 317 

we identified a likely causal variant in 45% of trios and in 67% of cases where another affected 1st-318 

degree relative was sequenced. The proportion of singletons with likely causative variants was 319 

significantly less, with just 10 out of 50 cases (OR = 3.9, p-value = 0.01, Fisher’s exact test).   320 



v. 2020-12-04 AJHG R1 

 
 

15 
 

The 24 likely solved cases involved 18 genes; one (ALG10) has no known disease associations, 6 321 

were known PME genes, including the very recently described SEMA6B, and 11 have been reported 322 

in other neurological diseases, but not previously in PME (Figure 2, Tables 1-3, S4-S5). 323 

Dolichol-dependent glycosylation identified as a novel PME pathway 324 

In discovering variants in NUS1, DHDDS and ALG10 in a total of 6 unrelated subjects, we identified 325 

dolichol-dependent glycosylation as a novel disease pathway for PME (Figure 2 and Figure S3). The 326 

age of onset and clinical features were heterogeneous (Table 1).  327 

We subsequently functionally characterized the variants in these three related genes. NUS1 and 328 

DHDDS encode two subunits of cisPTase (also known as dehydrodolichyl diphosphate synthase), the 329 

first enzyme committed to dolichol synthesis (Figure S3D).21,22,24,25 CisPTase is located at a critical 330 

branchpoint of farnesyl diphosphate metabolism, with an alternate branch responsible for cholesterol 331 

synthesis. ALG10 is more distal in the dolichol pathway; it is a glucosyltransferase that transfers the 332 

terminal glucose residue from dolichyl phosphate glucose (Dol-P-Glc) onto the lipid-linked 333 

oligosaccharide precursor Glc2Man9GlcNAc(2)-PP-Dol. The terminal glucose residue added is a key 334 

element required for efficient N-linked glycosylation of proteins.26  335 

NUS1  336 

Two patients had variants in NUS1 (NM_138459.3; MIM: 610463; also termed NgBR), encoding the 337 

accessory subunit of cisPTase. Patient PME1 carried a de novo frameshift variant c.740dupT, 338 

p.Asp248Glyfs*15 and patient PME2 a de novo nonsense variant c.310delG, p.Val104* (Tables 1, 339 

S4, S5, Figure S2A).  340 

Initial analysis of fibroblast cells by western blotting revealed decreased amount of NUS1 in patient 341 

cells compared to controls, implying the presence of nonsense mediated mRNA decay and/or 342 

instability of the truncated proteins (Figure 3B). In patient PME1, also the amount of DHDDS 343 
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appeared to be decreased, in line with the predicted truncated NUS1 product that is missing the 344 

interface region for heterodimerization with DHDDS and consequently DHDDS instability.22,27,28 345 

CisPTase activity in patient cells was drastically decreased, demonstrating that lower protein levels 346 

directly affect enzymatic turnover rates (Figure 3A). In order to evaluate the consequence of the 347 

reduced cisPTase activity in the patients’ cells, the glycosylation status of ICAM1 and LAMP1, 348 

established markers for N-glycosylation defects,29,30 was examined. Altered ICAM1 and LAMP1 349 

expression and migration were detected by western blot analysis (Figure 3B). Finally, we examined 350 

free cholesterol levels, an additional consequence of NUS1 dysfunction in cells.31 The patient 351 

fibroblasts were stained with filipin and free cholesterol pools were examined. Both patient 352 

fibroblasts exhibited increased accumulation of free cholesterol compared to controls (Figure 3C).  353 

DHDDS 354 

Three patients were identified with rare missense variants in DHDDS (NM_024887.3; MIM: 608172; 355 

also termed hCIT), encoding the catalytic subunit of cisPTase. Patient PME3 was found to have a de 356 

novo missense variant c.632G>A (p.Arg211Gln) previously described in three patients with DEE.32,33 357 

PME71 and PME27, carried heterozygous missense variants c.614G>A (p.Arg205Gln) and 358 

c.283G>A (p.Asp95Asn), respectively. No parental samples were available for PME71 for 359 

segregation analysis (Tables 1, S4, S5, Figure S2B). For PME27, it was only possible to exclude the 360 

c.283G>A variant in the father as maternal DNA was unavailable. PME27 was also heterozygous for 361 

a rare variant in DNMT1 (c.1619A>G, p.(Tyr540Cys)), but without functional support this variant 362 

did not meet our criteria for prioritization (Table S6).  363 

Functional studies in fibroblasts from patients PME71 and PME27 showed apparently normal 364 

amounts of both DHDDS and NUS1 (Figure 3B) in line with the preserved capacity for 365 

heterodimerization, decreased cisPTase activity in isolated membranes (Figure 3A) and altered levels 366 

and migration of ICAM1 and LAMP1 proteins indicating protein N-glycosylation defect (Figure 3B). 367 
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Furthermore, consistent with reduced cisPTase activity and protein glycosylation defect, increased 368 

cholesterol accumulation was detected in both fibroblast cells (Figure 3C). Fibroblasts were not 369 

available from PME3 but, because the variant was de novo and previously reported, we regarded it 370 

as disease causing with high confidence.  371 

ALG10  372 

Patient PME50 was included in the first exome study and identified to carry the homozygous 373 

frameshift variant c.1170_1171delAA (p.Lys391Valfs*35) (Tables 1, S4, S5, Figure S3C) in ALG10 374 

(NM_032834.3; MIM: 618355),3 encoding a putative alpha-1,2-glucosyltransferase. At that time, 375 

with no prior disease association for ALG10 and with no functional studies performed, the variant 376 

was regarded as of uncertain significance. Here, we now provide evidence for its pathogenicity. 377 

 378 

Hypo-glycosylation of reporter proteins ICAM1 and LAMP1, identified in western blot analysis of 379 

patient fibroblasts (Figure 4A) predicts a defect in alpha-1,2-glucosyltransferase activity. To confirm 380 

the predicted function of ALG10 as an alpha-1,2-glucosyltransferase and to model the ALG10 variant, 381 

we used a yeast alg10 deletion strain to re-express human wild-type and mutant ALG10 proteins for 382 

functional complementation. In the absence of dolichyl-phosphoglucose-dependent alpha-1,2-383 

glucosyltransferase activity, the lipid-linked oligosaccharide (N-glycan precursor) lacking terminal 384 

glucose is less efficiently transferred to glycoprotein,26 resulting in the reporter protein for N-385 

glycosylation, CPY, being hypo-glycosylated and running more quickly on SDS-polyacrylamide gel 386 

electrophoresis. Both yeast and human ALG10 did complement the yeast deletion strain (Figure 4B), 387 

as judged by the presence of mainly the mature form of CPY. Alg10 deletion strains transformed 388 

either with empty vector or with mutated ALG10 (Figure 4B) showed multiple bands of CPY 389 

corresponding to hypo-glycosylated forms of the protein, thus supporting the pathogenicity of the 390 

ALG10 p.Lys391Valfs*35 variant. Given that the ALG10 variant was only detected in one patient and 391 
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has no established disease association, we classified it as disease causing with moderate confidence, 392 

despite the functional evidence for its pathogenicity.  393 

 394 

The patient is, however, also homozygous for a missense variant c.758T>G, p.(Leu253Trp) in the 395 

highly homologous ALG10B gene encoding alpha-1,2-glucosyltransferase B (NM_001013620; MIM 396 

603313).34 The missense variant is reported in gnomAD with an allele frequency of 0.004 with 5 397 

homozygous individuals so it is unlikely to be pathogenic on its own. However, whilst human 398 

ALG10B complemented glycosylation in the yeast assay, the variant ALG10B was not quite as 399 

effective (Figure 4B), so we could not rule out a contribution of the homozygous ALG10B variant to 400 

the phenotype.  401 

   402 

Likely causative variants in established PME genes 403 

In seven families, we identified likely causative variants in established PME genes (SEMA6B, CLN6, 404 

GBA, NEU1, CERS1, ASAH1) (Table 2). These cases all defied diagnosis earlier because of unusual 405 

genetic mechanisms or very rare or newly recognized causes. 406 

SEMA6B (MIM: 608873) was recently published as a new dominant PME gene with de novo variants 407 

in 4 cases.35 We independently validate this finding with an additional two cases (PME83, PME25). 408 

Both of our cases had frameshift variants in the last exon of SEMA6B (Table 2) within very close 409 

proximity to the published series.35 Low coverage, due to high GC content, of this exon meant that 410 

only one of the two variants were initially called by our bioinformatics pipeline and thus both variants 411 

escaped detection until targeted SEMA6B reanalysis (Figure S3). Clinically, PME83 and PME25 were 412 

classified as PME with developmental delay, consistent with the published cases (Table S5). We 413 

confirmed the de novo status for PME83 by subsequent Sanger sequencing of the parents, but parental 414 

DNA was unavailable for PME25.  415 

http://www.ncbi.nlm.nih.gov/nuccore/NM_001013620
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In the case of the CLN6 (MIM: 6067259) and GBA (MIM: 606463) genes, the putative causative 416 

variants (Table 2) are both intronic and were not prioritised by initial filtering strategies. Prior to 417 

genetic testing, the patients were clinically suspected of having Kufs Type A and Gaucher disease 418 

respectively.36,37 Both variants are homozygous and inbreeding coefficient estimates were consistent 419 

with parental consanguinity for the two families. Predictions for the GBA splice-site variant having 420 

an effect on mRNA splicing was consistent across all splicing in silico tools, however, without the 421 

ability to confirm this experimentally (patient deceased) we classified the variant as likely causative 422 

with moderate confidence.  The deep intronic CLN6 variant was predicted in silico to create an 423 

intronic exonic splicing enhancer (ESE) site38 and RT-PCR from patient-derived fibroblast cells 424 

confirmed aberrant mRNA splicing (Figure S4A). Sanger sequencing of the aberrant product revealed 425 

inclusion of 119 nucleotides of intronic sequence downstream from the 3’ end of exon 4 (Figure S4B). 426 

These data are compatible with the homozygous variant in the patient causing activation of a non-427 

canonical splice site through creation of an intronic ESE site (Figure S4C). The intronic inclusion 428 

creates a premature stop codon after 60 nucleotides of open reading frame in the intronic sequence. 429 

This is predicted to result in nonsense-mediated decay with partial loss of functional protein, 430 

compatible with the late onset CLN6 disease in the patient. As such we classified this variant as likely 431 

causative with high confidence (Figure 2; Tables S4, S5).  432 

Our single CNV finding was at the NEU1 (MIM: 608272) locus. In this patient, WES data initially 433 

suggested a homozygous c.544A>G, p.(Ser182Gly) NEU1 variant (Table 2). Validation by Sanger 434 

sequencing showed that only the mother was a heterozygous carrier of the missense variant. 435 

Reanalysis of the WES data for a potential CNV in the region indicated the presence of a deletion on 436 

the paternal allele, confirmed by quantitative PCR (Figure S5). Subsequently, the patient’s younger 437 

brother developed symptoms and genetic analysis confirmed his compound heterozygous status for 438 

the same NEU1 variants. Clinically the presentation for both brothers was consistent with sialidosis,39 439 
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although thorough eye examinations were normal; no cherry-red spot was seen in either (Tables S4 440 

and S5). 441 

Recessive variants in very rare PME genes involved in the sphingolipid pathway, CERS140 (MIM: 442 

606919) and ASAH1,41 (MIM: 613468) were identified in one family each. Siblings PME7 and PME8 443 

were homozygous for two variants in CERS1, a nonsense and a missense variant (Table 2). 444 

Segregation analysis confirmed heterozygosity for both variants in one of the parents respectively. 445 

The parents were known to be related, with consistent inbreeding F estimates. In patient PME9, WES 446 

revealed compound heterozygous variants in ASAH1, one splice-site and one missense variant (Tables 447 

2, S4 and S5); at diagnosis the patient had PME but not spinal muscular atrophy although this 448 

subsequently developed. 449 

Likely causative variants in other known disease genes 450 

An additional 11 likely causative variants were identified in genes not previously associated with 451 

PME, but recognized in neurological phenotypes including seizures or ataxia (Table 3). CHD2 (MIM: 452 

602119), CACNA2D2 (MIM: 607082) and CACNA1A (MIM: 601011) are established DEE genes, as 453 

are NUS1 and DHDDS involved in dolichol metabolism (see above). CACNA1A is also associated 454 

with ataxia syndromes as are STUB1 (MIM: 607207) and CAMTA1 (MIM: 611501).  455 

PEX19 (MIM: 600279), NAXE (MIM: 608862), RARS2 (MIM: 611524) and DYNC1H1 (MIM: 456 

600112) are currently associated with more complex neurological phenotypes (Table 3). These 457 

variants all met our criteria for moderate to high confidence in causation based on both the genetic 458 

data and phenotypic overlap (Tables S4 and S5) (see Methods).  459 

In the case of PEX19, this is a well-established gene for peroxisome biogenesis disorders. We 460 

identified three patients (PME21, PME22, PME60), from two unrelated families of Maltese origin, 461 

with the same homozygous missense variant c.254C>T, p.(Ala85Val). All three patients shared a 462 

similar phenotype with onset around age 9 years involving myoclonus, tonic-clonic seizures, ataxia, 463 
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cognitive decline and marked photosensitivity (Tables 3 and S5). Patient PME60 had a clinically 464 

similarly affected brother who was deceased and not tested. This variant is not present in the Maltese 465 

Genome project42 with 400 individuals; however, haplotype analysis results were consistent with a 466 

distant founder effect (Figure S6). Further, independent studies have identified two additional Maltese 467 

patients with the same homozygous variant and similar clinical phenotype (data not shown). 468 

Filtered variants that did not meet our criteria for prioritisation can be found in Table S6. Our short 469 

tandem repeat analyses did not detect any expansions at the known pathogenic loci (Table S3).   470 

PME gene brain co-expression networks 471 

Using brain expression data from BrainSpan, we examined the co-expression between the major 472 

established PME genes (Table S1) and all genes we report here with likely causative variants (Tables 473 

1, 2 and 3). Expression data was not available for MT-TK responsible for myoclonus epilepsy 474 

associated with ragged-red fibers (MERRF); this mitochondrial gene was therefore excluded from 475 

the analysis.   476 

The ordered correlation matrices revealed some striking patterns (Figure 5). We observed 3 large 477 

clusters of eleven positively correlated gene sets that accounted for all candidate and established 478 

(bold) PME genes. Cluster one contains: NHLRC1, CLN3, ATN1, DHDDS, CACNA2D2, KCNC1, 479 

CACNA1A, CAMTA1, DNAJC5, DYNC1H1, HTT. Cluster two contains: CLN6, CLN8, EPM2A, 480 

TPP1, GBA, NEU1, PEX19, STUB1, NAXE, SEMA6B, CERS1. Cluster three contains: CSTB, 481 

CLN5, ASAH1, MFSD8, NUS1, GOSR2, SCARB2, ALG10, KCTD7, RARS2, CHD2. 482 

Using a Monte Carlo sampling approach, we found evidence that the established and candidate PME 483 

genes were more highly co-expressed than would be expected by chance (p <0.05). These results 484 

suggest that overall these genes have similar brain gene expression signatures. Shared biological 485 

networks are further supported by the observation that clusters 2 and 3 are negatively correlated.    486 
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Discussion 487 

Our data uncovered dolichol-dependent protein glycosylation as a new pathway underlying PME. 488 

Additional important findings were the confirmation of SEMA6B as a new cause of PME and that 489 

PME can sometimes be a rare manifestation of variants in genes associated with developmental and 490 

epileptic encephalopathy or ataxia syndromes. Finally, our results suggest that there is unlikely to be 491 

a major shared genetic basis to the remaining unsolved cases, but rather the answer will most likely 492 

be a heterogenous mix of rare disorders. However, rare variants in a novel gene, particularly in the 493 

introns, and regions of low coverage  cannot be excluded. 494 

Overall, we identified plausible pathogenic variants in 24 out of 78 (31%) unrelated cases. This cohort 495 

of patients had been extensively studied for known genetic causes previously, so, it is notable that 496 

our diagnostic yield was this high. As de novo dominant mutations were recently established as an 497 

important alternative cause of PME,3 we pursued a trio-design WES analysis where possible. Overall, 498 

we had significantly greater success identifying plausible pathogenic variants in cases that had been 499 

sequenced with other family members (i.e. as an affected trio- or quartet- with unaffected parents or 500 

part of an affected sibling or parent-offspring pair). This was driven in part by the importance of de 501 

novo variants in dominant genes (n=5), that has previously been under-appreciated for this disease 502 

group, but also the ability to confirm compound heterozygosity and/or homozygosity for variants 503 

(n=9) under a recessive model. Clinically, the two primary categories of PME have historically been 504 

separated according to the presence (PME with dementia) or absence (“ULD-like”) of cognitive 505 

decline.  In this analysis of cases defying molecular diagnosis, two additional clinical groups were 506 

apparent; PME with prior developmental delay and a late-onset group. Our success rate in diagnosis 507 

was highest for one of the newly recognised, albeit smaller, clinical groups: 50% for PME patients 508 

with prior developmental delay (Figure 1).  509 
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We associate a novel biological pathway, dolichol-dependent glycosylation, with the PME phenotype 510 

through the identification of variants in NUS1, DHDDS and ALG10 supported by demonstrating 511 

glycosylation defects in patient-derived fibroblast cell lines and/or in yeast assays. Protein 512 

glycosylation is a ubiquitous post-translational modification that contributes to several crucial 513 

biological and physiological processes within cells. Given that variants in NUS1, DHDDS and ALG10 514 

were associated with altered expression and migration of ICAM1 and LAMP1, and since ALG10 is 515 

specifically linked to N-glycosylation, it is plausible that variants in these genes result in N-516 

glycosylation defects in cells. 22,27-30 N-glycosylation followed by oligomannose phosphorylation of 517 

the N-glycated protein is pivotal for lysosomal targeting of enzymes.43 Given that defects in many 518 

lysosomal enzymes have been associated with PME, hypoglycosylation caused by impaired N-519 

glycosylation of such proteins may be contributing to the phenotype in patients with mutations in 520 

NUS1, DHDDS and ALG10. However, the exact mechanisms would need to be explored in further 521 

functional studies. Of note, dolichol metabolism was first associated with PME over 30 years ago 522 

with the observation that dolichol content was significantly increased in the brains and urinary 523 

sediment of NCL patients.44,45 The reason for this observation remained unknown but was postulated 524 

to be caused by a possible defect in dolichol recycling or metabolism. PME now joins the expanding 525 

list of phenotypes included under the rubric of congenital disorders of glycosylation, which are quite 526 

clinically heterogeneous.46 Unlike most of the established PME genes where the clinical presentation 527 

is somewhat characteristic for each gene, the clinical picture of the dolichol pathway genes (Table 1) 528 

is more reminiscent of TBC1D24 where the clinical spectrum is much wider.47 529 

A handful of pathogenic variants in NUS1 and DHDDS have previously been associated with various 530 

phenotypes. Biallelic mutations in both genes have been reported in single families with congenital 531 

disorders of glycosylation showing severe, multiorgan manifestations,21,48 and in DHDDS 532 

additionally with retinitis pigmentosa.49 More recently, heterozygous de novo variants in both NUS1 533 

and DHDDS were reported in DEE patients.32,33 Interestingly, one of these DHDDS variants was 534 
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identified in one of the PME patients in our cohort. NUS1 variants have also been associated with 535 

early-onset Parkinson disease with an increase in rare variant burden in PD cases versus controls.50 536 

Remarkably, variants in two established recessive PME genes, GBA and SCARB2, are also risk alleles 537 

for Parkinson disease.51-53 Finally, the recent NUS1 reports of a recurrent heterozygous de novo 538 

variant in two unrelated patients with epilepsy, myoclonus and ataxia54 and an autosomal dominant 539 

family with epilepsy, ataxia and tremor segregating a heterozygous frameshift variant,55 support our 540 

conclusion that NUS1 is a new PME gene.  However, it is clear that the phenotypic spectrum for both 541 

NUS1 and DHDDS is broad.  542 

The majority of proteins involved in the N-glycosylation pathway (like NUS1 and DHDDS) have 543 

been associated with mainly autosomal recessive congenital disorders of glycosylation.56 ALG10 is a 544 

rare exception as it has previously not been associated with any clinical phenotype, the only exception 545 

being our report of it as a candidate gene for PME based on the identification of a homozygous 546 

frameshift variant in one patient.3 Here, through functional characterization of this variant, we give 547 

further support for ALG10 being a novel PME gene. However, despite functional evidence implying 548 

pathogenicity of the reported ALG10 variant, further patients should be identified to establish ALG10 549 

as a disease gene. Interestingly, the patient was also homozygous for a missense variant in the highly 550 

homologous ALG10B gene (also known as KCR1),34 that has not been previously associated with any 551 

human recessive disorder. Our yeast complementation data imply that the ALG10B variant may be a 552 

hypomorph with attenuated ability for transferring the glucose residue to the lipid-linked 553 

oligosaccharide precursor. In the absence of ALG10 activity, this may not be enough to maintain a 554 

proper level of cellular transferase activity. It is therefore possible that compromised function of both 555 

genes is required for an ALG10-related disease to manifest. 556 

Patients with PME are typically cognitively normal prior to epilepsy onset. Here we highlight a rare 557 

group with prior developmental delay (n=12); six with plausible genetic findings. Importantly, two 558 
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of the six had heterozygous frameshift variants in SEMA6B. SEMA6B was recently discovered as a 559 

rare PME gene, with frameshift variants all occurring in the GC-rich last exon of this gene35 in 4 560 

subjects. They had mild initial developmental delay, seizure onset between 11 months and 6 years 561 

with subsequent cognitive and motor regression, needing assistance with ambulation by the early 562 

second decade. Microcephaly and spasticity were present in some. All were regarded as having severe 563 

intellectual disability and they were all alive at ages 12-28 years. Our cases had a similar course 564 

(Table S5), but did not have microcephaly or significant spasticity and the level of intellectual 565 

disability was moderate-severe. To date they have survived until 38 and 39 years without further 566 

deterioration, unlike the pattern seen in some PMEs due to storage disorders and those with mutations 567 

in SCARB2 or GOSR2 with prominent early adult deterioration and often early death.   568 

Traditionally, PME and DEE are regarded as distinct syndromic groups; this distinction continues to 569 

be practically useful. However, it is now clear that the boundary between these groups is blurred, both 570 

from a genetic and phenotypic view point. The other four developmentally delayed PME patients 571 

with molecular findings had variants in established DEE genes. This included (confirmed or 572 

presumed) de novo variants in DHDDS (n=2) and CHD2; and a fourth case due to recessive 573 

CACNA2D2 mutation. Here, we associate these three DEE genes with PME for the first time, building 574 

on our initial study where we expanded the TBC1D24 phenotypic spectrum to PME.3 Similarly, 575 

KCNA2, another established DEE gene, was recently reported in a single PME case.57  In the reverse 576 

direction, after we discovered KCNC1 as a causative de novo dominant PME gene, it has now also 577 

been established as an important DEE gene, although the causative mutations differ.58  578 

We also report putative pathogenic variants in a handful of known ataxia genes (Table 3), both 579 

recessive and dominant. These genes join ARG3L2 and SACS reported in our initial study3 as known 580 

ataxia genes with pathogenic variants in patients with PME. We had a small number of patients in 581 

our cohort of 84 patients who had no reported tonic-clonic seizures making their clinical presentation 582 
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more consistent with progressive myoclonic ataxia (PMA). This clinical overlap, with both PME and 583 

PMA presentations, is well-established for genes such as GOSR2 and KCNC1.6,59 We also identified 584 

interesting variants in other known neurological disease genes (Table 3) that not only significantly 585 

broaden the genetic basis to the PMEs, but also highlight the need for further functional studies and 586 

larger patient numbers to fully understand genotype-phenotype correlations. 587 

The brain gene co-expression analysis uncovered some potentially important relationships between 588 

established PME and newly reported PME genes. The advantage of using a brain-specific resource 589 

for this analysis, such as BrainSpan, is the detection of brain-specific signatures. An additional 590 

advantage of the brain gene co-expression approach is that it is not biased against genes with little 591 

known about their function or limited by published material as can be the case for other network 592 

generating data sources (e.g., protein-protein interactions or text-mining). The observation that three 593 

PME genes associated with the sphingolipid pathway (i.e., CERS1, NEU1, GBA) cluster together in 594 

gene set 2 (Figure 5) is proof of principle for the unbiased gene co-expression approach. As such, the 595 

clustering of genes that have not previously been biologically associated may indeed be highlighting 596 

novel biological pathways.   597 

Future perspective 598 

The PMEs are the genetically best-characterized group of epilepsies. They are highly genetically 599 

heterogeneous and there are founder effects, resulting in a different distribution of particular types of 600 

PME in various populations. The most comprehensive study of ~200 cases from Italy reached a 601 

diagnosis in ~70% of cases although not all were fully investigated.2 A number of the residual cases 602 

have been diagnosed subsequently, including via this study. Future whole-genome sequencing 603 

approaches such as long read sequencing, as well as improved bioinformatic software (e.g. for 604 

structural variant calling, repeat expansion detection) likely hold the key to uncovering the elusive 605 

genetic basis to these remaining rare genetic disorders.   606 
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We only report one pathogenic CNV in this study, but we cannot rule out CNVs as a more important 607 

genetic factor due again to exome sequencing data being limited in its ability to detect such genetic 608 

variants. The same argument is true for the detection of repeat expansions. Over half of the known 609 

disease-causing repeat expansions are located in intronic and UTR gene regions that are not well 610 

captured by exome sequencing data, thus it is not perhaps surprising we had no positive results from 611 

this analysis. The recent discovery of pathogenic intronic pentanucleotide expansions in Familial 612 

Adult Myoclonic Epilepsy (FAME), a dominant disorder that is on the mild end of severity of the 613 

PME spectrum, reinforces the relevance and importance of searching for known and novel repeat 614 

expansions in genetically unsolved PME patients.60-63  615 

Our experience with this cohort has highlighted just how genetically heterogeneous the residuum of 616 

unsolved patients with PME are. Of the remaining unsolved cases, they are unlikely to include another 617 

gene affecting a large proportion of cases like KCNC1,3 but rather a collection of multiple rare genetic 618 

causes. Collectively, we estimate that it is now less than 20% of PME patients that cannot be attributed 619 

to known disease-genes with intronic variants possibly going undetected in previous analyses as was 620 

the case for our CLN6 and GBA positive cases. The detection and interpretation of such variants will 621 

only improve as the field transitions from exome sequencing to whole-genome sequencing.  622 
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 806 

Figure legends and Tables 807 

Figure 1. Proportion of all 78 unrelated patients with (solved) and without (unsolved) likely pathogenic 808 

variants by clinical group. 809 

 810 

  811 
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Figure 2. Novel and previously described PME-associated genes (n=18) with high and moderate confidence 812 

variants detected in our cohort of 78 unrelated patients that had previous extensive genetic investigations.  813 

The number of unrelated patients with variants in each gene is shown in parentheses with the known primary 814 

function/pathway of each gene also listed. See Methods for criteria followed when classifying variants as high 815 

versus moderate confidence. *Functionally validated genes in this study. 816 

 817 

  818 
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Figure 3.  The NUS1 and DHDDS variants cause defects in protein glycosylation due to reduced cisPTase 819 

activity in patient-derived fibroblast cell lines. (A) Reduced microsomal cisPTase activity in isolated membranes 820 

from patient (NUS1: PME1, PME2 and DHDDS: PME71, PME27) compared to control (C) fibroblasts. **p <0.005,  821 

***p <0.001. (B) Affected protein glycosylation in patient fibroblasts. Western blot analysis of NUS1, DHDDS, 822 

LAMP1 and ICAM1 levels. HSP90 was used as loading control. (C) Increased cholesterol accumulation in patient 823 

fibroblasts. Filipin staining and quantitative representation from patient and control cells. U18666A was used as a 824 

positive control for inhibition of cholesterol trafficking. *p <0.05, **p <0.005, ***p <0.001, a.u., arbitrary units. 825 

Data are representative of at least 3 experiments. 826 

  827 
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Figure 4. The ALG10 frameshift mutation causes defects in protein N-glycosylation due to a predicted defect 828 

in alpha-1,2-glucosyltransferase activity. (A) Affected protein glycosylation in fibroblasts carrying the ALG10 829 

and ALG10B variants. Western blot analysis of ICAM1 and LAMP1 expression. HSP90 was used as loading control. 830 

(B) Protein N-glycosylation of CPY shows multiple hypo-glycosylated bands in a yeast alg10 deletion strain 831 

transformed with mutated human (h) ALG10 (hALG10fs) or empty vector. N-glycosylation deficiency is rescued 832 

when transformed with either wild-type yeast ALG10 (yALG10), hALG10 or hALG10B.  833 

  834 



v. 2020-12-04 AJHG R1 

 
 

35 
 

Figure 5. Gene co-expression matrix for 33 known (black) and candidate (grey) PME genes. Pairwise 835 

Spearman correlations between genes shown, based on 524 samples from 42 individuals from the BrainSpan 836 

resource. Genes are ordered and grouped with hierarchical clustering, using the median linkage method. 837 

  838 
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Table 1. Dolichol-dependent glycosylation genes with variants identified in this patient cohort 839 

Patient 

ID  

Country 

of Origin 

Sex Gene Variant(s) 
gnomAD 

MAF 
Inheritance 

Clinical summary 

(onset age) 

WES study 

design 
Confidence 

PME1  

Italy 
M NUS1 

c.740dupT; 

p.Asp248Glyfs*15 

(het) 

0 de novo 
Myoclonus (13y), no seizures. 

No ataxia, normal cognition.  
trio high 

PME2 

Italy 
F NUS1 

c.310delG; p.Val104* 

(het) 
0 de novo 

Absence with eyelid myoclonia 

(4y), myoclonus (8y), ataxia, 

moderate cognitive impairment.  

Febrile seizures (4y) with 

developmental regression. 

trio high 

PME3 

Italy 
M DHDDS 

c.632G>A; 

p.Arg211Gln 

(het) 

0 de novo 

Myoclonus (7y). Absences with 

eyelid myoclonia (9y). Mild 

ataxia, moderate cognitive 

impairment. Developmental 

delay. 

trio high 

PME71 

Italy 
F DHDDS 

c.614G>A; 

p.Arg205Gln 

(het) 

0 unknown 

Ataxia (late infancy). Rare TCS 

(17y), mild action myoclonus 

(29y). Normal cognition. 

singleton moderate 

PME27  

Italy 
F DHDDS 

c.283G>A; 

p.Asp95Asn 

(het) 

0 unknown 

Tremor (21y). Myoclonus (35y), 

single TCS (36y). Ataxia, normal 

cognition. Bilateral deafness. 

singleton moderate 

PME50  

Turkey 
F  ALG10 

c.1170_1171delAA; 

p.Lys391Valfs*35 

(hom) 

0 AR 

Frequent myoclonus (13y), rare 

TCS. Ataxia, mild cognitive 

dysfunction (16y).  Scoliosis. 

trio moderate 

 840 

Abbreviations: MAF – minor allele frequency, AR - autosomal recessive, het – heterozygous,  hom – homozygous, 841 

gnomAD – The Genome Aggregation Database; TCS – tonic-clonic seizure. Detailed clinical summaries can be 842 

found in Table S5. See Methods for criteria for classifying variants as high versus moderate confidence. 843 

 844 

 845 

Table 2. High and moderate confidence variants identified in established PME genes 846 

 847 
Patient 

ID  

Country 

of Origin 

Sex Gene Variant(s) 
gnomAD 

MAF 
Inheritance 

Clinical summary 

(onset age) 

WES 

study 

design 

Confidence 

PME83 

Australia 
M SEMA6B 

c.1993delC, 

p.(Arg665Glyfs*20) 

(het) 

 

0 AD 

Developmental delay and 

regression. Ataxia, tremor 

(2.5y). 

Drop attacks and absence 

seizures (4y), TCS (11y), 

wheelchair (11y), 

multifocal myoclonus (15 

y).  Severe ID. 

singleton# high 

PME25 

Canada 
F SEMA6B 

c.2032delG, 

p.(Glu678Argfs*7) 
 

0 AD 

Developmental delay. 

Ataxia (2.5y). TCS (5y), 

resting and action 

myoclonus (10y), possible 

absence and focal seizures, 

tremor, wheelchair (14y). 

Moderate ID. 

singleton moderate 

PME15 

Italy 
F CLN6 

c.486+28T>C; intronic 

(hom)## 
0 AR 

Ataxia (14y). Severe 

myoclonus (32y), TCS, 

dementia, pyramidal signs, 

psychiatric co-morbidities. 

singleton high 
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PME26 

(dec.) 

Germany 

M GBA 
c.761+4A>G; splicing 

(hom) 
0 AR 

Myoclonus (8y). Ataxia, 

ophthalmoplegia, mild 

cognitive impairment, 

splenomegaly. 

singleton moderate 

PME10 

Malaysia 
M NEU1 

c.544A>G, 

p.(Ser182Gly); 

deletion of NEU1 

(comp het) 

0.001 

0 
AR  

Occasional TCS (12y). 

Frequent myoclonus (14y), 

ataxia, normal cognition, 

normal vision. 

trio high 

PME7 

Israel 
F 

CERS1 

c.210G>A, p.(Trp70*); 

c.202C>A, 

p.(Leu68Met) 

(both hom) 

0 

 

0 

AR 

Action myoclonus 

(11/16yr). Ataxia, 

occasional TCS, mild 

cognitive impairment.  

sibling 

pair; 

quartet 

high 

 PME8 

Israel 
F 

PME9 

(dec.) 

Australia 

M ASAH1 

c.966-2A>G; 

c.504A>C, 

p.(Lys168Asn) 

(comp het) 

0.000004 

 

0.00006 

AR  

Multifocal myoclonus 

(12y).  TCS, progressive 

limb and bulbar weakness 

(17y). Hearing impairment 

(4y). Deceased (19y). 

trio high 

Abbreviations: MAF – minor allele frequency, comp het – compound heterozygous, hom - homozygous; AR - 848 

autosomal recessive; gnomAD – The Genome Aggregation Database; dec. – deceased; TCS – tonic-clonic seizure. 849 

Detailed clinical summaries can be found in Table S5. See Methods for criteria followed when classifying variants 850 

as high versus moderate confidence. #variant subsequently confirmed de novo by Sanger sequencing; maternal DNA 851 

did not meet quality control requirements for WES. ##splicing effect of intronic variant confirmed by RT-PCR (see Figure S4). 852 

 853 

 854 

Table 3. High and moderate confidence variants identified in established disease genes (not PME) 855 

Patient ID  

Country of 

Origin 

Sex Gene 

 

Disease previously 

associated with Gene 

Variant(s) 
gnomAD 

MAF 
Inheritance Clinical presentation 

WES 

study 

design 

Confidence 

PME11 

Italy 
M CHD2 

Epileptic 

encephalopathy, 

childhood-onset 

c.532A>T, 

p.(Arg178*) 

(het) 

0 de novo 

Frequent absence 

seizures and rare TCS 

(6y), severe 

myoclonus (14y). 

Ataxia, dementia. 

Developmental delay. 

trio high 

PME19 

Italy 
M CACNA2D2 

Cerebellar atrophy 

with seizures and 

variable 

developmental delay 

c.1260G>A, 

p.(Thr420=) (het, de 

novo); 

 c.1112A>G, 

p.(Tyr371Cys) (het, 

pat inherited) 

0 

 

0 

AR 

 

Myoclonus, absence 

and tonic seizures 

(4y). 

Dementia, no ataxia. 

Developmental delay. 

trio high 

PME4 (dec.) 

Italy 
F STUB1 

Autosomal recessive 

spinocerebellar ataxia 

16; Spinocerebellar 

ataxia 48 

c.169C>T, 

p.(Pro57Ser) 

(hom) 

0 AR 

Ataxia (12y). 

Myoclonus, TCS 

(30y). Dementia. 

Tetraparesis. 

trio high 

PME16 

Italy 
F CACNA1A 

Early infantile 

epileptic 

encephalopathy; 

Spinocerebellar ataxia 

6; Episodic ataxia 

type 2; Familial 

heiplegic migraine 1; 

Familial hemiplegic 

migraine 1 with 

progressive cerebellar 

ataxia 

c.4897G>A, 

p.(Asp1633Asn)  

(het) 

0 unknown 

Ataxia, myoclonus 

(30y). Cognitive 

impairment. 

Sensorineural hearing 

impairment. 

singleton moderate 

PME17 

Italy 
F CAMTA1 

Non-progressive 

cerebellar ataxia with 

mental retardation 

c.4418G>C, 

p.(Ser1473Thr) 

(het) 

0.000004 AD 

Myoclonus (18y), no 

TCS. No ataxia or 

dementia. 

parent-

child 
moderate 
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PME18 

Italy 
M 

Myoclonus, rare TCS 

(25y). No ataxia or 

dementia. 

PME21 

Malta 
M 

PEX19 

Peroxisome 

biogenesis disorder 

12A (Zellweger) 

c.254C>T, 

p.(Ala85Val) 

(hom) 

0.0009 AR 

Progressive ataxia 

(7yr).  Myoclonus, 

TCS (9y) , dementia 

(10y). Limb spasticity. sibling 

pair 
high 

PME22 

Malta 
M 

Priogressive ataxia 

(8y).  Myoclonus, 

TCS (9y). dementia 

(10y). Limb spasticity. 

PME60 (dec.) 

Malta 
F PEX19 

Peroxisome 

biogenesis disorder 

12A (Zellweger) 

c.254C>T, 

p.(Ala85Val) 

(hom) 

0.0009 AR 

Progressive severe 

ataxia (8y). TCS 

(12y). Hypertonia. 

singleton high 

PME5 (dec.) 

Italy 
F NAXE 

Encephalopathy, 

progressive early-

onset, with brain 

oedema and/or 

leukoencephalopathy 

c.128C>A, p.(Ser43*) 

(hom) 
0.00003 AR 

Versive motor 

seizures (12y), daily 

absence (13y) and 

myoclonus (15y), rare 

TCS (21y). Slowly 

progressive ataxia 

(19y) dementia and 

pyramidal signs. 

Developmental delay. 

singleton high 

PME12 

Italy 
M 

RARS2 
Pontocerebellar 

hypolasia type 6 

c.943C>T, 

p.(Arg315*); 

c.425T>C, 

p.(Val142Ala) 

(comp het) 

0.00004 

 

0.00005 

AR  

Mild ataxia 

(childhood), moderate 

cognitive impairment. 

Rare TCS and absence 

seizures (9y), mild 

myoclonus (11y).  

sibling 

pair; 

quartet 

moderate 

PME13 

Italy 
F 

Ataxia (childhood), 

moderate cognitive 

impairment. Rare TCS 

and absence seizures 

(9), myoclonus (11y).  

PME14 

Italy 
F RARS2 

Pontocerebellar 

hypolasia type 6 

c.1026G>A, 

p.(Met342Ile); 

c.3G>A, p.(Met1Ile) 

(comp het) 

0.0002 

0 
AR  

Prominent progressive 

action myoclonus 

(25y). No TCS, no 

ataxia, no dementia. 

trio moderate 

PME64 

Italy 
M DYNC1H1 

Charcot-Marie-Tooth 

disease axonal type 

20; Mental 

retardation, autosomal 

dominant 13; Spinal 

muscular atrophy 

lower extremity-

predominant 

c.7828delC, 

p.(Arg2610Glyfs*23) 

(het) 

0 de novo 

Myoclonus (12y), 

refractory TCS and 

absence seizures 

(22y). No ataxia or 

dementia. 

trio moderate 

Abbreviations: MAF – minor allele frequency; AR - autosomal recessive, comp het – compound heterozygous, het 856 

– heterozygous, hom - homozygous; AD – autosomal dominant; gnomAD – The Genome Aggregation Database; 857 

dec. – deceased; TCS –tonic-clonic seizure. Detailed clinical summaries can be found in Supplementary Table S5. 858 

Please see Methods for criteria followed when classifying variants as high versus moderate confidence. *See Figure 859 

S7 for molecular modelling that supports a loss-of-function effect for this CACNA1A variant. 860 

 861 



Table S1. Major forms of PME with known genetic etiology.

ULD (EPM1) AR CSTB

Lafora disease (EPM2A/B) AR EPM2A, 
NHLRC1

AR
TPP1, CLN3, 
CLN5, CLN6, 
MFSD8, CLN8 

AD DNAJC5
AMRF (EPM4) AR SCARB2
North Sea PME (EPM6) AR GOSR2
MERRF Mitochondrial MT-TK^
PME (EPM3) AR KCTD7
Sialidosis type 1 AR NEU1
DRPLA AD ATN1
MEAK (EPM7) AD KCNC1
Juvenile Huntingtons AD HTT
Gaucher disease type 3 AR GBA

^pathogenic variants in this gene accounting for ~90% of MERRF patients

PME subtype Inheritance 
pattern Gene(s)

NCLs



Protein function / 
molecular pathway
Inhibitor of lysosomal cysteine proteases

Glycogen metabolism

Lysosomal membrane protein
Golgi vesicle transport
Mitochondrial transfer-RNA
Interaction with potassium ion channels
Lysosomal enzyme which breaks down oligosaccharides
Accumulation of ATN1 in neurons due to repeat expansion
Neuronal voltage-gated potassium ion channel
Transcription regulation
Lysosomal enzyme which breaks down glycolipid glucosylceramide

Lysosomal enzymes or membrane proteins



Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Published >20 
independent cases

Yes



Table S2. Research variant  

Variant level

Pedigree level

Gene level



   t prioritisation score
a) Null variant (nonsense, frameshift, canonical +/- 1 or 2 splice sites, 
initiation codon  deletion)b) Damaging missense (all in silico  tools predict damaging effect)c) Conflicting missense (at least 1, but not all in silico tools predict 
damaging effect)d) Splicing variant (all in silico tools predict a splicing effect, but variant 
not at canonical +/  1 or 2 sites)e) Inframe deletion
f) Benign missense (all in silico tools predict benign effect)g) Conflicting or benign splicing variant (at least 1 in silico  tool predicts no 
splicing effect)a) Heterozygous de novo variant in established dominant disease gene (i.e. 
parental DNA available)b) Comp het variant in established recessive disease gene (i.e. two variants 
in trans)
c) Homozygous variant in established recessive disease gene with pedigree 
segregation and/or linkage data to support inheritance model
d) Homozygous variant in established recessive disease gene (+/- support 
with F>0 / variant located in runs of homozygosity RoH)
e) Heterozygous variant in established dominant disease gene inherited from 
affected parentf) Heterozygous de novo  variant in gene with no established disease 
associationg) Comp het or homozygous variant in gene with no established disease 
associationh) Heterozygous variant with undetermined parental inheritance (0.5 if 
segregation known in single parent)
a) Established PME geneb) Established neurological gene (e.g., epilepsy, ataxia) with clear patient 
phenotypic match on clinical reviewc) Established neurological gene with overlapping PME features with 
variants in multiple unrelated patientsd) Established neurological gene (e.g., epilepsy, ataxia) with some patient 
phenotypic overlap on clinical reviewe) Gene has established biological overlap with known PME genes with 
variants in multiple unrelated patients (0.5 if single patient)
f) Uncertain clinical/biological match with multiple unrelated patients
g) Uncertain clinical/biological match in single patient



0

0

2

1

0

2

2

1

1



Table S3. Catalogue of short tandem repeats searched for across PME coho
locus long_name OMIM inheritance
DM1 Myotonic dystrophy 1 160900 AD
DM2 Myotonic dystrophy 2 602668 AD
DRPLA Dentatorubral-pallidoluysian atrophy 125370 AD
EPM1A Myoclonic epilepsy of Unverricht and Lundborg 254800 AR
FRAXA Fragile-X site A 309550 X
FRAXE Fragile-X site E 309548 X
FRDA Friedreich ataxia 229300 AR
FTDALS1 Amyotrophic lateral sclerosis-frontotemporal dementia 105550 AD
HD Huntington disease 143100 AD
HDL2 Huntington disease-like 2 606438 AD
SBMA Kennedy disease 313200 X
SCA1 Spinocerebellar ataxia 1 164400 AD
SCA2 Spinocerebellar ataxia 2 183090 AD
SCA3 Machado-Joseph disease 109150 AD
SCA6 Spinocerebellar ataxia 6 183086 AD
SCA7 Spinocerebellar ataxia 7 164500 AD
SCA8 Spinocerebellar ataxia 8 608768 AD
SCA10 Spinocerebellar ataxia 10 603516 AD
SCA12 Spinocerebellar ataxia 12 604326 AD
SCA17 Spinocerebellar ataxia 17 607136 AD
SCA36 Spinocerebellar ataxia 36 614153 AD
FECD3 Fuchs endothelial corneal dystrophy 3 613267 AD
FAME1 Familial adult myoclonic epilepsy 1 601068 AD
FAME2 Familial adult myoclonic epilepsy 2 607876 AD
FAME3 Familial adult myoclonic epilepsy 3 613608 AD
FAME6 Familial adult myoclonic epilepsy 6 618074 AD
FAME7 Familial adult myoclonic epilepsy 7 618075 AD



           ort.
gene location gene_region motif
DMPK 19q13 3'UTR CTG
ZNF9/CNBP 3q21.3 intron CCTG
DRPLA/ATN1 12p13.31 coding CAG
CSTB 21q22.3 promotor CCCCGCCCCGCG
FMR1 Xq27.3 5'UTR CGG
FMR2 Xq28 5'UTR CCG
FXN 9q13 intron GAA
C9orf72 9p21 intron GGGGCC
HTT 4p16.3 coding CAG
JPH3 16q24.3 exon CTG
AR Xq12 coding CAG
ATXN1 6p23 coding CAG
ATXN2 12q24 coding CAG
ATXN3 14q32.1 coding CAG
CACNA1A 19p13 coding CAG
ATXN7 3p14.1 coding CAG
ATXN8OS/ATXN8 13q21 utRNA CTG
ATXN10 22q13.31 intron ATTCT
PPP2R2B 5q32 promotor CAG
TBP 6q27 coding CAG
NOP56 20p13 intron GGCCTG
TCF4 18q21.2 intron CTG
SAMD12 8q24 intron TTTCA
STARD7 2q11.2 intron TTTCA
MARCHF6 5p15.31-p15.1 intron TTTCA
TNRC6A 16p12.1 intron TTTCA
RAPGEF2 4q32.1 intron TTTCA



Table S4. Summary of lines of evidence data taken into account for all prioritise  
ID (manuscript) chr base ref alt gene RefSeq

De novo dominant

PME1 6 118024815 G GT NUS1 NM_138459.3

PME2 6 117997141 TG T NUS1 NM_138459.3
PME11 15 93480836 A T CHD2 NM_001271.3
PME64 14 102483315 C - DYNC1H1 NM_001376.4

PME3 1 26784371 G A DHDDS NM_024887.3
Heterozygous, presumed dominant

PME71 1 26784353 G A DHDDS NM_024887.3

PME27 1 26769324 G A DHDDS NM_024887.3
PME83 19 4544287 G - SEMA6B NM_032108.4
PME25 19 4544248 C - SEMA6B NM_032108.4
PME16 19 13356049 C T CACNA1A NM_001127222.2
PME17, PME18 1 7805952 G C CAMTA1 NM_015215.4

Homozygous recessive
PME7, PME8 19 19006672 C T CERS1 NM_021267.4
PME7, PME8 19 19006680 G T CERS1 NM_021267.4
PME15 15 68503985 A G CLN6 NM_017882.3
PME26 1 155207921 T C GBA NM_001005742.2
PME4 16 731161 C T STUB1 NM_005861.4
PME21, PME22 1 160252826 G A PEX19 NM_001193644.1
PME60 1 160252826 G A PEX19 NM_001193644.1
PME5 1 156561724 C A NAXE, APOA1BP NM_144772.2

PME50 12 34179598 AAA A ALG10 NM_032834.4
Comp het recessive

PME9 8 17916975 T C ASAH1 NM_004315.4
PME9 8 17921967 T G ASAH1 NM_004315.4
PME10, PME20 6 31829036 T C NEU1 NM_000434.3
PME10, PME20 6 deletion . . NEU1 NM_000434.3
PME19 3 50416523 C T CACNA2D2 NM_001174051.2
PME19 3 50416903 T C CACNA2D2 NM_001174051.2



PME12, PME13 6 88234306 G A RARS2 NM_020320.3
PME12, PME13 6 88258335 A G RARS2 NM_020320.3
PME14 6 88299673 C T RARS2 NM_020320.3
PME14 6 88231191 C T RARS2 NM_020320.3

*score <4, but functional support so "moderate" confidence achieved
^total score the mean average of the two comp het variants scored independently

Abbreviations: CADD - Combined annotation dependent depletion, PolyPhen - Polymorphism phe       



             ed variants
change null annotation gnomAD sift

fsIns yes c.740dupT, p.(Asp248Glyfs*15) 0 .

fsDel yes c.310delG, p.(Val104*) 0 .
stopgain yes c.532A>T, p.(Arg178*) 0 .
fsDel yes c.7828delC, p.(Arg2610Glyfs*23) 0 .
nsSNV . c.632G>A, p.(Arg211Gln) 0 damaging

nsSNV . c.614G>A, p.(Arg205Gln) 0 damaging

nsSNV . c.283G>A, p.(Asp95Asn) 0 tolerated
fsDel yes c.1993delC, p.(Arg665Glyfs*20) 0 .
fsDel yes c.2032delG, p.(Glu678Argfs*7) 0 .
nsSNV . c.4897G>A, p.(Asp1633Asn) 0 damaging
nsSNV . c.4418G>C, p.(Ser1473Thr) 1 damaging

stopgain yes c.210G>A, p.(Trp70*) 0 .
nsSNV . c.202C>A, p.(Leu68Met) 0 tolerated
unknown . c.486+28T>C 0 .
splice intron . c.761+4A>G 0 .
nsSNV . c.169C>T, p.(Pro57Ser) 0 tolerated
nsSNV . c.254C>T, p.(Ala85Val) 130 damaging
nsSNV . c.254C>T, p.(Ala85Val) 130 damaging
stopgain yes c.128C>A, p.(Ser43*) 7 .

fsDel yes c.1170_1171delAA, p.(Lys391Valfs*35) 0 .

splice acceptor yes c.966-2A>G 1 .
nsSNV . c.504A>C, p.(Lys168Asn) 14 tolerated
nsSNV . c.544A>G, p.(Ser182Gly) 26 tolerated
deletion yes deletion of NEU1 . .
splice synonymous . c.1260G>A, p.(Thr420=) 0 .
nsSNV . c.1112A>G, p.(Tyr371Cys) 0 damaging



stopgain yes c.943C>T, p.(Arg315*) 11 .
nsSNV . c.425T>C, p.(Val142Ala) 15 tolerated
startloss yes c.3G>A, p.(Met1Ile) 0 damaging
nsSNV . c.1026G>A, p.(Met342Ile) 69 damaging

          enotyping, SIFT - Sorting intolerant from tolerant



polyphen2 CADDv1.5 TraP Variant score WES design variant model

. 35 . 2 trio heterozygous

. 30 . 2 trio heterozygous

. 37 . 2 trio heterozygous

. 35 . 2 trio heterozygous
probably damaging 33 . 2 trio heterozygous

probably damaging 33 . 2 singleton heterozygous

benign 23,3 . 1 singleton heterozygous
. 26,8 . 2 singleton heterozygous
. 24,2 . 2 singleton heterozygous
probably damaging 29,7 . 2 singleton heterozygous
possibly damaging 26,3 . 2 parent-child pair heterozygous

. 37 . 2 quartet homozygous
possible damaging 20,2 . 1 quartet homozygous
. 1,648 0,72 2 singleton homozygous
. 22,4 0,934 1 singleton homozygous
benign 22,6 . 1 trio homozygous
benign 23 1 sibling pair homozygous
benign 23 1 singleton homozygous
. 35 2 singleton homozygous

. 24,4 2 trio homozygous

. 29,3 0,57 2 trio comp het
benign 21,1 1 trio comp het
benign 23,2 1 trio comp het
. . 2 trio comp het
. 19,64 0,996 1 trio comp het
probably damaging 28,6 . 2 trio comp het



. 44 2 quartet comp het
benign 18,11 0 quartet comp het
benign 23 . 1 trio comp het
benign 25,2 1 trio comp het



inheritance/segregation Fest RoH support Pedigree score Functional support

de novo 0 n/a 2 yes

de novo 0 n/a 2 yes
de novo 0 n/a 2
de novo 0 n/a 2
de novo 0 n/a 2 yes

unknown 0 n/a 0 yes

unknown (absent in father) 0 n/a 0,5 yes
de novo 0 n/a 2
unknown 0 n/a 0
unknown 0 n/a 0
dominant 0 n/a 1

recessive 0,08 yes 2
recessive 0,08 yes 2
recessive 0,035 yes 1
recessive 0,012 yes 1
recessive 0,18 yes 2
recessive 0,027 yes 2
recessive 0 yes 2
recessive 0 . 1

recessive 0,12 yes 2 yes

recessive (pat.) 0 n/a 2
recessive (mat.) 0 n/a 2
recessive (mat.) 0 n/a 2
recessive (pat.) 0 n/a 2
recessive (de novo) 0 n/a 2
recessive (pat.) 0 n/a 2



recessive (pat.) 0 n/a 2
recessive (mat.) 0 n/a 2
recessive (mat.) 0 n/a 2
recessive (pat.) 0 n/a 2



Functional notes Gene-disease ass Gene score Total score

patient-derived 
fibroblasts - 
immunoblotting, cis-
PT activity, filipin 
staining DEE 2 6
patient-derived 
fibroblasts - 
immunoblotting, cis-
PT activity, filipin 
staining DEE 2 6

DEE 1 5
Complex neurological 0 4

yeast deletion strain DEE 2 6

yeast deletion strain 
and patient-derived 
fibroblasts DEE 2 4
yeast deletion strain 
and patient-derived 
fibroblasts DEE 2 3,5

PME 2 6
PME 2 4
Ataxia; DEE 2 4
Ataxia 1 4

PME 2 6
PME 2 5
PME 2 5
PME 2 4
Ataxia 2 5
Complex neurological 2 5
Complex neurological 2 5
Complex neurological 2 5

yeast deletion strain, 
glycosylation test from 
patient-derived 
fibroblasts n/a 0,5 4,5

PME 2 6 5,5
PME 2 5
PME 2 5 5,5
PME 2 6
DEE 1 4 4,5
DEE 1 5



Complex neurological 1 5 4
Complex neurological 1 3
Complex neurological 1 4 4
Complex neurological 1 4



Overall confidence Muona et al.  2015 ACMG criteria met

high . PVS1, PM2, PM6, PP4

high . PVS1, PM2, PM6, PP4
high . PVS1, PS2, PM2, PP3
moderate yes PVS1, PM2, PM6, PP4
high . PS1, PS2, PS3, PM1, PM2, PP2, PP3, 

moderate . PS3, PM1, PM2, PP2, PP3, PP5

moderate* . PM2, PP3, PP4
high . PVS1, PM2, PM6
moderate . PVS1, PM2
moderate . PM1, PM2, PP3, PP5
moderate . PM2, BP1

high . PVS1, PM2, PP1, PP3, PP4
high . PM2, PM3, PP1, PP2, PP4, BP4
high . PM2, PM3, PP4, BP4
moderate . PM2, PM3, PP4, BP4
high . PM1, PM2, PP2
high . PM2, PP3, PP4, BP1
high yes PM2, PP3, PP4, BP1
high yes PVS1, PM3, PP3, PP4

moderate yes PM2, PM3, PP4

high^ . PVS1, PM2, PM3, PP3, PP4
. PM1, PM2, PM3, PP4, PP5

high^ . PM1, PM2, PM3, PP1, PP4, PP5
. .

high^ . PS2, PM2, PM3, PP3
. PM1, PM2, PM3, PP3, BP1



moderate^ . PVS1, PM2, PP3, PP5
. PM1, PM2, PM3

moderate^ . PM2, PP3
. PM1, PM2, PP3



ACMG classification

Pathogenic

Pathogenic
Pathogenic
Pathogenic
Pathogenic

Pathogenic

Uncertain significance
Pathogenic
Likely Pathogenic
Likely Pathogenic
Uncertain significance

Pathogenic
Likely Pathogenic
Likely Pathogenic
Uncertain significance
Uncertain significance
Uncertain significance
Uncertain significance
Pathogenic

Uncertain significance

Pathogenic
Likely Pathogenic
Likely Pathogenic
.
Pathogenic
Likely Pathogenic



Pathogenic
Likely Pathogenic
Uncertain significance
Uncertain significance



Patient ID Gene
Disease associated to the gene (Phenotype MIM 
number, if available)

PME83 SEMA6B PME

PME25 SEMA6B PME

PME7, PME8 CERS1 PME (616230) 

PME9 ASAH1
PME: Spinal muscular atrophy with progressive 
myoclonic epilepsy (159950)

PME26 GBA PME: Gaucher Disease (231000)

PME10 NEU1 PME: Sialidosis type I (256550)

PME15 CLN6
PME: Neuronal Ceroid Lipofuscinosis, Kufs type adult 
onset (204300)

Table S5. Clinical summary for patients with causative or likely ca       

Established PME genes

Established epilepsy (but not PME) genes



PME1 NUS1

Congenital disorder of glycosylation type Iaa 
(617082), Autosomal dominant Mental Retardation 
55 with seizures (617831). PME phenotype 
previously reported in case report 

PME2 NUS1

Congenital disorder of glycosylation type Iaa 
(617082), Autosomal dominant Mental Retardation 
55 with seizures (617831). PME phenoptype 
previously reported in case report

PME3 DHDDS

Developmental delay and seizures with or without 
movement abnormalities (617836), Congenital 
disorder of glycosylation type Ibb (613861). Retinitis 
Pigmentosa 59 (613861). PME not previously 
described

PME71 DHDDS

Developmental delay and seizures with or without 
movement abnormalities (617836), Congenital 
disorder of glycosylation type Ibb (613861). Retinitis 
Pigmentosa 59 (613861). PME not previously 
described

PME27 DHDDS

Developmental delay and seizures with or without 
movement abnormalities (617836), Congenital 
disorder of glycosylation type Ibb (613861). Retinitis 
Pigmentosa 59 (613861). PME not previously 
described

PME19 CACNA2D2

Cerebellar atrophy with seizures and variable 
developmental delay (618501). PME not previously 
described

PME11 CHD2
Epileptic encephalopathy, childhood-onset (615369). 
PME not previously described 

PME4 STUB1

Autosomal recessive spinocerebellar ataxia 16 
(615768), Spinocerebellar ataxia 48 (618093). PME 
not previously described

Established ataxia genes



PME16 CACNA1A

Early infantile epileptic encephalopathy (617106), 
Spinocerebellar ataxia 6 (183086), Episodic ataxia 
type 2 (108500), Familial heiplegic migraine 1 
(141500), Familial hemiplegic migraine 1 with 
progressive cerebellar ataxia (141500). PME not 
previously described

PME17, 
PME18 CAMTA1

Non-progressive cerebellar ataxia with mental 
retardation (614756). PME not previously described

PME5 NAXE

Encephalopathy, progressive early-onset, with brain 
oedema and/or leukoencephalopathy (617186). 
PME not previously described

PME21, 
PME22 PEX19

Peroxisome biogenesis disorder 12A (Zellweger) 
(614886). PME not previously described

PME60 PEX19
Peroxisome biogenesis disorder 12A (Zellweger) 
(614886). PME not previously described

PME64 DYNC1H1

Charcot-Marie-Tooth disease axonal type 20 
(614228), Mental retardation, autosomaldominant 
13 (614563), Spinal muscular atrophy lower 
extremity-predominant (158600). PME not 
previously described

Established other neurological disease genes



PME12, 
PME13 RARS2

Pontocerebellar hypolasia type 6 (611523). PME 
previously reported in case series

PME14 RARS2
Pontocerebellar hypolasia type 6 (611523). PME 
previously reported in case series

PME50 ALG10 No known neurological disease associations

Novel disease gene



Confirmed or presumed 
inheritance Ancestry Consanguinity Sex Category

de novo  dominant 
(confirmed) Australian no M DD + PME

de novo  dominant 
(presumed) Canadian no F DD + PME

autosomal recessive 
(confirmed; homozygous) Sephardic yes F, F ULD-like

autosomal recessive 
(confirmed; comp het) Australian (Italian) no M ULD-like

autosomal recessive 
(confirmed; homozygous) Turkish yes M ULD-like

autosomal recessive 
(confirmed; comp het) Malaysian no M ULD-like

autosomal recessive 
(confirmed; homozygous) Italian yes F

PME + 
dementia

          ausative genetic variants identified in this study.

  

     



de novo  dominant 
(confirmed) Italian no M ULD-like

de novo  dominant 
(confirmed) Italian no F

PME + 
dementia

de novo  dominant 
(confirmed) Italian no M DD + PME

de novo  dominant 
(presumed) Italian no F ULD-like

de novo  dominant 
(presumed) Italian no F Late onset

autosomal recessive 
(confirmed; comp het) Italian no M DD + PME

de novo  dominant 
(confirmed) Italian no M DD + PME

autosomal recessive 
(confirmed; homozygous) Italian yes F

PME + 
dementia

  



autosomal dominant 
(presumed) Italian no F Late onset

autosomal dominant 
(confirmed) Italian no M.F

ULD-like/Late 
onset

autosomal recessive 
(presumed; homozygous) Italian no F PME + DD

autosomal recessive 
(confirmed; homozygous) Maltese yes M,M

PME + 
dementia

autosomal recessive 
(confirmed; homozygous) Maltese no F

PME + 
dementia

de novo  dominant 
(confirmed) Italian no M ULD-like

    



autosomal recessive 
(confirmed; comp het) Italian no M,F

PME + 
dementia

autosomal recessive 
(confirmed; comp het) Italian no F Late onset

autosomal recessive 
(presumed; homozygous) Turkish yes F

PME + 
dementia

  



Clinical summary

Developmental delay. Late walker and always unstaedy with tremor. Ataxia (approx 
2.5y). Drop attacks and absence seizures (4y); TCS (11y); Wheelchair (11y);. Severe 
generalised and multifocal myoclonus (15y); myoclonic status. Slow cognitive 
regression from 5y. Severe intellectual disability. No pyramidal signs and head 
circumference normal.  Alive age 37y.
Developmental delay. Walked independently at 2y; unsteady wide gait noted at 
2.5y.  Generalized epileptiform discharges recorded at 2.5yr. First TCS at 5y during 
illness. Recurrent convulsions some with a focal component.  Resting and action 
myoclonus noted  at 10y.  Tremor. Increasing difficultly with gait from 11y; 
wheelchair by 14y. Dysarthria noted at 16y.  Moderate intellectual disability; no 
definitive cognitive decline. No pyramidal signs and head circumference on 50th 
centile. Alive at 39y.
Sibling pair. PME7 febrile seizure at 6m. Learning difficulties noted at 3.5y.  PME 
onset at 11y with rare TCS. Moderately severe action and rest myoclonus and ataxia 
from 13y. Cognitive decline. EEG: irregular GSW and polyspike + photosensitivity.  
PME8 normal development and early education. Memory problems noted from 
secondary school.  Moderate myoclonus and ataxia from 16y. Rare TCS, dysarrthria. 
EEG: irregular GSW and polyspike + photosensitivity.

Onset age 12 of TCS and multifocal action and rest myoclonus, on a background of 
normal development and early severe hearing impairment (4y) . Subsequent 
progressive limb and bulbar weakness. Rapidly progressive, death age 19.

Onset age 8 of myoclonus. Associated with ataxia, horizontal gaze palsy, mild 
splenomegaly and mild intellectual disability. Progressive course, death age 19.

Onset 12 years of infrequent TCS on background of normal development. Frequent 
myoclonus from 14 years, progressive ataxia. Normal vision and normal fundus 
examination. Normal cognition. 

Onset age 14 of ataxia. Severe myoclonus from age 32, TCS, moderate dementia. 
Dysphagia and pyramidal signs noted. Psychiatric co-morbidities. Severe cerebral, 
moderate cerebellar atrophy. EEG: photoparoxysmal response.

                

  

     



Onset age 13 of frequent rest and action myoclonus, on background of mild learning 
difficulties. No seizures or ataxia. Normal cognition. 

Onset age 4 of febrile seizure and subsequent developmental regression. Daily 
absence seizures, associated with eyelid myoclonus from 4 years of age and upper 
limb myoclonus at 8 years of age. Stable ataxia, moderate cognitive decline noted. 
MRI: cerebellar atrophy.

Onset age 7 slowly progressive myoclonus, ataxia on a background of 
developmental delay. Absence with eyelid myoclonia from age 9. No TCS. Moderate 
cognitive impairment. 

Onset in late infancy of ataxia (mild and non-progressive), then TCS from age 17 and 
mild action myoclonus noted age 29. Mild learning difficulties in childhood, normal 
cognition. MRI: mild cerebral, cerebellar and brainstem atrophy. 
Onset age 21 of tremor, daily myoclonus from 35 years of age, slowly progressive 
ataxia from 37 years of age. Single TCS. Normal developmental history, normal 
cognition. Multiple co-morbidities including bilateral deafness, cataracts, retinal 
dystrophy, dolicocolon, atonic bladder, hashimoto's thyroiditis, polycystic kidney 
disease. MRI: cerebellar atrophy. 

Onset 4 years of age of myoclonus, absence and tonic seizures on background of 
developmental delay. Myoclonic tremor and upper limb dystonic posturing from 30 
years of age. No ataxia reported. Dementia. MRI: cerebellar atrophy.
Onset age 6 of frequent absence seizures, occasional TCS and myoclonus on 
background of developmental delay. Severe, progressive myoclonus, ataxia and 
cognitive decline from age 15. Abnormal eye movements and mild extrapyramidal 
signs noted. History of psychosis and autism. EEG: GSW and PPR. 

Onset 12 years of age with ataxia. Myoclonus and occsional TCS from age 30. Severe 
action and reflex myoclonus, severe progressive ataxia and slowly progressive 
dementia. Tetraparesis and bilateral pes cavus noted. 

  



Progressive ataxia from 30 years of age (possible childhood onset) associated with 
myoclonus, on a background of mild intellectual impairment and sensorineural 
hearing impairment. MRI showing cerebellar atrophy and EEG findings of diffuse 
paroxysmal abnormalities consistent with encephalopathy. No migraine. Family 
history of epilepsy and possible ataxia affecting father and brother (now deceased). 

Father-daughter pair. Daughter age of onset 18 years with myolonus; no other 
seizure types. Father with adult onset rare TCS and mild myoclonus.  Both on a 
backround of normal development, with no cognitive impairment or ataxia. 

Onset age 12 of versive motor seizures on background of developmental delay (at 
onset EEGs were suggestive of Lafora or mitochondrial disease, as they showed bi-
occipital spiking that was suppressed by eye opening, generalized spikes and strong 
photosensitivity). Absence seizures from 13 years, daily myoclonus from 15 years. 
Occasional TCS. Slowly progressive severe ataxia, Dementia. Abnormal eye 
movements, hyper-reflexia, bilateral Hoffman's and Babinski reflexes, mild 
extrapyramidal signs. Brain MRI as well as muscle and skin biopsy were 
unremarkable. Death at 26 years due to refractory myoclonic status. 

Sibling pair, both with a history of developmental delay presenting at 7 and 8 years 
of age with progressive ataxia, occasional myoclonus and TCS and dementia. 
Associated with limb spasticity.

Onset age 8 ataxia, then TCS from age 12, on a background of normal 
developmental history prior to onset. Progressive severe ataxia. Hypertonia noted. 
Death age 35. (Affected brother not recruited)

Onset age 12 of multifocal action and rest myoclonus. Frequent TCS and absence 
seizures refractory to medication from 22 years of age. No ataxia, normal cognition. 
Moderate dysarthria. 

    



Sibling -pair with childhood onset mild progressive ataxia, mild predominantly upper 
limb action myoclonus, occasional TCS and absence seizures. Childhood onset 
cognitive impairment diagnosed prior to onset of myoclonus and ataxia. MRI 
unremarkable. 

Onset 25 years of prominent progressive action myoclonus. Normal developmental 
history, normal cognition. No ataxia, no TCS. Scoliosis and ovarian insufficiency. 

Onset age 13 of frequent action and reflex myoclonus on a background of normal 
development. Slowly progressive ataxia and mild cognitive dysfunction noted from 
age 16. Two isolated TCS. Scoliosis, obesity.

  



Summary of the genetic finding / clinical fit

The patient's electroclinical phenotype is consistent with the recent report of PME due to 
pathogenic variants in SEMA6B . The frameshift variant identified in this patient and 
subsequently confirmed de novo is located within the same last exon of all previously reported 
cases. Thus, the phenotype is compatible for the genetic finding.

The patient's electroclinical phenotype is consistent with the recent report of PME due to 
pathogenic variants in SEMA6B. The frameshift variant identified in this patient is located 
within the same last exon of all previously reported cases. Whilst the phenotype is compatible 
with SEMA6B  mutation, in the absence of parental DNA to confirm the variant as de novo we 
remain cautious and report this finding with moderate confidence.

The patients' electrolinical phenotype is consistent with the previous reports of PME due to 
pathogenic variant in CERS1 . The parents are related, consistent with the homozygous variant 
that is ultra-rare and predicted damaging. Thus, the phenotype is compatible with the genetic 
finding.
The patient's electroclinical phenotype is consistent with previous reports of SMA-PME due to 
pathogenic variants in ASAH1. The parents are not related, consistent with the bi-allelic 
autosomal recessive inheritance of two rare damaging variants in this established PME gene. 
Thus, the phenotype is compatible with the genetic finding.
The patient's electrolinical phenotype is consistent with previous reports of PME due to 
pathogenic variant in GBA.  The parents are related, consistent with the homozygous splicing 
variant that is ultra-rare and predicted damaging. The phenotype is highly suggestive of 
Gaucher disease and in silico  tools unanimously predict a splicing effect in GBA. However in 
the absence of experimental confirmation we remain cautious and predict this finding with 
moderate confidence.

The patient's electrolinical phenotype is consistent with previous reports of PME due to 
pathogenic variant in NEU1. Although no cherry red spot was present, the absence of this has 
now been reported in a number of independent cases. The parents are not related, consistent 
with the bi-allelic autosomal recessive inheritance of two rare damaging variants in this 
established PME gene. Thus, the phenotype is compatible with the genetic finding.
The patient's electroclinical phenotype is consistent with previous reports for CLN6 . The 
parents are related, consistent with the novel homozygous intronic variant.  The phenotype is 
compatible with CLN6 mutation and RNA level studies with RT-PCR and sequencing have 
confirmed the variant results in aberrant splicing, thus we report this finding with high 
confidence. 

                

  

     



Although the patient has later age at onset, intact cognition and no scoliosis, the electroclinical 
phenotype shares some features with those previously reported for this gene, with prominent 
myoclonus. The novel frameshift variant is confirmed de novo and functional studies support 
the damaging in silico  predications. Thus, it is with high confidence we establish NUS1 as a 
new PME gene.

The patient's electroclinical phenotype is consistent with previous reports for this gene, with 
early childhood onset myoclonus, subsequent cognitive decline and cerebellar atrophy. The 
novel frameshift variant is confirmed de novo and functional studies support the damaging in 
silico  predications. Thus, it is with high confidence we establish NUS1  as a new PME gene.
The patient's electroclinical phenotype is similar to previous reports for this gene, notably 
onset of myoclonus and ataxia in the first decade of life on a background of global 
developmental delay.  The confirmed de novo has been reported previously as pathogenic in a 
patient with developmental and epileptic encephalopathy and our functional studies support 
the damaging in silico predications. It is therefore with high confidence that we expand the 
DHDDS  clinical spectrum to PME. 
Although there is no history of developmental delay, the patient's electroclinical phenotype 
shares several other features with previous reports for this gene, including early onset ataxia 
and subsequent myoclonus. Functional studies support the damaging in silico predications for 
this novel variant, but without parental DNA samples to confirm de novo  status, we remain 
cautious and report this finding with moderate confidence. 
The patient's electroclinical phenotype shares some features with previous reports for this 
gene, namely ataxia and myoclonus. However onset is considerably later, and there is no 
history of developmental delay. Whilst functional studies support a damaging effect for this 
novel variant, but with a maternal DNA sample to confirm de novo  status, we remain cautious 
and report this finding with moderate confidence.
The patient's electroclinical phenotype shares several features with previous reports for this 
gene; cerebellar atrophy, developmental delay and hyperkinetic movements are consistent, 
although later age at onset is noted. The two ultra-rare predicted damaging variants were 
confirmed in trans and the parents are not related, consistent with the bi-allelic autosomal 
recessive inheritance. Thus, it is with high confidence we expand the CACNA2D2  clinical 
spectrum to PME. 
The patient's electro-clinical phenotype, with prominent photosensitivity in particular, has 
overlapping features with what has previously been reported for CHD2.  The novel stop variant 
is confirmed de novo  and thus it is therefore with high confidence we expand the CHD2 
clinical spectrum to PME.

The patient's clinical phenotype shares a number of features with previous reports for this 
gene, notably onset of prominent ataxia in the second decade, with myoclonus and cognitive 
impairment. The parents are related, consistent with the ultra-rare variant being homozygous. 
It is therefore with high confidence that we expand the STUB  phenotype to PME.

  



The patient's electroclinical phenotype shares features with what has previously been reported 
for this gene, notably progressive ataxia.  The positive autosomal dominant family history is 
consistent with this ultra-rare, heterozygous predicted damaging missense variant being 
causative. It is therefore with moderate confidence that we expand the CACNA1A  clinical 
spectrum to PME.
The patients' electroclinical phenotype has little overlap with previous reports for this gene, 
with no evidence of ataxia or cognitive impairment. However, the confirmed autosomal 
dominant inheritance is consistent with this ultra-rare, predicted damaging variant being 
causative. It is therefore with moderate confidence that we expand the CAMTA1  clinical 
spectrum to PME. 

The patient's electroclinical phenotype shares some features with previous reports for this 
gene, notably developmental delay and subacute ataxia. Features which are not consistent 
include later onset, a less rapidly progressive clinical course and no evidence of  cerebral 
oedema. The confirmed autosomal recessive inheritance of this rare stopgain variant is 
consistent with this presumed homozygous variant being causative.  It is therefore with high 
confidence we expand the NAXE clinical spectrum to PME.
The sib-pair's electroclinical phenotype is  different to the previously reported phenotype in a 
single case, with childhood onset, no dysmorphic features and a less rapidly progressive clinical 
course. However, the same predicted damaging missense variant is homozygous in four 
unrelated families (two reported here) with similar presentation from Malta; the same 
haplotype was confirmed supporting a founder effect. The variant was not present in the 
Maltese human genome project (n=400). It is therefore with high confidence we expand the 
PEX19  clinical spectrum to PME.
The sib-pair's electroclinical phenotype is  different to the previously reported phenotype in a 
single case, with childhood onset, no dysmorphic features and a less rapidly progressive clinical 
course. However, the same predicted damaging missense variant is homozygous in four 
unrelated families (two reported here)  with similar presentation from Malta; the same 
haplotype was confirmed supporting a founder effect. The variant was not present in the 
Maltese human genome project (n=400). It is therefore with high confidence we expand the 
PEX19  clinical spectrum to PME.

The patient's electro-clinical phenotype has little to no overlap with what has been previously 
reported for this gene. However, the novel frameshift variant is confirmed de novo  and it is 
therefore with moderate confidence we expand the DYNC1H1 clinical spectrum to PME. 

    



The patients' electroclinical phenotype shares some features (ataxia, myoclonus and cognitive 
impairment) with previous case reports for this gene, although onset is later (childhood, not 
infantile), and other associated features (extrapyramidal features, oculomotor apraxia) are not 
noted. The two ultra-rare predicted damaging variants were confirmed in trans and the 
parents are not related, consistent with the bi-allelic autosomal recessive inheritance. It is 
therefore with moderate confidence that we expand the RARS2  phenotype to PME.
The patient's electroclinical phenotype shares some features with previous reports for this 
gene, namely prominent myoclonus, though later onset (not infantile) and a lack of other 
associated features is noted. The two ultra-rare predicted damaging variants were confirmed 
in trans and the parents are not related, consistent with the bi-allelic autosomal recessive 
inheritance.  It is therefore with moderate confidence that we expand the RARS2  phenotype 
to PME.

There are no previous reports of neurological disease associated with ALG10  pathogenic 
variants. However, the novel homozygous frameshift variant is consistent with the 
confirmation that the parents are related. Functional studies support the damaging in silico 
prediction for the variant and the gene is biologically highly plausible as a member of the same 
glycosylation pathway as NUS1 and DHDDS . In the absence of a second unrelated patient 
with a variant in this gene, we remain cautious and report the variant as pathogenic and 
ALG10  as a new PME gene with moderate confidence.
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Table S6. Summary of lines of evidence data taken into accou          

ID chr base ref alt gene change
PME27 19 10265606 T C DNMT1 nsSNV
PME50 12 38714351 A C ALG10B nsSNV
PME54 10 101996698 G A CWF19L1 nsSNV
PME_FI_E04 7 129756345 A G KLHDC10 nsSNV
PME_FI_F01 1 1464680 G A ATAD3A nsSNV
PME_FI_C07 1 202698866 G C KDM5B nsSNV
PME_FI_C07 6 26156805 A C HIST1H1E nsSNV
PME_FI_F04 2 68365900 G A WDR92 nsSNV
PME_FI_G07, 2 166894429 T A SCN1A nsSNV
PME_FI_H02 20 62038227 C T KCNQ2 nsSNV
PME_FI_B10 10 93601167 G A TNKS2 nsSNV
PME_FI_F07 12 72893404 G A TRHDE nsSNV
PME_FI_F07 13 100635052 G C ZIC2 nsSNV
PME_FI_F04 9 33294540 TCAC T NFX1 inframeDel
PME_FI_G07, 2 166859087 A T SCN1A nsSNV
PME_FI_H02 10 64966847 T G JMJD1C nsSNV
PME54 17 42428728 C T GRN splicing
PME_FI_B10 6 27278397 T C POM121L2 nsSNV
PME_FI_D10 22 20939408 G A MED15 nsSNV
PME_FI_G04 6 24456817 T C GPLD1 nsSNV
PME_FI_C04 1 160054663 A G KCNJ9 sSNV; splicing
PME_FI_C04 15 56719823 C A TEX9 nsSNV
PME_FI_F04 4 187077187 G T FAM149A nsSNV
PME48 15 93518188 A G CHD2 splicing
PME_FI_G12 3 53765148 A G CACNA1D nsSNV

Abbreviations: CADD - Combined annotation dependent depletion, PolyPhe          



          unt for variants that did not meet the prioritisation criteria

annotation RefSeq
gnomAD 
count null sift

c.1619A>G, p.(Tyr540Cys) NM_001130823.1 0 . damaging
c.758T>G, p.(Leu253Trp) NM_001013620.3 0,004 damaging
c.1283C>T, p.(Thr428Ile) NM_018294.6 1 . tolerated
c.314A>G, p.(Tyr105Cys) NM_014997.3 0 . damaging
c.1727G>A, p.(Arg576Gln) NM_018188.3 0 . damaging
c.4574C>G, p.(Ala1525Gly) NM_006618.3 0 . damaging
c.187A>C, p.(Lys63Gln) NM_005321.2 0 . damaging
c.607C>T, p.(Arg203Trp) NM_138458.4 6 . damaging
c.2803A>T, p.(Asn935Tyr) NM_001165963.2 0 . damaging
c.2389G>A, p.(Glu797Lys) NM_172107.2 0 . damaging
c.1801G>A, p.(Ala601Thr) NM_025235.4 0 . tolerated
c.1576G>A, p.(Ala526Thr) NM_013381.2 1 . damaging
c.734G>C, p.(Arg245Pro) NM_007129.3 0 . damaging
c.153_155delACC, p.(Pro53del) NM_002504.6 0 . .
c.4179T>A, p.(His1393Gln) NM_001165963.2 0 . tolerated
c.4882A>C, p.(Ser1628Arg) NM_032776.3 0 . damaging
c.836-3C>T NM_002087.3 3 . .
c.1553A>G, p.(His518Arg) NM_033482.3 0 . tolerated
c.1985G>A, p.(Arg662Gln) NM_001003891.1 1 . tolerated
c.1057A>G, p.(Met353Val) NM_001503.4 2 . tolerated
c.843A>G, p.(Glu281=) NM_004983.2 0 . .
c.984C>A, p.(His328Gln) NM_198524.2 0 . tolerated
c.417G>T, p.(Gln139His) NM_015398.2 0 . tolerated
c.2577+8A>G NM_001271.3 0 . .
c.2441A>G, p.(Asn814Ser) NM_000720.3 0 . tolerated

       en - Polymorphism phenotyping, SIFT - Sorting intolerant from tolerant



polyphen2 CADDv1.5 TraP model inheritance ACMG criteria met
probably damaging 24,8 . heterozygous unknown PM1, PM2, PP3
probably damaging 19,8 homozygous recessive BS1
benign 14,35 . homozygous recessive PM2, BP4
probably damaging 28,1 . heterozygous de novo PS2, PM2, PP3
possibly damaging 25,7 . heterozygous de novo PS2, PM2, PP3
probably damaging 31 . heterozygous de novo PS2, PM2, PP3
probably damaging 28,6 . heterozygous de novo PS2, PM2, PP3
possibly damaging 28,4 . homozygous recessive PM3, PP3, PP4
benign 15,92 . comp het recessive PM1, PM2, BP4
possibly damaging 33 . heterozygous unknown PM2, PP3
probably damaging 24,4 . heterozygous de novo PS2, PM2, PP3
benign 23,1 . heterozygous de novo PS2, PM2, PP3
benign 26,6 . heterozygous de novo PS2, PM1, PM2, PP2, PP3
. 17,16 . homozygous recessive PM2, PM3, PM4
benign 11,42 . comp het recessive PM1, PM2, BP4
probably damaging 22 . heterozygous unknown PM2, PP3, BP1
. 15,22 0,48 heterozygous unknown PM2, BP4
benign 5,838 . heterozygous de novo PS2, PM2, BP4
benign 23,6 . heterozygous de novo PS2, PM2, PP3
benign 0,084 . heterozygous de novo PS2, PM2, BP4
. 13,02 0,12 heterozygous de novo PS2, PM2, BP7
benign 0,373 . heterozygous de novo PS2, PM2, BP4
benign 0,09 . homozygous recessive PM2, PM3, PP4, BP4
. 10,1 0,05 heterozygous unknown PM2, BP4
benign 21,8 . heterozygous unknown PM2, BP4



ACMG classification Sanger validated Muona et al. Variant score
Uncertain significance yes . 2
Uncertain significance yes 2
Uncertain significance no . 0
Likely pathogenic no . 2
Likely pathogenic no . 2
Likely pathogenic no . 2
Likely pathogenic no . 2
Uncertain significance no . 2
Uncertain significance yes . 1
Uncertain significance yes . 2
Likely pathogenic no . 1
Likely pathogenic no . 1
Pathogenic (likely pathogenic) no . 1
Uncertain significance no . 1
Uncertain significance yes . 0
Uncertain significance no . 2
Uncertain significance no . 1
Likely pathogenic no . 0
Likely pathogenic no . 0
Likely pathogenic no . 0
Likely pathogenic no . 0
Likely pathogenic no . 0
Uncertain significance no . 0
Uncertain significance no . 0
Uncertain significance no . 0



Pedigree score Gene score Total score
0,5 1 3,5

1 0 3
2 1 3
1 0 3
1 0 3
1 0 3
1 0 3
1 0 3
1 1 3
0 1 3
1 0 2
1 0 2
1 0 2
1 0 2
1 1 2
0 0 2
0 1 2
1 0 1
1 0 1
1 0 1
1 0 1
1 0 1
1 0 1
0 1 1
0 0 0
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Supplemental Data  

Tables S1-S6 

• S1: Major forms of PME with known genetic etiology 

• S2: Research variant prioritization score 

• S3: Catalogue of short tandem repeats searched for across PME cohort 

• S4: Summary of lines of evidence data taken into account for all prioritized variants 

• S5: Clinical summary for patients with causative or likely causative genetic variants 

identified in this study 

• S6: Summary of lines of evidence data taken into account for variants that did not 

meet the prioritization criteria 

Figures S1-S7  

• S1: Age of PME onset distribution for all 78 unrelated probands. 

• S2: Pathogenic variants in NUS1, DHDDS and ALG10 and dolichol-dependent 

glycosylation pathway. 

• S3: IGV snapshot of the two SEMA6B frameshift variants demonstrating low 

coverage.  

• S4: Aberrant splicing caused by the deep intronic CLN6 variant. 

• S5: Deletion confirmation of NEU1 was performed by quantitative PCR 

• S6: Chr1q23.2 haplotype encompassing PEX19 c.254C>T (p.A85V) variant. 

• S7: Molecular modelling supports CACNA1A variant loss-of-function effect. 

 

 

Figure S1. Age of PME onset distribution for all 78 unrelated probands. 
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Figure S2. Pathogenic variants in NUS1, DHDDS and ALG10 and dolichol-dependent glycosylation 
pathway. (A) Locations of variants in NUS1. (B) Locations of variants in DHDDS. (C) Locations of variant in 
ALG10. (D) Glycosylation pathway showing involvement of NUS1, DHDDS and ALG10 (in red) (adapted from 
Stanley P, Taniguchi N, Aebi M. N-Glycans. In: Varki A, Cummings RD, Esko JD, Stanley P, Hart GW, et al., 
editors. Essentials of Glycobiology. Cold Spring Harbor (NY); 2015. p. 99-111.) 

 

Abbreviations: DHDDS - Dehydrodolichyl Diphosphate Synthase Subunit; FPP - farnesyl pyrophospatase domain; IPP - isopentenyl pyrophosphatase 

domain; NPC2 - Intracellular cholesterol transporter 2; NUS1 - Nuclear Undecaprenyl Pyrophosphate Synthase 1 (Nogo-B Receptor), TM - 

transmembrane domain 
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Figure S3. IGV snapshot of the two SEMA6B frameshift variants demonstrating low coverage. For PME83 

the c.1993delC variant was present in 3/6 reads.  For PME25 the c.2032delG variant was present in 2/7 

reads.  
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Figure S4: Aberrant splicing caused by the deep intronic CLN6 variant. (A) Agarose gel electrophoresis 

showing the migration of RT-PCR products amplified from total RNA extracted from fibroblast cells of 

patient PME 15, using primers from exons 4 and 6 of CLN6. Two fragments are amplified from patient (P) 

cells. Controls (C) show a single strong amplicon. The size of the two fragments identified in the patient 

samples, based on sequence analysis, are shown on the right with the lower of the two corresponding to 

the expected 307-bp product. The fragments seen in controls also correspond to the expected product, 

based on sequence analysis, even though the fragments run differently from those in the patient samples.  

M indicates a 100-bp DNA ladder. (B) Sequence chromatogram of a control sample shows expected 

sequence in the exon 4-exon 5 boundary in the 307-bp amplicon. Sequence chromatogram from the 426-bp 

amplicon in the patient sample shows that the exon 4 sequence is followed by 119 bp of intronic sequence 

(shown only in part) before beginning of the exon 5 sequence. The position of the homozygous 

c.486+28T>C variant is indicated with an arrow. (C) Schematic representation of intron 4 of CLN6 showing 

the position of the c.486+28T>C variant, the intronic ESE created by the variant and the non-canonical 

splice site (AG/GT) that is activated. The intronic sequence included in the 426-bp amplicon is shown in 

orange and the intronic sequence excluded from the mRNA is shown in green. 
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Figure S5. Deletion confirmation of NEU1 was performed by quantitative PCR. Primers for NEU1 in exon 2 

and exon 5 as well as adjacent non-deleted control gene C6orf48 were normalized to the single-copy gene 

β-microglobulin (B2M) using the ΔΔCt method in DNA from patient PME10, his affected brother and carrier 

father compared to controls. qPCR was performed using the IQ SybrGreen kit (Bio-Rad) on a CFX96 Touch 

qPCR system (Bio-Rad). Primer efficiencies and their linear range were determined by serially diluted 

genomic DNA and the presence of any unspecific amplification was excluded by melting curve analysis and 

agarose gel electrophoresis. All reactions were performed in triplicates.  
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Figure S6. Chr1q23.2 haplotype encompassing PEX19 c.254C>T (p.A85V) variant. Shared homozygous-by-

descent haplotype (pink) found in the three patients of Maltese origin with PEX19 variants.  The haplotype 

length shared between the two unrelated families is much smaller (~1cM) consistent with a distant 

common ancestor.  
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Figure S7: Molecular modelling supports CACNA1A p.Asp1633Asn variant loss-of-function effect.  

CACNA1A p.Asp1633 represents a conserved residue. The human sequence either side of Asp1633 is 

homologous with the rabbit Cav1.1 channel, enabling Pymol modelling of the structural impact of the 

p.Asp1633Asn variant identified in patient PME16. (A) Homology modelling of the human Cav2.1 

Asp1633Asn mutation using the cryo-EM structure of the rabbit Cav1.1 channel Wu et al (2015) 

Science 350: aad2395-aad2395, and (2016) Nature 537: 191-196 - PDB accession number 3JBR (B) Amino 

acid sequence alignment of the of the human Cav2.1 channel (NCBI refseq NM_001127222.1; Protein ID = 

NP_001120694.1)  and the rabbit Cav1.1 channel (protein ID = NP_001095190.1), using CLC sequence 

Viewer 7.7  (Qiagen, Aarhus, Denmark). 

 

  
 
Symbols and abbreviations: Yellow dashed lines with number: distance between residues in Å; Red sticks: oxygen atoms; Blue 
sticks: nitrogen atoms; VSD: voltage sensor domain; CTD: C-terminal domain; AID: α1-interacting domain; S2, S3, S4: segments 2, 3, 
and 4. Residues involved in the interactions shown in panel (A) are marked by arrows in panel (B). 
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In the wild type channel, Asp 1633 is located in segment 2 of the voltage sensor domain IV (VSDIV).  In the 

human Cav2.1 channel, Asp 1633 corresponds to Asp 1186 of the rabbit Cav1.1 channel. Asp 1186 has 

a negatively charged sidechain, which interacts with the positively charged sidechain of Lysine 1245; Lys 

1245 may also interact with the Glutamic acid (Glu) 1164; repulsion may occur between Asp 1186 and 

Glu1164.  

 

In the mutant channel, the acidic Asp residue (with negatively charged sidechain) is replaced by 

the polar/neutral Asn 1186 residue. Asn 1186 may interact with both Lys 1245 and Glu 1164; whereas the 

polar interaction between Lys 1245 and Glu 1164 (that exists also in the wild-type channel) should remain 

unaffected. It's likely that the Asp1186Asn mutation (equivalent with Asp1633Asn) stabilises the interaction 

between the S4 and the S3 segments in VSDIV. Because of the increased interaction between S3-S4, the 

mutation may compromise activation gating. As a result, the typical vertical (outward) movements of the 

S4 segment during activation may be impeded, leading to loss-of-function. 

 

Consistent with the above structural modelling, a web-based machine learning model, capable of predicting 
loss-of-function (LoF) or gain-of-function effects in voltage gated calcium channels (Heyne HO et al. Sci 
Transl Med, 2020), predicted loss-of-function with a probability of 0.77, and pathogenicity with a 
probability of 0.87, for the p.Asp1633Asn variant. 
 


