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Abstract

Autism spectrum disorders (ASD) are neurodevelopmental disorders with an estimated heritability 

of >60%. Family-based genetic studies of ASD have generally focused on multiple small kindreds, 

searching for de novo variants of major effect. We hypothesised that molecular genetic analysis 

of large multiplex families would enable the identification of variants of milder effect. We studied 

a large multigenerational family of European ancestry with multiple family members affected 

with ASD or the broader autism phenotype (BAP). We identified a rare heterozygous variant 

in the gene encoding 1,4-alpha-glucan branching enzyme 1 (GBE1) that was present in seven 

of seven individuals with ASD, nine of ten individuals with the BAP and none of four tested 

unaffected individuals. We genotyped a community-acquired cohort of 389 individuals with ASD 

and identified three additional probands. Cascade analysis demonstrated the variant was present 

in eleven of thirteen individuals with familial ASD/BAP and neither of the two tested unaffected 

individuals in these three families, also of European ancestry. The variant was not enriched in 

the combined UK10K ASD cohorts of European ancestry but heterozygous GBE1 deletion was 

overrepresented in large ASD cohorts, collectively suggesting an association between GBE1 and 

ASD.
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BACKGROUND

Autism spectrum disorder (ASD) is a life-long neurodevelopmental disorder that affects 

approximately 1 in 70 children, with four males affected for every female, and has a 

spectrum of phenotypic severity (Chen, Penagarikano, Belgard, Swarup, & Geschwind, 

2015). Individuals with ASD exhibit impairments in social communication and a 

combination of narrow and intense interests, repetitive or stereotyped behaviours and 

sensory interests or aversions. ASD has an estimated heritability of 60–93%, with 

concordance rates for autism inclusive of broader phenotypes of ~90% in monozygotic twins 

compared with ~60% in dizygotic twins and with little or no influence of shared familial 

environment (Sandin et al., 2017; Tick, Bolton, Happe, Rutter, & Rijsdijk, 2016). Sibling 

risk for an affected proband is estimated at ~20% (Georgiades et al., 2013). In families with 

two affected siblings, the chance of having a third affected child is in the order of 50% 

(Ozonoff et al., 2011).

Genetic and epidemiological data have suggested that personality traits similar but less 

severe than ASD are also heritable (Freitag, 2007). Individuals with this broader autism 

phenotype (BAP), characterised by subtle behavioural features that reflect the core domains 

of ASD, are distinguished from ASD by lack of impairment in daily function (Piven, 

Palmer, Jacobi, Childress, & Arndt, 1997). Prevalence of the BAP in the general population 

is unknown, however subthreshold ASD traits are continuously distributed in the general 

population (Constantino & Todd, 2005). Notably, BAP traits are more prevalent in first-

degree relatives of individuals with ASD than in other groups (Bailey, Palferman, Heavey, 

& Le Couteur, 1998; Losh, Childress, Lam, & Piven, 2008) and up to 30% of relatives of 

children with ASD have the BAP (Ozonoff et al., 2014; Sasson et al., 2013). Therefore, 

genetic studies of multiplex ASD families that take into account BAP status in relatives 

could provide valuable insights into the genetic basis of this disorder (Pisula & Ziegart-

Sadowska, 2015).

ASD shows significant genetic complexity and heterogeneity. Known causes of ASD include 

chromosomal abnormalities, single gene disorders, such as Rett syndrome and fragile X 

syndrome, and rare metabolic conditions (de la Torre-Ubieta, Won, Stein, & Geschwind, 

2016). Dysregulation of the proteins encoded by many of these genes was found to disrupt 

synaptic transmission, transcriptional regulation and RNA processing functions (Yuen et 

al., 2017). Genetic studies have highlighted the importance of de novo mutations in ASD, 

with hundreds of genes associated with sporadic ASD. De novo copy number variants 

(CNVs) are found in up to 10% of individuals with sporadic ASD, and 3% of multiplex 

families (Robinson et al., 2016; Ronemus, Iossifov, Levy, & Wigler, 2014; Sebat et al., 

2007). De novo single nucleotide variants (SNVs) in coding regions of genes are thought 

to underlie 5–20% of ASD (Geisheker et al., 2017; Iossifov et al., 2014). However, in 

total, de novo genetic variants only account for approximately 30% of ASD, with no single 

gene accounting for more than ~2% of the ASD population. While large cohorts have been 

assembled to confirm the hundreds of single genes and genomic regions that have been 

implicated in ASD and neurodevelopmental disorders more broadly (SPARK Consortium, 

2018), additional genetic mechanisms, such as multifactorial inheritance models, may also 

contribute (Guo et al., 2018). A recent study has further demonstrated the complex genetic 
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architecture behind ASD, with 10% of affected individuals carrying a combination of 

pathogenic SNV and/or CNV alterations (Guo et al., 2019).

Family studies of ASD have previously utilised a recessive inheritance model, which is 

only likely to apply in rare and consanguineous families and thus only able to explain ~1% 

of affected individuals (Lim et al., 2013; Yu et al., 2013). In contrast, multigenerational 

families with multiple affected individuals with ASD or the BAP are consistent with a 

dominant, variably expressed inheritance model, whereby a gene of major effect predisposes 

individuals to ASD/BAP. Multiplex family studies utilising a dominant model have 

traditionally combined many small families, each comprising two or three individuals with 

ASD (Cukier et al., 2014; Toma et al., 2014; Yuen et al., 2015). It is likely that these studies 

have been confounded by genetic and phenotypic heterogeneity, incomplete penetrance and 

phenocopies. A large multiplex family in which numerous individuals have ASD or the BAP 

is more likely to be genetically homogeneous than multiple small families, reducing the 

underlying genetic heterogeneity and facilitating the identification of a gene of major effect.

We performed detailed phenotyping of a large multiplex, multigenerational family with 

many affected individuals with ASD or the BAP (Trevis et al., 2020). We then performed a 

genetic linkage study predicated on a shared genetic basis underpinning the ASD and BAP 

phenotypes. We identified a rare heterozygous variant in the gene encoding 1,4-alpha-glucan 

branching enzyme 1 (GBE1) within the linkage peak and subsequently identified the same 

variant in three additional unrelated families ascertained from a community-acquired cohort 

with ASD.

METHODS

Editorial Policies and Ethical Considerations

Participants, or parents or legal guardians in the case of minors or those with intellectual 

disability, provided informed consent. The study was approved through the Human Research 

Ethics Committees of Barwon Health (HREC 02/34, HREC 04/57) and the Royal Children’s 

Hospital (HREC 25043), Victoria, Australia.

Phenotyping

Family B were recruited, the pedigree was constructed and deep phenotyping of ASD 

and the BAP was performed. A detailed description of the phenotyping methodology for 

determining ASD and the BAP has been previously published (Trevis et al., 2020). Family 

members who were either not assessed or not recruited to the study are not included in the 

pedigree, which is scrambled to preserve anonymity (Figure 1). In parallel a cohort of 389 

probands with sporadic ASD was recruited from the Barwon region of Victoria, Australia, 

following referral from clinicians and community diagnostic services, to our research study. 

All diagnoses of ASD were made using the DSM-IV or DSM-5 criteria. Probands had 

molecular karyotype analysis, in addition to basic metabolic and fragile X DNA testing and 

were only included in the cohort if the results of these investigations did not identify an 

etiology for their ASD.
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Linkage analysis

For all participants, DNA was extracted from whole blood or saliva and high density single 

nucleotide polymorphism (SNP) arrays were used to genotype samples (Illumina 660W 

Quad or HumanCore Exome BeadChip). Copy number analysis was performed using the 

R package Aroma Affymetrix (Bengtsson, Irizarry, Carvalho, & Speed, 2008; Bengtsson, 

Wirapati, & Speed, 2009) and PennCNV (Wang et al., 2007). For the CNV analysis, the 

control dataset was obtained from the same laboratory and generated simultaneously to 

reduce errors.

In order to reduce confounding factors, we excluded relatives descended from individual 

III-1 (Figure 1) from the linkage analysis, due to their partner, III-2, with the BAP, 

possibly contributing an alternate ASD susceptibility allele(s) to subsequent generations 

(Figure 1, Bilineal Sub-Family B contained in box with dashed line). The remainder of 

the pedigree was called Core Family B (Figure 1). Twenty-one individuals were genotyped 

using the 660W Quad or HumanCore Exome BeadChip (Illumina, San Diego, California, 

USA) and genotypes were called using Illumina software. Markers incompatible with 

Mendelian inheritance were removed using LINKDATAGEN (Bahlo & Bromhead, 2009) 

and parametric analysis was initially performed using MORGAN (George, Wijsman, & 

Thompson, 2005). Exact linkage analysis was subsequently performed using MERLIN and a 

dominant disease model with disease allele frequency 0.0001, incomplete penetrance (95%) 

and a 10% phenocopy rate. Inbreeding coefficients for genotyped family members were 

estimated independently by FEstim (Leutenegger et al., 2003). Relatedness checks to verify 

pedigree relationships were performed using PLINK (Purcell et al., 2007) and in-house 

software.

Whole Exome capture and sequencing

Peripheral blood or saliva derived gDNA was isolated from participants using standard 

techniques. Fourteen individuals from Core Family B (Figure 1), including 10 affected 

and three unaffected individuals, plus one non-phenotyped, presumed obligate carrier (II-2) 

underwent exome capture (SureSelect XT Human All Exon v5 +UT, Agilent, Santa Clara, 

California, USA). Paired-end 100-bp reads were sequenced on a HiSeq2000 platform, 

with a mean target coverage of 50x. Reads were aligned to the reference genome (UCSC 

hg19) with Novoalign and local re-alignment was performed with Genome Analysis Toolkit 

(GATK). Single nucleotide variants and small indels were called simultaneously across all 

sample BAM files with GATK-Hapotype Caller and annotated with ANNOVAR (H. Li, 

2011). Variants were filtered according to the following criteria: i) MAF ≤5% from public 

databases (1000G, ESP6500, ExAC65000/gnomAD), ii) genomic region (exonic/splicing 

and UTRs) and iii) mutation type (missense, nonsense, frameshift, indel). Whole genome 

sequencing was performed by Illumina FastTrack Services in two severely affected cases 

(IV-11 and V-10, Figure 1) with a mean target coverage of 30x. Sequencing data was 

processed as above and exonic variants were called using GATK-Haplotype Caller. Variants 

of interest were validated in siblings and genotyped in extended family members by Sanger 

sequencing.
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Variant analysis

We prioritized variants shared by ≥ 8 of 10 affected individuals with ASD or the BAP, 

not observed in >1 of 3 unaffected individuals and present in the obligate carrier. Final 

prioritization included consideration of gene function (KEGG, Ingenuity, DAVID), brain 

expression profile (Allen Human Brain Atlas), overlap with known/putative ASD genes 

(SFARI, AutDB) and other neurodevelopmental disorders (Neurocarta, Genotator), in silico 
protein-damaging predictions (Polyphen2, SIFT, CADD) and conservation status (GERP+ 

and PhyloP).

ASD cohort genotyping

The GBE1 variant c.176T>C was assayed in the sporadic cohort using the PCR-restriction 

fragment length polymorphism method (RFLP). An approximately 300 bp gDNA fragment 

containing GBE1 exon 2 was amplified by PCR and subsequently digested with BsrI 

restriction enzyme (NEB) at 60 °C for 1 hour. Digestion products were analysed by agarose 

gel electrophoresis and samples positive for the c.176T>C variant were validated by Sanger 

sequencing.

UK10K analysis

VCF files limited to genes that function in the glycogen pathway (AGL, G6PC, GAA, 
GBE1, GYS1, GYS1, GYS2, PFKM, PGAM2, PGM1, PHKA1, PHKA2, PHKB, PHKG2, 
PYGL, PYGM, SLC37A4) from UK10K datasets (SKUSE n=329, BIONED n=71, MGAS 

n=94, IMGSAC n=110) were downloaded and processed by an in-house pipeline (described 

in exome data analysis).

Variant frequencies for European controls (n=7935) were extracted from the ExAC dataset 

following removal of individuals with psychiatric disorders. Rare variants (MAF<0.05) in 

the glycogen pathway gene set that were predicted to be protein-damaging by at least one of 

SIFT, Polyphen2 or CADD in silico tools were assessed. Differences in variant frequencies 

between cases and controls were tested by Fisher’s exact test with adjustment for multiple 

testing.

CNV analysis

An initial CNV analysis of GBE1 was performed in a cohort of 29,085 children with 

developmental delay and 19,584 healthy controls as previously described (Coe et al., 2014). 

GBE1 was also examined with the UCSC Genome browser investigating the ClinGen CNV 

track and the Database of Genomic Variation (DGV) track, examining structural variations. 

CNV analysis was also performed with PennCNV (Wang et al., 2007) on data from 2,611 

families (total of 7,880 individuals), all genotyped with the Illumina 1M SNP chip, studied 

as part of the Autism Genome Project (AGP) Consortium (Stage I of this study, dbGaP 

Study Accession: phs000267.v4.p2). These samples are part of the dbGaP [1] project 

No.9078 (‘Gene discovery in multiplex large families with autism spectrum disorders’).
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Molecular studies

Mammalian expression plasmid constructs encoding wildtype and variant GBE1 were 

manufactured by Integrated DNA Technologies, USA and integrity was confirmed by 

DNA sequencing. Transient transfection and western blot analysis of HEK293T cells 

was performed using FuGENE (Promega, USA) in 6-well plates essentially as previously 

described (Taylor, Brody, & Lockhart, 2012). Primary antibodies were incubated overnight 

at 4°C. GBE1 was detected using rabbit anti-GBE1 antibody (1:1000, Invitrogen, USA, 

cat# PA5–26515) and β-Actin was used as a loading control (mouse anti-β-Actin, 1:10,000, 

Sigma Aldrich, Germany, cat#A2228). Antibody binding was revealed using peroxidase 

conjugated secondary antibodies goat anti-rabbit (1:5,000 dilution, 111-035-144, Jackson) 

or sheep anti-mouse (1:5,000 dilution, 515-035-003, Jackson) with enhanced luminol-based 

chemiluminescent (ECL) Western Blotting Substrate (Clarity ELC, Bio-Rad Laboratories). 

Chemiluminescence was detected using an Amersham Imager 680 (Cytiva Life Sciences, 

USA) and quantitated with the associated Image Quant TL software. Immunoblot analysis 

was performed to determine steady-state amounts of recombinant GBE1 under basal 

conditions and after inhibition of the ubiquitin proteasome system (UPS), the major 

intracellular protein degradation pathway for unstable or damaged proteins. Cells were 

cultured overnight in basal media or media supplemented with 10 mM MG-132, which we 

have previously shown is sufficient to inhibit the UPS without causing significant cellular 

toxicity in HEK293 cells (Lockhart et al., 2004).

RESULTS

Family B included 37 phenotyped individuals, 11 of whom had ASD, 15 the BAP, and 

11 were unaffected (extended pedigree not shown to preserve anonymity). Thirty-three 

phenotyped individuals were directly related to II-2 and four phenotyped individuals were 

“married-in” (defined as non-blood relatives of II-2). One individual with the BAP (III-1, 

Figure 1) has a “married-in” partner (III-2) who also has the BAP, and therefore their three 

children with the BAP and two grandchildren with ASD may have bi-lineal inheritance 

of ASD susceptibility alleles (Bilineal Subfamily B). ‘Core Family B’, a subset of the 

entire family, included 28 phenotyped individuals (20 affected and 8 unaffected) where the 

segregation of ASD traits followed likely unilineal inheritance (Figure 1, Core Family B). 

We hypothesised that all or most (allowing for phenocopies) of Core Family B shared a 

genetic variant consistent with autosomal dominant inheritance and therefore we focused on 

identifying the genetic variant underlying ASD and the BAP in this branch of Family B. 

In addition to the proband, several affected individuals in Core Family B had a molecular 

karyotype, fragile X DNA and basic metabolic testing performed, and no abnormalities were 

identified.

Linkage analysis identifies a shared haplotype in chromosome 3

We performed non-parametric linkage analysis in 21 individuals from Core Family B 

using genotypes derived from high-density SNP arrays. Phenotypes were collapsed into 

affected (ASD/BAP), unaffected and unknown. A dominant disease model with reduced 

penetrance (95%), and incorporating a 10% phenocopy rate, was assumed. A maximum 

parametric LOD score of 2.9 was obtained for a double peak in chromosome 3 (Figure 
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2A). No other regions achieved a LOD score greater than 1. Haplotype analysis defined two 

adjacent regions of 7Mb and 14Mb at 3p14.1–3p13 (chr3:65,611,042–72,781,075; Region 

1) and 3p13–3p11.2 (chr3:73,024,350–87,370,782) (Region 2), respectively (Figure 2B). 

Both regions were inferred to segregate with 6/6 individuals with ASD, 8/9 individuals 

with BAP, 0/2 unaffected individuals and 1/1 non-phenotyped obligate carrier (II-2). To 

test the robustness of collapsed phenotypes, we performed an additional linkage analysis 

with phenotypes of affected (ASD), unaffected and unknown. All members of the pedigree 

with BAP were recoded to unknown affectedness status. This produced the same dominant 

linkage peak on chromosome 3 (LOD of 2.62) and two additional minor peaks on 

chromosomes 10 and 17 (LOD ~1.4, Supp. Figure S1), suggesting that including BAP has 

enhanced the linkage results by increasing the evidence for the chromosome 3 and reducing 

the evidence for the chromosome 10 and 17 peaks.

Exome sequencing and variant analysis

We performed exome sequencing in six individuals with ASD, four with BAP, three 

unaffected individuals and one non-phenotyped obligate carrier of Core Family B. We 

achieved >50x mean sequence coverage of targeted exonic regions. Over seven million raw 

(unfiltered) variants were analysed using two complementary methods: interrogation of the 

candidate linkage region and genome-wide variant analysis.

Linkage-based filtering: Seven heterozygous exonic variants with a minor allele 

frequency ≤ 0.05 were identified within the two linkage regions. Five were private variants, 

carried by only one affected individual. The remaining two were missense variants in 

the genes encoding 1,4-alpha-glucanbranching enzyme (GBE1, [NM_000158.4: c.176T>C, 

p.Ile59Thr]; rs28763904) and endogenous Bornavirus-like nucleoprotein 2 (EBLN2, 

[NM_018029.4: c.492T>G, pTyr164*]; rs2231925). The GBE1 variant was present in all 

10 affected individuals (and the non-phenotyped obligate carrier), while the EBLN2 variant 

was observed in 9/10 affected individuals. None of the three unaffected relatives carried 

either of these variants.

Genome-wide filtering: This approach provides an alternative method to linkage-based 

filtering, since phenocopies and incomplete penetrance can influence linkage signals. 

Variants were filtered as described in the methods and three heterozygous variants (MAF 

≤ 0.01) were identified that were shared by >8 affected individuals. This included the GBE1 
c.176T>C and EBLN2 c.492T>G variants in addition to a missense variant in the gene 

encoding melanoma inhibitory activity SH3 Domain ER Export Factor 2 on chromosome 

14 (MIA2, [NM_001247989.1: c.1353T>G, p.Ile451Met; rs118177774]. This variant was 

identified in 10 affected individuals and was absent in the three unaffected individuals. 

Given that MIA2 is predominantly expressed in the liver and is thought to encode a tumor 

suppressor (Xu et al., 2011), and the variant is predicted via in silico tools to be benign, we 

excluded it from further consideration.

We performed confirmation and segregation analysis of the GBE1 and EBLN2 variants in 

22 family members in Core Family B. In total, 17 affected individuals (7x ASD, 10x BAP), 

four unaffected and one non-phenotyped obligate carrier (II-2, Figure 1) were tested. We 
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identified the GBE1 variant in 7/7 individuals with ASD, 9/10 individuals with the BAP and 

the non-phenotyped obligate carrier (II-2). In addition, nine individuals with DNA available 

in sub-Family B were genotyped and none carried the GBE1 variant. The EBLN2 variant 

was observed in 6/7 individuals with ASD, 9/10 individuals with BAP and 0/4 unaffected 

individuals.

GBE1 encodes a glycogen branching enzyme and pathogenic variants cause autosomal 

recessive glycogen storage disease IV (GSD IV; MIM# 232500) (Magoulas & El-Hattab, 

1993) and the allelic disorder, adult polyglucosan body neuropathy (APBN; MIM# 263570) 

(Klein, 1993). The gene does not appear to be subject to missense nor loss of function 

constraint (gnomAD Z = 0.27, pLI=0.00, (Lek et al., 2016)), which is expected for 

genes causing recessive disorders. Data from BrainSpan showed low to medium levels 

of GBE1 expression in the developmental and adult brain transcriptome. Conservation 

analysis suggests evolutionary constraint (GERP++ 5.68) on the nucleotides spanning the 

c.176T>C variant and at the protein level Ile59 is highly conserved (Figure 2C), with eight 

of 10 in silico tools (Supp. Table S1) predicting pathogenicity (Kopanos et al., 2019). The 

c.176T>C variant is present in the European (non-Finnish) population at a frequency of 

0.009 and is classified as a benign variant in the context of GSD IV and APBD. In contrast, 

EBLN2 encodes a single exon gene with similarity to Borna disease virus and has not 

been associated with any human disease (Horie et al., 2010). Expression of EBLN2 is very 

low or absent in the human brain and the gene is only present in primates. Approximately 

40 termination/frameshift loss of function variants are reported throughout the gene, all 

classified as low confidence variants because it is a single-exon gene (LOFTEE predictor, 

gnomAD, (Cummings et al., 2020)). The c.492T>G variant is present in the European (non-

Finnish) population at a frequency of 0.011 and is classified as likely benign based on low 

conservation (GERP++ −0.94) and in silico modelling tools (four benign vs no pathogenic 

predictions). To test for potential non-familial causal variants, genome-wide analysis of the 

six most severely affected individuals was performed but no compelling candidate variants 

in ASD-associated genes were identified (Supp. Table S2). Collectively, the data suggested 

that the GBE1 c.176T>C variant (rs28763904) is the best candidate identified to explain the 

family disease model.

Identification of the GBE1 variant in three additional families

We next explored whether the GBE1 c.176T>C variant may contribute to the wider ASD 

population, initially by analysing our ASD cohort of 389 probands. We identified three 

probands heterozygous for the variant. Further cascade phenotyping and variant testing in 

these families identified the variant in 12/14 phenotyped affected individuals (Figure 3A–C) 

related to the three probands originally identified. In Family C, the variant was inherited 

from the proband’s great grandmother and was present in five of the six affected individuals 

tested; and the variant was absent in both unaffected (assessed) individuals. In Family D, 

the variant was inherited from the affected mother and was present in all three siblings with 

ASD. In Family E, the proband inherited the GBE1 variant from her mother, who is of 

unknown phenotype.
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In summary, in the three additional families, the GBE1 c.176T>C variant was observed 

in 6/7 individuals with ASD and 5/5 individuals with BAP, assuming that the married-in 

individual (Family D, I-1) has BAP caused by a different genetic/non-genetic factor. The 

variant was absent in both of the two unaffected, assessed individuals. No other medical 

history segregated with ASD in these families. There was no history of liver dysfunction, 

neuropathy, myopathy and cardiomyopathy in any family member to suggest a similar 

pattern of metabolic derangement seen in GSD IV or ABPN (Mochel et al., 2012; Paradas 

et al., 2014). All SNP-chipped individuals from the four families were examined for close 

relatedness with pairwise relatedness methods with XIBD (Henden, Wakeham, & Bahlo, 

2016) but apart from verifying the very close relationships as documented by pedigrees we 

were unable to identify any evidence of distant relatedness (>8 generations) between any 

pair of SNP-chipped individuals (data not shown).

Molecular analysis of the GBE1 variant

Protein modelling of the GBE1 p.Ile59Thr variant performed using mCSM (Pires, Ascher, 

& Blundell, 2014) suggested the variant was highly destabilising. To test this, we generated 

recombinant wildtype (WT) and variant (p.Ile59Thr) and analysed steady state protein 

levels in transiently transfected HEK293T cells. Two additional recombinant GBE1 proteins 

were analysed; p.Leu224Pro and p.Tyr329Ser, the expression of which has previously been 

shown to generate an unstable protein with reduced steady state levels (Froese et al., 2015). 

We performed immunoblot analysis to determine steady-state levels of recombinant GBE1 

under basal conditions and after inhibition of the ubiquitin proteasome system (UPS), the 

major intracellular protein degradation pathway for short-lived or damaged proteins. Visual 

inspection of the blots suggested that all three variant forms of GBE1 were present at a 

reduced steady state level compared to the wildtype construct under basal conditions but this 

could be partially rescused following treatment with MG-132 (Figure 4). To quantitate this 

observation, the western blots were probed with an directed against β-Actin and the relative 

ratio of GBE1:β-Actin was determined. The analysis of two independent transfection 

experiments, performed in duplicate, demonstrated a significant increase in the steady state 

levels of p.Ile59Thr (3.7x ± 1.1, p = 0.02) after treatment with MG-132 compared to the 

vehicle. Similarly, increases were observed for p.Leu224Pro (4.4x ± 2.4, p = 0.06) and 

p.Tyr329Ser (2.8x ± 0.7, p = 0.01).

Contribution of GBE1 variants to ASD

To further investigate the association of GBE1 with ASD, we interrogated a subset of the 

UK10K cohort based on European ethnicity. We examined exome sequencing data of 604 

individuals with ASD from the UK10K project (UK10K Consortium et al., 2015) for the 

GBE1 c.176T>C variant and identified it in the heterozygous state in 16 individuals. The 

distribution by study cohort was 5/71 BIONED, 3/110 IMGSAC, 3/94 MGAS and 5/328 

SKUSE. While the variant was overrepresented in the BIONED study cohort compared 

to 7,935 European controls from the ExAC nonpsychiatric dataset (BIONED, 5/71 cases 

versus 189/7935 European controls, OR=2.96, P = 0.034), the variant was not significantly 

overrepresented in the combined UK10K cohorts (ASD-all 16/604 cases versus 189/7935 

European controls, OR=1.11, P = 0.68). Analysis of all potentially pathogenic, rare variants 
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in GBE1 and the 16 other genes that function in the glycogen pathway identified in the 

UK10K dataset similarly did not identify any variants overrepresented in the ASD cases.

CNV analysis of 29,085 cases with a wide range of ASD, intellectual disability and 

other neurodevelopmental conditions (Coe et al., 2014) identified six exon intersecting 

deletions of GBE1 in affected individuals but none in 19,584 controls (Figure 5A, p= 

0.045; OR 95% C.I = [0.79-Inf]). Among these were five deletions that only affected 

GBE1 (p=0.076, OR 95% C.I. 0.62-Inf). A second CNV analysis was performed in 7,745 

individuals with ASD from the Autism Genome Project (AGP) Consortium (dbGaP Study 

Accession: phs000267.v4.p2). Twelve individuals with a CNV affecting multiple exons 

of GBE1 were identified (Figure 5B). Eleven of these CNVs were deletions, with one 

duplication of 0.26Mb. The deletions were generally small (2.7–150kb) with one deletion 

event being shared by six of the 12 individuals. In contrast analysis of GBE1 in gnomAD 

(21,694 alleles) identified only a single deletion, which spans 12 exons and is 149kb in 

size (chr3:81586904–81736023, data not shown). Of the individuals from the AGP with 

deletions, four met the definition of ASD used by the authors, with three meeting the 

definition of strict autism. Since the AGP study focused on simplex families ascertained for 

autism, no individual in this study can be truly considered to be a control. The individual 

who met the spectrum definition of autism but not the strict definition, inherited the CNV 

from their father (one of the 12 individuals identified with a CNV).

DISCUSSION

Recent investigations of the genetics of ASD have primarily focused on the analysis of 

trios to identify de novo genetic variation, with hundreds of ASD risk loci implicated 

in disease pathogenesis (de la Torre-Ubieta et al., 2016; Yuen et al., 2017). However, 

increasing evidence suggests that there may be several patterns of inheritance resulting 

in ASD. Specifically, more deleterious de novo mutations may explain simplex families 

with one or occasionally more children with ASD, whilst mutations of milder effect 

may be transmitted within multiplex families with variable expressivity (Guo et al., 2019; 

Robinson et al., 2014). Indeed, several studies have suggested that the analysis of extended, 

well-characterised families may provide significant insights into the genetics of ASD (Allen-

Brady et al., 2009; Piven et al., 2013; Robinson et al., 2014). We have employed a large 

multiplex family approach, which includes individuals with the BAP classified as affected, 

to identify ASD susceptibility variants. By applying linkage and exome sequencing analysis 

to a large multigenerational family, we identified a rare missense variant (c.176T>C, 

p.Ile59Thr) in GBE1 that was present in 16/17 affected individuals in Core Family B, 

where unilineal inheritance was observed. None of the four unaffected genotyped individuals 

have the variant, which is predicted to be damaging by multiple in silico algorithms, is 

highly conserved and located within a putative functional N-terminal helical segment that 

binds to oligosaccharides (Froese et al., 2015). In the subsequent cohort analysis of 389 

ASD probands, three additional affected individuals were identified with the GBE1 variant. 

Cascade analysis demonstrated a further 11/12 individuals with ASD/BAP and this specific 

variant; 0/2 unaffected genotyped individuals carried the variant.
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Although the affected founders in all four families were female, there was no evidence of 

sex bias overall as equal numbers of affected males and affected females (14 each) have the 

variant. In a separate study, thirty individuals with the GBE1 variant from the four families 

had IQ testing, with an average IQ of 105 and only three individuals with ASD were found 

to have intellectual disability (IQ< 70) (Trevis et al., 2020). These results reflect studies 

suggesting that high functioning ASD may be associated with inherited variants of milder 

effect that segregate in multiplex families (Chang, Gilman, Chiang, Sanders, & Vitkup, 

2015; Guo et al., 2018; Robinson et al., 2014).

Molecular characterisation of the p.Ile59Thr variant protein in a mammalian overexpression 

system supported the in silico predictions that the variant resulted in a destabilised protein. 

Steady state levels were significantly reduced compared to the WT, but this phenotype could 

be rescued in cells treated with a UPS inhibitor. These observations raise the possibility that 

the mechanism of GBE1 association with ASD in the families is reduced activity or dosage 

(see below). The CNV analysis of two large cohorts provided additional evidence to support 

the potential association of reduced GBE1 dosage with neurodevelopmental disorders. Focal 

deletions affecting the coding region of GBE1 were observed in five of 29,085 cases with 

a diagnosis of ASD or, more broadly, intellectual disability and other neurodevelopmental 

conditions but in none of 19,584 controls. Similarly, focal deletions were identified in 11 

of 7,745 individuals in the AGP study but only one of 10,738 individuals in gnomAD, a 

dataset that aims to exclude individuals with severe pediatric disease. These observations 

are not consistent with the prediction that GBE1 is tolerant to monoallelic loss of function 

variants (pLI = 0.00). One possible explanation is that individuals with heterozygous loss of 

function variants in the gnomAD database present subtle autistic features or the BAP and are 

therefore considered unaffected.

No association of GBE1 with ASD was identified in individuals of European ethnicity in the 

UK10K cohort. This lack of association may in part be due to the different criteria used to 

determine clinical status in the different UK10K ASD cohorts. In addition, the population 

controls used for our analyses were not analysed by UK10K. By necessity, we used the 

ExAC database, extracting genotypes from European controls only (n=7935), excluding 

individuals with psychiatric disorders. It is likely that individuals with relatively subtle 

autistic features or the BAP are present within this control dataset, potentially masking any 

true association. This limitation in population ‘control’ databases may have contributed to 

the observation that no genetic variants in GBE1 have been previously associated with ASD 

in sequencing-based studies.

Many studies employ a trio design and specifically test for de novo mutations in the 

affected proband, while others filter variants aggressively based on minor allele frequency 

in the general population (Codina-Sola et al., 2015; Toma et al., 2014). While the GBE1 
c.176T>C, p.Ile59Thr variant is predicted to be protein-damaging by multiple in silico 
prediction tools, the allele frequency (0.009 in European populations) and tolerance of the 

gene to variation contribute to classification as likely benign by ACMG criteria (Richards 

et al., 2015). However, this classification is in the context of the rare and severe Mendelian 

disorders of GSD IV and APBN. The authors of the ACMG guidelines acknowledge that 

the recommendations do not address the interpretation and reporting of complex trait alleles, 
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instead they were implemented to evaluate variants of monogenic Mendelian diseases and 

therefore are less robust for classification or susceptibility alleles contributing to complex 

disorders such as ASD (Richards et al., 2015).

Interestingly, previous linkage and molecular studies have indicated that GBE1 may be 

an ASD susceptibility gene. A linkage peak at 3p12 was found for a family with seven 

individuals with ASD (Allen-Brady et al., 2009) and similarly, a 3p14–3p12 peak was found 

in a full-genome scan of 109 sibling pairs with ASD from 91 families (Cantor et al., 2005). 

GBE1 was identified within a risk haplotype at higher frequency among individuals with 

ASD compared to parental controls (Casey et al., 2012) and expression of the gene was 

reported to be upregulated in two lymphoblast cell lines derived from sporadic children 

affected by ASD (Baron, Liu, Hicks, & Gregg, 2006).

GBE1 encodes a glycogen branching enzyme that catalyses the transfer of a group of 

glucose units from the outer end of a chain to a previous point, generating a highly 

ramified structure. This activity is essential to increase the solubility of glycogen within 

cells, preventing osmotic damage. GBE1 is highly expressed in liver and muscle and at low 

to moderate levels in brain (BrainSpan atlas). Expression in the brain increases at ~21–25 

weeks post conception and appears to remain stable through to adulthood, which agrees with 

previous studies of the expression pattern of genes associated with ASD (Li et al., 2017). 

Within the brain, glycogen is present mainly in astrocytes, although neurons have machinery 

for its synthesis (Mamczur et al., 2015). However, glycogen metabolism in neurons is tightly 

regulated, as accumulation of glycogen in neurons induces neuronal apoptosis (Vilchez et 

al., 2007). Astrocytes play a key role in glycogen metabolism in the brain, releasing glucose 

and/or glycogen-derived lactate, which serves as an energy source for neurons (Belanger, 

Allaman, & Magistretti, 2011). The inhibition of this process has been shown to interfere 

with the plasticity of neural networks (Mozrzymas, Szczesny, & Rakus, 2011; Newman, 

Korol, & Gold, 2011), which could plausibly contribute to subtle autism phenotypes.

Biallelic mutations in GBE1 cause two distinct autosomal recessive metabolic disorders: 

glycogen storage disease IV (GSD IV) and the adult polyglucosan body neuropathy 

(APBN). Both disorders display extensive phenotypic heterogeneity but are characterised by 

intracellular accumulation of a poorly branched form of glycogen known as polyglucosan. 

GSD IV is associated with no or very low enzyme activity, and affected individuals die 

from liver failure in utero or early childhood. In contrast, individuals with APBN retain 

low to moderate levels of GBE1 activity and develop neurological problems in adulthood, 

with mild cognitive impairment in 50% of cases (Mochel et al., 2012). This suggests that 

a dosage effect underlies the phenotypic presentation associated with pathogenic variants 

in GBE1. We hypothesise that ASD is one potential manifestation of dysregulated GBE1 

function. Interestingly, a similar mechanism has been invoked for several ASD genes, where 

partial loss of function is associated with ASD, while complete disruption causes severe 

Mendelian disease (Yu et al., 2013). While accumulation of polyglucosan is detrimental in 

GSD/APBN (Dainese et al., 2013; Kakhlon et al., 2013), we hypothesise that a different 

mechanism, the inability of neurons to obtain sufficient energy from glycogen metabolism, 

could be contributing to GBE1-mediated ASD. The association of ASD with an imbalance 

in energy production has been previously suggested, with carnitine deficiency proposed to 
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exacerbate ASD symptoms by hampering the production of energy in cells, including the 

brain’s neurons (Celestino-Soper et al., 2012).

This study utilised linkage-discovery methodology in a family with multiple individuals 

diagnosed with ASD or the BAP. The underlying rationale being that very large multiplex 

families (> 8 affected) where ASD traits appear dominantly inherited are rare, but more 

genetically homogeneous and therefore amenable to gene discovery. While this approach has 

proven effective in other complex disorders such as epilepsy (Helbig, Scheffer, Mulley, & 

Berkovic, 2008), this approach has received limited attention in ASD. Although the BAP is 

recognised as milder, related phenotypes often observed in family members of individuals 

with ASD (Bolton et al., 1994), these traits are continuously distributed in the general 

population (Constantino & Todd, 2005). Therefore, a potential limitation of this study is 

that individuals with BAP within the pedigree were incorrectly assumed to be carrying 

the shared susceptibility variant. Additionally, variants in linkage disequilibrium with the 

GBE1 variant, including variants in non-coding regions, might also be contributing to the 

manifestation of the ASD phenotype within this family. Therefore, caution should be taken 

when interpreting this variant in other familial contexts. Moreover, we cannot discard the 

possibility that other genetic factors not interrogated in this study could be causative of ASD 

within this family. While there is significant cumulative genetic evidence suggesting GBE1 
is associated with familial ASD, the limitation of genetic studies is the lack of functional 

evidence supporting the disease association. The development of new tools and models, in 

particular, human induced pluripotent stem cells and CRISPR/Cas9 genome editing, provide 

the opportunity to validate the genetic studies and test underlying pathogenic mechanism(s).

In this study, we hypothesised that the underlying relative genetic homogeneity in a large 

multiplex family with ASD would allow us to identify an ASD susceptibility variant. 

We identify GBE1 as a potential ASD susceptibility gene and provide multiple lines of 

evidence to support its pathogenicity. Deep phenotyping of individuals was critical to 

enable classification of both ASD and the BAP; misclassifying individuals with the BAP 

as unaffected would lead to very different and we believe, incorrect linkage and variant 

identification outcomes. Deciphering ASD genetics requires careful discrimination and 

consideration of all potential phenotypes associated with the variants contributing to familial 

forms of ASD.
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Figure 1: 
De-identified and scrambled pedigree of Family B showing the unilineal Core family 

utilised for linkage analysis in this study and the excluded bilineal branch (indicated by 

the dashed box). The phenotyping key for ASD, BAP, unassessed and unaffected (assessed) 

individuals is indicated, as are the molecular studies performed on each sample and GBE1 
p.Ile59Thr variant status.
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Figure 2: 
Genome-wide linkage analysis plot for Core Family B (A) and chromosome 3 linkage plot 

(B). Data generated using the lm bayes function in MORGAN identified a region with a 

LOD score of 2.9 on chr3. (C) ClustalW alignment of the GBE1 amino acid sequence 

demonstrated evolutionary conservation of isoleucine at amino acid position 59.
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Figure 3: 
De-identified and scrambled pedigrees of Family C (A), Family D (B) and Family E (C). 

The phenotyping key for ASD, BAP, unassessed and unaffected (assessed) individuals is 

indicated, as are the molecular studies performed on each sample and GBE1 p.Ile59Thr 

variant status.
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Figure 4. 
HEK293 cells transfected with constructs encoding wildtype and variant GBE1 were grown 

in the absence or presence of 10 mM MG-132 for 14 hours. Total protein was isolated 

and analyzed by SDS-PAGE and immunoblotting with antibodies directed against GBE1 

and β-actin. A representative image is shown, with approximate sizes in kDa indicated. 

UT=untransfected cells, EV=empty vector control.
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Figure 5. 
CNV analysis. (A). Screenshot of UCSC Genome Browser displaying custom track of 

results of GBE1 CNVs in a cohort of children with neurodevelopmental delay (top) and 

controls (bottom); deletions are indicated in red, duplications in blue (B). Screenshot of 

UCSC Genome Browser displaying custom track of results of GBE1 deletions (green) in the 

AGP cohort.
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