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ABSTRACT 

Purpose: Bi-allelic variants in UCHL1 (Ubiquitin C-terminal hydrolase L1) have been 

associated with a progressive early-onset neurodegenerative disorder, autosomal recessive 

spastic paraplegia type 79. Here, we investigate heterozygous UCHL1 variants based on 

results from cohort-based burden analyses.  

Methods: Gene burden analyses were performed on exome and genome data in independent 

cohorts of hereditary ataxia and spastic paraplegia patients from Germany and the UK on a 

total of 3,169 patients and 33,141 controls. Clinical data of affected individuals and additional 

independent families were collected and evaluated. Patients’ fibroblasts were used to perform 

Mass-spectrometry-based proteomics. 

Results: UCHL1 was prioritized in both independent cohorts as a candidate gene for an 

autosomal dominant disorder. We identified a total of 34 cases from 18 unrelated families, 

carrying 13 heterozygous loss-of-function variants (15 families) and an inframe insertion (3 

families). Affected individuals mainly presented with spasticity (24/31), ataxia (28/31), 

neuropathy (11/21) and optic atrophy (9/17). The mass spectrometry-based proteomics 

showed an approximately 50% reduction of UCHL1 expression in patients’ fibroblasts. 

Conclusion: Our bioinformatic analysis, in-depth clinical and genetic workup, and functional 

studies establish haploinsufficiency of UCHL1 as a novel disease mechanism in spastic ataxia. 

 

Keywords: UCHL1, spastic ataxia,  proteomics, gene burden 
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INTRODUCTION 

Hereditary spastic paraplegias (HSPs) and hereditary ataxias (HAs) are rare 

neurogenetic diseases, that often show overlapping clinical features1-4. Besides the clinical 

overlaps, advances in next-generation sequencing have shown that there is also a shared 

genetic basis and molecular pathophysiology of these disorders. At least 69 genes with 

autosomal dominant, autosomal recessive, or X-linked inheritance have been described to 

cause disorders of a phenotypic spectrum overlapping HSPs and HAs4.  

Application of exome (ES) and genome sequencing (GS) in routine diagnostic setting 

drastically increased the diagnostic yield and the extent of generated genetic data. Yet it is 

estimated that ES leads to a genetic diagnosis only in half of the affected individuals with HSPs 

and/or HAs.5,6 Analytic strategies in routine diagnostic settings are mostly single 

family/individual-based and do not usually involve large cohorts for the identification of rare 

pathogenic genetic variation. Data sharing and increasing availability of large rare disease 

cohorts open the perspective to realize the potential of cohort-based burden analyses even for 

these rare disorders. Here, we used case-control gene-burden analyses in independent 

cohorts of patients with HSPs and HAs, and discovered ubiquitin C-terminal hydrolase L1 

(UCHL1) as a gene for an autosomal dominant neurodegenerative disorder. 

UCHL1 has previously been associated with autosomal recessive spastic paraplegia 

type 79 (SPG79), characterized by early-onset cerebellar ataxia, spastic paraplegia, and optic 

atrophy.7-9 It encodes a deubiquitinating enzyme, that is neuron-specific and one of the most 

abundantly expressed proteins in the brain, constituting approximately 1 to 2% of soluble 

protein.10 It is essential for maintaining ubiquitin homeostasis and its absence leads to 

aggregation of ubiquitinated proteins which is a common hallmark for many neurodegenerative 

diseases.11,12 The role of UCHL1 variants in numerous neurodegenerative disorders such as 

Alzheimer’s disease (AD), Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS), 

have been widely explored, but the exact impact of UCHL1 on the pathogenesis of these 

diseases is unclear.13,14  
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We identified 33 participants carrying 12 heterozygous predicted loss-of-function 

variants (LoFs) in 14 families and a highly predicted to be pathogenic inframe insertion in 3 

families in UCHL1, and establish UCHL1 to be associated with an autosomal dominant 

neurodegenerative disorder characterized by late-onset spastic-ataxia, neuropathy, and often 

optic atrophy.  

 

MATERIALS, SUBJECTS AND METHODS 

Genetic investigation 

German cohort: diagnostic ES and GS were conducted in routine clinical care at the 

Institute of Medical Genetics and Applied Genomics Tübingen (Tübingen, Germany) as 

described previously.15,16 Exome and genome sequencing libraries were generated from 

genomic DNA using Agilent SureSelect XT Human All Exon V5/V7 enrichment kits (Agilent 

Technologies, Santa Clara, CA, USA) or the TruSeq DNA PCR-Free k5it (Illumina, San Diego, 

CA, USA), respectively. Sequencing was performed on a HiSeq2500 [2 x 125, 2 x 100 base 

pairs (exome); Illumina, San Diego, CA, USA] or NovaSeq 6000 system [2 x 150 base pairs 

(genome); Illumina, San Diego, CA, USA] as paired-end reads. The sequence data was 

analyzed using the megSAP pipeline (https://github.com/imgag/megSAP) and aligned to the 

GRCh37 reference genome. Prior to burden analysis all datasets have been analyzed in a 

diagnostic setting according to an in-house standard operating procedure including a variety 

of different filtering steps to prioritize likely clinically relevant DNA variants. Identified variants 

were classified following the recommendations of the American College of Medical Genetics 

and Genomics and the Association for Molecular Pathology.17 

U.K. cohort within the 100KGP: DNA extracted from blood was prepared for GS using 

TruSeq DNA PCR-Free library preparation. 150 or 125 bp paired-end sequencing was 

performed on either HiSeq 2000 or HiSeq X platforms. Genomes were sequenced to an 

average minimum depth of 35X (31X - 37X); sequencing reads were aligned to the human 

genome reference build 37 or build 38 using of Isaac Genome Alignment Software. Family-
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based variant calling of single-nucleotide variants (SNVs) and insertion or deletions (indels) 

was performed with the use of the Platypus variant caller.  

 

Gene burden analysis 

 German cohort: case-control gene burden analysis was first performed on 1,547 

selected diagnostic cases from the in-house database at the Institute of Medical Genetics and 

Applied Genomics Tübingen presenting with either spastic paraplegia, ataxia, or spastic ataxia 

and 3,624 controls (i.e. healthy controls and patients with non-related diseases without HSP 

or HA) using burden test implemented in the rvGWAS package.18 Related family members 

were excluded from both groups. Genetic ancestry was inferred using the SampleAncestry 

software (https://github.com/imgag/ngs-bits). Due to limited availability of different ancestries 

among controls, only European descent samples were used for this analysis. This preselection 

might represent a putative limitation regarding diversity and generalizability of our approach. 

Male and female ratio was matched between the case and control cohorts. Non-synonymous 

variants, including splice site alterations (±20 nucleotides from exon-intron boundary) involving 

any of the ~ 20,000 consensus coding sequence (CCDS) genes, were extracted and 

subsequently filtered using the following by filtering criteria. Only variants with at least 20x 

coverage, a minor allele frequency (MAF) < 0.5% in gnomAD (v2.1.1 and v3.1.1, Genome 

Aggregation Database, gnomad.broadinstitute.org) and < 2.5% in the in-house database, with 

high impact (annotated as start-lost, stop-gain, frameshift, and canonical splice site alterations 

located ± 2 nucleotides) or high pathogenicity scores (CADD score > 25 or SIFT/PolyPhen 

damaging annotation) were included in the analysis. To control the false discovery rate (FDR), 

the overall p value from the gene burden testing was adjusted using the Benjamini-Hochberg 

procedure. Subsequently, enrichment of UCHL1 variants in HSPs and HAs was evaluated in 

the full in-house dataset of 14,303 exomes and genomes at the Institute of Medical Genetics 

and Applied Genomics Tübingen. At the time of the study, 2,066 out of 14,303 individuals were 

reported to show spasticity and/or ataxia. Among them, 272 were described to present both 

spastic paraplegia and ataxia. The enrichment of rare variants in cases was analyzed by one-

https://github.com/imgag/ngs-bits)a
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sided Fisher’s exact test using R statistical software (https://www.r-project.org/). A p value 

< 2.5 × 10-6 was used to claim gene-based genome/exome-wide significance corrected for 

~20,000 CCDS genes.  

U.K. cohort within the 100KGP: case-control gene burden analysis was performed 

within the rare disease component of the 100KGP.19 Cases were defined as all 100KGP 

probands recruited under a certain clinical indication, e.g. ‘hereditary ataxia’, n = 1,103, while 

corresponding ‘controls’ were all remaining recruited 100KGP probands except those recruited 

under the broader disease category of the clinical indication, e.g. ‘neurological and 

neurodevelopmental disorder’, n = 20,904. The analysis was limited to those disease gene 

associations where at least five cases exist for the clinical indication and where relevant 

variants in the gene were seen in at least four probands over the entire cohort of cases and 

controls. Exomiser was then run on all probands’ genome data to filter (i) rare (MAF < 0.1%, 

for dominant, and <1%, for recessive, in gnomAD v2.1.1 and v3.1.1 as well as within the local 

100KGP cohort)), (ii) coding variants, (iii) that segregated with the disease status (if multiple 

family members were available) as expected for each possible mode of inheritance.20 Gene-

based enrichment of rare variants in cases was assessed using one-sided Fisher’s exact test 

(as implemented in R statistical software) under four scenarios: (1) enrichment of rare, 

predicted LoFs, (2) enrichment of rare, predicted pathogenic variants (with Exomiser variant 

score > 0.8, that is variants that are predicted to be pathogenic by in silico prediction tools 

REVEL and/or MVP), (3) enrichment of rare variants with Exomiser variant score > 0.8 and in 

a constrained coding region, (4) enrichment of rare, de novo variants.21 For the latter, only trios 

or larger families where de novo calling was possible were considered. The Benjamini-

Hochberg procedure was used to correct for multiple testing; an overall FDR adjusted q value 

threshold of 0.10 was used for claiming significant gene-disease associations considering the 

total number of tests under all four scenarios and all 197 different 100KGP clinical indications 

analysed (621,741 tests).  

 

https://www.r-project.org/
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All 100KGP genomes with HA or HSP  had been screened for copy number variants (CNVs) 

and short tandem repeats (STRs) in HA and HSP genes from the PanelApp virtual gene 

panels.22 CNV calls were generated by Genomics England using Manta and Canvas software 

(Illumina); STR calls were generated using ExpansionHunter.22,23 No likely pathogenic variants 

were identified. 

 

Clinical investigation 

Patients from Germany were examined and phenotyped by experienced neurologists 

and referred to the genetic center at the University of Tübingen for diagnostic ES or GS. 

Additional patients were recruited through communication with collaborators and the RD-

Connect Genome-Phenome Platform (https://platform.rd-connect.eu/). Detailed clinical data of 

individuals with LoFs in UCHL1 were obtained and analyzed. 

Patients from the U.K. with genetically undiagnosed neurological disease were 

recruited to the 100KGP by neurologists at English hospitals. At recruitment, standardized 

clinical data were recorded using the Human Phenotyping Ontology, according to disease-

specific data model (https://www.genomicsengland.co.uk/?wpdmdl=5500).24 Following the 

identification of families carrying UCHL1 LoFs with spastic ataxia by gene burden analysis, 

additional information was collected retrospectively by contacting the recruiting clinician for 

each patient (Table S5). 

 

Fibroblast cultivation and protein isolation 

Human dermal fibroblasts were maintained at 37°C, 5% CO2 and 100% relative 

humidity in fibroblast medium consisting of Dulbecco's Modified Eagle Medium (Merck) 

supplemented with 10% foetal bovine serum (Thermo Fisher Scientific) in cell culture flasks. 

Upon reaching high confluence, primary fibroblasts were washed with cold PBS, scraped off 

in PBS, centrifuged at 800 g for 5 min and frozen at -80°C. Pellets of primary fibroblasts were 

lysed in RIPA buffer (Sigma) containing protease inhibitors (Roche) for 45 min on a rotator at 

4°C. Cell debris were pelleted at 15,800 g and 4°C for 30 min. The protein concentration was 

https://platform.rd-connect.eu/
https://www.genomicsengland.co.uk/?wpdmdl=5500


11 
 

determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to the 

manufacturer's instructions. 

 

NanoLC-MS/MS analysis 

Protein samples for nanoLC-MS/MS were generated from five fibroblast cell lines in 

biological duplicates (F1-IV.1, F1-IV.3, F2-III.2, F2-IV.1, F3-II.1) and compared to five control 

fibroblast cell lines (age and gender-matched) in biological duplicates (Table S7). Nano LC 

MS/MS analysis and data processing were performed as previously described.25 

 

RESULTS 

 

Gene burden analysis identifies an excess of heterozygous LoFs in families with 

spasticity or ataxia.  

To detect enrichment for predicted pathogenic variants in novel genes for ataxia and 

spastic paraplegia, gene burden analyses were performed independently within a German 

cohort by a research group in Tuebingen (Germany) and within the 100KGP by researchers in 

London (U.K.), on a total of 3,169 patients and 33,141 controls across all cohorts. 

For the German cohort, gene-based collapsing analysis (in 1,547 cases and 3,624 

controls) indicated an enrichment of rare variants in SPAST, KIF5A, UCHL1, POLR3A and 

FIGN (Table S1). While SPAST and KIF5A, which were top-listed, are dominant-acting genes, 

UCHL1 and POLR3A, have been associated with autosomal recessive disorders.26,27 To our 

knowledge, variants in FIGN have so far not been associated with human phenotypes. Follow-

up of the identified in-house individuals carrying rare FIGN variants did support the hypothesis 

a specific disease association. Remarkably, the variants that generated the UCHL1 signal 

were LoFs and did not derive from possible recessive UCHL1 cases. A subsequent UCHL1 

enrichment analysis in the full in-house database containing 14,303 datasets (2,066 cases with 

HSP and/or HA, and 12,237 controls) revealed a significant enrichment of LoFs in cases 

reaching exome-wide significance when compared to gnomAD controls (Table S2). The 
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enrichment was more significant among individuals with both HSP and HA (p = 6.536 x 10-8, 

3/272 cases vs. 3/182,146 gnomAD controls) than in the overall group with individuals with 

HSP and/or HA (p = 5.375 x 10-7, 4/2,066 cases vs. 3/182,146 gnomAD controls). Notably, the 

observed/expected (o/e) number of LoFs in gnomAD was 0, indicating a high intolerance of 

UCHL1 for haploinsufficiency. Rare missense variants in UCHL1 (MAF < 0.1%) from our total 

in-house database were not enriched in cases (Table S3).  

UCHL1 had independently been investigated as candidate gene for the clinical 

indication HA within the follow-up of the cohort-wise gene burden analysis in the rare disease 

component of the 100KGP (57,002 genomes sequenced from 27,591 families affected by rare 

diseases).19 A new gene burden analysis within the latest available 100KGP dataset at the 

time of analysis (March 2021) of 35,422 rare disease families, including 1,103 HA probands 

used as cases and 20,904 non-neurological probands used as controls, revealed a statistically 

significant burden of either LoFs (p = 1.5 x 10-5, q = 0.0231, 5/1,103 cases vs. 3/20,904 

controls, Table S2) or any variants highly predicted to be pathogenic (including LoFs), i.e. 

Exomiser variant score >= 0.80, (p = 2.0 x 10-5, q = 0.0265, 6/1,103 cases vs. 7/20,904 

controls) in UCHL1. All heterozygous LoFs identified in cases were absent from control cohorts 

and gnomAD, and none of them have been previously reported in an autosomal recessive 

context. 

 

Fifteen families carry 13 LoFs and 3 families the same inframe insertion in UCHL1  

Figures 1, 2 and Table S5 summarize the UCHL1 variants and clinical phenotype. 

Within the German cohort, four different heterozygous LoFs from four independent, so far 

genetically unsolved families (F1-4, Figure 1a) were identified through gene burden analysis. 

In family F1, the index F1-III.3 carried a frameshift variant c.64dup, p.(Val22glyfs*39) in UCHL1. 

Subsequently, four affected and one healthy family member were recruited (Figure 1a). F1-

IV.3 had been submitted independently for diagnostic ES, and by extending the family history, 

we were able to reconstruct this individual's relationship to F1. In F2, the frameshift variant, 

c.349_364del, p.(Phe117Argfs*33), identified in F2-III.2, and segregated in three healthy 
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sisters (F2-III.1, F2-III.6 and F2-III.7) and two affected brothers (F2-III.5 and F2-III.8). One 

affected brother (F2-III.5) had an additional diagnosis of ALS and carried a heterozygous 

pathogenic SOD1 variant, c.272A>C, p.(Asp91Ala). The daughter (F2-IV.1) of a similarly 

affected sister (F2-III.3) was subsequently diagnosed with ataxia and the same variant was 

identified independently by diagnostic GS. In F3, a heterozygous c.385_388dup, 

p.(Ala130Glufs*6) variant was identified de novo in F3-II.1, and the healthy sister did not carry 

the variant. Finally, a splice variant c.527-1G>A, p.(?) was identified in a singleton in F4 (F4-

II.1).   

Furthermore, an additional family (F5) carrying a c.387_388delAG, p.(Arg129Serfs*5) was 

identified through the RD-Connect Platform and two other families (F6 and F7) by 

communication with collaborators. Two affected sisters and the affected father from F6 (F6-

III.1, F6-III.3 and F6-II.1) segregated for the LoF variant c.73C>T, p.(Gln25*). The same variant 

was found in a different unrelated neurological patient (F7-II.1) via diagnostic GS (Table S5). 

During the period of revision, we identified a different nonsense variant, c.4C>T, p.(Gln2*) in a 

54 year old patient (F18) with HSP and ataxia by diagnostic GS.  

 

In the U.K. cohort, 10 autosomal dominant families carrying either a LoF variant (n = 7) 

or a variant highly predicted to be pathogenic (n = 3) were altogether identified for UCHL1. 

First, five HA families with LoFs were identified, including F8, a male participant with an 

autosomal dominant family history of ataxia carrying the c.381-384del, p.(Asp128Glufs*26) 

variant; F9, a duo with affected father and son both carrying the c.532C>T, p.(Arg178*) variant; 

F10, a singleton carrying the c.631G>T, p.(Glu211*) variant; F11, a singleton carrying the 

c.260_261dup, p.(Asn88Glyfs*28); F12, a duo with affected mother and daughter both carrying 

the c.95_98dup, p.(Leu34Glyfs*28) variant, and an autosomal dominant family history of 

disorder. The phenotypic and family data recorded in these families was consistent with 

autosomal dominant late-onset spastic ataxia with visual involvement. This prompted the 

search and identification of additional families in the 100KGP cohort, as detailed below.  
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F13, a duo family with father and son with a dominant family history, recruited as HSP, were 

identified as carrying the same variant found in family F9, c.532C>T, p.(Arg178*). In F14, a 

proband recruited under inherited optic neuropathy was found to carry the c.116_117del, 

p.(Leu39Argfs*21), also present in the mother, initially recorded as unaffected. The clinical re-

examination of the family revealed an autosomal dominant family history of ataxia, with the 

mother and the maternal grandfather affected. Three more families (F15, F16, F17) were 

identified when assessing an excess in cases of variants highly predicted to be pathogenic, i.e. 

Exomiser variant score >= 0.80. That first led to the identification of a proband with HA in family 

F15 carrying an inframe duplication variant c.154_156dup, p.(Leu52dup); the same variant 

was also found in the proband from family 16 (F16-II.1) recruited under HSP, and in another 

proband, his sister and his daughter (F17-II.I, F17-II.3, F17-III.1) recruited under HA and 

inherited optic neuropathy (Table S5). The c.154_156dup, p.(Leu52dup) variant present in 

those three families is absent in gnomAD and in the 100KGP dataset.  

 

Clinical phenotypes of UCHL1 families involve spasticity, ataxia, neuropathy 

and/or optic atrophy  

Detailed clinical information was available in 31 of 33 individuals from 18 families 

carrying 13 LoFs and one inframe duplication, highly predicted to be pathogenic, in UCHL1. 

On clinical examination (Figure 2, Table S5), lower limb spasticity with brisk deep tendon 

reflexes was observed in 24 of 31 individuals. Gait ataxia was present in 28 individuals and 26 

of them had predominantly cerebellar ataxia with either saccadic eye movements (16/31), 

dysarthria or dysphagia (9/31), and/or intention tremor (18/31). Tremor other than intention 

tremor was reported in 6 of 31 individuals. Two individuals presented with predominantly 

sensory ataxia. Reduced surface sensibility or pallesthesia in the lower limbs was observed in 

24 individuals, and sensory or sensorimotor axonal neuropathy could be demonstrated 

electrophysiologically in 11 of 21 examined patients. Ten patients reported visual impairment, 

and optic atrophy was detected in 9 of 17 examined individuals. Disease onset varied from 

childhood to age 70 (median 49) with slow progression of the movement disorder according to 
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medical history. In summary, the core phenotype consists of cerebellar ataxia (26/31), 

spasticity (24/31), sensory or sensorimotor neuropathy (11/21) and optic atrophy (9/17) (Figure 

2, Table S5).  

Some individuals differed from this core phenotype. F1-III.4 suffered from generalized dystonia 

from the age of 53 years onwards and developed, possibly independent from dystonia, a 

spastic-ataxic gait disorder at the age of 70. F2-III.5 presented lower motoneuron signs in 

addition to a spastic-ataxic phenotype, clinically compatible with a slowly progressive ALS 

possibly caused by the additional heterozygous SOD1 variant (c.272A>C, p.[Asp91Ala]).,28 

The most severely affected individual was F3-II.1. He had a history of childhood-onset 

developmental delay, followed by optic atrophy with severe visual impairment (visus c.c. 0.06 

on both eyes) diagnosed around the age of 12 years. Spastic-ataxic gait disorder developed 

at the age of 25 years.  

One individual (F12-III.2) also presented with early-onset visual difficulties (at 7 years) and 

was diagnosed with optic atrophy in his twenties. He is currently 24 years old and does not 

present any signs of spasticity or ataxia, unlike his mother (F12-II.1).  

 

Exploring dysregulated genes in proband-derived fibroblasts 

In the nanoLC-MS/MS data, 75 proteins were significantly up- or down-regulated (log 

Student's T-test p-value ≤ 0.05 and absolute |log FC ≥ 0.5|, Table S6) and the protein levels of 

UCHL1 were significantly decreased (-2.4 logFC, Figure 3a). Remarkably, this unbiased 

approach showed UCHL1 as the protein with the largest decrease in protein level (Figure 3a). 

An interaction network based on the 30 most up- or downregulated proteins was computed 

using string-db (https://string-db.org/), revealing a significant enrichment of interactions among 

these proteins (protein-protein interaction enrichment p = 1.17e-7, Figure 3b). Of note, the 

protein with the highest increase in protein level (2.05 logFC) was MME (membrane metallo-

endopeptidase or neprilysin) which was directly linked to UCHL1 (Figure 3b).  

 

DISCUSSION 
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In this study, we provide several lines of evidence that heterozygous LoFs in UCHL1 

are the genetic cause of an autosomal dominant inherited neurodegenerative disorder with a 

distinct phenotype. Two independent case-control gene burden analyses prioritized UCHL1 

among the top hits. Surprisingly the signal was not generated by previously described 

missense variants that were associated with autosomal recessive SPG797-9, but by 

heterozygous LoFs.  

In total, 13 different heterozygous UCHL1 LoFs were identified in 29 patients from 15 

families showing autosomal dominant inheritance and a common core phenotype. This core 

phenotype consists of a movement disorder with spasticity, cerebellar and/or sensory ataxia, 

and often sensorimotor neuropathy. Visual impairment and optic atrophy were other frequent 

features. While some participants had early-onset visual impairment, others only had 

subclinical optic atrophy or no optic atrophy at all. During extended screening for UCHL1 

variants, we also identified three independent families with the heterozygous inframe 

duplication c.154_156dup, p.(Leu52dup). Participants from all three families (F15-II.I, F16-II.I, 

F17-II.I, F17-II.3 and F17-III.I) presented with the specific combination of optic atrophy and 

late-onset spastic-ataxia. Therefore, we consider it likely that this variant is also pathogenic. 

Previously, bi-allelic variants in UCHL1 have been described to cause SPG79 in ten 

individuals from four families. A consanguineous family of Turkish origin with three affected 

siblings harboring a homozygous missense variant (c.20A>C, p.[Glu7Ala]) presented an early-

onset progressive neurodegenerative syndrome with visual loss, ataxia, spasticity, and 

cognitive impairment.7 A Norwegian family with compound heterozygous missense variants 

(c.533G>A, p.[Arg178Gln] and c.647C>A, p.[Ala216Asp]) and an Indian family with the 

homozygous splice variant (c.459+2T>C, p.[?]) demonstrated a similar phenotype.8,9 More 

recently, a homozygous inframe deletion c.627_629del, p.(Gly210del) has been reported in 

two siblings, showing childhood-onset visual impairment, progressive spasticity, and ataxia, 

compatible with the diagnosis of Behr syndrome.29 SPG79 patients had an early onset of 

disease between 2 and 10 years (median 7.5), and a more progressive disease course leading 

to wheel-chair dependency and often blindness. Three patients became non-ambulatory in 
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early childhood between 5 and 9 years, while some others in late adulthood after three to five 

decades.7-9,29 The deceased mother of the Norwegian family reportedly had late onset tremor. 

However, one of the wild-type siblings also showed tremor and one sister carrying a 

heterozygous p.Arg178Gln variant did not show any neurological signs at the age of 74 years. 

Therefore, it remains unclear whether the tremor symptom is related to a heterozygous UCHL1 

variant. Information on the Indian patients’ parents was not available.8 All other parents were 

reported as asymptomatic and their affected children were last examined between 28 and 65 

years of age. 7,9,29 In summary, identical neurological systems are affected in both the 

previously reported recessive SPG79 and the currently reported cohort with heterozygous 

UCHL1 variants (Figure 2), while the currently reported probands have a milder course with a 

later disease onset ranging from 12 to 70 years of age (median 49) on average.  

The functional data initially suggested loss-of-function as pathomechanism for SPG79. 

UCHL1 knockout mice displayed spastic gait movements and progressive paralyses in their 

hind limbs 30, and the missense variant p.(Glu7Ala) showed reduced enzymatic hydrolase 

activity of <10%.7 However, the two compound heterozygous missense variants detected in 

SPG79 patients had two opposing functional consequences. While p.(Ala216Asp) proteins 

were degraded, the p.(Arg178Gln) had enhanced enzymatic activity. The authors proposed 

that the increased enzymatic activity on one allele may have a protective influence on cognitive 

dysfunction.9 Finally, the splice variant (c.459+2T>A, p.[?]) is predicted to cause a skipping of 

exon 6, which would create an inframe deletion of 16 amino acids.8,29 In total, only missense 

variants, inframe-deletions and one splice variant predicted to cause an inframe deletion have 

been associated with SPG79. Since the parents of SPG79 patients were reportedly 

asymptomatic, it is possible that the mutant UCHL1 gene product still has relevant residual 

function and that the disease mechanism differs from loss-of-function / haploinsufficiency. 

 

Our mass spectrometry-based proteomics data showed significantly decreased UCHL1 

levels by approximately 50%, indicating haploinsufficiency of UCHL1 as the most likely 

pathomechanism for the autosomal dominant disorder. Regarding other dysregulated proteins, 
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our pathway analysis pattern revealed a direct link between UCHL1 and the most upregulated 

protein, MME. Pathogenic variants in MME have been associated with Charcot-Marie-Tooth 

disease type 2T and autosomal dominant spinocerebellar ataxia type43.31,32 MME cleaves and 

inactivates several peptides and is known to degrade amyloid-beta (Aß). UCHL1 has been well 

described to inactivate the Beta-Secretase 1 (BACE1), the major beta-secretase for the 

generation of Aβ peptides from APP.33 Since both MME and UCHL1 are connected with the 

metabolism of amyloid-β precursor protein (APP) and the clearance of Aβ, we speculate that 

the overexpression of MME could be in part a compensatory mechanism. By including APP in 

addition to the 30 most up- or down-regulated proteins in the network analysis, it appears that 

APP acts as a central connecting node linking several of the dysregulated proteins in the 

interaction network (Figure S1).  

UCHL1 has previously been linked to various other more common neurodegenerative 

disorders. In detail, two missense variants in UCHL1 have been implicated in PD. While the 

variant p.(Ile93Met) was described to cause early-onset PD with incomplete penetrance, the 

polymorphism p.(Ser18Tyr) appeared to be a protective factor for PD.14,34 However, both 

theories have been negated by several subsequent meta-analyses.35 Some data indicated that 

UCHL1 might be involved in the pathophysiology and disease progression of AD and ALS. 

Reduced UCHL1 expression was observed in individuals with AD, and overexpression of 

UCHL1 improved beta-amyloid-induced synaptic dysfunction and memory deficits in AD 

mouse models.13,36,37 Furthermore, quantitative proteomic studies revealed elevated UCHL1 

levels in cerebrospinal fluid of individuals with ALS, suggesting UCHL1 as a potential 

biomarker that might be involved in the disease progression of ALS.38  

Overall, the exact pathomechanism of UCHL1 variants in recessive disorders and in 

other neurodegenerative diseases such as PD and AD remains unclear. Notably, natural and 

synthetic antisense to mouse Uchl1 (AS-Uchl1) have shown to activate UCHL1 mRNA 

translation increasing protein synthesis at post-translational level in vitro.39 On the basis of this 

discovery, the use of AS Uchl1-derived long non-coding RNAs, named SINEUPs, has been 

proposed as potential new RNA-based therapy for gene-specific haploinsufficiency diseases.40 
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In this regard, the use of AS-Uchl1 could be a potential therapy for patients harboring LoFs in 

UCHL1. 

 

The statistical analyses, supporting segregation data in large dominant pedigrees, and 

the proteomics data provide evidence of UCHL1 haploinsufficiency as the pathomechanism 

underlying an autosomal dominant neurological disorder presenting with spasticity, cerebellar 

and/or sensory ataxia, polyneuropathy, and often optic atrophy. The disease presentation is 

similar but milder than the previously reported recessive disorder SPG79. Continuous 

exploration of UCHL1 variants (either in a heterozygous or homozygous state) and its function 

may provide further insight into the pathogenesis of various neurodegenerative diseases.  

 

 

SUPPLEMENTAL DATA 

Figure S1: Interaction network based on the 30 most over- or underexpressed from nanoLC-

MS/MS using string-db (https://string-db.org/). Additionally, APP was added to the network 

analysis and appeared to be a central connection node between the dysregulated proteins. 

Overexpressed proteins are shown in red, underexpressed proteins in blue. 

 

Table S1: Gene-based rare-variant burden analysis results using 1,547 diagnostic cases with 

either spastic paraplegia, ataxia or both phenotypes and 3,624 controls in the German cohort. 

 

Table S2: Counts of different UCHL1 LoF alleles (transcript 

NM_004181.4/ENST00000284440.4) in the German and U.K. cohorts, and in the gnomAD 

datasets (v2.1.1 and v3.1.1, non-neuro). 

 

Table S3: Counts of different individuals with UCHL1 missense variants (transcript 

NM_004181.4/ENST00000284440.4, with MAF < 0.1% in gnomAD) in the German cohort, and 

in the gnomAD datasets (v2.1.1 and v3.1.1, non-neuro). 
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Table S4: Gene variant position and population frequency of UCHL1 

(NM_004181.4/ENST00000284440.4) LoFs identified in 14 families and an inframe insertion 

identified in 3 families. 

 

Table S5: Clinical and Genetic Findings in Individuals with heterozygous UCHL1 Variants 

 

Table S6: Results from nanoLC-MS/MS based on fibroblasts from F1-IV.1, F1-IV.3, F2-III.2, 

F2-IV.1, F3-II.1 in comparison to controls  
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FIGURE TITLES AND LEGENDS 

Figure 1: Pedigrees of 17 UCHL1 Families, and Structure of UCHL1 

(a) Pedigrees of families segregating heterozygous LoFs in UCHL1 (F1-F14), and one UCHL1 

inframe duplication (F15-F17). Affected family members are shown in closed symbols and 

healthy family members with open symbols. wt stands for wildtype and p for pathogenic variant. 

Other family members were not available for genetic testing. 

(b) Graphical illustration of UCHL1 gene and protein domain structures, and position of the 

identified variants. Newly reported LoFs are written in red and previously published variants in 

black.  

 

Figure 2: Distribution of symptoms in UCHL1 patients 

Orange bars represent the proportion of patients showing given clinical features and carrying 

dominant-acting heterozygous UCHL1 variants. Grey bars illustrate the percentage of SPG79 

patients carrying bi-allelic UCHL1 variants.7-9,29 The symptoms are defined using the Human 

Phenotype Ontology (HPO) Terms.  

 

Figure 3: Mass spectrometry based proteomics 

 (a) Volcano plot resulting from nanoLC-MS/MS comparing five patient fibroblast cell lines to 5 

control fibroblast cells lines, both in duplicates. Statistically significant overexpressed proteins 

are depicted in red, significant underexpressed proteins are depicted in blue.  

(b) Interactome based on most over-or underexpressed proteins. Interaction network 

computed using string-db, showing the 30 most over-or underexpressed proteins from 

nanoLC-MS/MS data. Overexpressed proteins are shown in red, underexpressed proteins in 

blue. Significant enrichment of interactions among these proteins is present (PPI 1.17e-7). 


