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Abstract: Autosomal-recessive cerebellar ataxias (ARCAs) are heterogeneous rare disorders mainly
affecting the cerebellum and manifest as movement disorders in children and young adults. To date,
ARCA causing mutations have been identified in nearly 100 genes; however, they account for less
than 50% of all cases. We studied a multiplex, consanguineous Pakistani family presenting with a
slowly progressive gait ataxia, body imbalance, and dysarthria. Cerebellar atrophy was identified
by magnetic resonance imaging of brain. Using whole exome sequencing, a novel homozygous
missense mutation ERCC8:c.176T>C (p.M59T) was identified that co-segregated with the disease.
Previous studies have identified homozygous mutations in ERCC8 as causal for Cockayne Syndrome
type A (CSA), a UV light-sensitive syndrome, and several ARCAs. ERCC8 plays critical roles in
the nucleotide excision repair complex. The p.M59T, a substitution mutation, is located in a highly
conserved WD1 beta-transducin repeat motif. In silico modeling showed that the structure of this
protein is significantly affected by the p.M59T mutation, likely impairing complex formation and
protein-protein interactions. In cultured cells, the p.M59T mutation significantly lowered protein
stability compared to wildtype ERCC8 protein. These findings expand the role of ERCC8 mutations in
ARCAs and indicate that ERCC8-related mutations should be considered in the differential diagnosis
of ARCAs.

Keywords: autosomal-recessive cerebellar ataxias; ARCA; cerebellum; ERCC8

1. Introduction

Autosomal-recessive cerebellar ataxias (ARCAs) comprise a heterogeneous group of
rare neurological disorders associated with atrophy of the cerebellum and its associated
tracts [1,2]. Disease symptoms can manifest during childhood or in adulthood before the
age of 40, including cerebellum-associated features of uncoordinated movements such as
imbalanced gait, dystonia, dysarthria, and chorea etc. [3]. Clinical presentation can also
involve other neurological (retina, cerebral cortex, basal ganglia, corticospinal tracts, and
peripheral nerves, etc.) and non-neurological (heart, pancreas, and muscle, etc.) systems [2].

The genetic etiology of ARCAs is diverse but partially known. Recent advances in
high throughput sequencing methods, especially whole exome sequencing (WES), have
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led to a rapid increase in the discovery of ARCA genes, with over 92 genes identified
for disorders in which ataxia is present or a predominant feature [4,5]. This accounts for
about 50% cases of ataxias with a suspected diagnosis of ARCAs [6]. Although ARCAs
caused by different genes show clinical heterogeneity, the disease-causing genes share
some common molecular mechanisms and cellular pathways such as impaired DNA repair,
disturbed mitochondrial metabolism, or defective phospholipid remodeling [6]. For a better
understanding of cerebellar physiology, ARCAs can also be grouped based on deficient
cellular and metabolic pathways. Defects in the DNA repair mechanism involving double-
strand break-repair pathway or single-strand break-repair complexes are a predominant
pathological mechanism of several ARCAs. DNA damage can also lead to cerebellar
degeneration, through mechanisms that are not yet fully understood [7].

One important DNA repair pathway, nucleotide excision repair, is mediated by the
protein product of the ERCC8/CSA gene [6] located on chromosome 5q12.1. ERCC8 is com-
prised of 12 exons, which encode a 396-amino acid ERCC8/CSA protein containing seven
highly conserved repeated WD40 motifs (short~40 amino acids residue often terminating
in a Trp-Asp (W-D) dipeptide) [8,9]. The dysfunction of ERCC8 has previously been linked
with Cockayne syndrome (CS) [10] and a UV-light sensitive syndrome (UVSS) [11]. CS is
characterized by growth failure, progressive neurologic dysfunction, microcephaly, and
intellectual disability along with other defects such as cutaneous photosensitivity, kyphosis,
ankylosis, and optic atrophy [12]. This broad phenotypic spectrum reveals the importance
of the normal function of ERCC8 in many organs and cell types, which is reflected in
its involment in different disorders. Nonetheless, there is variable expressivity of the
constellation of phenotypes resulting from ERCC8 mutations, and phenotype-genotype
correlations remain elusive. Missense mutations in ERCC8 have been reported to cause
milder phenotypes than protein truncating mutations [10], and ataxia can be part of a
broad syndromic constellation of phenotypes [13,14] or can appear as an isolated clinical
feature [15]. A total of 38 mutations have so far been identified in ERCC8, which are largely
composed of missense mutations and deletions [14]. In this study we identified a novel
homozygous missense mutation c.176T>C in the ERCC8 gene that introduces a previously
unreported M59T mutation in the encoded protein in a consanguineous ARCA Pakistani
family with three affected male siblings.

2. Material and Methods
2.1. Participants and Procedure

The ethical approval for the study was obtained (Ethics Committee for Use of Human
Subjects, Pir Mehr Ali Shah Arid Agriculture University Rawalpindi, Pakistan PMAS-
AAUR/IEC-14/2016). A consanguineous Pakistani family (Figure 1), comprising three
affected and eleven unaffected individuals, was recruited from the Department of Neu-
rology and Neurophysiology, Pakistan Institute of Medical Sciences (PIMS), Islamabad,
Pakistan. The affected siblings were diagnosed based on clinical symptoms and brain
magnetic resonance imaging (MRI). A written informed consent was obtained from all the
participating individuals or the parents (in case of minors) along with a complete medical
history (Table 1). Venous blood samples were drawn from patients and unaffected family
members, and collected in EDTA-coated vacutainers. Genomic DNA was extracted by
using whole blood genomic GeneJetDNA purification mini kit (ThermoScientific, Cat#
GeneJet K0782; Waltham, MA, USA).
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Figure 1. Pedigree, genotypes, and MRIs of the consanguineous family segregating the ERCC8
variant. (A) Pedigree and genotypes of the family segregating ERCC8 mutation c.176T>C. Squares
and circles indicate males and females, respectively. The symbols in black filled represent the affected
members. The symbol with a diagonal line indicates a deceased individual. The numbers to the
left of pedigree show generation number while those above the symbols denote individuals within
that generation. (B) T2-weighted brain MRI of the normal brother (IV:5) shows a healthy cerebellum.
Patient (IV:3) has prominent cerebellar atrophy/degeneration (upper panel) and prominent intra
and extra cerebral CSF spaces (lower panel) shown on axial section of T2-weighted image. Affected
brother (IV:2) has prominent cerebellar atrophy/degeneration (upper panel) and mildly dilated intra
and extra cerebral CSF spaces (lower panel) shown on axial section of T2-weighted image. Affected
brother (IV:1) has very mild atrophy/degeneration of cerebellar folia (upper panel) on axial section
of T2-weighted image.
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Table 1. Clinical manifestations of patients with autosomal recessive ERCC8 mutation.

Patient ID (Sex) IV:1 (Male) IV:2 (Male) IV:3 (Male)

ERCC8 mutation c.176T>C homozygous c.176T>C homozygous c.176T>C homozygous

Parental Consanguinity + + +

Age of onset (years) 10 12 15

Age at examination 30 37 43

Symptoms at onset Involuntary movement of
hands

Involuntary hands and head
movement Involuntary hands movement

Marital status Single Single Married

Microcephaly − − −
Kyphosis − − −
Ankylosis − − −

Optic atrophy − − −
Growth retardation − − −

Facial features Normal Normal Normal

Sun burn + + +

Cognition Normal Normal Normal

Impaired coordination of
legs & arms + + +

Difficulty in writing + + +

Difficulty in handling objects + + +

Dysarthria + + +

Dysphagia + + +

Nystagmus − − −
Diplopia + + +

Visual loss − − −
Grip Normal Normal Normal

Reflexes Intact Upper limb depressed,
normal knee absent at ankle

Upper limb and ankle jerk
depressed, knee jerk positive

Plantar response Down-going Withdrawal, nonspecific Down-going

Finger nose test + + +

Heel shin test + + +

Romberg test − − −
Gait ataxia + + +

Skin pigmentation Normal Normal Hyper

Fallen wound sign − − +

Cranial nerve Normal Normal Normal

Pin prick Normal Normal Normal

others Divergent squint Head titubation None

Cerebellar atrophy very mild + +

Cerebral atrophy − + +

+ Present, − Absent.
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2.2. Genetic Analysis

In order to identify the disease-causing variants, whole exome sequencing (WES)
was performed at the Yale Center for Genome Analysis (YCGA) using DNA from two
affected siblings IV:2 and IV:3. The sample DNA was fragmented, linkers ligated followed
by agarose gel electrophoresis for fractionation. The extracted DNA was amplified using
Polymerase Chain Reaction (PCR) and hybridized to the capture arrays. After removing
the non-hybridized DNA by washing the bound DNA was eluted and ligation mediated
PCR was performed. The PCR products were purified and processed for DNA sequencing
on the Illumina platform (San Diego, CA, USA). Image analysis and base calling were
done after sequencing the captured libraries on the Illumina genome analyzer. Burrows-
Wheeler Aligner software (BWA Software, v0.7.11, San Diego, CA, USA) was used to
map the sequence reads with reference genome (hg19) and SAMtools (v0.1.19, Harvard
University, Cambridge, MA, USA) was used for the processing of resulting sequence
data. Insertions/deletions (indels) were subsequently filtered against reference genome.
Public databases used as a filter were 1000 Genomes, db-SNP and Exome Aggregation
Consortium’s ExAC Browser. Given the presumptive evidence of recessive transmission of
the trait in the pedigree, genes with biallelic variants having minor allele frequency (MAF)
< 0.01 in public databases of genomic variants (gnomAD, 1000 Genomes) were identified.
The variants were further annotated according to the predicted pathogenicity scores of
multiplein silicotools such as PolyPhen2 (http://genetics.bwh.harvard.edu/pph2 (accessed
on 18 October 2016)), MetaSVM, SIFT (http://sift.jcvi.org (accessed on 18 October 2016))
and Combined Annotation Dependent Depletion (CADD; https://cadd.gs.washington.
edu/ (accessed on 18 October 2016)) score.

To validate identified ERCC8 mutations and to check its segregation in the remaining
family members, PCR amplification followed by Sanger sequencing was performed (Keck
DNA sequencing facility, Yale University, New Haven, CT, USA). The primers, forward 5′-
CCTGCCAATGGAACACACTG-3′ and reverse 5′-CCGTCTTGTTTCTGTCACCC-3′, were
designed using primer-BLAST. PCR amplification was performed using 11 µL ddH2O,
2 µL 10× PCR buffer (Invitrogen, Waltham, MA, USA), 2.5 µL of 0.2 mM dNTPs, 1 µL of
0.5 µM primers, 0.5 µL Taq DNA polymerase (Invitrogen), 0.5 µL DMSO and 2 µL genomic
DNA. The thermal profile of amplification reaction was as follows: Initial denaturation at
95 ◦C for 5 min followed by 30 cycles of 95 ◦C for 30 s, 67 ◦C for 30 s, and 72 ◦C for 45 s, with
a final elongation of 72 ◦C for 5 min in a Bio-Rad DNA Thermal Cycler (Hercules, CA, USA).
The PCR products were confirmed on a 1.5% agarose gel and purified by QIAGEN PCR
purification kit (Cat#28104S; Hilden, Germany). Sanger sequencing was performed and
electropherograms were visualized using ChromasPro 1.7.6 software (Technelysium, South
Brisbane, Australia).

2.3. In Silico Modelling of Mutant Protein

To determine the predicted consequences of identified mutations on the structure
of ERCC8 protein, crystal structures of human ERCC8 protein (PDB entry: 6FCV) were
retrieved through protein data bank (PDB) followed by energy minimization using amber
force field embedded in UCSF Chimera 1.10.0 [16]. In order to explore the effect of mutated
ERCC8, 3D structure of ERCC8M59T was predicted via MODELLER 9.13 tool [17] using
wildtype (WT) ERCC8 (ERCC8WT) as a reference template. MolProbitytool (Version 4.5.1,
Department of Biochemistry, Duke University, Durham, NC, USA) (http://molprobity.
biochem.duke.edu/ (accessed on 30 June 2021)) [18] was utilized to validate the 3D models
while geometry optimization was carried out using YASARA (http://www.yasara.org/
minimizationserver.htm/ (accessed on 30 June 2021)) [19].

2.4. Biochemical Analysis of Mutant ERCC8

Overexpression vectors containing WT ERCC8 transcript variant 1 cDNA were pur-
chased (Origene, Rockville, MD, USA; Cat# RC214392) and site-directed mutagenesis
was performed (Agilent QuikChange II XL; Cat# 200521; Agilent Technologies, Santa

http://genetics.bwh.harvard.edu/pph2
http://sift.jcvi.org
https://cadd.gs.washington.edu/
https://cadd.gs.washington.edu/
http://molprobity.biochem.duke.edu/
http://molprobity.biochem.duke.edu/
http://www.yasara.org/minimizationserver.htm/
http://www.yasara.org/minimizationserver.htm/
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Clara, CA, USA) to generate mutant ERCC8 expression vectors using following primers:
forward 5′-TCTGAACCACCTGATAACGTGTATCTCCCTTCAACAG-3′ and reverse 5′-
CTGTTGAAGGGAGATACACGTTATCAGGTGGTTCAGA-3′. HeLa cells were transfected
with WT or mutant ERCC8. Forty-eight hours later, transfected cells were treated with
100 µg/mL cycloheximide (CHX) for two to eight hours to inhibit new protein trans-
lation. Cells were collected in triplicates every two hours during the time course and
subsequently processed for Western blotting as previously described [20] with slight mod-
ifications. Briefly, cells were pelleted and lysed in lysis buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 0.1% SDS, 0.5% Triton X-100, 0.5% NP-40 and Roche complete protease
inhibitor cocktail), rotated at 4 ◦C for 30 min, and then centrifuged for 15 min at 13,000 rpm
at 4 ◦C. 20 µg total protein for each sample was loaded onto an SDS-PAGE gel, transferred
onto a nitrocellulose membrane, washed three times in TBST, blocked by incubation in
5% skimmed milk in TBST, and incubated with primary antibodies (mouse anti-Vinculin,
Sigma (St. Louis, MO, USA), V9264, 1:10,000; rabbit anti-ERCC8, Abcam (Cambridge, UK),
ab137033, 1:1000) diluted in 5% skimmed milk in TBST overnight. The following day,
membranes were washed three times in TBST, incubated with HRP-conjugated secondary
antibodies for one hour, and detected using ECL reagents.

3. Results
3.1. Clinical Presentations

In the family studied here, three of four siblings from a first-cousin union presented
with progressive ataxia (Figure 1A). All four siblings were born following full-term, un-
eventful pregnancies. The presence of consanguinity and the absence of ataxia in both
parents, as well in the four offspring of one of the affected siblings, and the absence of ataxia
among other members of the kindred suggest a strong likelihood of recessive transmission
of the phenotype in this family. The three affected members achieved developmental
milestones normally and clinical history was unremarkable except for blister formation in
members IV:1, IV:2 and IV:3, resulting from prolonged sunlight exposure. At later ages
(10, 12, and 15 years, respectively), the affected individuals developed involuntary move-
ments of hands and difficulty in handling objects. Siblings also presented with slowly
progressing neurological symptoms such as dysarthria and gait ataxia, testing positive
upon neurological examination using the finger-nose and heel-shin tests. During examina-
tion for the present study (Table 1), the ages of all three affected subjects were as follows;
IV:1 30 years, IV:2 37 years, and IV:3 43 years. All affected members showed impaired coor-
dination of legs and arms, difficulty in holding objects, dysphagia, and diplopia. However,
reflexes were intact in subject IV:1, while depressed in IV:2 and IV:3, with normal cognition
in all patients. Importantly, characteristic features of CS-like microcephaly, growth failure,
kyphosis, ankylosis, and optic atrophy were absent in all patients.

3.2. Magnetic Resonance Imaging (MRI)

Brain MRIs of all three affected and one healthy control (Figure 1B) were performed
on a 3 Tesla MRI machine at Radiology Department, Military Hospital (MH), Rawalpindi,
Pakistan. The MRI sequences of the affected individual IV:3 showed prominent cerebellar
atrophy/degeneration with prominent intra and extra cerebrospinal fluid (CSF) spaces
as shown on axial section of T2W1. The MRI sequences of the affected subject IV:2 also
showed prominent cerebellar atrophy/degeneration but with mildly dilated ventricles and
evidence of loss of cerebral volume, suggestive of cerebral atrophy on axial section of T2W1.
For the third affected sibling IV:1 (the youngest patient), MRI showed very mild atrophy of
cerebellar folia on T2W1, that is proposed to be age-related. The IV:1 member also had a
blooming artifact on gradient echo sequence assumed to be the result of calcification.

3.3. Genetic Findings

The prioritization criteria for rare biallelic variants generated a list of four genes as
shown in Table 2 with the same biallelic variants in both sequenced siblings, all of which
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were homozygous. One of these genes, ERCC8, had previously been implicated in recessive
ataxia, and had a homozygous missense variant that has not previously been implicated
in disease: ERCC8 (RefSeq NM_000082: c.176T>C (p.M59T). Sanger sequencing revealed
complete co-segregation of homozygosity of this variant with the disease phenotype in
this family. All three affected siblings were homozygous for the variant and all 5 of the
unaffected individuals at risk of inheriting the recessive genotype were heterozygotes.
The odds of this co-segregation occurring by chance alone were 1047:1 (Lod score 3.02),
meeting traditional thresholds for significant linkage. Other healthy family members were
either heterozygous carriers or homozygous for the WT allele (Figure 2A). The c.176T>C
(p.M59T) mutation is located in the third exon of the full-length isoform and substitutes
for a conserved amino-acid localized in the WD1 domain of ERCC8 protein. Comparative
amino acid alignment of the protein across different species revealed that this amino acid
has been highly conserved during evolution (Figure 2B). However, no ortholog is present
in Drosophila, while orthologs of Caenorhabditis elegans with 18% identity and Saccharomyces
cerevisiae with 11% identity where the M59 is not conserved in both of these.

3.4. In Silico Analysis

In order to obtain the complete 3D structure of ERCC8M59T, a comparative modeling
technique was employed using ERCC8WT as template. Ramachandran plot designated the
presence of more than 95.69% residues of ERCC8M59T-modeled structure in the sterically
allowed region, while 0.76% residues were considered as outliers. Only a few poor rotamers
were observed. Parameters including peptide bond planarity, non-bonded interactions,
Cα-tetrahedral distortion, main chain H-bond energy, and the overall G-factor for the
modeled structure were within the favorable range. ERCC8M59T structure was minimized
through Yasara. To explore the effect of ERCC8M59T mutation, the predicted ERCC8M59T

structure was superimposed with the template (ERCC8WT) by UCSF Chimera. An RMSD
value of 0.45Å indicated a significant conformational changes upon mutation (Figure 2C).
In contrast to ERCC8WT, β-strand extended three residues (Gln326-Lys331) upon muta-
tion. Particularly, upon mutation the His180-Leu182 loop region was inferred to assume
a β-strand conformation. Together, thisin silico modeling predicted that the mutation
presumably alters the structure of the WD1 domain (Figure 2C).

3.5. M59 Mutation Destablizes ERCC8 Protein

Becausein silico modelling of variants predicted that the identified c.176T>C (p.M59T)
mutation alters the protein structure (Figure 2C), we next wanted to explore whether this
mutation affects ERCC8/CSA protein stability. To do so, we first generated cDNA clones
to overexpress WT or mutant ERCC8/CSA (Figure 3A) and introduced these vectors into
HeLa cells (Figure 3B), which resulted in robust overexpression above endogenous ERCC8
levels (data not shown). Cycloheximide (CHX) chase experiments over eight hours revealed
enhanced rate of protein degradation of mutant ERCC8/CSA compared to WT counterpart.
These data demonstrate that the identified mutation (p.M59T) in ERCC8/CSA results in
loss of normal ERCC8/CSA function, at least in part due to reduced protein stability.
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Table 2. List of autosomal recessive homozygous candidate variants derived from exome sequencing data. All variants except one in ERCC8 have been excluded
due to no segregation and lack of evidence for brain related function/phenotype.

Gene Chr Pos Ref
Allele Alt Allele Mutation

Type Aa Change Allele
Frequency Meta Svm Cadd

Score

%Genic
Intolerance

Score
Based on

Exac

Omim/
Diseases

ACMG
Classification

Segregation
Status

ERCC8 5 60217980 A G Missense p.M59T 0.000008018 D 20.4 53.24

609412/Cockayne
syndrome

type-A,
UV-sensitive
syndrome 2

Likely
pathogenic (II) Segregated

MX2 21 42749772 C A Missense p.D102E 0.000007956 D 16.39 29.62 147890/Nil
Variant of
Uncertain

Significance
No Segregation

PLA2G12A 4 110638815 A G Missense p.Y114H 0.00001989 T 24.9 74.21 611652/Nil
Variant of
Uncertain

Significance
No Segregation

PLA2G12A 4 110650941 G A Missense p.L9F 0.00002486 T 19.74 74.21 611652/Nil
Variant of
Uncertain

Significance
No Segregation

GEMIN8 X 14027232 C T Missense p.D177N Not
available T 16.84 57.84 300962/Nil Likely benign (I) No Segregation
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Figure 2. Analysis of the ERCC8M59T variant and its 3D structure modeling. (A) Chromatograms
of DNA sequence of healthy carrier IV:5 (top) indicates heterozygous for the variant, and affected
individual IV:1 (bottom) indicates a homozygous missense mutation in ERCC8 gene. Arrows indicate
the position of the c.176T>C, which resulted in substitution of Methionine (Met, M) to Threonine (Thr,
T) at codon 59 (p.M59T). (B) Degree of conservation of the Met 59 residue (shaded) across different
species. (C) Visual comparison of predicted models. ERCC8WT is shown in pink color ribbons, while
ERCC8M59T is shown in sky blue color. The regions with conformational changes are labelled in black.
Position of M59 is shown green in WT, while red in mutant structure.
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The highlighted nucleotides show the WT sequence (top) and the successfully mutated plasmid
(bottom). (B) Schematic of ERCC8 protein stability assay. (C,D) Representative western blots (C)
and quantification (D) of WT and mutant ERCC8 degradation over time (n = 3 biological replicates).
* p < 0.05, t-test.
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4. Discussion

In this study, we identified a novel homozygous missense mutation ERCC8:c176T>C
(p.M59T) segregating with cerebellar ataxia in a consanguineous Pakistani family. We
used WES, which has previously identified novel genes involved in rare neurological
disorders including ataxia, especially in the setting of consanguinity [21]. Mutations in
ERCC8 have been associated with defects in the transcription-coupled nucleotide excision
repair (TC-NER) leading to CSA [22], characterized mainly by growth failure, microcephaly
and developmental delay [23]. None of the three affected members of studied family
showed classical symptoms of CS upon thorough examination by a neurologist and were
excluded as having CS. In addition to CS, variants of ERCC8 has also been linked to UV-
sensitive syndrome (UVSS), which is restricted only to photosensitivity and pigmentation
and absence of any neurological anomalies [24]. The mutant ERCC8 gene has recently
been reported as a cause of ARCA as a missense mutation p.Gly257Arg has been linked
to unique cerebellar ataxia in a Chinese family [15]. All the three affected members of
current study manifest classical symptoms of ARCA, including an early disease onset
and characteristic, slowly progressive clinical features of cerebellar ataxia with mild skin
photosensitivity. Brain MRIs of all subjects showed mild to moderate cerebellar atrophy in
addition to cerebral involvement.

The ERCC8:c176T>C (p.M59T)variant identified in this Pakistani family is absent
in gnomAD and to our knowledge, homozygous mutations altering M59 have not been
reported in any of the public databases of human polymorphisms. Interestingly, this
variant occurs in the initiation codon, and predicted to cause start-loss variant for two
other ERCC8 transcript isoforms (ENST00000426742.2 and ENST00000439176.1); however,
these isoforms are not enriched in the brain at any stage of development (as shown in
Figure S1, adopted from Genotype-Tissue Expression (GTEx) database); therefore loss of
expression of these isoforms is unlikely to contribute to the clinical symptoms observed
in this family. Hence, the pathology resulting from this mutation is likely due to by
substitution mutation p.M59T, which affects the dominant, full-length ERCC8 transcript.
It is predicted to be pathogenic by multiple in silico tools. First, p.M59T is located in one
of the WD repeats of CSA protein known to be involved in protein complex formation
and other protein-protein interactions. The integrity of WD domains plays a key role
in the biological functions of ERCC8/CSA protein as most of the reported mutations
reside in these conserved domains [25]. ERCC8/CSA interacts with DDB1, Cullin 4A, and
Roc1, and exhibits ubiquitin ligase activity in TC-NER [26]. The alteration in protein’s
structure of ERCC8/CSA, as predicted by in silico analysis, can thereby assumed to affect
its associations with other proteins [27]. For example, a missense mutation (Ala205Pro)
reported in the fourth WD40 motif abolished interaction with DDB1 [27].

Recently, it has been reported that ubiquitination of RNAPII activates TC-NER and
processing of DNA damage-stalled RNAPII, both of which provide a protective mechanism
against progressive neurodegeneration. Furthermore, severely reduced ubiquitination
has been observed in CSA-deficient cells [28]. In cultured HeLa cells, we showed that in
comparison to ERCC8/CSAWT, the ERCC8/CSAM59T mutant protein is less stable and
has a faster turnover. Therefore, the reduced ubiquitination observed in CSA mutant
cells can potentially be attributed to both lower protein levels due to protein instability,
as well as a reduction of ubiquitin ligase activity resulting from the p.M59T mutation in
the functional domain of the remaining protein. Although these experiments suggest that
p.M59T mutation results in a loss of ERCC8 function, further biochemical studies with
larger sample sizes that discriminate between endogenous WT and exogenous WT and
mutant ERCC8 are required to conclusively determine the impact of this mutation on
protein stability.

The p.M59T mutation identified here resides in the WD1 repeat motif where no mis-
sense mutation has been reported previously. However, additional functional investigations
are required to elucidate the precise effect of c.176T>C variant on ERCC8 gene function. To the
best of our knowledge, this is the first report of a Pakistani family linking an ERCC8 mutation
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to ARCAs, broadening the spectrum of clinical phenotypes of the pathogenic variants associ-
ated with ARCAs. It is also the first report of the clinical consequences of c.176T>C mutation
in the WD1 repeat and highlights the need for further functional studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11193090/s1, Figure S1: ERCC8 transcript isoforms expression
in different tissues as shown by GTEx.

Author Contributions: Conceptualization, Z.G., L.T., J.L. and G.K.R.; methodology, L.T., J.C., W.D., C.N.-
W. and S.S. (Shagufta Shafique); validation, U.A. and S.S. (Sadia Saeed); formal analysis, J.C., W.D. and
C.N.-W.; investigation, Z.G. and M.B.; resources, M.B.; data curation, Z.G., L.T. and S.S. (Shagufta Shafique);
writing—original draft preparation, Z.G. and L.T.; writing—review and editing, all authors; visualization,
Z.G., L.T. and U.A.; supervision, S.S. (Sadia Saeed), R.P.L., J.L. and G.K.R.; funding acquisition, J.L. and
G.K.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by National Institutes of Health grants NS083706 (J.L.) and
AG076154 (J.L.), and the Lo Graduate Fellowship for Excellence in Stem Cell Research (L.T.), the
Gruber Science Fellowship (L.T.), and National Institutes of Health grants T32 NS041228 (L.T.) and
T32 NS007224 (L.T.).

Institutional Review Board Statement: Approval was granted on 3 October 2018 after discussion in
18th meeting of Ethics Committee held on 27 September 2018 by Ethics Committee for the Use of
Human Subjects, Pir Mehr Ali Shah Arid Agriculture University Rawalpindi (PMAS-AAUR).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available in the main and Supple-
mentary Information provided in this manuscript. Any additional data are available upon request
from the corresponding author.

Acknowledgments: We sincerely thank all the patients and family members for participating in this
study. We also thank the Department of Neurology, PIMS, Islamabad, Pakistan for their help during
clinical diagnosis. We thank the Yale Center for Genome Analysis (YCGA) for conducting whole
exome sequencing (WES). We thank all members from the Raja and Lim laboratories for technical
assistance and discussion for this project. We also acknowledge the Higher Education Commission
(HEC) of Pakistan for awarding Z.G. an International Research Support Initiative Program (IRSIP)
Scholarship, which allowed him to complete the present work at the Yale School of Medicine, Yale
University, New Haven, CT, USA.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anheim, M.; Tranchant, C.; Koenig, M. The autosomal recessive cerebellar ataxias. N. Engl. J. Med. 2012, 366, 636–646. [CrossRef]

[PubMed]
2. Synofzik, M.; Németh, A.H. Recessive ataxias. Handb. Clin. Neurol. 2018, 155, 73–89. [PubMed]
3. Harding, A. Classification of the hereditary ataxias and paraplegias. Lancet 1983, 321, 1151–1155. [CrossRef]
4. Bird, T.D. Hereditary Ataxia Overview. In Gene Reviews; University of Washington: Seattle, WA, USA, 2019.
5. Rossi, M.; Anheim, M.; Durr, A.; Klein, C.; Koenig, M.; Synofzik, M.; Marras, C.; van de Warrenburg, B.P.; International Parkinson

and Movement Disorder Society Task Force on Classification and Nomenclature of Genetic Movement Disorders. The genetic
nomenclature of recessive cerebellar ataxias. Mov. Disord. 2018, 33, 1056–1076. [CrossRef]

6. Synofzik, M.; Puccio, H.; Mochel, F.; Schöls, L. Autosomal recessive cerebellar ataxias: Paving the way toward targeted molecular
therapies. Neuron 2019, 101, 560–583. [CrossRef]

7. Beaudin, M.; Matilla-Dueñas, A.; Soong, B.-W.; Pedroso, J.L.; Barsottini, O.G.; Mitoma, H.; Tsuji, S.; Schmahmann, J.D.; Manto, M.;
Rouleau, G.A. The classification of autosomal recessive cerebellar ataxias: A consensus statement from the society for research on
the cerebellum and ataxias task force. Cerebellum 2019, 18, 1098–1125. [CrossRef]

8. Koch, S.; Garcia Gonzalez, O.; Assfalg, R.; Schelling, A.; Schäfer, P.; Scharffetter-Kochanek, K.; Iben, S. Cockayne syndrome
protein A is a transcription factor of RNA polymerase I and stimulates ribosomal biogenesis and growth. Cell Cycle 2014, 13,
2029–2037. [CrossRef]

https://www.mdpi.com/article/10.3390/cells11193090/s1
https://www.mdpi.com/article/10.3390/cells11193090/s1
http://doi.org/10.1056/NEJMra1006610
http://www.ncbi.nlm.nih.gov/pubmed/22335741
http://www.ncbi.nlm.nih.gov/pubmed/29891078
http://doi.org/10.1016/S0140-6736(83)92879-9
http://doi.org/10.1002/mds.27415
http://doi.org/10.1016/j.neuron.2019.01.049
http://doi.org/10.1007/s12311-019-01052-2
http://doi.org/10.4161/cc.29018


Cells 2022, 11, 3090 12 of 12

9. Henning, K.A.; Li, L.; Iyer, N.; McDaniel, L.D.; Reagan, M.S.; Legerski, R.; Schultz, R.A.; Stefanini, M.; Lehmann, A.R.;
Mayne, L.V. The Cockayne syndrome group A gene encodes a WD repeat protein that interacts with CSB protein and a subunit of
RNA polymerase II TFIIH. Cell 1995, 82, 555–564. [CrossRef]

10. Calmels, N.; Botta, E.; Jia, N.; Fawcett, H.; Nardo, T.; Nakazawa, Y.; Lanzafame, M.; Moriwaki, S.; Sugita, K.; Kubota, M.
Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome. J. Med. Genet. 2018,
55, 329–343. [CrossRef]

11. Li, Y.; Zheng, L.; Chen, F.; Yao, Z.; Li, M. Two novel mutations in the ERCC8 gene in a patient with ultraviolet-sensitive syndrome.
Acta Derm. Venereol. 2019, 99, 117–118. [CrossRef]

12. Nance, M.A.; Berry, S.A. Cockayne syndrome: Review of 140 cases. Am. J. Med. Genet. 1992, 42, 68–84. [CrossRef] [PubMed]
13. Planas-Ballvé, A.; Morales-Briceño, H.; Crespo-Cuevas, A.M.; Fung, V.S. Movement Disorders and Spinal Cord Atrophy in

Cockayne Syndrome with Prolonged Survival. Mov. Disord. Clin. Pract. 2018, 5, 209. [CrossRef] [PubMed]
14. Chikhaoui, A.; Kraoua, I.; Calmels, N.; Bouchoucha, S.; Obringer, C.; Zayoud, K.; Montagne, B.; M’rad, R.; Abdelhak, S.; Laugel, V.

Heterogeneous clinical features in Cockayne syndrome patients and siblings carrying the same CSA mutations. Orphanet J. Rare.
Dis. 2022, 17, 121. [CrossRef] [PubMed]

15. Zhang, D.; Dai, L.; Zhou, Z.; Hu, J.; Bai, Y.; Guo, H. Homozygosity mapping and whole exome sequencing reveal a novel ERCC8
mutation in a Chinese consanguineous family with unique cerebellar ataxia. Clin. Chim. Acta 2019, 494, 64–70. [CrossRef]

16. Meng, E.C.; Pettersen, E.F.; Couch, G.S.; Huang, C.C.; Ferrin, T.E. Tools for integrated sequence-structure analysis with UCSF
Chimera. BMC Bioinform. 2006, 7, 393. [CrossRef]

17. Webb, B.; Sali, A. Protein structure modeling with MODELLER. In Structural Genomics; Springer: Amsterdam, The Netherlands,
2021; pp. 239–255.

18. Chen, V.B.; Arendall, W.B.; Headd, J.J.; Keedy, D.A.; Immormino, R.M.; Kapral, G.J.; Murray, L.W.; Richardson, J.S.;
Richardson, D.C. MolProbity: All-atom structure validation for macromolecular crystallography. Acta Crystallogr. Sect. D Biol.
Crystallogr. 2010, 66, 12–21. [CrossRef]

19. Krieger, E.; Joo, K.; Lee, J.; Lee, J.; Raman, S.; Thompson, J.; Tyka, M.; Baker, D.; Karplus, K. Improving physical realism,
stereochemistry, and side-chain accuracy in homology modeling: Four approaches that performed well in CASP8. Proteins Struct.
Funct. Bioinform. 2009, 77, 114–122. [CrossRef]

20. Dong, T.; Tejwani, L.; Jung, Y.; Kokubu, H.; Luttik, K.; Driessen, T.M.; Lim, J. Microglia regulate brain progranulin levels through
the endocytosis/lysosomal pathway. JCI Insight 2021, 6, e136147. [CrossRef]

21. Algahtani, H.; Shirah, B.; Almatrafi, S.; Al-Qahtani, M.H.; Abdulkareem, A.A.; Naseer, M.I. A novel variant in CWF19L1 gene in a
family with late-onset autosomal recessive cerebellar ataxia 17. Neurol. Res. 2021, 43, 141–147. [CrossRef]

22. Fousteri, M.; Mullenders, L.H. Transcription-coupled nucleotide excision repair in mammalian cells: Molecular mechanisms and
biological effects. Cell Res. 2008, 18, 73–84. [CrossRef]

23. Laugel, V. Cockayne syndrome: The expanding clinical and mutational spectrum. Mech. Ageing. Dev. 2013, 134, 161–170.
[CrossRef] [PubMed]

24. Spivak, G. UV-sensitive syndrome. Mutat. Res. 2005, 577, 162–169. [CrossRef] [PubMed]
25. Yousefipour, F.; Mozhdehipanah, H.; Mahjoubi, F. Identification of two novel homozygous nonsense mutations in TRAPPC9 in

two unrelated consanguineous families with intellectual Disability from Iran. Mol. Genet. Genomic. Med. 2021, 9, e1610. [CrossRef]
[PubMed]

26. Fischer, E.S.; Scrima, A.; Böhm, K.; Matsumoto, S.; Lingaraju, G.M.; Faty, M.; Yasuda, T.; Cavadini, S.; Wakasugi, M.;
Hanaoka, F. The molecular basis of CRL4DDB2/CSA ubiquitin ligase architecture, targeting, and activation. Cell 2011, 147,
1024–1039. [CrossRef] [PubMed]

27. Saijo, M. The role of Cockayne syndrome group A (CSA) protein in transcription-coupled nucleotide excision repair. Mech. Ageing.
Dev. 2013, 134, 196–201. [CrossRef]

28. Nakazawa, Y.; Hara, Y.; Oka, Y.; Komine, O.; van den Heuvel, D.; Guo, C.; Daigaku, Y.; Isono, M.; He, Y.; Shimada, M.
Ubiquitination of DNA Damage-Stalled RNAPII Promotes Transcription-Coupled Repair. Cell 2020, 180, 1228–1244.e24. [CrossRef]

http://doi.org/10.1016/0092-8674(95)90028-4
http://doi.org/10.1136/jmedgenet-2017-104877
http://doi.org/10.2340/00015555-3032
http://doi.org/10.1002/ajmg.1320420115
http://www.ncbi.nlm.nih.gov/pubmed/1308368
http://doi.org/10.1002/mdc3.12588
http://www.ncbi.nlm.nih.gov/pubmed/33999981
http://doi.org/10.1186/s13023-022-02257-1
http://www.ncbi.nlm.nih.gov/pubmed/35248096
http://doi.org/10.1016/j.cca.2019.03.1609
http://doi.org/10.1186/1471-2105-7-339
http://doi.org/10.1107/S0907444909042073
http://doi.org/10.1002/prot.22570
http://doi.org/10.1172/jci.insight.136147
http://doi.org/10.1080/01616412.2020.1831331
http://doi.org/10.1038/cr.2008.6
http://doi.org/10.1016/j.mad.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23428416
http://doi.org/10.1016/j.mrfmmm.2005.03.017
http://www.ncbi.nlm.nih.gov/pubmed/15916784
http://doi.org/10.1002/mgg3.1610
http://www.ncbi.nlm.nih.gov/pubmed/33513295
http://doi.org/10.1016/j.cell.2011.10.035
http://www.ncbi.nlm.nih.gov/pubmed/22118460
http://doi.org/10.1016/j.mad.2013.03.008
http://doi.org/10.1016/j.cell.2020.02.010

	Introduction 
	Material and Methods 
	Participants and Procedure 
	Genetic Analysis 
	In Silico Modelling of Mutant Protein 
	Biochemical Analysis of Mutant ERCC8 

	Results 
	Clinical Presentations 
	Magnetic Resonance Imaging (MRI) 
	Genetic Findings 
	In Silico Analysis 
	M59 Mutation Destablizes ERCC8 Protein 

	Discussion 
	References

