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Abstract Pathogenic variants in the XPC complex subunit, DNA damage recognition, and
repair factor (XPC) are the cause of xeroderma pigmentosum, group C (MIM: 278720).
Xeroderma pigmentosum is an inherited condition characterized by hypersensitivity to ul-
traviolet (UV) irradiation and increased risk of skin cancer due to a defect in nucleotide ex-
cision repair (NER). Here we describe an individual with a novel missense variant and
deletion of exons 14-15 in XPC presenting with a history of recurrent melanomas. The pro-
band is a 39-yr-old female evaluated through the Mayo Clinic Department of Clinical
Genomics. Prior to age 36, she had more than 60 skin biopsies that showed dysplastic
nevi, many of which had atypia. At age 36 she presented with her first melanoma in situ,
and since then has had more than 10 melanomas. The proband underwent research
whole-exome sequencing (WES) through the Mayo Clinic’s Center for Individualized
Medicine and a novel heterozygous variant of uncertain significance (VUS) in XPC
(c.1709T > G, p.Val570Gly) was identified. Clinical confirmation pursued via XPC gene se-
quencing and deletion/duplication analysis of XPC revealed a pathogenic heterozygous
deletion of ~1 kb within XPC, including exons 14 and 15. Research studies determined
the alterations to be in trans. Although variants in XPC generally result in early-onset skin
cancer in childhood, the proband is atypical in that she did not present with her first mela-
noma until age 36. Review of the patient's clinical, pathological, and genetic findings points
to a diagnosis of delayed presentation of xeroderma pigmentosum.

[Supplemental material is available for this article.]

CASE PRESENTATION

Clinical Presentation

The proband is a 39-yr-old Caucasian female evaluated through the Mayo Clinic Department
of Clinical Genomics for a history of multiple melanomas. Prior to age 36, she had 60-70 skin
biopsies that have shown dysplastic nevi, many of which had atypia that required further wide
excision. Atage 36, she presented with herfirstmelanoma in situ, and since then has had more
than 10 melanomas in situ, including one on her left thigh with a Breslow depth of 0.4 mm,
which was removed via wide excision. Prior to her presentation, she had no basal cell or
squamous cell carcinoma. She reports no unusual sun sensitivity and has always tanned unusu-
ally quickly. She spent a typical amount of time in the sun as a teenager. As an adult, her
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Figure 1. (A) Family pedigree for the analyzed proband by research whole-exome sequencing (WES). The
proband is indicated with a black arrow. Numbers underneath indicate years of age. (B) The clinical features
of the proband. Extensive freckling is observed covering the proband’s entire body (left). A detailed image
of the proband's skin (right).

occupation required moderate sun exposure. The proband reported thather skinas a 1-yr-old
appearedclear, butbythe age of 4 she was completely coveredin freckles. Upon full skin exam,
itwas noted that herentire body, with the exception of small areas of herfeetand ankles, is cov-
ered with confluentand overlapping lentiginous macules (Fig. 1B). She has a number of suspi-
cious lesions within that background. Freckling is present on armpits all the way up into the
axillary vaultas well as heringuinal folds. Her palms and soles are clear. Current sun protection
measures include daily use of an SPF 100 sun protectant, and she keeps herself covered as
much as possible. She hasno known neurological or ophthalmological abnormalities. The pro-
band’s phenotypic features are detailed in Table 1.

Table 1. Clinical findings

Xeroderma pigmentosum, group C clinical features® Proband
Photophobia No
Skin photosensitivity No
Early onset skin cancer (basal cell, squamous cell, and malignant melanoma) Yes
Early freckle-like lesions in exposed areas Yes
Skin atrophy No
Telangiectasia Yes
Actinic keratoses No
Hypopigmentation Yes

“The list of clinical features are based on the OMIM clinical synopsis (#278720).

Macke et al. 2020 Cold Spring Harb Mol Case Stud 6: a005165 20f7



Novel variant in a delayed presentation of XPC

Family History

Family members are not affected with similar freckling. She has two siblings who are unaf-
fected. The proband’s matemnal grandfather had one occurrence of melanoma removed at
age 44 and a second occurrence at age 88 (Fig. 1A). Interestingly, there is a very strong family
history of breast cancer including her maternal aunt, maternal grandmother, maternal great-
grandmother, and maternal great-aunts (Fig. 1A). No pathogenic variants relating to inher-
ited breast cancer were identified in the proband during raw data manual review.

TECHNICAL ANALYSIS

Study Subjects and Sample Procurement

The proband was referred to Mayo Clinic’s Center for Individualized Medicine in order to
seek genetic diagnosis of her recurrent melanomas. The proband underwent genetic coun-
seling, and a full case history and family pedigree were constructed (Fig. 1A). The proband
provided written consent for genetic testing. Blood samples were collected clinically from
the proband, and DNA was isolated from blood samples using an Autopure LS automated
DNA purifier (QIAGEN) following the manufacturer’s instructions.

Whole-Exome Sequencing and Variant Calling

Whole-exome sequencing (WES) was performed at the Mayo Clinic Medical Genome Facility
on genomic DNA extracted from the proband. Parental samples were not available. The
exome was captured utilizing the SureSelect Human All Exon V5+UTR kit from Agilent
Technologies. Sequencing was performed on an lllumina HiSeq 4000, with paired-end
101 base reads aligned to a modified human reference genome (GRCh37/hg19) using
Novoalign (Novocraft Technologies). Coverage is detailed in Supplemental Table A.
Sequencing quality was evaluated using FastQC (www.bioinformatics.babraham.ac.uk/
projects/fastqc/). All germline variants were jointly called through GATK Haplotype Caller
and followed by PhaseByTransmission to get phasing information (McKenna et al. 2010).
Each variant was annotated using the BioR Toolkit (Kocher et al. 2014) and subsequently
evaluated for clinical relevance by a multidisciplinary team of clinicians and researchers
with expertise in genetics, genomics, and bioinformatics.

XPC Gene Sequencing with CNV Detection

Sequencing of the XPC gene was performed by Prevention Genetics using next-generation
sequencing (NGS) and Sanger sequencing technologies to cover the full coding regions of
the gene of interest, plus ~10 bases of noncoding DNA flanking each exon. For NGS, patient
DNA corresponding to these regions was captured using an optimized set of DNA hybridi-
zation probes. Captured DNA was sequenced using lllumina’s Reversible Dye Terminator
(RDT) platform (lllumina). Regions with insufficient coverage by NGS were covered by
Sanger sequencing.

For Sanger sequencing, polymerase chain reaction (PCR) was used to amplify targeted
regions. After purification of the PCR products, cycle sequencing was carried out using
the ABI Big Dye Terminator v3.1 kit. PCR products were resolved by electrophoresis on an
ABI 3730x! capillary sequencer. Cycle sequencing was performed separately in both the for-
ward and reverse directions.

Deletion/Duplication Analysis

Deletion/duplication analysis was performed by Prevention Genetics. Prevention Genetics
high-density gene-centric (HDGC) array comparative genomic hybridization (aCGH) enables
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the detection of deletions and duplications of single and multiple exons within a given gene
(Tayeh etal. 2009). Equal amounts of genomic DNA from the patient and a sex-matched ref-
erence sample were amplified and labeled with Cy3 and Cy5 dyes, respectively. To prevent
any sample cross contamination, a unique sample tracking control was added into each pa-
tient sample. Each labeled patient product was then purified, quantified, and combined with
the same amount of reference product. The combined sample was loaded onto the de-
signed array containing probes across the XPC gene and hybridized for 22-42 h at 65°C.
Arrays were then washed and scanned immediately at 2.5 pM resolution.

Phase Resolution

The phase of the variants was determined in a research laboratory. Forward primers targeted
upstream of the ¢.1709T > G missense variant and reverse primers downstream from the
deletion in exon 16. The primer oligos were obtained from Integrated DNA Technologies
and their sequences are as follows:

XPC-F1: gaggtgttctgtgagcaggag
XPC-F2: aagaaaatgtgcagcgatgg
XPC-R1: ttctgcttttcttcatcttcteg
XPC-R2: acagctgctcaaatgggaac.

We synthesized c¢DNA from the proband’s RNA using SuperScript Il Reverse
Transcriptase (ThermoFisher Scientific). DNA amplification was performed by PCR using
MyTaq DNA Polymerase and MyTaq Red Mix (Bioline). PCR products were visualized by aga-
rose gel electrophoresis, and the two gel bands were separately excised, in which the smaller
size product indicated a 184-bp deletion of exons 14 and 15 (Supplemental Fig. 1A). Each
PCR fragment was purified using the QIAEX Il Gel Extraction Kit (QIAGEN) and quantified
via NanoDrop. The purified products were prepped at 4 ng/pL and sent to GeneWiz for
Sanger Sequencing. Sequencing results demonstrated that the exon 9 SNP ¢.1709T > G is
only present in the larger PCR product and not the smaller product that contains the deletion
of exons 14 and 15 (Supplemental Fig. 1B,C); thus, these variants are in trans.

VARIANT INTERPRETATION

Xeroderma pigmentosum (XP) is a rare group of autosomal recessive disorders characterized
by impaired nucleotide excision repair (NER) activity and hypersensitivity to UV rays. XP is a
genetically heterogeneous disorder, with eight different complementation groups (XP-A to
G, and XP variant). Individuals with pathogenic variants in XPC have a distinct milder pheno-
type on the basis of cellular sensitivity assays and lack of neurological abnormalities, but they
are particularly prone to malignant melanoma (Lynch 1984; Li et al. 1993; Fassihi et al. 2016).
The proband is heterozygous for an ~1.04-kb deletion within XPC (Table 2). The minimum
deletion boundary as determined via aCGH is Chr 3: 14,188,489-14,189,526. This includes
exons 14-15, with breakpoints in introns 13 and 15. This variant is expected to result in an
out-of-frame product (p.Thr808Valfs*48) predicted to undergo nonsense mediated decay
(NMDEscPredictor) with the new splicing of exon 13 into 16. A similar exon 14 and 15 dele-
tion has been previously reported in an individual with xeroderma pigmentosum (Fassihi
et al. 2016). Loss-of-function variation is a known mechanism of disease, and as a result
this variant is classified as pathogenic.

A heterozygous missense variant, p.Val570Gly, was also identified in XPC (Table 2). This
variant falls in exon 9 of 16; a critical exon of XPC. c.1709T > G is a novel alteration not ob-
served in population databases (gnomAD, v2.1.1) (Lek et al. 2016) and is present in a highly
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Table 2. Genomic findings

Variant HGVS cDNA ACMG
Gene Genomic location type (NM_004628.4) HGVS protein Zygosity classification
XPC  Chr 3:14199674A > C (GRCh37) SNV c.1709T>G p.Val570Gly Heterozygous Likely
pathogenic
Chr 3:14188489-14189526del Exact Deletion c.2421_2604del Exon p.Thr808Val Heterozygous Pathogenic
coordinates unknown. Minimum 14 and 15 fs*48

deletion boundary. (GRCh37)

(HGVS) Human Genome Variation Society, (ACMG) American College of Medical Genetics and Genomics, (SNV) single-nucleotide variation.

conserved nucleotide. In silico tools (SIFT/MutationTaster/PolyPhen-2/PredictSNP2/MCAP)
predict this missense change to be deleterious (see Supplemental Material, Table B;
Adzhubei et al. 2010; Lubeck et al. 2012; Vaser et al. 2015; Bendl et al. 2016; Jagadeesh
et al. 2016). Residue 570 is highly conserved across mammals (see Supplemental Material,
Table C) and lies in the transglutaminase-like domain (496—637aa) involved in interactions
with RAD23B (Bunick et al. 2006). The interaction of XPC-RAD23B enables recognition of
DNA damaged areas and initiates the assembly of the NER complex (Bunick et al. 2006;
Bergink etal. 2012). Parental samples were not available to phase the heterozygous deletion
and missense variant, so phase was determined via amplification of the proband’s cDNA
spanning both variants. Research confirmation of the two exon deletion and missense variant
in different alleles was confirmed. This finding has important curation/clinical consequences
as it leads to reclassification of ¢.1709T > G VUS as a likely pathogenic variant (Richards et al.
2015).

Although ¢.1709T > G has not been descried in the literature or population databases,
other missense variants in XPC have been reported in individuals with similar clinical fea-
tures, including late-onset XP manifestations (Chavanne et al. 2000; Bernardes de Jesus
et al. 2008; Meneses et al. 2015; Fassihi et al. 2016). Fassihi et al. describe a patient with
a homozygous missense variant (p.Tyr585Cys) in XPC who did not develop their first mela-
noma until age 28, and who displayed almost no pigmentary changes. Functional testing of
UV-induced DNA repair synthesis (UDS) in his skin fibroblasts was ~40% of normal after a
UVR dose of 10 Jm-2 suggesting that the XPC protein was partially functional, demonstrating
the pathogenicity of the observed missense variants (Fassihi et al. 2016). Additionally,
Meneses et al. (2015) also observed late-onset xeroderma pigmentosum in an individual het-
erozygous for a missense variant (p.Thr738Ala) and a frameshift variant (p.Leu763Cysfs*4).
These data suggest that hypomorphic alleles can lead to an atypical late-onset presentation
of XP, group C.

SUMMARY

Clinical whole-exome sequencing (WES) has a reported diagnostic rate of 25%-30% (Yang
et al. 2013; Lazaridis et al. 2016; Retterer et al. 2016; Reuter et al. 2019). Here we used re-
search-based WES followed by clinical confirmation of the variants to diagnose a proband
presenting with a history of multiple melanomas. We describe a pathogenic deletion of ex-
ons 14 and 15 and a novel missense variant in XPC. Phasing studies demonstrated the var-
iants were in trans and led to the reclassification of the missense VUS variant as likely
pathogenic. To date, more than 100 pathogenic variants have been reported in XPC. Of
these, 36% are small deletions, 22% are nonsense, and 14% are splicing-related (Human
Genome Mutation Database). Missense variants and gross deletions, as described here,
are less common at 8% and 6%, respectively. Individuals in the XP-C complementation
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group typically present with skin cancer even earlier than other subtypes (Bradford et al.
2011). Variants in XPC generally result in early onset skin cancer in childhood—the median
age of onset for nonmelanoma skin cancer in xeroderma pigmentosum patients of all sub-
typesis 9 yr of age, and median age of first melanoma is 22 yr. This reported proband is atyp-
ical in that she did not present with her first melanoma until age 36 and had no prior basal or
squamous cell carcinomas. Review of the patient’s clinical, pathological, and genetic find-
ings points to a diagnosis of delayed presentation of xeroderma pigmentosum potentially
driven by a hypomorphic missense allele.
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