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ARTICLE INFO ABSTRACT

Keywords: Background: A consanguineous Chinese family was affected by an apparently novel autosomal recessive disorder
Spinocerebellar ataxia characterized by cerebellar ataxia, cutaneous photosensitivity, and mild intellectual disability.
ERCC8

Methods: The family was evaluated by homozygosity mapping, haplotype analysis, whole exome sequencing,
and candidate gene mutation screening to identify the disease-associated gene and mutation. Bioinformatics
methods were used to predict the functional significance of the mutated gene product. ERCC8 mutations and
phenotypes were examined.

Results: All three patients presented cerebellar ataxia, cutaneous photosensitivity, and mild intellectual dis-
ability. Whole genome and candidate region linkage analysis in the consanguineous family revealed a maximum
logarithm of the odds score at 5q12.1. This homozygous region was confirmed by homozygosity mapping. The
pathogenic missense mutation p.Gly257Arg affecting an evolutionary highly conserved amino acid was identi-
fied in ERCC8 at 5q12.1. Integrated application of whole exome sequencing and homozygosity mapping is an
efficient approach for gene mapping and mutation identification in consanguineous families.

Conclusions: We identified a novel ERCC8 mutation and new unique disease phenotype. These results also
confirmed the genotype-phenotype relationship between mutations in ERCC8 and clinical findings.

Homozygosity mapping
Whole exome sequencing
Cockayne syndrome type A

1. Introduction autosomal recessive spinocerebellar ataxia (SCAR type 2, 4, 10, 14, 17,

18, 20, 21, 22, 23) [2-4]. However, an association between recessive

Autosomal recessive cerebellar ataxias constitute a highly hetero-
geneous group of neurodegenerative disorders, which mainly affect the
nervous system. Recessive ataxias may present as a pure cerebellar
syndrome or are associated with neurological symptoms or extra neu-
rological symptoms [1]. The main clinical features of these disorders
include staggering gait, upper limb dysmetria, dysarthria, and dys-
phagia. Other common features are intellectual disability, dystonia,
tremor, chorea, peripheral neuropathy, and nystagmus.

According to the OMIM database (http://www.omim.org/), in-
tellectual disability is a common feature of recessive ataxia, such as

ataxia and photosensitive dermatitis is uncommon, and may be ob-
served in diseases related to DNA damage repair genes, such as xer-
oderma pigmentosum (XPF; groups A, B, D, F, and G) and Cockayne
syndrome (CS; types A and B) [5,6]. The co-occurrence of recessive
ataxia, skin photosensitivity, and intellectual disability has been de-
scribed in a few rare syndromes, including CS and XPF [7,8]. CS is
characterized by a variety of clinical features, including progressive
growth failure, microcephaly, cutaneous photosensitivity, progeroid
appearance, flexion contractures of joints, delayed neural development,
and severe progressive neurologic degeneration resulting in cognitive
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defects, pigmentary retinopathy, cataracts, sensorineural deafness,
feeding difficulties, and premature death [6]. XPF is a mild form of XP,
which is characterized by sun sensitivity and increased skin sensitivity
to UV light, as well as an increased risk of skin cancer. Some patients
with XPF develop neurologic impairment or growth defects and are thus
classified as having CS [9].

We report a new autosomal recessive Cockayne-like syndrome,
characterized by a combination of spinocerebellar ataxia, skin photo-
sensitivity, and intellectual disability. We identified a homozygous
missense mutation in ERCC8 (MIM 609412) in a consanguineous family
by whole exome sequencing combined with genome-wide homo-
zygosity mapping.

2. Materials and methods
2.1. Research subjects

The study was performed with the approval of the Ethics Committee
of Army Medical University (Chongqing, China). Written informed
consent was obtained from the family members and healthy controls to
participate in this study. The participants in the family in this study
were identified and enrolled at Southwest Hospital, Army Medical
University. Both patients and normal controls underwent physical ex-
amination in the Department of Neurology. DNA samples were col-
lected from affected family members, their unaffected siblings, and
their parents between October 2013 and September 2014. The 150
unaffected controls were defined healthy individuals from physical
examination population at Southwest Hospital during 2013 to 2016.
The quantity and quality of DNA was determined by using a NANOD-
ROP 1000 (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Linkage analysis and homogzygosity mapping

Genome wide scanning was first conducted to localize the candidate
regions linked to the disease phenotype. Genotyping was performed on
the Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA,
USA). This array consists of 900K single-nucleotide polymorphisms
(SNPs) with a mean distance of 4 kb. Chips and data were processed on
the Affymetrix platform with Command Console Software. SNP geno-
types were called using the Affymetrix BRLMM algorithm in
Genotyping Console 3.0 Software (Affymetrix). We performed multi-
point linkage analysis using MERLIN software (http://www.sph.umich.
edu/csg/abecasis/Merlin/) assuming a fully penetrant recessive model
and disease allele frequency of 0.001.

The genotyping data were used to define the runs of homozygosity
for every patient using PLINK. We defined homozygous regions as those
with 50 consecutive homozygous SNPs, irrespective of the total length
of the genomic region, allowing for one mismatch; only SNPs with a
minimum allele frequency > 0.3 were included in the analysis. The
runs of homozygosity were further defined as genomic regions demar-
cated by the first encountered heterozygous SNP flanking each estab-
lished homozygous region. The areas of homozygosity were confirmed
by genotyping of microsatellite markers and high-resolution haplotype
analysis in the family. Two-point logarithm of the odds (LOD) scores
were calculated using the MLINK program in the FASTLINK package
with the same parameters used above.

2.3. Exome sequencing

The genomic DNA of the patients was fragmented to generate
200-300-base pair fragments using Covaris S2 (Covaris, Massachusetts,
USA) according to the manufacturer's instructions. Paired-end libraries
were prepared following the Illumina library preparation protocol. The
exome was captured using the SureSelect Human All Exons Plus kit
(Agilent). Paired-end sequencing was carried out on an Illumina HiSeq
2000 sequencer (Illumina, San Diego, CA, USA) with a read length of
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2 x 100 bp, average depth of at least 50 x, coverage at least 98.5%,
fraction of target covered over 20 X at least 90% for each sample. Raw
image files were processed by the Illumina Pipeline for base calling
using default parameters. Primary data were in fastq format after image
analysis and base calling was conducted using the Illumina Pipeline.
The data were filtered to generate “clean reads” by removing adapters
and low-quality reads. The raw results were analysed by using a stan-
dard pipeline that utilized published algorithms in a sequential manner.
Sequencing reads were mapped to the reference human genome version
hg19 (http://genome.ucsc.edu/). Variant analysis was performed using
SOAPsnp software (V1.05) and Samtools (V1.5) for SNPs and indels,
respectively. All SNPs were identified by using the NCBI dbSNP,
HapMap, 1000 human genome dataset (http://www.1000genomes.
org/), the Exome Aggregation Consortium (EXAC), the Chinese
Millionome Database (CMDB) (https://db.cngb.org/cmdb/), local da-
tabase of BGI (Shenzhen, China) and the database of Chigene
Translational Medical Research Center (Beijing, China).

2.4. Sequencing of ERCC8

Variants identified by exome sequencing were confirmed by Sanger
DNA sequencing, and familial segregation analyses were performed as
extensively as possible. The software Primer3 was used to design pri-
mers to amplify whole exons and exon-intron boundaries of ERCCS.
Conditions and the primer pairs for PCR are available upon request.
PCR products were checked on 2% agarose gel electrophoresis and
purified with a purification kit (Tiangen, Beijing, China). Purified PCR
products were directly sequenced in both the forward and reverse di-
rections on an ABI 3130 genetic analyser (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer's instructions. DNA se-
quences were analysed using the vector NTI 11.0 software package. The
DNA mutation numbering system we used is based on cDNA sequences
with +1 corresponding to the A of the ATG translation initiation codon
in the reference sequence, according to journal guidelines (www.hgvs.
org/mutnomen).

2.5. Functional significance prediction

Several online prediction software programs were used to predict
the functional significance of the mutation, including PolyPhen 2
(http://genetics.bwh.harvard.edu/pph2) and SIFT (http://sift.jcvi.org).
MutationTaster (http://www.mutationtaster.org/) is an important on-
line software designed to predict the damaging effects of alternative
amino acids. Combined Annotation Dependent Depletion (CADD,
https://cadd.gs.washington.edu/) is a tool for scoring the damaging
effects of single-nucleotide variants as well as insertion/deletions var-
iants in the human genome. The CADD score combines information
from 63 different annotations by using a support vector machine clas-
sifier. The score ranges from 1 to 99, with a higher score indicating
greater deleteriousness. I-Mutant v2.0 (http://folding.biofold.org/i-
mutant/i-mutant2.0.html) is a predictor of protein stability changes
upon mutations.

2.6. Review of ERCC8 mutations

ERCC8 encodes CSA, a WD40 repeat protein belonging to the Swi2/
Snf2 family. Isoform 1 (NP_000073.1) contains 361 amino acids, which
is the largest functional protein. We reviewed ERCC8 mutations to
better understand the mutation spectrum of ERCC8 and genotype-
phenotype correlations.
3. Results

3.1. Clinical report

The proband (IV9) is a man from the southwest of China. He was
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born to a consanguineous Chinese family (Fig. 1A) by normal vaginal
delivery without any abnormalities in height, weight, and head cir-
cumference. The parents noted the onset of cutaneous photosensitivity
at the age of 12 months. After 2 years old, he exhibited mild intellectual
disability, delay in mental milestones, learning difficulties, difficulty in
finding directions, and poor memory. However, he completed 12 years
of education. Two years ago, the proband presented several motor
symptoms, including four-limb ataxia that started as lower limb tremor
and mildly increased deep tendon reflexes. Additionally, he temporarily
suffers from myoclonic movements. At the age of 36 years, he was re-
ferred to the Southwest hospital and underwent a detailed physical
check-up and genetic counselling. The clinical phenotypes were eval-
uated by a neurologist, general practitioner, and clinical geneticist. The
proband had a normal height, weight, hearing, vision, and normal facial
features. He often has skin redness on his body following exposure to
the sun (Fig. S1). The oldest sister (IV1) and brother (IV3) of the pro-
band had similar but milder symptoms, while the other family members
were normal. Karyotype analysis revealed a normal male C-banded
karyotype. Additionally, brain magnetic resonance imaging (MRI) of
the proband revealed moderate and mild atrophy in the cerebellum and
brainstem. There were also positive findings in the MRI results of IV1
and IV3 (Fig. 1B), which showed mild cerebral atrophy and cerebellar
vermis dysplasia. The MRI results were normal in the healthy family
members, including III3, IV5, and IV7 (Fig. 1B).

3.2. Disease gene linkage analysis and homozygosity mapping

The family was analysed by genome-wide linkage analysis, which
revealed five chromosomal segments with LOD scores over 2.4, in-
cluding 1p13.3-p21.1, 3p22.2-p22.3, 5ql1.2-q13.2, 11@22.3, and
17q22-q23.2. Homozygosity mapping confirmed the five linked regions
(Fig. 2). To further define the disease gene linkage region, micro-
satellite markers near the five candidate regions were selected and
genotyped for high-resolution haplotype analysis of the family. Ulti-
mately, the haplotype in the 5q11.2-q13.2 region was found to co-
segregate with the disease phenotype in this family.

3.3. Identification of the pathogenic variant

Whole exome sequencing of the subject (IV9) was performed to
identify the cause of pathogenesis for this uncertain disorder. In
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general, the test platform examined > 98% of the targeted regions with
a sensitivity of > 99%. The average sequencing depth on the target was
74.5, with 94.5% of the targeted region covered with a minimum read
depth of 10, providing sufficient depth to call SNPs and insertion/de-
letion (indels). In total, > 110K annotated variants were identified
with a hetero/homo ratio of 1.37. Calls with minor allele fre-
quencies > 0.5% in the 1000 genomes dataset were filtered.

According to the American College of Medical Genetics and
Genomics variants interpretation standards, homozygosity mapping
results, and large sample exome information of Chinese from CMDB,
local database of BGI and Chigene Translational Medical Research
Center, 5 homozygous variants were chosen. When prioritizing pre-
sumed loss-of-function sequence alterations and clinical phenotypes, we
identified a rare novel homozygous mutation in ERCC8 (MIM
#609412), ¢.769G > A, p.Gly257Arg (numbered according to
NM_000082.3), that has been submitted to clinVar (www.ncbi.nlm.nih.
gov/clinvar/) with the accessible no. SUB4753668.

3.4. Confirmation of the pathogenicity of the variant

This variant was in the largest region of homozygosity (5q11.2-
q13.2) and was verified by Sanger sequencing (Fig. 3a). No potentially
pathogenic variants were identified by exome sequencing in any genes
currently known to be associated with ataxia or intellectual disability-
associated genes. The proband's older sister (IV1) and older brother
(IV3) were also found to harbour the ERCC8 variant in the homozygous
state. Both the father (I114), mother (III5), one unaffected sibling (IV5),
and offspring of the patients (V1, V2, and V5) were heterozygous for the
variant. We screened ERCC8 by Sanger sequencing in 150 normal
controls. No pathogenic variants were identified, particularly at the site
c.769G.

The ERCC8 p.Gly257Arg variant falls within the highly conserved
WD-5 domain (Figs. 3b and 4). To predict the pathogenicity of the novel
mutation, we used different bioinformatics software and approaches.
The following results support the disease-causing feature of the muta-
tion. PolyPhen 2, SIFT, and MutationTaster predicted that this variation
was damaging or disease-causing. I-Mutant v2.0 revealed that protein
stability is decreased when Gly is changed to Arg at 257. As shown in
Fig. 3b, comparative amino acid alignment of the CSA protein across
Kingdoms using Multiple Sequence Alignment Program revealed that
this amino acid has been highly conserved during evolution. CADD

Fig. 1. (A). Pedigree analysis of families in the study. Squares and circles indicate men and women, respectively. The symbols in black represent the affected
members. The obligate carriers are marked with solid circles. The arrow indicates the proband. The square with a line indicated a deceased individual. The pedigree
shows a recessive consanguineous family. (B). Magnetic resonance imaging (MRI) scans of the brain. The top three panels show T2-weighted brain MRI of the
proband (IV9), affected sister (IV1), and affected brother (IV3). The bottom three panels show T2-weighted brain MRI of the father (III3), normal sister (IV5), and

normal brother (IV7).
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Fig. 2. Genome wide linkage analysis and homozygosity mapping results of the family. Panel A shows the chromosomal region 5q11.2-q13.2 with LOD score over
2.4. Panel B shows that 5q11.2-q13.2 is the largest homozygous region. The coloured bars indicate the length of the homozygous regions in the three patients (IV1,

IV3, and IV9).

showed a score of 29.6 for this change, indicating its deleterious effects.
Based on these data, the p.Gly257Arg variant in WD-5 of ERCCS8 is
likely pathogenic in the patients in the family.

3.5. Mutation review and genotype-phenotype correlations

To date, including the p.Gly257Arg mutation in this Cockayne-like
syndrome family, 58 different mutations in ERCC8 have been reported
in CS type A (CS-A) and UV-sensitive syndrome 2 (UVSS-2) patients
(Fig. 4), which spread over nearly all 12 exons of ERCC8. Only one
missense mutation, p.W361C, was reported to be related to UVSS-2

patients.

Of all 58 pathogenic genetic variants, ERCC8 contains 18 missense
mutations, 16 splicing mutations, 11 deletions (including 2 gross de-
letions), 6 nonsense mutations, 4 insertions, 2 rearrangements, and 1
indel (Table S1). Mutations in exons 4, 5, 7, and 11 were found in most
CSA families with ERCC8 mutations (Fig. S2). Point mutations are in-
dicated above the CSA linear structure (Fig. 4) with the novel mutation
p-Gly257Arg marked by #. CSA comprises a seven-bladed WD40 pro-
peller. All missense mutations, except for E374D, affect residues in
WD40 repeats. There is a particularly high concentration of missense
mutations at WD-4 and WD-5 (around amino acids 200 and 270).

A Arg/Arg
TTTA CAA G’I’GA'J.‘C e e R
patient homozygote p.Gly257Arg
carrier
heterozygote p.Gly257Arg
control
B 230 240 250 260 270 280 290 300

Homo sapiens NGEESQANESANTAHNGEVNGLCFTSDG

LLTWGT DNRMRLWNS SHGENT LVNYGEVENN SHEGLEFIVSCG

Pan troglodytes HMGEESQAVESANTAHNGEVNGLCFTSDG
Canis lupus famifiaris NGEESQANESANT AHNGEVNGLCFTHDG

LLTVWGT DNEMRLWNS SNGENTL‘.WYGKVCNNSE:GLKFTVSCG

LLT¥GT DNRMRLWNSSIGENTLVNYGKVCNDSRKGLKFTVSYG

LLTWGT DNRMRLWNS SHGENT LVNYGEVYNDSREGLEFIVSSGE

Bos Taurus NGKESQARESANTAHNGEVNGLCFTSDE
Rattus norvegicus NGEESQAVESANTAHNGEVNGLCFTSDY

Mus musculus INGKRSQAAESANTAHNGKVNGLCFISDG

LLTWGT DNRMRLWNSS LVNYGEVENSSREGLRFIVSHG
L LTIGT DNRMRLWNSS LVNYGEVENDSREGLOFAVSEG

Fig. 3. Chromatograms of DNA sequence showing mutation in ERCC8 genomic DNA. (A). The DNA sequence chromatogram of the patient indicates a homozygous
missense mutation ¢.769G > A, which resulted in substitution of Glycine (Gly, G) to arginine (Arg, R) at codon 257 (p.Gly257Argp). The healthy carriers are
heterozygous for the variant. (B). Conservation analysis showed that this novel missense mutation affected a highly conserved amino acid.
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A205P D266G
T204K T26)5P E374D
G257R*
S119L L202 G250V W361(
Q106P A160V
M1L Q106X A160T W194(] H244Y | LR71P Y350C
E13X Y1Q0X RE68X Y322X
WD1 . WD2 WD3 I WD4 WD5 WD6 I WD7
1 33 73 88 129 [1B3 173~ 177 216 23p 274 281 321 325 363 | 396
E$5fs P94 IVS4+1G>A G184fs  1201fs A240fS F309fs Q347fs
T{i34fs
DY3fs A207_S209del E374fs
M59fs 105fs V161fs D199fs
IVS5+1G>C
T24fs N75fs R92fs L132fs L251fs
M1_R26del V282_E374del, E348_E374del
TN
V27_R92del

Gross deletion

Fig. 4. Summary of the mutations identified in CSA in different ethnic groups. The missense and nonsense mutations are indicated above the protein, while the
insertion, deletion, splicing, and rearrangement mutations are indicated below. WD1-WD?7 indicate the seven WD40 domains of the ERCC8 protein according to
NP_000073.1. Mutation identified in this study is marked by #. The five founder mutations are indicated in bold.

According to previous CSA cohort studies [10-12], several variants
may be founder mutations, which are only found in a relatively limited
geographical location. These founder mutations are indicated in bold
(Fig. 4), including exon4 rearrangement in an East Asian population,
¢.394delTTACA in a Chinese population, ¢.966C > A in an Arabic po-
pulation, ¢.551-1G > A in an African population, and ¢.797A > G in a
European population.

The phenotype of our family is an intermediate phenotype between
UVSS-2 and typical CS-A caused by ERCC8 mutations, which is im-
portant for genotype-phenotype analysis. Homozygous missense mu-
tations were rare in ERCC8 that only p.W361C was reported to be re-
lated to UVSS-2 in previous studies. In our study, the phenotype of
homozygous p.G257R presented atypical CS-A, which was related cer-
ebellar ataxia, cutaneous photosensitivity, and mild intellectual dis-
ability. In the patients with typical CS-A, compound heterozygous
mutations (a missense mutation with a nonsense/ frameshift mutation)
were often reported. These data suggested that the ERCC8 phenotype
was continuous, and it may relate the lost dose of protein function.
Mutation only involved C-terminal (WD7) of protein (p.W361C) causes
UVSS-2, while mutation involving the high concentration of middle
part of protein (WD5) could lead to atypical CS-A. As the level of
protein dose loss increased, such as patient carried a missense mutation
and a nonsense/frameshift mutation, will present a more serious dis-
ease phenotype, showing a typical CS-A.

4. Discussion

In this study, we reported an atypical CS and discovered the disease-
related gene in a large consanguineous family. A novel missense mu-
tation, p.Gly257Arg in ERCCS8, was found to co-segregate with pro-
gressive spinocerebellar ataxia, skin photosensitivity, and intellectual
disability.

Homozygosity mapping, haplotype analysis in the candidate re-
gions, and whole exome sequencing were conducted to identify the
disease-causing gene and mutation responsible for this apparently novel
rare autosomal recessive disease [13,14]. In our study, five chromo-
somal segments were revealed by genome-wide linkage analysis and
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homozygosity mapping. High-resolution haplotype analysis confirmed
the region 5q11.2-q13.2. Whole exome sequencing is a powerful tool
for detecting disease-causing mutations. However, remains challenging
to identify pathogenic mutations from among big data. Limiting our
screening to the shared homozygosity region enabled us rule out most
of the detected variants. Further data filtering for only coding homo-
zygous variants led us to a single variant that was later confirmed by
Sanger sequencing. The ERCC8 mutation p.Gly257Arg is the only
homozygous mutation within the homozygosity interval 5q11.2-q13.2.
This mutation co-segregated with the disease phenotype within the
family. It was not found as a polymorphic variant in publicly available
databases or in the ethnic population and it affects an evolutionarily
highly conserved amino acid. Extensive protein modelling clearly in-
dicated that the mutation interferes with the normal function of the
CSA protein. Combined homozygosity mapping and whole exome se-
quencing are promising, highly accurate, and affordable methods for
identifying genetic defects in consanguineous families.

ERCC8 is located on chromosome 5q12.1, encoding CSA with a
weight of 44 kD. CSA is a 396-amino acid polypeptide containing seven
predicted WD40 repeat motifs. CSA interacts with CSB to recruit other
repair factors to the site of UV-generated DNA damage [15,16]. Since
ERCC8 was cloned by Henning et al. in 1995 [16], approximately 58
different mutations have been reported in patients with CS-A and UVSS-
2 19,17,18].

CS-A is a developmental multisystem disorder with a heterogeneous
clinical phenotype [6]. Three main factors are used to diagnose typical
CS-A: growth failure, microcephaly, and developmental delay. The
other clinical features include bilateral deafness, skin photosensitivity,
intention tremor, arthrogryposis, progressive body fat loss, dental
anomalies, cataracts, or characteristic facial features. CS-A has a con-
tinuous spectrum of severity, which can be divided into five subtypes:
UVSS, late-onset type, classical type, early-onset type, and Cerebro-
oculofacio-skeletal syndrome [19,20]. There is no clear threshold be-
tween the largely overlapping subgroups. In our study, the clinical
symptoms of the proband were mild and unfeatured, including early-
onset of cutaneous photosensitivity, mild intellectual disability, and
late-onset ataxia. Thus, the diagnosis was not immediately established.
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Combined homozygosity mapping and whole exome sequencing
identified the pathogenic mutation p.Gly257Arg in this family. Fifty-
eight pathogenic ERCC8 mutations (including p.Gly257Arg) have been
reported in different ethnic populations, including 24 point mutations
(missense and nonsense mutations), 16 splicing mutations, 9 small
deletions mutations, 4 small insertion mutations, 1 small indel muta-
tion, 2 gross deletions, and 2 complex rearrangement mutations, which
are summarized in Fig. 4 [8,10,12,21]. Single-nucleotide variants ac-
count for 68.97% (40/58) of ERCC8 mutations. CSA is a highly con-
served protein in vertebrates. These known disease-causing mutations
are thought to abolish CSA function by disturbing WD40 repeat motifs.
In our patients, p.Gly257Arg was located in the WD-5, which has a
particularly high concentration of missense mutations. The missense
mutations occur at evolutionarily conserved amino-acid residues in
WD40 repeat motifs. Nonsense mutations are predicted to result in
truncated CSA proteins lacking at least one WD40 repeat. Deletions,
insertions, rearrangements, and splicing mutations are also located in
the WD40 repeats. The motifs are required for the construction of the
beta-propeller structure, which is important for protein complex for-
mation and other protein-protein interactions. Thus, mutations at these
positions can alter the protein's structure and thereby affect its asso-
ciations with other proteins.

No obvious genotype-phenotype correlation was identified in pre-
viously reported CS-A patients [10]. Here, we reviewed ERCC8 muta-
tions and the clinical features of the continuous CS-A subtypes. Fo-
cusing on the homozygous CS-A patients, missense mutations appear to
be more frequently associated with mild phenotypes than with protein-
truncating mutations. Notably, the Trp361Cys mutation was identified
in a patient with UVSS-2 [17]. Trp361 is a conserved residue located at
WD-7, which interferes with transcription-coupled nucleotide excision
repair (NER) but not with the oxidative stress response. This observa-
tion strongly supports that the severity of clinical features is related to
the effects of the mutation on the additional roles of CSA outside
transcription-coupled NER, which includes the oxidative damage re-
sponse, mitochondrial function maintenance, and ribosomal DNA
transcription [6,22]. Here, in our atypical CS-A patients, the Gly257Arg
mutation may also have less effects on the additional roles of CSA,
except for transcription-coupled NER. However, most ERCC8 mutations
were reported in typical CS-A patients. Thus, as recently summarized by
Calmels et al. [10], patients with CS-A are more likely to fall into the
type I category.

The NER pathway, which is a highly evolutionarily conserved repair
mechanism, is one of the predominant, and perhaps universal, me-
chanisms contributing to the preservation of genomic integrity [23].
The mechanism of preferential recognition and correction of lesion in a
gene being transcribed was not previously fully understood. A damage
recognition factor in NER, Xeroderma pigmentosum complementation
group C protein, is essential for this alternative NER pathway [24].
Notably, CSA plays an important role in this activity.

Taken together, these data highlight the importance of the novel
ERCC8 mutation p.Gly257Arg in the pathogenesis of atypical CS. Our
results extended the mutation spectrum of ERCC8 and illustrate the
genotype-phenotype correlations in ERCC8-mutated patients. Further
functional studies of these specific gene variants are needed to gain
insight into the pathogenic mechanism(s). We also demonstrated that
the combined strategy of linkage analysis and exome sequencing is
useful for identifying disease-causing mutations.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.03.1609.
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