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Abstract

Background: Cockayne syndrome (CS) is a rare autosomal recessive disorder which
displays multiorgan dysfunction, especially within the nervous system including psy-
chomotor retardation, cerebral atrophy, microcephaly, cognitive dysfunction, men-
tal retardation, and seizures. Many genetic variations reported were related to this
syndrome, but splicing mutations with cardiac anomalies have not been found in
previous studies.

Methods: Herein, we described a pair of brothers and sisters who present essen-
tial manifestations of CS including premature feature, developmental delay, growth
failure, microcephaly, and characteristic facial features, such as sunken eyes and a
beaked nose. Interestingly, the brother also presented with atypical features which
included cardiac anomalies such as left atrioventricular enlargement and cardiac dys-
function such as dilated cardiomyopathy. In addition, whole exome sequencing and
RNA sequencing were employed to analyze their genetic landscape.

Results: WES analysis showed that these two cases carried double unreported het-
erozygous spliced mutations in the excision repair cross-complementing group 8
(ERCCS, also known as CSA, NM_000082) gene, which were ¢.78-2 (IVS1) A>T
and c.1042-1 (IVS10) G>A, respectively. Moreover, transcript sequencing analysis
validated these mutation sites. In this study, Gene Ontology enrichment and KEGG
pathway analyses from RNA sequencing demonstrated similarities but some differ-
ences when compared with previous studies.

Conclusion: For patients with Cockayne syndrome, cardiac changes need to be

monitored carefully, especially for cases with splicing mutations of the ERCCS gene.
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1 | INTRODUCTION

Cockayne syndrome (CS; MIM # 133540, 216400) was first
identified by Cockayne EA in 1932 (Cockayne, 1936), and
was initially a series of clinical cases with different muta-
tion sites (Bertola et al., 2006; Sanchez-Roman et al., 2018;
Taghdiri et al., 2017). The characteristic features of this dis-
ease include progressive neurodegeneration, growth restric-
tion, hearing loss, skin photosensitivity, premature aging, and
eye anomalies (Karikkineth, Scheibye-Knudsen, Fivenson,
Croteau, & Bohr, 2017). This disease resulted from a gene
mutation in either of the ERCC8 (CSA) or ERCC6 (CSB)
genes-encoding proteins involved in transcription-coupled
repair (TC-NER), such as DNA repair, or transcription and
chromatin remodeling (Fousteri, Vermeulen, van Zeeland,
& Mullenders, 2006). Although the severity of CSA (MIM
# 216400) and CSB (MIM # 133540) patients is different,
their phenotypes mostly overlap. The ERCCS8 gene encodes
a Walker domain repeat protein, which interacts with CS
type B (CSB) protein and with p44 protein, a subunit of the
RNA polymerase II transcription factor IIH (Fischer et al.,
2011; Fousteri et al., 2006). The cells from CS patients are
abnormally sensitive to ultraviolet radiation and are defective
in the repair of transcriptionally active genes in vitro and in
vivo. Several transcript variants encoding different isoforms
have been found for this gene. In this study we revealed two
de novo spliced mutation sites that contribute to the patho-
genesis of CS group A (MIM # 216400). Further transcript
sequencing between case 2 and the parent may give further
insights into the nature of this syndrome. These results will
help to explain the molecular pathogenesis of this disease and
provide new clues whereby future targeted treatment may be
developed.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

Our study was approved by the Research Ethics Committee of
Children's Hospital of Soochow University. All research pro-
cedures were conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from the
family involved.

2.2 | Gene sequencing analysis

Peripheral blood from the patients and their parents were
subjected to whole exonic mutation analysis and these proce-
dures were the same as in our previous report (Kong et al.,
2019). According to genotype—phenotype analysis, we ulti-
mately obtained putative mutations. Sanger sequencing was

performed to verify the splicing mutations found by whole
exome sequencing. For chr5: 60224788-60224788c.78-2
(IVS1) A>T, we amplified a 436 bp fragment with an an-
nealing temperature set at 55 °C. The primer sequences were

as follows: F: 5-AGCAGGTTTTACTGCATTTCAC-3'
and R: 5'-TGTCCATTAGATGTCCTCAGCTAC-3'.
Whereas for chr5:60183348-60183348c¢.1042-1

(IVS10) G>A, we amplified a fragment of 1040 bp in
size at an annealing temperature of 60°C using prim-
ers F: 5-GGCCTATTTTAGTAGACGCTCA-3' and R:
5-GTTTACAATAATCAACAGAAATGCCT-3'. Copy num-
ber variant (CNV) analysis was used and sequenced accord-
ing to Illumina's NovaSeq6000 platform standardized process.
Raw data were derived from the Illumina official basecall
analysis software BclToFastq. Next, copy CNV of sequences
of 100 kb and above were detected, filtered, and annotated.
Lastly causative variants were found by CNV hazard rating.
RAN sequencing was performed following the manufacturer's
protocol and the data were analyzed according to previous
reports (Kim, Langmead, & Salzberg, 2015). Bioinformatic
analysis methodology employed in this study is described in
the Methods part of the supplemental data section; the data of
proband (WQL) were normalized to that of healthy parents.

3 | RESULTS
3.1 | Clinical report
3.1.1 | Case1 (proband, SQL)

A 5-year-old male subject was admitted to hospital with
tachypnea which had lasted for 2 weeks and a cough for
2 days. Previous history showed ventricular enlargement
at 1 year of age and reduction in cerebral myelination and
cerebellar atrophy at 2 years, based on head nuclear mag-
netic resonance imaging. At 8 months preterm, a fetal heart
monitor indicated that the baby had suffered from anoxia for
some time, but the symptoms disappeared after oxygen ther-
apy. Eventually the baby was born by cesarean section for
post-term pregnancy. The main features presented were ini-
tially developmental delays which became progressive and
obvious after the age of 1 year. On admission to hospital at
8 years and 3 months of age, his weight was 10 kg (< —3 SD),
height was 95 cm (< —3 SD), and head circumference 46 cm
(< =3 SD). Upon physical examination, the following were
observed: skin pigmentation, subcutaneous fat loss, micro-
cephaly, enophthalmia, bird-shaped nose, tachypnea, enamel
hypoplasia, hip joint contracture, hip abduction restriction,
and undescended testis, which were verified on both sides
by ultrasound tests (Figure la). Lung computed tomogra-
phy showed that inflammation occurred on both lungs, and
the left main bronchus was compressed, and the heart was
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FIGURE 1
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Clinical pictures of CS patients, (a-c) for brother, (d-f) for sister. (a) Ultrasound presented undescended testis; (b) Lung CT

showed that inflammation on both lung, left main bronchus compressed, and heart enlarging; (c) Left atrioventricular enlarging and left ventricular

contractile function induced were found by cardiac color ultrasound. (d) Characteristic face observation of sister; (¢) Abnormal retinal pigment and

fine retinal vessels were showed by fundus examination; (f) Calcifications with both globus pallidus and subcortical white matter, sulci widening,

dilated ventricles, and cerebellar hemisphere shrink were manifested by cerebral CT scan

enlarged (Figure 1b). Cardiac examination revealed muffled
heart sounds and further cardiac color ultrasound indicated
left atrioventricular enlargement and left ventricular contrac-
tile function was induced while blood pressure was within the
normal range (Figure 1c).

3.1.2 | Case 2 (proband's sister, WQL)

The case was admitted to hospital after vomiting and with
fever for 1 day and with seizures for half a day at the age
of 2 years and 7 months. Previous history showed she pre-
sented with intrauterine growth retardation and cesarean de-
livery was implemented at 34 4+ 1 weeks of pregnancy. She
was then sent to hospital for further care as her birth weight
was too low (1,800 g). She experienced mental, physical, and
language developmental delay. The primary features of this
patient were developmental delay such as enamel hypoplasia,
mental retardation, and a thin body. On admission, her body
weight was 7,500 g (< —3 SD), height 76 cm (< —3 SD), and
head circumference 43 cm (< —3 SD). Physical examination
findings resembled those of her brother except for tachypnea,
joint contracture, enamel hypoplasia, and normal genitals
(Figure 1d). Further fundus examination showed abnormal
retinal pigment and fine retinal vessels indicating retinal atro-
phy (Figure le). Only persistent left superior vena cava was
found and no deterioration in cardiac function was seen with
ultrasonography. The cardiac picture of their mother was
normal. Calcification can be seen in the both globus palli-
dus and the subcortical white matter using cerebral computed

tomography (CT) scan; sulci widening, dilated ventricles, and
shrunken cerebellar hemisphere were also seen (Figure 1f).

3.2 | Molecular analysis

To further confirm the diagnosis and understand the genetic
background, whole exome sequencing (WES) and CNV-seq
were performed. WES data analysis indicated that the two
cases presented were double heterozygous in the ERCCS
gene, which represents ¢.78-2 (IVS1) A>T and c.1042-1
(IVS10) G>A, respectively. Both of these are novel splice
sites, and the father was found to be the carrier of c.78-
2(IVS1) A>T and the mother the carrier of ¢.1042-1 (IVS10)
G>A. CNV-seq was also carried out to identify the likely
causative gene, but no pathogenic CNV was identified in
either pair of siblings. To further validate the spliced muta-
tion site, RNA sequencing was employed to analyzed WQL
and the patient (Figure 2). Further Gene Ontology (GO) en-
richment indicated a biological process including regulation
of transcription, DNA-templated transcription, and DNA-
templated transport. The oxidation-reduction process, protein
ubiquitination, cellular response to DNA damage stimulus,
and mitochondrial inner membrane were highlighted. Many
cellular components such as membrane, nucleus, cytoplasm,
and mitochondria relating genes were also found. Protein
binding-related genes were the most common (Figure 3a). In
order to determine the major biochemical and signal transduc-
tion pathways, a pathway enrichment analysis was performed
by KEGG enrichment. A total of 20 enriched pathways were
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measured in this analysis, many common pathways relevant
to this disorder were revealed in our study (ubiquitin-medi-
ated proteolysis, spliceosome, RNA transport, RNA degrada-
tion, Ribosomal, protein processing within the endoplasmic
reticulum, oxidative phosphorylation, endocytosis, and ami-
noacyl-tRNA biosynthesis, Figure 3b). The specific upregu-
lated and downregulated genes seen between the case and her
parents are presented in the Table S1.

4 | DISCUSSION

The prevalence of CS is 2.5 per million live births (Kubota
et al., 2015). Despite the low morbidity of this disease, it has
poor prognosis with no drug treatments available or cure.
Recently, symptomatic treatment and avoidance of sunlight
have been the only way to increase life span. Diverse origins
in the pathogenesis of CS can cause a range in phenotype se-
verity, depending on the mutation pattern and other genetic
and nongenetic factors resulting in multiple organ degenera-
tion and death. In this study, the siblings presented very simi-
lar clinical manifestation of CS type I. They have classical
characteristics including nervous system degeneration such
as calcification of the globus pallidus and subcortical white

A FE e raTe i

matter, sulci widening, dilated ventricles, cerebellar atrophy,
microcephaly, as well as cognitive decline, developmental
delay, enamel hypoplasia, premature facial features, retinal
atrophy, joint contracture, skin pigmentation, and progressive
loss of body fat. The symptoms are progressive and typically
become apparent after 1 year of age. The presentation of our
patients is consistent with most reported cases of the disease
(Karikkineth et al., 2017). However, the sister showed intrau-
terine growth retardation which is mostly displayed in type II
CS involving the ERCC6 gene mutation, indicating that clini-
cal manifestations can overlap in the different subtypes. The
proband (brother) manifested left atrioventricular enlarge-
ment and a decrease in left ventricular ejection fraction which
to our knowledge has never been reported in this disease
previously. This manifestation may be another feature of CS.
The symptom relating to cardiovascular structural dysfunction
has rarely been seen, except for two studies (Ovaert, Cano,
& Chabrol, 2007; Pasquier et al., 2006). The mechanism by
which this phenomenon occurs is elusive. One hypothesis is
that abnormal RNA synthesis might affect the aortic wall.
Whole exome, CNV, and transcript sequencing were per-
formed to understand the pathogenesis and genomic back-
ground of CS. Using these techniques, we found two de novo
splice mutations in the ERCCS gene leading to deficient RNA
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(a) Family tree. 1) The father carrying the mutation c. 78-2(IVS1)A>T in a heterozygous state. 2) The mother carrying the mutation

¢.1042-1(IVS10)G>A in a heterozygous state. 3) and 4) proband and sister having both mutations. (b and ¢) DNA sequencing of two splicing mutation

was detected by Sanger sequencing. (d and e) Transcript sequencing of these mutations was verified by Sanger sequencing. US, unidentified sequence
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FIGURE 3 RNA-Sequencing data analysis between case 2 and the parent. (a) Statistics of GO enrichment. (b) Statistics of pathway

enrichment

transcription, or other mechanisms responsible for the many
clinical observations. As an important member of the NER
repair pathway, ERCCS is necessary for transcription-cou-
pled nucleotide excision repair recognition. However, in
CS patients, many of the clinical observations are different
from other NER defective disorders, suggesting that other
factors should be considered also to account for this varia-
tion. Furthermore, GO enrichment of transcript data not only
revealed genes involved in biological processes and cellular
components which are mostly linked to transcription repair
systems but also showed gene anomalies within the mito-
chondria and mitochondrial inner membrane. Mitochondrial
abnormalities have been found in the cells of CS patients
previously (Cleaver et al., 2014). Mitochondrial changes
consisting of increased mitochondrial membrane potential,
superoxide production, and increased oxygen consumption
rates were observed in a CSA deficiency model in vivo and in
vitro, caused by stalled ribosomal DNA transcription and sub-
sequent PARP1 activation (Scheibye-Knudsen et al., 2016).
Therefore, CSA nuclear mutations cause various biologi-
cal manifestations, in particular, cardiac changes, especially
in our case. We found marked changes in protein binding—re-
lated genes which may be an alternative explanation for the
clinical manifestations seen. In order to find the most salient
biochemical and signal transduction pathways, we used path-
way enrichment analyses and found ubiquitin-mediated pro-
teolysis and transcription-couple nucleotide excision repair

pathways, which have also been seen by others (Karikkineth
et al., 2017; Sommers, Suhasini, & Brosh, 2015). We also
found many novel pathways which require further experi-
mentation for their elucidation.
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