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Abstract

Background—Cockayne syndrome is an autosomal recessive, heterogeneous syndrome with
classic features, including short stature, microcephaly, developmental delay, neuropathy, and
photosensitivity. New genomic approaches offer improved molecular diagnostic potential.

Methods—Whole-exome sequencing was employed to study a consanguineous extended family
with severe short stature and variable presentations of peripheral neuropathy, lipoatrophy,
photosensitivity, webbed neck, and hirsutism.

Results—We identified a novel homozygous ERCCS variant at the donor splice site of intron 9
(c.1992+3A>G), which was predicted to only slightly perturb splicing efficiencies. Assessment of
primary fibroblast-derived mRNAs, however, revealed a dominant splicing species that utilized an
unsuspected putative donor splice site within exon 9, resulting in predicted early protein
termination (p.Arg637Serfs*34).

Conclusions—We describe a new splicing ERCC6 defect causal of Cockayne syndrome. The
application of exome sequence analysis was integral to diagnosis, given the complexity of
phenotypic presentation in affected family members. The novel splicing defect, furthermore,
illustrates how a seemingly minor change in the relative strength of a splice site can have
significant biological consequences.
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Introduction

Cockayne syndrome [1] is an autosomal recessive, progressive disease, typically
characterized by short stature, microcephaly, developmental delay, neuropathy, premature
aging, and photosensitivity. The clinical phenotype is highly variable, ranging from severe
prenatal forms to mild cases with late presentations [2]. “Classical” Cockayne syndrome,
also known as CS I, typically includes severe growth failure and cognitive/
neurodevelopmental abnormalities, along with additional features including sensorineural
hearing loss; retinopathy, cataracts, or other ocular involvement; poor dentition;
photosensitivity; and a characteristic cachectic appearance due to lipoatrophy. Average life
expectancy is 16 years, but some individuals can survive into early adulthood. Cockayne
syndrome Il is the more severe form, often notable for low birth weight with poor
subsequent growth and cognitive development. Presentations are at an earlier age, with
death often occurring by age 5-7 years. Milder forms of Cockayne syndrome have been
described, including those that do not present until adolescence and live to an average age of
30 years (referred to as CS 111), and those that present with adult onset disease and lack
many of the typical features [3-6]. The clinical spectrum, therefore, has continued to
broaden, and is complicated by overlapping features with other syndromes, such as cerebro-
oculo-facio-skeletal syndrome (COFS) and UV-sensitive syndrome (UVSS) [7].

Molecular defects in two genes, ERCC6 (CSB) and ERCC8 (CSA), have been associated
with Cockayne syndrome. It has been estimated that ~80% of CS patients carry mutations in
ERCCS [3], with over 78 mutations described to date [5]. ERCC6 (chromosome 10g11.23),
encodes for CSB, a protein of 1493 amino acid residues that is a member of the SNF2/SW12
family of ATPases, a subfamily of the helicase superfamily best known for their ability to
regulate chromatin structure by hydrolyzing ATP to alter DNA-protein contacts [8].
Structurally, the central ATPase domain of CSB (residues 510-960) consists of seven
conserved helicase motifs, which, interestingly, do not have helicase activities. A variety of
DNA substrates (including double-stranded DNA fragments), however, have been shown to
stimulate ATPase activity, supporting the role of CSB in DNA repair and transcriptional
regulation [7-9].

Despite the large number of ERCC6 mutations [5] already ascribed to CS, genotype-
phenotype correlations remain to be fully elucidated, with some studies suggesting that
variants leading to an absence of protein tend to have milder phenotypes than variants
resulting in abnormal protein expression/functions [4,10]. We describe, in this report, a
family with a number of affected individuals not initially recognized as presenting with CS,
but who share a common phenotype of severe short stature. Through whole exome sequence
analyses, we identified a novel homozygous splicing defect in ERCC6. The mild and
variable phenotypic features of the subjects in this study did not fit the typical clinical
criteria for CS, making the diagnosis challenging without the benefit of comprehensive
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genetic testing. Individuals in this family provide examples of the increasingly common
genetic diagnoses of non-classical and/or mild cases of syndromes that otherwise would not
necessarily be readily identified by standard evaluation.

Patients and Methods

Subjects

We studied a Turkish extended family consisting of three affected siblings born from
consanguineous parents, as well as three of their first cousins with significant short stature
(SDS scores between -2.9 and -5). A SDS score less than or equal to -2 was used to define
short stature. A fourth cousin was clinically unaffected. The parents were of normal stature.
Clinical evaluation did not lead to a unifying diagnosis for this family. Severe short stature
was consistent among the group, but other phenotypic features were variably present in the
affected family members, including intellectual impairment, peripheral neuropathy,
lipoatrophy, severe photosensitivity, calcifications of the basal ganglia, and cerebellar
atrophy. Additional features not typically associated with Cockayne syndrome were seen
with some of the affected individuals, including webbed neck, hirsutism, and low posterior
hairline.

The index patient (I11-9, Figure 1) was evaluated at age 12.75 years. At the time, she was
128 cm tall (SDS -3.25). Her body weight was quite low (SDS -3.5), as was her BMI (SDS
-2.8). She had been small since birth at 38 weeks gestation, when she weighed 2.2 kg. She
had been on a normal diet without any supplementation or extra nutritional support. She was
found to be cognitively impaired, with an estimated 1Q of 70-80. She had photosensitivity,
lipoatrophy, bilateral peripheral neuropathy and hyperactivity. Her brain MRI was notable
for cerebellar and optic nerve atrophy, along with basal ganglia calcifications (supplemental
figure 1). Demyelination of the periventricular white matter at the centrum semiovale and
subcortical area were noted. She had menarche at age 13. She did not have any abnormal
skeletal findings on exam. During the course of her workup and evaluation, she was treated
with growth hormone and grew 4.4 cm during the first year on treatment. Patient 111-6, the
sister of 111-9, had a very similar phenotype, with the most notable difference being the
presence of shortened 4th metacarpal and metatarsal bones in 111-6. In contrast, their brother
(111-8) was found to have isolated short stature with an SDS score of -4.5 at age 20, but
without any other abnormal findings (See Table 1).

One of the cousins of the proband (111-3) was initially evaluated at age 11.5 years. At the
time she was 114 cm tall (SDS -4.5). Her body weight was less than the 3™ percentile, and
her BMI was 15.7 kg/m2 (SDS -1.2). She was noted to have some physical findings similar
to a Turner syndrome phenotype, including a short, webbed neck, low posterior scalp hair
line, cubitus valgus and inverted nipples. Her karyotype, however, was normal. The only
skeletal finding of note was short metacarpal bones. She had photosensitivity, as well as
lipoatrophy, similar to her cousins. She also had hirsutism, polycystic ovarian syndrome,
and mildly elevated androgen levels. She did not have any neurologic deficits, and her 1Q
was estimated between 80-85. Her brain MRI was notable for minimal demyelination and
calcification of basal ganglia. She was treated with growth hormone for 6 months with poor
response (growth of 1.5 cm). One of her sisters (I111-1) had very similar features, but did not
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have shortened metacarpals. Their sister (111-4) had short stature (Table 1), a short, webbed
neck and low posterior scalp hair line. She did not present with intellectual deficits,
neurologic findings or brain MRI changes, nor did she have photosensitivity or bony
abnormalities (Table 1).

Genetic Analysis

Peripheral blood leukocytes were obtained from available family members, and genomic
DNA was extracted for analysis. Whole exome sequencing was completed at the Broad
Institute (Cambridge, MA) on 5 individuals from this family. Agilent's SureSelect human all
exon kit version 2 (Agilent Technologies, Santa Clara, CA) was used for hybrid selection.
Sequencing was completed for the 5 subjects on an Illumina HiSeq platform (lllumina Inc.,
San Diego, CA). The sequencing reads were aligned to the hg19 reference genome with
Burrows-Wheeler Aligner [11]. The Genome Analysis Toolkit was applied for base quality
score recalibration and indel (insertion-deletion) realignment [12]. Variant quality score
recalibration was simultaneously performed for SNP and indel discovery and genotyping
using variant quality score recalibration [13]. SnpEff (http://snpeff.sourceforge.net/) was
used to annotate functional effect. We filtered for variants that were novel or present in less
than 1% of the reference population based on allele frequency data from the 2000 Genomes
project (2/2012 release) and the National Heart, Lung, and Blood Institute (NHLBI;
Bethesda, MD) exome variant server (http://evs.gs.washington.edu/EVS/) as previously
described [14]. The ERCCS6 variant was screened by Sanger sequencing of 11 affected and
unaffected family members.

Analysis of ERCC6 cDNA from Primary Dermal Fibroblast Cultures

Results

Primary fibroblast cultures were established from skin biopsies procured from three affected
probands and one carrier with consent in compliance with institution review board at Oregon
Health & Science University. Cultures were maintained as previously described [15]. Total
MRNA were extracted from untreated (DMSO) or cycloheximide (CHX; 10pM in DMSQO)
treated fibroblasts [16] and reverse transcribed synthesis of cDNA were performed as
previously reported [15]. PCR amplification of GHR (growth hormone receptor) cDNA,
followed established protocol [15]. For analysis of relevant segment of ERCC6 cDNA (based
on ERCC6 mRNA NM_000124.3), primers employed were: forward, 5
ACAGGTGTTAGGTGGCTGTG (exon 7) and reverse, 5
TCTGACTTCATTCTCCGCAGT (exon 11), to generate a PCR product of 709 nucleotides.
PCR products were visualized on 2% agarose gels [15].

Normal Endocrine Biochemistries Associated with Severe Short Stature

The GH-IGF-1 axis was initially assessed, since the shared phenotype amongst the affected
family members was severe short stature. Serum GHBP, IGF-1, IGFBP-3 and ALS
concentrations were within the reference range for most samples (Table 2) and, together
with poor growth responses to recombinant GH therapy, suggested IGF-1 resistance. Patient
I11-3 was treated with GH for 6 months at age 11 and grew 1.5 cm, while 111-8 was treated
with GH for one year around age 17 and grew 2.9 cm. Patient 111-9 also received GH at age
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12 and grew approximately 4.4 cm during the first year of treatment. Targeted gene
sequencing of the IGF-1 receptor (IGF1R), a known causal gene for IGF-I resistance, and
the IGF1 gene, was unrevealing.

Identification of Novel Intronic ERCC6 Variant by Exome Sequence Analysis

Whole exome sequencing analysis was undertaken given the consanguineous pedigree and
number of affected individuals in the extended family (Figure 1). In the exome sequencing
analysis of the four affected and one unaffected relatives, 17,186 family specific variants
were identified. We filtered out variants present in another unrelated family with a different
phenotype who underwent exome sequencing at the same time, as well as variants present in
greater than 1% of the population (1000 genomes and NHLBI Exome Variant Server). We
also filtered for a recessive pattern of inheritance given the consanguinity in the proband's
family and looked for variants present in both parental chromosomes (homozygous) in the
affected individuals, but not in the non-affected family member, I11-5. These criteria reduced
the number of candidate variants to 2: a presumed splice-site ERCC6 variant, and a missense
variant in C100rf71, a gene which encodes an uncharacterized protein, also located at
chromosome 10g11.23. Although the C10orf71 missense variant and the ERCC6 variant, c.
1992+ 3A>G, demonstrated similar segregation patterns, the novel ERCCG variant was of
particular interest since ERCC6 mutations are causal of Cockayne syndrome, and a defect in
ERCCS6 could explain some of the clinical features present in affected family members. We
confirmed, by Sanger sequencing, ERCC6 ¢.1992+3A>G to be homozygous in all affected
family members with 111-5 and parents shown to be non-syndromic carriers (Figure 1).

Given the additional Turner-like phenotypic features present in I11-1, 111-3 and I11-4, we
performed a separate analysis of available exome data to assess for other possible recessive
genes. We filtered for rare (less than 1%) or novel homozygous variants that would be
present in 111-1 and 111-3 but heterozygous or absent in the other family members, and
eliminated variants present in another unrelated family. The only potential candidate gene,
C150rf59, encodes for an uncharacterized protein, with the variant located in the 3’-
untranslated region (3’-UTR). The contribution(s) of this variant to the Turner-like
phenotype, remains unclear.

ERCC6 ¢.1992+3A>G is a Splice Site Variant

The ERCCS6 ¢.1992+ 3A variant is well conserved amongst species including rhesus
monkeys, dogs, mice, elephants, chickens and Xenopus (UCSC Genome Browser). Its
location immediately downstream of the invariant dinucleotide GT donor splice site of
intron 9 suggested it could potentially affect splicing events. Computational analysis
employing a splice site prediction tool (http://www.fruitfly.org/seq_tools/splice.html),
indicated a strong donor site score of 0.98 (out of a maximum of 1.0) for the normal donor
site at intron 9, and was 0.91 with the ¢.1992+3A> G substitution (Figure 2A). Intriguingly,
a putative donor site was recognized within exon 9 that scored a comparably high 0.96. This
raised the question whether the mild perturbation at the normal donor site might be
sufficient to induce splicing events that include utilization of the putative donor site in exon
9.

Horm Res Paediatr. Author manuscript; available in PMC 2015 November 01.


http://www.fruitfly.org/seq_tools/splice.html

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Swartz et al.

Page 6

To evaluate whether aberrant splicing events occurred, we extracted total RNA from
primary fibroblasts derived from 3 of the affected patients and 1 non-syndromic carrier, and,
by RT-PCR, compared their ERCC6 cDNA to those from normal control fibroblasts. To
ensure that as many ERCC6 RNA species as possible were collected, cells were pre-treated
with cycloheximide, a potent protease inhibitor that can block mRNA degradation. In figure
2B, the PCR amplified portion of the ERCC6 cDNA from exon 7 through exon 11 is shown.
From vehicle (DMSO)-treated control fibroblasts, the only PCR product observed was the
expected wild-type fragment of ~700 nucleotides in length (Figure 2B). In contrast, there
were multiple PCR products reproducibly detected in fibroblasts from the affected
individuals (I11-9, 111-8, 111-1), with a smaller dominant product of ~630 nucleotides. This
~630 nucleotide product was even more prominent in cycloheximide-treated patient cells,
but was still undetectable in normal cells. Fibroblasts from the unaffected carrier (111-5), as
expected, carried both the wild-type as well as the smaller PCR products. Interestingly, PCR
amplification of an unrelated cDNA, the GHR (growth hormone receptor) cDNA, resulted in
the same product for both affected and normal fibroblasts (Figure 2B), suggesting the
abnormal ERCC6 cDNA profile in affected fibroblasts was not a global phenomenon.

Sequencing of the PCR products confirm the wild-type ERCC6 cDNA in control fibroblasts
and that the dominant ~630 nucleotide product in the affected family members
corresponded to a splicing event involving the putative donor site in exon 9 (Figure 2C). The
aberrant splicing would result in a frameshift with early protein termination (p.R637Sfs*34).
Altogether, our results indicated that the ERCCG6 variant identified in the Turkish family
affected the normal splicing pattern, as predicted in silico, and demonstrate how minor
changes in the relative strength of the donor sites can have significant biological impact.

Discussion

Recent significant advances in genomic technology have the potential to complement
clinical diagnosis. Next generation sequencing can be particularly helpful in cases that elude
clinical diagnosis because they are at the milder end of a phenotypic spectrum or
confounded by other syndromic features, as was the situation in the present study. Our
utilization of next generation exome sequencing led to identification of a novel variant in
ERCCS, a causal gene for Cockayne syndrome, and resulted in critical re-evaluation of
clinical features in our patients. Since the phenotypic range of Cockayne syndrome is broad,
it was difficult to make a correct diagnosis based solely on clinical features presented by our
patients. Recent reports have reviewed the use of clinical exome sequencing in helping with
challenging diagnoses across a range of disorders. Based on these reviews, it seems that
approximately 25% of undiagnosed cases suspected of having a genetic disorder can
successfully be diagnosed using clinical exome sequencing [17].

We identified six individuals in an extended Turkish family who were homozygous for the
same ERCCS6 c. 1992+ 3A> G variant. Clinically, the only unifying feature in their
presentations was significant short stature, with the one affected male (111-8) displaying none
of the other syndromic features. The remaining affected patients had variable degrees of
photosensitivity, neurologic and 1Q deficits associated with Cockayne syndrome. As seen in
Figure 2, the splicing patterns were similar in all of the family members regardless of
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phenotype. In addition, three sisters in one branch of the family (111-1, 111-3, I11-4), had some
Turner-like features, including webbed neck and low posterior hairline, and the postpubertal
sisters also presented with symptoms associated with polycystic ovarian syndrome,
including hirsutism and hyperandrogenism. The genetic basis for these additional features
was independently assessed, but no cause was ascertained. Thus, while the novel ERCC6
mutation was likely to be causal of the Cockayne syndromic features, we suspect that the
variable presentations may well be explained by variable splicing efficiencies. The marked
phenotypic heterogeneity unrelated to Cockayne syndrome observed in this family,
furthermore, may be ascribed to complications of consanguinity and the potential for
expression of other recessive traits not captured in our exome analysis.

Consistent with prior reports of patients with Cockayne syndrome [5], the biochemistries of
our affected family members, including serum GHBP, IGF-1, IGFBP-3 and ALS (Table 2),
were notably unremarkable. These relatively normal to high levels in the absence of
appropriate growth and the poor response to GH therapy are consistent with IGF-1
resistance. The mechanism of this resistance, however, remains unclear.

The homozygous ERCC6 ¢.1992+ 3A> G splicing variant characterized in our patients is the
first described at the ERCC6 exon 9-intron 9 junction. At least 12 ERCC6 splicing mutations
have been reported to date [4], of which the majority altered the essential dinucleotides at
the donor splice site (GT) or the acceptor splice site (AG), resulting in inactivation of
normal splicing events. Our identified homozygous ¢.1992+ 3A>G, in contrast, was not
predicted to be inactivating. By analyzing ERCC6 mRNA species from primary fibroblasts
derived from the affected patients, however, abnormal splicing events were observed, in
which existing exon 9 sequences were utilized as a preferential donor splice site. The new
splicing product lacked a segment of exon 9 and, more importantly, was out of frame,
resulting in early protein termination (p.Arg637Serfs*34). Hence, the ¢.1992+3A>G variant,
although predicted to only slightly perturb splicing, has a profound impact on normal
splicing, and, moreover, highlights the existence of a functional, competitive, donor splice
site within exon 9. Interestingly, a ¢.1931A>G variant was recently identified within this
same exonic donor splice site in a diagnosed CSlII patient [4,10]. The authors claimed (as
data not shown) that a novel donor site was activated, resulting in the same predicted
p.Arg637Serfs*34 truncation. Of note, only 2 other mutations in exon 9 (encoding residues
608-664) have been reported - p.R652* and p.T659Cfs*23, both predicted truncations, are
associated with CSII subjects who died at 2.5 y [4] and 4.5 y [18], respectively.

It remains unclear if a truncated CSB protein would be stably expressed from the ERCCS6 c.
1992+ 3A>G mRNA. The predicted truncated peptide, ERCC6 p.Arg637Serfs*34, would
lack most of the central ATPase domain (consisting of 7 helicase motifs of which exon 9
encodes for part of helicase I1) and, therefore, would be unable to carry out the DNA-
stimulated ATPase activities important for DNA repair and transcriptional regulation. Only
the N-terminal domain, with its distinctive acidic motif (residues 356-394) of unknown
function, would be retained, but the biological implications of this truncated protein remains
to be elucidated. Since a total loss of CSB protein have been associated with a mild
phenotype consisting of photosensitivity without neurologic findings or short stature [10], it
is possible that the truncated predicted ERCC6 variant might be expressed in our patients.
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However, an absence of CSB has also been associated with a severe phenotype [4],
confounding clear genotype-phenotype correlations. Indeed, phenotypic correlation could
not be definitively established between missense mutations, nonsense mutations, and
severity of disease [19]. Interestingly, alternative splicing of ERCCG6 involving exon 5 and a
domesticated “PiggyBac” transposable element PGBD3 (encoding for a transposase)
residing in intron 5 of ERCCG, generated a CSB-PGBD3 fusion protein, that, in the absence
of the full length CBS protein, was proposed to be causal of Cockayne syndrome [20,21].
The CSB-PGBD3 fusion protein, however, was not detected in all severe cases of Cockayne
syndrome [4].

In conclusion, we describe a new ERCC6 splicing defect causal of Cockayne syndrome. The
application of exome sequence analysis was an integral part of the diagnosis given the
complexity of phenotypic presentation in the affected family members. The novel, splicing
defect identified illustrates how a seemingly minor change in the relative strength of a splice
site can have significant biological consequences.
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O]

2

DB

1 2
€.1992+3A>G/ €.1992+3A>G/
NM NM
1 2 3 4 5
€.1992+3A>G/ €.1992+3A>G/  ¢.1992+3A>G/ c.1992+3A>G/
€.1992+3A>G €.1992+3A>G c.1992+3A>G  NM
Figure 1.

1st cousins
4 5

3
199243A>G/ | c.1992+3A>G/
NM NM
| | v
| NON
6 7 8 9 10 11
€.1992+3A>G/ 199243A>G/ c.199243A>G/

¢.1992+3A>G c.1992+3A>G  ¢.1992+3A>G

Pedigree of family carrying the ERCCS6 variant. Three generations are represented, with
family members labeled numerically. Circles indicate female family members, squares male
family members. Black symbols denote clinically affected family members, split black
symbols show asymptomatic carriers, symbols with a question mark indicate family
members whose genotype is unknown (though not reported to have clinical syndrome).
Genotype of variant is denoted. Proband indicated by the arrow.
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(A) 170nt _ Intron9 _177nt

ERCC6, genomic —{Ik ==t 0§

“Putative” DS score=0.96 Normal DS: 0.98 score
c.1992+3A>G: 0.91 DS score

(B) Forward primer Rev primer
(exon 7) ERCC6 cDNA (exon 11)
— h
Wildtype(709nt)[ 7 || 8 || 9 | 10 | 11 |
Pre-treatment (6hr) DMSO Cycloheximide
9 38 1

1 5

ERCC6 cDNA

(C)
Normal ERCC6 cDNA
F a— Exon 9+—— Exon 10
2 DD I S RYDWMH YV.... LACKQIF RT PH R
CJ\GO'\'D.\CA"AOC:Q: IJ\'GJ\C'GGE’!CY.\'C'C---lllEYYGC"GEA.\-\C.\G CGCACCCCTCATCGO

ﬂ"xﬂl\f«ﬁﬂ«ﬂ\_ﬂ.l“d‘i@"'»J\m“ﬂM}"u“hﬂlh"m.ﬁ.\nﬂl il MMM I

Probands ERCC6 cDNA

Figure 2.
ERCCS6 ¢.1992+ 3A> G variant is a splice site defect.

(A) Predicted Donor Site (DS) scores are shown associated with exon 9, at the exon-intron

junction and the “putative” site within the exon. The predicted donor site score for ERCC6 c.

1992+ 3A>G is shown in red.

(B) ERCC6 cDNA from primary fibroblasts, normal (C1) affected family members (111-9, 8,
1), and a carrier family member (I11-5). Asterix, normal RT-PCR amplified ERCC6 cDNA
product that is absent in affected individuals homozygous for ERCC6 ¢.1992+ 3A>G.
Smaller, RT-PCR amplified ERCC6 cDNA products, are apparent in the affected and carrier
cases.
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(C) Sanger sequencing of RT-PCR amplified cDNA products confirmed the use of the
alternate splice donor site within exon 9 in affected family members. The new mRNA is
missing a portion of exon 9 and no longer in frame with the wild-type ERCC6 protein
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