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Summary
Progressive myoclonus epilepsies (PMEs) comprise a group of clinically and genetically heterogeneous rare diseases. Over 70% of PME

cases can now be molecularly solved. Known PME genes encode a variety of proteins, many involved in lysosomal and endosomal func-

tion.We performed whole-exome sequencing (WES) in 84 (78 unrelated) unsolved PME-affected individuals, with or without additional

family members, to discover novel causes. We identified likely disease-causing variants in 24 out of 78 (31%) unrelated individuals,

despite previous genetic analyses. The diagnostic yield was significantly higher for individuals studied as trios or families (14/28) versus

singletons (10/50) (OR¼ 3.9, p value¼ 0.01, Fisher’s exact test). The 24 likely solved cases of PME involved 18 genes. First, we found and

functionally validated five heterozygous variants in NUS1 and DHDDS and a homozygous variant in ALG10, with no previous disease

associations. All three genes are involved in dolichol-dependent protein glycosylation, a pathway not previously implicated in PME.

Second, we independently validate SEMA6B as a dominant PME gene in two unrelated individuals. Third, in five families, we identified

variants in established PME genes; three with intronic or copy-number changes (CLN6, GBA, NEU1) and two very rare causes (ASAH1,

CERS1). Fourth, we found a group of genes usually associated with developmental and epileptic encephalopathies, but here, remarkably,

presenting as PME, with or without prior developmental delay. Our systematic analysis of these cases suggests that the small residuum of

unsolved cases will most likely be a collection of very rare, genetically heterogeneous etiologies.
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Introduction

The progressivemyoclonus epilepsies (PMEs) are a group of

rare clinically and genetically heterogeneous disorders that

typically present in childhood or adolescence with action

myoclonus, generalized tonic-clonic seizures, and progres-

sive neurological decline.1 The majority of PMEs follow

autosomal-recessive inheritance, with rare mitochondrial

causes and a small but increasing number of autosomal-

dominant genes.2,3

Clinically, the PMEs can be categorized into two broad

groups. In one group, cognition is largely preserved with

clinical features dominated by severe, treatment-resistant,

and physically disabling myoclonus, tonic-clonic seizures,

and ataxia.1 The most common and paradigmatic form

is Unverricht-Lundborg disease (ULD, EPM1 [MIM:

254800]), which is caused by recessive mutation, most

commonly a dodecamer repeat expansion, of cystatin B

(CSTB [MIM: 601145]). The second clinical group is associ-

ated with significant cognitive impairment and decline,

with the major forms including Lafora disease (EPM2A/B

[MIM: 254780]) and the neuronal ceroid lipofuscinoses

(NCLs) which involve a number of mostly recessive genes.

Known PME genes encode a variety of proteins, many of

which have an endosomal and lysosomal function

(Table S1). Despite this, there is no apparent unifying

pathway leading to the phenotype.4,5 Importantly a

molecular genetic diagnosis will currently be made with

an established PME gene in approximately 70% of all

individuals diagnosed with PME.2

We previously performed a whole-exome sequencing

(WES) study on a cohort of 84 molecularly unsolved and

unrelated singleton cases of PME. We identified a recurrent

pathogenic variant in KCNC1 (MIM: 176258) (p.Arg320His

[c.959G>A]) as a cause of PME now known as MEAK

(myoclonus epilepsy and ataxia due to Kþ channel muta-

tion, EPM7 [MIM: 616187]).3,6 This heterozygous variant

not only added another autosomal-dominant gene to the

list of known PME genes, but also highlighted a role for

de novo pathogenic variants in PME.

In this study, we aimed to identify further causative

genes for the unsolved PMEs by expanding our WES data

analysis to include additional unsolved cases and using,

where possible, a trio-design approach to enhance the

detection of de novo pathogenic variants.
Subjects and methods

Subjects
We studied a total of 84 (78 unrelated) molecularly unsolved indi-

viduals (45 males) who had been clinically diagnosed with PME.

Individuals were referred for genetic research from centers in

Europe, Australia, and the USA over 25 years. Informed consent

for DNA analysis was obtained from individuals in line with local

institutional review board requirements at the time of collection.

The majority of the cohort had previously had extensive genetic

investigations, including clinical microarray and gene panel
The Ame
analyses (including mitochondrial gene testing where suspected),

or singleton WES as part of our earlier research (n ¼ 57).3 Specif-

ically, all individuals had been screened and tested negative for

recessive variants in CSTB, including the dodecamer repeat expan-

sion, and for the KCNC1 recurrent pathogenic p.Arg320His

variant.

A trio-design approach was used for 22/78 unrelated individuals

(28%) where DNA was available for both unaffected parents for

WES. Six unrelated subjects were exome sequenced with an

affected first-degree relative (parent-child, n ¼ 2; or sibling pairs,

n ¼ 4); two of the four sibling pairs had both unaffected parents

available for WES and were analyzed as a quartet. The remaining

50 affected individuals were analyzed as WES singletons

(Figure S1).

Exome sequencing
This study included two sequencing cohorts (Figure S1). The first

cohort comprised 57 singleton individuals with PME that re-

mained unsolved after our initial study;3 of these, 44 did not

have parental DNA available for trio- or quartet- WES re-analysis.

This cohort was exome sequenced previously at the Wellcome

Sanger Institute, Cambridge, UK in 2011-2012 (details of

sequencing described in Muona et al.3).

The second cohort comprised a total of 40 individuals with PME

and 48 unaffected parents (contributing to 22 trios and 2 quartets).

27 PME-affected individuals in cohort 2 were newly referred; 13

were subjects from cohort 1 that were re-sequenced with their par-

ents. Exome sequencing for this cohort was performed at the Broad

Institute of MIT and Harvard, Cambridge, MA, USA in 2015-2016.

In detail, genomic DNA (approximately 1 mg) extracted from pe-

ripheral blood for each sample was enzymatically sheared in

whole-exome library preparation. In-solution hybrid exome capture

was performed using the Illumina Rapid Capture Exome enrich-

ment kit with 38 Mb target region (29 Mb baited), which includes

98.3% of the intervals in the RefSeq exome database. Sequencing

was performed on either Illumina HiSeq 4000 or HiSeq X instru-

ment with the use of 151bp paired-end reads. The mean average

sequencing depth for each sample was 78-fold, with more than

80% of target bases having at least 30-fold coverage. Mitochondrial

DNA (mtDNA) was not targeted in either sequencing cohort.

Variant calling
Sequence reads were processed and aligned to human genome

hg19/GRCh37 as described previously.3 Variant calling of single-

nucleotide variants and indels was done by GATK (v.3.7-0) Haplo-

typeCaller using joint calling approach. Thirteen individuals un-

derwent WES twice (in the previous study and here), so their

sequence data were merged to maximize coverage. Variant quality

scores were recalibrated jointly with GATK VariantRecalibrator. A

truth sensitivity cutoff of 99.8% was used for both SNVs and in-

dels. De novo variants were called by GATK GenotypeRefinement

and GATK PossibleDeNovo tools.

Sex and pedigree checks
Sex and ancestry checks for all samples and relatedness checks

between all sample pairs were estimated using Peddy.7 Inbreeding

coefficients for all samples were estimated using FEstim.8

Variant annotation
Variant consequences were annotated using Variant Effect

Predictor tool.9 In silico prediction of deleterious variants was
rican Journal of Human Genetics 108, 722–738, April 1, 2021 723



carried out by CADD,10 SIFT,11 PolyPhen2,12 and, in the case of

splicing variants, Transcript inferred Pathogenicity (TraP)

Score.13 Variant allele frequencies were obtained primarily from

the Genome Aggregation Database (gnomADv2.1.1).15 Gene-

phenotype associations were annotated based on OMIM database

and Clinical Genomics Database.

Variant filtering
To identify potentially pathogenic variants from the annotated

data, all variants within 8 bp of exonic regions were filtered based

on the potential modes of inheritance: X-linked, autosomal reces-

sive, dominant, and de novo using a similar approach to previ-

ously.3 In recessive filtering, the exome data were analyzed for

rare (<150 heterozygous counts and no homozygotes in the gno-

mADv2.1.1 database)14 homozygous or compound heterozygous

variants including missense, nonsense, splice site, inframe inser-

tion and deletion, and frameshift variants based on Variant Effect

Predictor annotations in CCDS genes (Ensembl release 88). In the

dominant filtering strategy (applied to both singleton cases,

affected parent-child pairs, and the de novo variant analysis), we

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

Variant prioritization
Variants surviving the filtering steps were manually assessed and

prioritized. All prioritized variants were classified according to

ACMG standards and guidelines.15 As these guidelines are not

designed for novel research findings, and because they do not al-

ways capture the phenotypic subtleties, we also used a study-spe-

cific method of classification. We combined three lines of evi-

dence: (1) at the variant level (e.g., using in silico prediction

tools), (2) at the pedigree level (e.g., variant segregation data

within families), and (3) at the gene level (e.g., prior disease

phenotype associations). Each variant was given a score between

0 and 2 for the three lines of evidence making the maximum score

6 (Table S2).

We deemed variants as causative with ‘‘high confidence’’ if a

score R5 was achieved and ‘‘moderate confidence’’ for variants

with scores R4. Variants scoring <4 were not prioritized or re-

ported without the support of functional data.

Variant validation and segregation
Candidate variants in known and potentially novel disease genes

were confirmed by bi-directional Sanger sequencing (ABI BigDye

3.1, Applied Biosystems) on ABI3730xl DNA Analyzer. Primers

were designed with Primer-BLAST.16 The sequences were analyzed

using Sequencher v.5.3 (Gene Codes Corporation).

Specific splicing in silico predictions were made using Human

Splicing Finder v3.1.17 Confirmation of CLN6 (GenBank:

NM_017882.3; MIM: 606725) splicing effect was performed by

RT-PCR from total RNA extracted from fibroblast cells followed

by sequencing of the abnormal amplicon (Figure S4).

Deletion confirmation ofNEU1 (GenBank: NM_000434.3; MIM:

608272) was performed by quantitative PCR (qPCR) (Figure S5).

Primers for Sanger sequencing and PCR are available upon

request.

Copy number variant analysis from WES data
Copy number variants were called from the WES data based on

relative sequencing depth. CNVkit was used to call the vari-

ants.18 This analysis was performed separately for WES data gener-

ated in the original study3 and in the current one owing to the
724 The American Journal of Human Genetics 108, 722–738, April 1,
different exome capture kits used. CNVanalysis focused on known

disease genes (annotated against Clinical Genomics Database), in

particular those associated with PMEs.

Analysis of short tandem repeats
We additionally examined whether any of the probands had short

tandem repeats (STRs) that were expanded at 27 known patho-

genic loci (Table S3). The WES samples were examined separately

using two STR detection tools, Expansion Hunter v.2.5.519 and ex-

STRa.20 For each locus we looked for evidence of outlying samples

in terms of STR length by inspecting plots of estimated STR size

(ExpansionHunter), and empirical cumulative distribution func-

tion (eCDF; exSTRa) plots of the number of repeated bases

observed for each sample.

Human fibroblast culture
Fibroblast cultures were established from skin biopsy samples of

PME1, PME2, PME71, and PME27 as well as control subjects. Cells

were cultured in DMEM (GIBCO, Thermo Scientific) plus 10% FBS,

100 units/mL penicillin, 100 mg/mL streptomycin, and 2 mM

glutamine in a 37�C and 5% CO2 humidified incubator.

Microsomal cis-prenyltransferase activity measurement
Crude microsomes were prepared as described21 with minor mod-

ifications. cis-prenyltransferase (cisPTase) assays and activity mea-

surements in human dermal fibroblasts were performed as

described22,23 withminormodifications. In brief, microsomal frac-

tions from cells were prepared by centrifugation at 100,0003 g for

40 min at 4�C. 50mgmicrosomal protein was used for cisPTase ac-

tivity measurement with reaction mixture containing 45 mM FPP,

50 mM [1- 14C]- isopentenyl pyrophosphate (IPP) (55 mCi/mmol;

138,000 cpm/reaction), 25 mM Tris-HCl (pH 7.4), 5 mM MgCl2,

1.25 mM DTT, 2.5 mM sodium orthovanadate, 10 mM Zaragozic

acid A, and 0.35% Triton X-100. Reactions were performed at

37�C for 1 h and stopped by the addition of 4 mL of chloroform:-

methanol (3:2 ratio). The protein pellet was removed by centrifu-

gation and the supernatant was washed three times with 1/5 vol-

ume of 10 mM EDTA in 0.9% NaCl. The incorporation of

radioactive IPP into organic fraction containing polyprenyl pyro-

phosphate was measured by scintillation counting.

Western blot analysis
Cells were washed twice with ice-cold PBS and lysed in lysis buffer

(50 mM Tris-HCl, 1% NP-40, 0.1% SDS, 0.1% Deoxycholic Acid,

0.1 mM EDTA, 0.1 mM EGTA, protease and phosphatase inhibi-

tors). Protein extracts were separated by SDS-PAGE and then trans-

ferred to nitrocellulose membrane. Primary antibodies against

NUS1 (Abcam, ab168351), DHDDS (Sigma, HPA026727), ICAM1

(Santa Cruz, Sc8439), LAMP1 (BD Transduction Laboratories,

611402), and HSP90 (Cell Signaling Technology, 4877) were

used. The appropriate LI-COR secondary IRDye antibodies and

LI-COR Odyssey Infrared Imaging System (LI-COR, Lincoln, NE)

were used for antibody detection.

Filipin staining
Cells were grown on glass cover glasses, fixed in 4% PFA for

10 min, and permeablized in 0.1% Triton X-100 for 5 min. Cells

were then incubated with 50 mg/mL filipin (Sigma, F4767) for 1

h. As a positive control for induction of cholesterol accumulation,

cells were treated for 16 hwith 1mMU18666A (EMDBiosciences).

Relative intensity of filipin staining was quantified by calculating
2021



Figure 1. Proportion of all 78 unrelated in-
dividuals with PME with (solved) and
without (unsolved) likely pathogenic vari-
ants by clinical group
average pixel intensity using Adobe Photoshop according to the

equation: average filipin intensity ¼ total intensity above low

threshold/number of pixels above low threshold.24

Yeast strains and culture methods
S. cerevisiae strain alg10D (MATa his3D1 leu2D0 met15D0 ura3D0

YGR227W::kanX4, Dharmacon) and its derivatives were used.

Cultures were grown at 30�C in YPD or Synthetic minimal me-

dium made of 0.67% (wt/vol) yeast nitrogen base and 2%

(wt/vol) glucose supplemented with auxotrophic requirements.

For solid media, agar (Becton Dickinson) was added at a 2%

(wt/vol) final concentration. Yeast transformations were per-

formed by standard yeast genetic methods.

Functional characterization of ALG10/ALG10B variants

in yeast
To examine the functionality of hALG10 proteins, the N-glycosyl-

ation status of carboxypeptidase Y (CPY) was tested in S. cerevisiae

alg10D strain transformed with empty pKG-GW1 plasmid (2 m,

LEU2 marker22) (negative control) or pKG-GW1 carrying yeast

(y) ALG10 ORF (positive control), human (h) ALG10, hALG10

p.Lys391Valfs*35, hALG10B or hALG10B p.Leu253Trp. Yeast

transformants were inoculated from single colony and grown

overnight at 30�C in synthetic medium lacking leucine. Cells

from saturated overnight cultures were harvested and lysed by

alkaline method. Whole-cell lysate (WCL) was subjected to SDS-

PAGE (7.5% gel) and immunoblotting. Yeast CPY was detected

with anti-CPY monoclonal antibodies (Fisher Scientific, clone

10A5B5).

Statistical and data analysis
Statistical analyses and graphical representation were performed

with the GraphPad Prism v.7.0 software (GraphPad Software) or

the R statistical programming language (v.3.6.1). Figure legends

indicate the statistical test used in functional experiments. p

values < 0.05 were considered significant.

Gene co-expression networks
For gene co-expression analyses, normalized brain expression

values from the BrainSpan Developmental transcriptome dataset

were downloaded (see web resources). Genes were removed if

they had expression valuesmissing from>50% of the 524 samples

available from 42 individuals.
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Using the log2 transformed expression

values, a matrix of weighted correlations

was generated, with weights determined as

1/On, where n is the number of samples

contributed by the respective individual.

Correlation plots were visualized using the

corrplot R package, with genes ordered by

hierarchical clustering, using the median

linkage method.

To determine whether the established and

candidate PME genes were more highly co-
expressed than expected by chance we randomly sampled 5,000

sets of genes. We calculated the median for each random gene

set and compared this to the observedmedian of the PME gene set.

Results

PME cohort

The study cohort included 84 individuals with PME from 78

families who did not have a known molecular basis.

Genomic ancestry checks suggested 74 families (95%) were

of European descent, with more than half (n ¼ 46) referred

from hospital centers in Italy. The other four families were

admixedAmerican (n¼ 2) and East Asian (n¼ 2). Inbreeding

estimates using FEstim suggested 24% of families were

consanguineous (19/78). This was consistent with clinical

descriptions of parental relatedness in ten families; detailed

pedigree histories were not available for the other nine.

Clinically, the majority of the 78 unrelated affected indi-

viduals were classified into two well-established groups:

43% (n ¼ 34) had ‘‘ULD-like’’ PME (i.e., classical child-

hood/adolescent onset of PME; no dementia) and 31%

(n ¼ 24) had PME þ dementia. Two smaller groups

comprised developmental delay predating PME onset

(n ¼ 12) and a group of late-onset (>20 years) PME

(n ¼ 8) (Figure 1). Age of disease onset across the cohort

ranged from late infancy to 45 years (mean 12 years)

(Figure S2).

In total, we identified variants in 24 out of 78 (31%) un-

related affected individuals that we regarded with moder-

ate-to-high confidence (see subjects and methods) as caus-

ative. Interestingly, the diagnostic success was highest in

one of the two newly recognized, rarer clinical groups

(PME with prior developmental delay), although the

numbers were small (Figure 1).

We had the most success with individuals in whom we

had sequenced additional family members (14/28); we

identified a likely causal variant in 45% of trios and in

67% of subjects where another affected 1st-degree relative

was sequenced. The proportion of singletons with likely

causative variants was significantly less, with just 10 out

of 50 cases (OR ¼ 3.9, p value ¼ 0.01, Fisher’s exact test).
n Genetics 108, 722–738, April 1, 2021 725



Figure 2. PME-associated genes (n ¼ 18) with high and moderate confidence variants detected in our cohort of 78 unrelated indi-
viduals with PME that had previous extensive genetic investigations
The number of unrelated individuals with variants in each gene is shown in parentheses with the known primary function/pathway of
each gene also listed. See subjects andmethods for criteria followedwhen classifying variants as high versusmoderate confidence. *Func-
tionally validated genes in this study.
The 24 likely solved cases involved 18 genes: 1 (ALG10

[GenBank: NM_032834.4; MIM: 618355]) has no known

disease associations, 6 were known PME genes, including

the very recently described SEMA6B (GenBank:

NM_032108.4; MIM: 608873),25 and 11 have been re-

ported in other neurological diseases, but not previously

in PME (Figure 2, Tables 1, 2, 3, S4, and S5).
Dolichol-dependent glycosylation identified as a PME

pathway

In discovering variants in NUS1 (GenBank: NM_138459.3;

MIM: 610463), DHDDS (GenBank: NM_024887.3; MIM:

608172), and ALG10 in a total of 6 unrelated subjects, we

identified dolichol-dependent glycosylation as a disease

pathway for PME (Figures 2 and S3). The age of onset

and clinical features were heterogeneous (Table 1).

We subsequently functionally characterized the variants

in these three related genes. NUS1 and DHDDS encode two

subunits of cisPTase (also known as dehydrodolichyl

diphosphate synthase), the first enzyme committed to

dolichol synthesis (Figure S3D).22,23,26,27 CisPTase is

located at a critical branchpoint of farnesyl diphosphate

metabolism, with an alternate branch responsible for

cholesterol synthesis. ALG10 is more distal in the dolichol

pathway; it is a glucosyltransferase that transfers the

terminal glucose residue from dolichyl phosphate glucose

(Dol-P-Glc) onto the lipid-linked oligosaccharide precursor

Glc2Man9GlcNAc(2)-PP-Dol. The terminal glucose residue
726 The American Journal of Human Genetics 108, 722–738, April 1,
added is a key element required for efficient N-linked

glycosylation of proteins.28
NUS1

Two individuals with PME had variants in NUS1 (also

termed NgBR), encoding the accessory subunit of cisPTase.

PME1 carried a de novo frameshift variant c.740dupT

(p.Asp248Glyfs*15) and PME2 a de novo nonsense variant

c.310delG (p.Val104*) (Tables 1, S4, and S5, Figure S3A).

Initial analysis of fibroblast cells by western blotting re-

vealed decreased amount of NUS1 in cells from individuals

with PME compared to control subjects, implying the pres-

ence of nonsense-mediated mRNA decay and/or instability

of the truncated proteins (Figure 3B). In PME1, also the

amount of DHDDS appeared to be decreased, in line with

the predicted truncated NUS1 product that is missing the

interface region for heterodimerization with DHDDS and

consequently DHDDS instability.23,29,30 CisPTase activity

in cells was drastically decreased, demonstrating that lower

protein levels directly affect enzymatic turnover rates

(Figure 3A). In order to evaluate the consequence of the

reduced cisPTase activity in fibroblast cells, the glycosyla-

tion status of ICAM1 and LAMP1, established markers for

N-glycosylation defects,31,32 was examined. Altered

ICAM1andLAMP1expressionandmigrationweredetected

by western blot analysis (Figure 3B). Finally, we examined

free cholesterol levels, an additional consequence of NUS1

dysfunction in cells.33 Fibroblasts were stained with filipin
2021



Table 1. Dolichol-dependent glycosylation genes with variants identified in the PME cohort

Patient ID
country of
origin Sex Gene (GenBank) Variant(s) (LOVD ID)

gnomAD
MAF Inheritance

Clinical summary
(onset age)

WES study
design Confidence

PME1 Italy M NUS1 (NM_138459.3) c.740dupT
(p.Asp248Glyfs*15)
(het) (#00334867)

0 de novo myoclonus (13y),
no seizures; no ataxia,
normal cognition

trio high

PME2 Italy F NUS1 (NM_138459.3) c.310delG (p.Val104*)
(het) (#00334873)

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 (NM_024887.3) c.632G>A
(p.Arg211Gln)
(het) (#00334875)

0 de novo myoclonus (7y); absences
with eyelid myoclonia (9y);
mild ataxia, moderate
cognitive impairment;
developmental delay

trio high

PME71 Italy F DHDDS (NM_024887.3) c.614G>A
(p.Arg205Gln)
(het) (#00334877)

0 unknown ataxia (late infancy);
rare TCS (17y), mild action
myoclonus (29y);
normal cognition

singleton moderate

PME27 Italy F DHDDS (NM_024887.3) c.283G>A
(p.Asp95Asn)
(het) (#00334878)

0 unknown tremor (21y);
myoclonus (35y),
single TCS (36y); ataxia,
normal cognition;
bilateral deafness

singleton moderate

PME50
Turkey

F ALG10 (NM_032834.4) c.1170_1171delAA
(p.Lys391Valfs*35)
(hom) (#00334880)

0 AR frequent myoclonus (13y),
rare TCS; ataxia, mild
cognitive dysfunction (16y);
scoliosis

trio moderate

Abbreviations: MAF, minor allele frequency; AR, autosomal recessive; het, heterozygous; hom, homozygous; gnomAD, The Genome Aggregation Database; TCS,
tonic-clonic seizure. Detailed clinical summaries can be found in Table S5. See subjects and methods for criteria for classifying variants as high versus moderate
confidence.
and free cholesterol pools were examined. Both case fibro-

blasts exhibited increased accumulation of free cholesterol

compared to controls (Figure 3C).
DHDDS

Three individuals with PME were identified with rare

missense variants in DHDDS (also termed hCIT), encoding

the catalytic subunit of cisPTase. PME3 was found to have a

de novo missense variant c.632G>A (p.Arg211Gln) previ-

ously described in three individuals with developmental

and epileptic encephalopathy (DEE).34,35 PME71 and

PME27 carried heterozygous missense variants c.614G>A

(p.Arg205Gln) and c.283G>A (p.Asp95Asn), respectively.

No parental samples were available for PME71 for segrega-

tion analysis (Tables 1, S4, and S5, Figure S3B). For PME27,

it was possible to exclude the c.283G>A variant only in the

father as maternal DNA was unavailable. PME27 was also

heterozygous for a rare variant in DNMT1 (c.1619A>G

[p.Tyr540Cys]), but without functional support this variant

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

Functional studies in fibroblasts from PME71 and

PME27 showed apparently normal amounts of both

DHDDS and NUS1 (Figure 3B) in line with the preserved

capacity for heterodimerization, decreased cisPTase activ-

ity in isolated membranes (Figure 3A), and altered levels
The Ame
and migration of ICAM1 and LAMP1 proteins indicating

protein N-glycosylation defect (Figure 3B). Furthermore,

consistent with reduced cisPTase activity and protein

glycosylation defect, increased cholesterol accumulation

was detected in both fibroblast cells (Figure 3C). Fibroblasts

were not available from PME3 but, because the variant was

de novo and previously reported, we regarded it as disease

causing with high confidence.
ALG10

PME50 was included in the first exome study and identi-

fied to carry the homozygous frameshift variant

c.1170_1171delAA (p.Lys391Valfs*35) (Tables 1, S4, and

S5, Figure S3C) in ALG10,3 encoding a putative alpha-

1,2-glucosyltransferase. At that time, with no prior disease

association for ALG10 and with no functional studies

performed, the variant was regarded as of uncertain

significance. Here, we now provide evidence for its

pathogenicity.

Hypo-glycosylation of reporter proteins ICAM1 and

LAMP1, identified in western blot analysis of fibroblasts

from PME50 (Figure 4A), predicts a defect in alpha-1,2-glu-

cosyltransferase activity. The heterozygous carrier parents

of PME50 also showed abnormal glycoslation pattern

(Figure 4A). In the sixth decade of their life, both parents
rican Journal of Human Genetics 108, 722–738, April 1, 2021 727



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

Patient ID
country
of origin Sex Gene (GenBank) Variant(s) (LOVD ID)

gnomAD
MAF Inheritance

Clinical summary
(onset age)

WES study
design Confidence

PME83 Australia M SEMA6B
(NM_032108.4)

c.1993delC
(p.Arg665Glyfs*20)
(het) (#00334899)

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

singletona high

PME25 Canada F SEMA6B
(NM_032108.4)

c.2032delG
(p.Glu678Argfs*7)
(het) (#00334902)

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
(NM_017882.3)

c.486þ28T>C
(splicing) (hom)b

(#00334904)

0 AR ataxia (14y); severe
myoclonus (32y), TCS,
dementia, pyramidal signs,
psychiatric co-morbidities

singleton high

PME26 (dec.)
Germany

M GBA
(NM_001005742.2)

c.761þ4A>G
(splicing) (hom)
(#00334906)

0 AR myoclonus (8y); ataxia,
ophthalmoplegia,
mild cognitive impairment,
splenomegaly

singleton moderate

PME10 Malaysia M NEU1
(NM_000434.3)

c.544A>G
(p.Ser182Gly);
deletion of NEU1
(comp het)
(#00334907)

0.001; 0 AR occasional TCS (12y);
frequent myoclonus (14y),
ataxia, normal cognition,
visual deterioration (20y),
cherry-red spots (21y)

trio high

PME7 Israel F CERS1
(NM_021267.4)

c.210G>A
(p.Trp70*); c.202C>A
(p.Leu68Met)
(both hom)
(#00334908),
(#00334910)

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
(NM_004315.4)

c.966�2A>G,
splicing; c.504A>C
(p.Lys168Asn)
(comp het)
(#00334911)

0.000004;
0.00006

AR multifocal myoclonus (10y).
TCS, progressive limb and
bulbar weakness (16y);
hearing impairment (4y);
deceased (19y)

trio high

Abbreviations: MAF, minor allele frequency; comp het, compound heterozygous; hom, homozygous; AR, autosomal recessive; gnomAD, The Genome Aggrega-
tion Database; dec., deceased; TCS, tonic-clonic seizure. Detailed clinical summaries can be found in Table S5. See subjects andmethods for criteria followed when
classifying variants as high versus moderate confidence.
aVariant subsequently confirmed de novo by Sanger sequencing; maternal DNA did not meet quality control requirements for WES.
bSplicing effect of intronic variant confirmed by RT-PCR (see Figure S4).
were neurologically normal. The mother, like PME50

(Table S5), was morbidly obese, while the father was of

normal weight.

To confirm the predicted function of ALG10 as an alpha-

1,2-glucosyltransferase and to model the ALG10 variant, we

used a yeast alg10 deletion strain to re-express human

wild-type and mutant ALG10 proteins for functional

complementation. In the absence of dolichyl-phosphoglu-

cose-dependent alpha-1,2-glucosyltransferase activity, the

lipid-linked oligosaccharide (N-glycan precursor) lacking

terminal glucose is less efficiently transferred to glycopro-

tein,28 resulting in the reporter protein for N-glycosylation,

CPY, being hypo-glycosylated and runningmore quickly on

SDS-polyacrylamide gel electrophoresis. Both yeast and

human ALG10 did complement the yeast deletion strain

(Figure 4B), as judged by the presence of mainly the mature
728 The American Journal of Human Genetics 108, 722–738, April 1,
form of CPY. Alg10 deletion strains transformed either with

empty vector or with mutated ALG10 (Figure 4B) showed

multiple bands of CPY corresponding to hypo-glycosylated

forms of the protein, thus supporting the pathogenicity of

the ALG10 p.Lys391Valfs*35 variant. Given that the

ALG10 variant was only detected in one individual with

PME and has no established disease association, we classi-

fied it as disease causing with moderate confidence, despite

the functional evidence for its pathogenicity.

PME50, however, is also homozygous for a missense

variant c.758T>G (p.Leu253Trp) in the highly homologous

ALG10B (MIM: 603313) gene encoding alpha-1,2-glucosyl-

transferase B.36 Themissense variant is reported in gnomAD

with an allele frequency of 0.004 with 5 homozygous

individuals so it is unlikely to be pathogenic on its

own. However, while human ALG10B complemented
2021



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

Patient ID
country of
origin Sex Gene (GenBank)

Disease previously
associated with gene
(MIM ID) Variant(s) (LOVD ID)

gnomAD
MAF Inheritance Clinical presentation

WES study
design Confidence

PME11 Italy M CHD2
(NM_001271.3)

epileptic encephalopathy,
childhood-onset
(MIM: 615369)

c.532A>T (p.Arg178*)
(het) (#00334913)

0 de novo frequent absence seizures and rare TCS (6y),
severe myoclonus (14y); ataxia, dementia;
developmental delay

trio high

PME19 Italy M CACNA2D2
(NM_001174051.2)

cerebellar atrophy with
seizures and variable
developmental delay
(MIM: 618501)

c.1260G>A (p.Thr420¼)
(het, de novo); c.1112A>G
(p.Tyr371Cys)
(het, pat inherited)
(#00334914)

0; 0 AR myoclonus, absence and tonic seizures (4y);
dementia, no ataxia; developmental delay

trio high

PME4 (dec.) Italy F STUB1
(NM_005861.4)

autosomal-recessive
spinocerebellar
ataxia 16 (MIM: 615768);
spinocerebellar ataxia 48
(MIM: 618093)

c.169C>T (p.Pro57Ser)
(hom) (#00334915)

0 AR ataxia (12y); myoclonus, TCS (30y);
dementia; tetraparesis

trio high

PME16 Italy F CACNA1A
(NM_001127222.2)

early infantile epileptic
encephalopathy
(MIM: 617106);
spinocerebellar
ataxia 6 (MIM: 183086);
episodic ataxia type 2
(MIM: 108500); familial
heiplegic migraine 1
(MIM: 141500); familial
hemiplegic migraine 1
with progressive cerebellar
ataxia (MIM: 141500)

c.4897G>A
(p.Asp1633Asn)
(het)a (#00334917)

0 unknown ataxia, myoclonus (30y); cognitive
impairment; sensorineural hearing
impairment

singleton moderate

PME17 Italy F CAMTA1
(NM_015215.4)

non-progressive cerebellar
ataxia with mental
retardation (MIM: 614756)

c.4418G>C
(p.Ser1473Thr)
(het) (#00334922),
(#00334925)

0.000004 AD myoclonus (18y), no TCS; no ataxia or
dementia

parent-child moderate

PME18 Italy M myoclonus, rare TCS (25y); no ataxia or
dementia

PME21 Malta M PEX19
(NM_001193644.1)

peroxisome biogenesis
disorder 12A (Zellweger)
(MIM: 614886)

c.254C>T (p.Ala85Val)
(hom) (#00334927),
(#00334928)

0.0009 AR progressive ataxia (7yr); myoclonus, TCS
(9y), dementia (10y); limb spasticity

sibling pair high

PME22 Malta M progressive ataxia (8y); myoclonus, TCS (9y);
dementia (10y); limb spasticity

(Continued on next page)

T
h
e
A
m
e
rica

n
Jo
u
rn
a
l
o
f
H
u
m
a
n
G
e
n
e
tics

1
0
8
,
7
2
2
–
7
3
8
,
A
p
ril

1
,
2
0
2
1

7
2
9



Table 3. Continued

Patient ID
country of
origin Sex Gene (GenBank)

Disease previously
associated with gene
(MIM ID) Variant(s) (LOVD ID)

gnomAD
MAF Inheritance Clinical presentation

WES study
design Confidence

PME60
(dec.) Malta

F PEX19
(NM_001193644.1)

Peroxisome biogenesis
disorder 12A (Zellweger)
(MIM: 614886)

c.254C>T (p.Ala85Val)
(hom) (#00334930)

0.0009 AR progressive severe ataxia (8y); TCS (12y);
hypertonia

singleton high

PME5
(dec.) Italy

F NAXE
(NM_144772.2)

encephalopathy, progressive
early-onset, with brain
edema and/or
leukoencephalopathy
(MIM: 617186)

c.128C>A (p.Ser43*)
(hom) (#00334932)

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
(NM_020320.3)

pontocerebellar hypolasia
type 6 (MIM: 611523)

c.943C>T (p.Arg315*);
c.425T>C
(p.Val142Ala)
(comp het)
(#00334933),
(#00334935)

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
(NM_020320.3)

pontocerebellar hypolasia
type 6 (MIM: 611523)

c.1026G>A
(p.Met342Ile); c.3G>A
(p.Met1Ile)
(comp het) (#00334936)

0.0002; 0 AR prominent progressive action myoclonus
(25y); no TCS, no ataxia, no dementia

trio moderate

PME64 Italy M DYNC1H1
(NM_001376.4)

Charcot-Marie-Tooth
disease axonal type 20
(MIM: 614228); mental
retardation,
autosomal-dominant
13 (MIM: 614563); spinal
muscular atrophy lower
extremity-predominant
(MIM: 158600)

c.7828delC
(p.Arg2610Glyfs*23)
(het) (#00334938)

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, heterozygous; hom, homozygous; AD, autosomal dominant; gnomAD, The Genome Aggregation Database;
dec., deceased; TCS, tonic-clonic seizure. Detailed clinical summaries can be found in Table S5. Please see subjects and methods for criteria followed when classifying variants as high versus moderate confidence.
aSee Figure S7 for molecular modeling that supports a loss-of-function effect for this CACNA1A variant.
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Figure 3. The NUS1 and DHDDS variants
cause defects in protein glycosylation due
to reduced cisPTase activity in patient-
derived fibroblast cell lines
(A) Reduced microsomal cisPTase activity
in isolated membranes from PME (NUS1:
PME1, PME2 and DHDDS: PME71,
PME27) compared to control (C) fibro-
blasts. **p < 0.005, ***p < 0.001. Data
presented as mean 5 SEM of at least three
independent measurements.
(B) Affected protein glycosylation in PME
fibroblasts. Western blot analysis of
NUS1, DHDDS, LAMP1, and ICAM1 levels.
HSP90 was used as loading control.
(C) Increased cholesterol accumulation in
PME fibroblasts. Filipin staining and quan-
titative representation from PME and con-
trol cells. U18666A was used as a positive
control for inhibition of cholesterol traf-
ficking. *p < 0.05, **p < 0.005, ***p <
0.001, a.u., arbitrary units. Data are repre-
sentative of at least three experiments.
glycosylation in the yeast assay, the variant ALG10Bwas not

quite as effective (Figure 4B), so we could not rule out a

contribution of the homozygous ALG10B variant to the

phenotype.

Likely causative variants in established PME genes

In seven families, we identified likely causative variants

in six established PME genes (SEMA6B, CLN6, GBA

[GenBank: NM_001005742.2; MIM: 606463], NEU1,
The American Journal of Human
CERS1 [GenBank: NM_021267.4;

MIM: 606919], ASAH1 [GenBank:

NM_004315.4; MIM: 613468]) (Ta-

ble 2). These cases all defied diag-

nosis earlier because of unusual ge-

netic mechanisms or very rare or

newly recognized causes.

SEMA6B was recently published as a

dominant PME gene with de novo var-

iants in four individuals.26 We inde-

pendently validate this finding with

an additional two affected individuals

(PME83, PME25). Both of our subjects

had frameshift variants in the last

exon of SEMA6B (Table 2) within

very close proximity to the published

series.26 Low coverage, due to high

GC content, of this exon meant that

only one of the two variants were

initially called by our bioinformatics

pipeline and thus both variants

escaped detection until targeted

SEMA6B reanalysis. Clinically, PME83

and PME25 were classified as PME

with developmental delay, consistent

with the published cases (Table S5).

We confirmed the de novo status

for PME83 by subsequent Sanger
sequencing of the parents, but parental DNA was unavai-

lable for PME25.

In the case of CLN6 and GBA, the putative causative vari-

ants (Table 2) are both intronic and were not prioritized by

initial filtering strategies. Prior to genetic testing, PME15

and PME26 were clinically suspected of having Kufs Type A

(MIM: 601780) and Gaucher disease type III (MIM:

231000), respectively.37,38 Both variants are homozygous

and inbreeding coefficient estimates were consistent with
Genetics 108, 722–738, April 1, 2021 731



Figure 4. The ALG10 frameshift muta-
tion causes defects in protein N-glycosyla-
tion due to a predicted defect in alpha-
1,2-glucosyltransferase activity
(A) Affected protein glycosylation in fibro-
blasts carrying the ALG10 and ALG10B
variants. Western blot analysis of ICAM1
and LAMP1 expression. HSP90 was used
as loading control.
(B) Protein N-glycosylation of CPY shows
multiple hypo-glycosylated bands in a
yeast alg10 deletion strain transformed
with mutated human (h) ALG10
(hALG10fs) or empty vector. N-glycosyla-
tion deficiency is rescued when trans-
formed with either wild-type yeast
ALG10 (yALG10), hALG10, or hALG10B.
parental consanguinity for the two families. Predictions for

the GBA splice-site variant having an effect on mRNA

splicingwas consistent across all splicing in silico tools; how-

ever, without the ability to confirm this experimentally

(PME26deceased),weclassifiedthevariantas likelycausative

with moderate confidence. The deep intronic CLN6 variant

was predicted in silico to create an intronic exonic splicing

enhancer (ESE) site39 and RT-PCR from PME15 fibroblast

cells confirmed aberrantmRNA splicing (Figure S4A). Sanger

sequencingof the aberrant product revealed inclusionof119

nucleotidesof intronic sequencedownstreamof the30 endof
exon 4 (Figure S4B). These data are compatible with the ho-

mozygous variant in PME15 causing activation of a non-ca-

nonical splice site through creation of an intronic ESE site

(Figure S4C). The intronic inclusion creates a premature

stop codon after 60 nucleotides of open reading frame in

the intronic sequence. This is predicted to result in

nonsense-mediated decay with partial loss-of-functional

protein, compatible with the late-onset CLN6 disease in

PME15. As such we classified this variant as likely causative

with high confidence (Figure 2; Tables S4 and S5).

Our single CNV findingwas at theNEU1 locus. In PME10,

WES data initially suggested a homozygous c.544A>G

(p.Ser182Gly) NEU1 variant (Table 2). Validation by Sanger

sequencingshowedthatonly themotherwasaheterozygous

carrier of themissense variant.Reanalysis of theWESdata for

a potential CNV in the region indicated the presence of a

deletion on the paternal allele, confirmed by quantitative

PCR (Figure S5). Subsequently, PME10’s younger brother

developed symptoms and genetic analysis confirmed his

compound heterozygous status for the sameNEU1 variants.

Clinically the presentation for both brothers was consistent

with sialidosis (MIM: 256550)40 (Tables S4 and S5).

Recessive variants in very rare PME genes involved in the

sphingolipid pathway, CERS141 and ASAH1,42 were identi-

fied in one family each. Siblings PME7 and PME8 were

homozygous for two variants in CERS1, a nonsense and a

missense variant (Table 2). Segregation analysis confirmed

heterozygosity for both variants in one of the parents,

respectively. The parents were known to be related, with

consistent inbreeding F estimates. In PME9, WES revealed

compound heterozygous variants in ASAH1, one splice-site
732 The American Journal of Human Genetics 108, 722–738, April 1,
and one missense variant (Tables 2, S4, and S5); at

diagnosis the individual had PME but not spinal muscular

atrophy although this subsequently developed.

Likely causative variants in other known disease genes

An additional 11 likely causative variants were identified in

genes not previously associated with PME, but recognized

in neurological phenotypes including seizures or ataxia

(Table 3). CHD2 (GenBank: NM_001271.3; MIM:

602119), CACNA2D2 (GenBank: NM_001174051.2; MIM:

607082), and CACNA1A (GenBank: NM_001127222.2;

MIM: 601011) are established DEE genes, as are NUS1

and DHDDS involved in dolichol metabolism (see above).

CACNA1A is also associated with ataxia syndromes as are

STUB1 (GenBank: NM_005861.4; MIM: 607207) and

CAMTA1 (GenBank: NM_015215.4; MIM: 611501).

PEX19 (GenBank: NM_001193644.1; MIM: 600279),

NAXE (GenBank: NM_144772.2; MIM: 608862), RARS2

(GenBank: NM_020320.3; MIM: 611524), and DYNC1H1

(GenBank: NM_001376.4; MIM: 600112) are currently

associated with more complex neurological phenotypes

(Table 3). These variants all met our criteria for moderate

to high confidence in causation based on both the genetic

data and phenotypic overlap (Tables S4 and S5) (see sub-

jects and methods).

In the case of PEX19, this is a well-established gene for

peroxisome biogenesis disorders (MIM: 614886). We iden-

tified three individuals (PME21, PME22, PME60) from two

unrelated families of Maltese origin, with the same homo-

zygous missense variant c.254C>T (p.Ala85Val). All three

individuals shared a similar phenotype with onset around

age 9 years involving myoclonus, tonic-clonic seizures,

ataxia, cognitive decline, and marked photosensitivity

(Tables 3 and S5). PME60 had a clinically similarly affected

brother who was deceased and not tested. This variant is

not present in the Maltese Genome project (J. Vella et al.,

2013, European Society of Human Genetics, conference)

with 400 individuals; however, haplotype analysis results

were consistent with a distant founder effect (Figure S6).

Further, independent studies have identified two addi-

tional Maltese individuals with the same homozygous

variant and similar clinical phenotype (data not shown).
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Figure 5. Gene co-expression matrix for
33 known (black) and candidate (gray)
PME genes
Pairwise Spearman correlations between
genes shown, based on 524 samples from
42 individuals from the BrainSpan
resource. Genes are ordered and grouped
with hierarchical clustering, using the me-
dian linkage method.
Filtered variants that did not meet our criteria for prior-

itization can be found in Table S6. Our short tandem repeat

analyses did not detect any expansions at the known

pathogenic loci (Table S3).

PME gene brain co-expression networks

Using brain expression data from BrainSpan, we examined

the co-expression between the major established PME

genes (Table S1) and all genes we report here with likely

causative variants (Tables 1, 2, and 3). Expression data

were not available for MT-TK (MIM: 590060) responsible

for myoclonus epilepsy associated with ragged-red fibers

(MERRF [MIM: 545000]); this mitochondrial gene was

therefore excluded from the analysis.

The ordered correlation matrices revealed some strik-

ing patterns (Figure 5). We observed 3 large clusters of

11 positively correlated gene sets that accounted for all

candidate and established (bold) PME genes. Cluster

one contains NHLRC1 (MIM: 608072), CLN3 (MIM:

607042), ATN1 (MIM: 607462), DHDDS, CACNA2D2,

KCNC1, CACNA1A, CAMTA1, DNAJC5 (MIM:

611203), DYNC1H1, HTT (MIM: 613004). Cluster two

contains CLN6, CLN8 (MIM: 607837), EPM2A (MIM:

607566), TPP1 (MIM: 607998), GBA, NEU1, PEX19,

STUB1, NAXE, SEMA6B, CERS1. Cluster three contains

CSTB, CLN5 (MIM: 608102), ASAH1, MFSD8 (MIM:

611124), NUS1, GOSR2 (MIM: 604027), SCARB2

(MIM: 602257), ALG10, KCTD7 (MIM: 611725),

RARS2, CHD2.
The American Journal of Human
Using a Monte Carlo sampling

approach, we found evidence that

the established and candidate PME

genes were more highly co-expressed

than would be expected by chance

(p < 0.05). These results suggest that

overall these genes have similar brain

gene expression signatures. Shared

biological networks are further sup-

ported by the observation that clus-

ters 2 and 3 are negatively correlated.

Discussion

Our data uncovered dolichol-depen-

dent protein glycosylation as an

important pathway underlying PME.

Additional findings were the confirma-
tion of SEMA6B as a cause of PME and that PME can some-

times be a rare manifestation of variants in genes associated

with developmental and epileptic encephalopathy or ataxia

syndromes. Finally, our results suggest that there is unlikely

to be a major shared genetic basis to the remaining unsolved

cases, but rather the answer will most likely be a heteroge-

nous mix of rare disorders. However, rare variants in a novel

gene, particularly in the introns, and regions of low coverage

cannot be excluded.

Overall, we identified plausible pathogenic variants in

24 out of 78 (31%) unrelated affected individuals. This

cohort had been extensively studied for known genetic

causes previously, so, it is notable that our diagnostic yield

was this high. As de novo dominant mutations were

recently established as an important alternative cause of

PME,3 we pursued a trio-design WES analysis where

possible. Overall, we had significantly greater success iden-

tifying plausible pathogenic variants in subjects that had

been sequenced with other family members (i.e., as an

affected trio- or quartet- with unaffected parents or part

of an affected sibling or parent-offspring pair). This was

driven in part by the importance of de novo variants in

dominant genes, that has previously been under-appreci-

ated for this disease group, but also the ability to confirm

compound heterozygosity and/or homozygosity for vari-

ants under a recessive model. Clinically, the two primary

categories of PME have historically been separated accord-

ing to the presence (PME with dementia) or absence

(‘‘ULD-like’’) of cognitive decline. In this analysis of cases
Genetics 108, 722–738, April 1, 2021 733



defyingmolecular diagnosis, two additional clinical groups

were apparent: PME with prior developmental delay and a

late-onset group. Our success rate in diagnosis was highest

for one of the newly recognized, albeit smaller, clinical

groups: 50% for PME with prior developmental delay

(Figure 1).

We associate dolichol-dependent glycosylation with the

PME phenotype through the identification of variants in

NUS1, DHDDS, and ALG10, supported by demonstrating

glycosylation defects in fibroblast cell lines and/or in yeast

assays. Protein glycosylation is a ubiquitous post-transla-

tional modification that contributes to several crucial

biological and physiological processes within cells. Given

that variants in NUS1, DHDDS, and ALG10 were associated

with altered expression and migration of ICAM1 and

LAMP1, and since ALG10 is specifically linked to N-glyco-

sylation, it is plausible that variants in these genes result

in N-glycosylation defects in cells.23,29–32 N-glycosylation

followed by oligomannose phosphorylation of the N-gly-

cated protein is pivotal for lysosomal targeting of en-

zymes.43 Given that defects in many lysosomal enzymes

have been associated with PME, hypoglycosylation caused

by impaired N-glycosylation of such proteins may be

contributing to the phenotype in individuals with muta-

tions in NUS1, DHDDS, and ALG10. However, the exact

mechanisms would need to be explored in further func-

tional studies. Of note, dolichol metabolism was first associ-

ated with PMEmore than 30 years ago with the observation

that dolichol content was significantly increased in the

brains and urinary sediment of individuals with NCL.44,45

The reason for this observation remained unknown but

was postulated to be caused by a possible defect in dolichol

recycling or metabolism. PME now joins the expanding list

of phenotypes included under the rubric of congenital

disorders of glycosylation, which are quite clinically

heterogeneous (see GeneReviews in web resources). Unlike

most of the established PME genes where the clinical

presentation is somewhat characteristic for each gene, the

clinical picture of the dolichol pathway genes (Table 1) is

more reminiscent of TBC1D24 (MIM: 613577) where the

clinical spectrum is much wider.46

A handful of pathogenic variants in NUS1 and DHDDS

have previously been associated with various phenotypes.

Bi-allelic mutations in both genes have been reported in

single families with congenital disorders of glycosylation

showing severe, multiorgan manifestations,22,47 and in

DHDDS additionally with retinitis pigmentosa.48 More

recently, heterozygous de novo variants in both NUS1 and

DHDDS were reported in individuals with DEE.34,35

Interestingly, one of these DHDDS variants was identified

in PME3 in our cohort and recently the recurrent p.Ar-

g37His variant was reported in a case withmild intellectual

disability, rare generalized seizures, and a stable myoclonic

tremor.49 NUS1 variants have also been associated with

early-onset Parkinson disease with an increase in rare

variant burden in PD-affected individuals versus control

subjects.50 Remarkably, variants in two established reces-
734 The American Journal of Human Genetics 108, 722–738, April 1,
sive PME genes, GBA and SCARB2, are also risk alleles for

Parkinson disease.51–53 Finally, the recent NUS1 reports of

a recurrent heterozygous de novo variant in two unrelated

individuals with epilepsy, myoclonus, and ataxia54 and

an autosomal-dominant family with epilepsy, ataxia, and

tremor segregating a heterozygous frameshift variant,55

support our conclusion that NUS1 is a PME gene. However,

it is clear that the phenotypic spectrum for both NUS1 and

DHDDS is broad.

The majority of proteins involved in the N-glycosylation

pathway (like NUS1 and DHDDS) have been associated

with mainly autosomal-recessive congenital disorders of

glycosylation.56 ALG10 is a rare exception as it has previ-

ously not been associated with any clinical phenotype,

the only exception being our report of it as a candidate

gene for PME based on the identification of a homozygous

frameshift variant in PME50.3 Here, through functional

characterization of this variant, we give further support

for ALG10 being a PME gene. However, despite functional

evidence implying pathogenicity of the reported ALG10

variant, further individuals with PME should be identified

to establish ALG10 as a disease gene. Interestingly, PME50

was also homozygous for a missense variant in the highly

homologous ALG10B gene (also known as KCR1),36 that

has not been previously associated with any human reces-

sive disorder. Our yeast complementation data imply that

the ALG10B variant may be a hypomorph with attenuated

ability for transferring the glucose residue to the lipid-

linked oligosaccharide precursor. In the absence of

ALG10 activity, this may not be enough to maintain a

proper level of cellular transferase activity. It is therefore

possible that compromised function of both genes is

required for an ALG10-related disease to manifest.

Individuals with PME are typically cognitively normal

prior to epilepsy onset. Here we highlight a rare group

with prior developmental delay (n ¼ 12); six have

plausible genetic findings. Importantly, two of the six

had heterozygous frameshift variants in SEMA6B.

SEMA6B was recently discovered as a rare PME gene,

with frameshift variants all occurring in the GC-rich last

exon of this gene26 in four subjects. They had mild initial

developmental delay, seizure onset between 11 months

and 6 years with subsequent cognitive and motor

regression, needing assistance with ambulation by the

early second decade. Microcephaly and spasticity were

present in some. All were regarded as having severe

intellectual disability and they were all alive at ages 12–

28 years. Our cases had a similar course (Table S5), but

did not have microcephaly or significant spasticity and

the level of intellectual disability was moderate-severe.

To date they have survived until 38 and 39 years without

further deterioration, unlike the pattern seen in some

PMEs due to storage disorders and those with mutations

in SCARB2 or GOSR2 with prominent early-adult

deterioration and often early death.

Traditionally, PME and DEE are regarded as distinct syn-

dromic groups; this distinction continues to be practically
2021



useful. However, it is now clear that the boundary between

these groups is blurred, both from a genetic and pheno-

typic view point. Three of the other four developmentally

delayed PME-affected individuals with molecular findings

had variants in established DEE genes. This included de

novo dominant variants in DHDDS and CHD2 and a reces-

sive CACNA2D2 mutation. Here, we associate these three

DEE genes with PME, building on our initial study where

we expanded the TBC1D24 phenotypic spectrum to

PME.3 Similarly, KCNA2 (MIM: 176262), another estab-

lished DEE gene, was recently reported in a single case of

PME.57 In the reverse direction, after we discovered

KCNC1 as a causative de novo dominant PME gene, it has

now also been established as an important DEE gene,

although the causative mutations differ.58

Wealso reportputativepathogenicvariants inahandful of

known ataxia genes (Table 3), both recessive and dominant.

These genes join AFG3L2 (MIM: 604581) and SACS (MIM:

604490) reported in our initial study3 as known ataxia genes

with pathogenic variants in individuals with PME.We had a

small number of individuals in our PME cohort of 84 who

had no reported tonic-clonic seizures making their clinical

presentation more consistent with progressive myoclonic

ataxia (PMA [MIM: 159700]). This clinical overlap, with

both PME and PMA presentations, is well established for

genes such as GOSR2 and KCNC1.6,59 We also identified

interesting variants in other known neurological disease

genes (Table 3) that not only significantly broaden the ge-

netic basis to the PMEs, but also highlight the need for

further functional studies and larger patientnumbers to fully

understand genotype-phenotype correlations.

The brain gene co-expression analysis uncovered some

potentially important relationships between established

PME and newly reported PME genes. The advantage of us-

ing a brain-specific resource for this analysis, such as Brain-

Span, is the detection of brain-specific signatures. An addi-

tional advantage of the brain gene co-expression approach

is that it is not biased against genes with little known about

their function or limited by publishedmaterial as can be the

case for other network generating data sources (e.g., protein-

protein interactions or text-mining). The observation that

three PME genes associated with the sphingolipid pathway

(i.e., CERS1, NEU1, GBA) cluster together in gene set 2

(Figure 5) is proof of principle for the unbiased gene co-

expression approach. As such, the clustering of genes that

have not previously been biologically associated may

indeed be highlighting biologically relevant pathways.

Future perspectives

The PMEs are the genetically best-characterized group of

epilepsies. They are highly genetically heterogeneous and

there are founder effects, resulting in a different distribu-

tion of particular types of PME in various populations.

The most comprehensive study of �200 affected individ-

uals from Italy reached a diagnosis in �70% of cases

although not all were fully investigated.2 A number of

the residual cases have been diagnosed subsequently,
The Ame
including via this study. Future whole-genome sequencing

approaches such as long read sequencing, as well as

improved bioinformatic software (e.g., for structural

variant calling, repeat expansion detection) likely hold

the key to uncovering the elusive genetic basis to these

remaining rare genetic disorders.

We only report one pathogenic CNV in this study, but we

cannot rule out CNVs as a more important genetic factor

due again to exome-sequencing data being limited in its

ability to detect such genetic variants. The same argument

is true for the detection of repeat expansions. Over half of

the known disease-causing repeat expansions are located

in intronic and UTR gene regions that are not well captured

by exome-sequencing data, so it is not perhaps surprising

we had no positive results from this analysis. The recent dis-

covery of pathogenic intronic pentanucleotide expansions

in familial adult myoclonic epilepsy (FAME), a dominant

disorder that is on the mild end of severity of the PME spec-

trum, reinforces the relevance and importance of searching

for known and novel repeat expansions in genetically un-

solved individuals with PME.60–63 Finally, it is also possible

that there are important mtDNA pathogenic variants that

remain undetected as we did not systematically study the

mitochondrial genome.

Our experience with this cohort has highlighted just

how genetically heterogeneous the residuum of unsolved

individuals with PME are. Of the remaining unsolved

cases, they are unlikely to include another gene affecting

a large proportion of cases like KCNC1,3 but rather they

are probably a collection of multiple rare genetic causes.

Collectively, we estimate that it is now less than 20% of

individuals with PME that cannot be attributed to known

disease genes with intronic variants possibly going

undetected in previous analyses as was the case for our

CLN6- and GBA-positive cases. The detection and

interpretation of such variants will only improve as the

field transitions from exome sequencing to whole-

genome sequencing.
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