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Abstract
Two unrelated xeroderma pigmentosum (XP) patients, with and without neurological abnormalities
respectively, had identical defects in the XPC DNA nucleotide excision repair (NER) gene. Patient
XP21BE, a 27 y/o woman, had developmental delay and early onset of sensorineural hearing loss.
In contrast, patient XP329BE, a 13 y/o boy, had a normal neurological examination. Both patients
had marked lentiginous hyperpigmentation and multiple skin cancers at an early age. Their cultured
fibroblasts showed similar hypersensitivity to killing by UV and reduced repair of DNA
photoproducts. Cells from both patients had a homozygous c.2T>G mutation in the XPC gene which
changed the ATG initiation codon to arginine. Both had low levels of XPC message and no detectable
XPC protein on Western blotting. There was no functional XPC activity in both as revealed by the
failure of localization of XPC and other NER proteins at the sites of UV-induced DNA in a sensitive
in vivo immunofluorescence assay. XPC cDNA containing the initiation codon mutation was
functionally inactive in a post-UV host cell reactivation assay. Microsatellite markers flanking the
XPC gene showed only a small region of identity (~30kBP), indicating that the patients were not
closely related. Thus, the initiation codon mutation resulted in DNA repair deficiency in cells from
both patients and greatly increased cancer susceptibility. The neurological abnormalities in patient
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XP21BE may be related to close consanguinity and simultaneous inheritance of other recessive genes
or other gene modifying effects rather than the influence of XPC gene itself.
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INTRODUCTION
Xeroderma pigmentosum (XP) is a rare autosomal recessive disorder caused by a defect in the
nucleotide excision repair (NER) pathway [1–4] which removes a wide spectrum of structurally
unrelated DNA lesions including cyclobutane pyrimidine dimers (CPD) and 6–4 photoproducts
induced by ultraviolet radiation (UV) from sunlight. Cells from XP patients fall into seven
genetic complementation groups XP-A through XP-G, corresponding to seven of the gene
products involved in NER and a variant form with a defect in trans-lesion polymerase eta. XP
patients have increased freckle-like pigmentation in response to sun exposure and a greater
than 1000-fold increased incidence of UV-induced skin cancers at an early age [4,5].

XP complementation group C (XP-C) is one of the more common forms in the United States
[6]. Cells from XP-C patients have proficient transcription coupled nucleotide excision repair
(TCR) but defective global genome nucleotide excision repair (GGR) of damaged DNA while
cells from XP complementation groups A,B,D,F and G are defective in both GGR and TCR
[3]. The XPC DNA repair gene encodes a 940 amino acid protein that forms an in vivo stable
heterotrimeric complex with one of the two human orthologs of Saccharomyces cerevisiae
Rad23p (RAD23A or RAD23B) and centrin 2, a component of the centrosome, and functions
as a DNA-damage sensor and repair recruitment factor in GGR [3,7,8].

About 20% of XP patients exhibit progressive neurodegeneration [4,9]. However, neurological
symptoms are rarely seen in XP-C patients. Most of the XP patients with neurological
symptoms are in XP complementation groups XP-A, XP-B, XP-D or XP-G [2,6]. Since the
development of neurologic involvement has grave clinical prognostic implications,
understanding the relationship between complementation group and neurologic degeneration
is extremely important. We report here two XP patients (XP21BE and XP329BE) with the
same homozygous initiation codon mutation in the XPC gene. While both patients have
multiple skin cancers, XP21BE has developmental delay and sensorineural hearing loss while
XP329BE has no neurological abnormalities. The neurological abnormalities in XP21BE may
not be related to the XPC gene defect.

MATERIALS AND METHODS
Patients

After obtaining informed consent, the XP patients were studied at the Clinical Center, NIH
under protocols approved by the NCI Institutional Review Board. Both patients had thorough
skin examinations and biopsy of lesions suspicious for skin cancer. Examinations included
detailed ophthalmology, neurology, audiology, and other assessments as medically indicated.

Cell lines, culture conditions and DNA/RNA isolation
Fibroblast and lymphoblastoid cell cultures from two XP-C families were studied: Family A:
XP21BE (GM09943, GM09942); Family B: XP329BE (2851839, JA1356), XPH395BE his
father (JA1357) and XPH396BE his mother (JA1358). Normal SV40-transformed fibroblast
(GM00637), normal primary skin fibroblast (AG13145) and normal lymphoblastoid
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(KR06057) cells and XP24BE (GM11638) and XP25BE (KR04489) fibroblasts [10] were
obtained from the Human Genetic Mutant Cell Repository (Camden, NJ). SV40-transformed
XP-C (XP4PA-SV-EB) cells [8,11] were a gift from Dr. R. Legerski (M. D. Anderson Hospital,
Houston, TX). Cell culture and separation of RNA and DNA was performed as described
[12].

Measurement of UV sensitivity
UV sensitivity was determined using a 3-(4, 5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS) assay (Promega) as
described [13].

Measurement of UV-induced photoproducts in genomic DNA by ELISA
Cultured cells were washed with Dulbecco’s phosphate-buffered saline, UV-irradiated and
incubated for various times to allow repair. Cells were harvested and genomic DNA was
isolated using QIAamp Blood Kit (Qiagen, Hilden, Germany). 6–4 PP and CPD were quantified
by an enzyme-linked immunosorbent assay (ELISA) using 64M-2 and TDM-2 monoclonal
antibodies as described [13–15].

Post-UV HCR assay for complementation group assignment and functional analysis of
mutation

The post-UV host cell reactivation (HCR) assay was used to assign XP cells to XP
complementation group C as described previously [12]. A plasmid with XPC cDNA containing
the c.2T>G, initiation codon mutation was assessed for function in the post-UV HCR assay.
For the construction of an expression vector with the initiation codon mutation (pXPC-
HAN-2T>G), the expression vector pXPC-HAN that contains full-length XPC cDNA was
subjected to site-directed mutagenesis using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene, LaJolla, CA) as per vendor’s protocol and forward primer 5′
CAGACAAGCAACAGGGCTCGGAAACGC3′ and reverse primer 5′
GCGTTTCCGAGCCCTGTTGCTTGTCTG3′. The expression vector pXPC-HAN was
constructed by inserting the full length wild-type XPC cDNA fragment obtained from
pcDNA3/HA-XPC (a generous gift from Dr. Fumio Hanaoka, Osaka University, Osaka, Japan)
into the empty expression vector pEBS7 (a generous gift from Dr. Randy Legerski, University
of Texas, M.D. Anderson Cancer Center, Houston, TX).

Mutation detection by PCR amplification and nucleotide sequencing
The 16 XPC gene exons including splice donor and acceptor sites were PCR amplified using
intronic primers flanking these sequences and sequenced as described previously [7].

Real time quantitative RT-PCR (QRT-PCR) for XPC message
XPC mRNA was quantified using gene specific primer pairs employing real time QRT-PCR
as described [10]. The allele-specific primer pairs, oVMM-21/oVMM-22 and oCCB-331/
oCCB-337 were used to measure the amount of XPC mRNA including exon 4 and exon 12,
respectively. All real-time QRT-PCR data is expressed as fg of a full-length wild type XPC
cDNA clone.

XPC protein detection by Western blotting
Western blotting for the XPC protein was performed as described [10] using XPC specific
monoclonal (ab6264) (Abcam, Inc., Cambridge, MA) and anti-β-Actin polyclonal antibodies
(Santa Cruz).
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Immunocytochemistry of NER protein localization following localized UV irradiation
Fibroblasts were labeled with 0.8 μm (normal donors) or 2 μm (patients) latex beads (Polybead
carboxylate microspheres; Polysciences, Warrington PA) and cultured until confluent [16].
Cells were combined, overlaid with 5 μm Millipore filters, irradiated with 100 J/m2 UV-C and
double stained for immunofluorescent localization of NER proteins and photoproducts as
described [13,17–19]. Cells were visualized with a LSM 510 confocal microscope (Carl Zeiss).

Microsatellite marker analysis
Microsatellite markers flanking the XPC gene on chromosome 3 were genotyped using
fluorescently labeled oligonucleotide probes as previously described [20]. PCR products were
separated on ABI Prism 3100 Genetic analyzer, and were analyzed with the GeneScan, version
3.1.2, software (Perkin Elmer–Applied Biosystems).

RESULTS
Clinical Findings

Both patient XP21BE (Figure 1A) and patient XP329BE (Figure 1B) had a history of
lentiginous hyperpigmentation in sun exposed areas before the first year of age and did not
have the acute photosensitivity with blistering burns after brief sun exposure which is present
in some XP patients (Table 1). Both patients began to develop skin cancers by age 3 years.

Patient XP21BE
By age 13 years patient XP21BE had 2 basal cell carcinomas and 33 squamous cell carcinomas.
By age 27 years she had a total of 7 basal cell carcinomas, 62 squamous cell carcinomas, and
13 melanomas (Table 1). In addition, she had histopathological confirmation of 16
keratoacanthomas and multiple angiokeratomas.

Her developmental milestones were delayed; she walked at 19 months and spoke in sentences
by the age of 3 years. Her mother reported hearing difficulties from 6 months of age. Upon
school entrance at age 3 years, she was enrolled in regular classes with speech and hearing
support. Academically she was considered learning disabled by the time she was 8 years old.
At the age of 10 she developed simple partial seizures and was treated with carbamazepine
which was changed to valproic acid during a two year period. At the age of 12 years she was
placed into classes for the cognitively disabled. Patient XP21BE was reported to be
hyperactive, impulsive and distractible as a young child, features that continued throughout
her schooling. Medication for the treatment of attention deficit/hyperactivity disorder was
discontinued after a tic disorder developed. As a high school student in a work-study program
she was trained to monitor inventory and order supplies for the school cafeteria. However, she
was physically agile and won medals in the balance beam and other gymnastic events for
disabled individuals in high school. She graduated from high school at the age of 20 and took
some community college courses. At 23 years of age she gave birth to a clinically normal son.
At the time of her last evaluation she was working part time as a clerk while raising her 4 year
old child.

An audiogram at age 5 years showed bilateral, symmetrical sensorineural hearing loss, ranging
from mild-to-profound across the entire test frequency range (250–8000 Hz). Progression to a
severe-to-profound sensorineural hearing loss was documented from age 5 years to 25 years
(Figure 2).

On examination at age 24 years she was cheerful and cooperative. Her speech was clear without
frank dysarthria. Muscle strength was normal, tendon reflexes +1, in the upper extremities, +3
in the knees and +2 in the ankles with probable upgoing toes on plantar stimulation. Fine motor
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movements were normal in upper and lower extremities. Sensory examination was normal.
Regular gait, hopping, heel and toe walk were normal. Nerve conduction studies performed at
age 25 years showed mild sensory axonal peripherally neuropathy with decrease in the SNAP
amplitudes compared to a baseline study at age 10 years. At age 26 years she was obese (BMI
33.2, weight 77.4 kg, height 152.8 cm) with head circumference 53.3 cm (17 percentile). CT
and MRI of the brain were normal at age 25 and 27 years respectively.

Patient XP21BE had serial neuropsychological evaluations beginning at age 7 years using the
appropriate Wechsler scale for age (Table 2). A consistent pattern was performance IQ greater
than verbal IQ. The difference was always significant and ranged between 12 and 32 points
which is typical of an individual with a hearing impairment. Test results at the age of 11 and
12 years were disparate from those obtained as a younger child and as an adult. This is
coincident with her treatment for a seizure disorder. Compared to that of her age peers, her
vocabulary was exceptionally low during those years (below the 1st percentile). At the age of
12 years there was a precipitous drop of 18–19 raw score points on Picture Arrangement and
a 5 to 6 point raw score drop on Object Assembly that contributed to the 25 point deterioration
in performance IQ, and by extension, the drop in full scale IQ that year. Neurologic evaluation
at that time suggested that this reduction in test results might be due to either the seizure disorder
or the medications used to treat the seizure disorder. She was not tested again until the age of
25 when her performance IQ returned to former levels. As an adult her vocabulary improved
to the low average range but continued to be a relatively weak area. Verbal abilities were
otherwise stable. Nonverbal abilities, always stronger, were also consistent, with the exception
of the 12th year performance. Word recognition reading and spelling were better than math and
reading comprehension. Test scores were commensurate with full scale IQ. Overall, there was
no evidence of progressive intellectual deterioration.

Patient XP21BE was reported to be the child of a second degree consanguineous mating. Early
onset of sensorineural hearing loss and developmental delay has not been reported in other XP-
C patients.

Patient XP329BE—By age 13 years patient XP329BE had developed 36 histologically
confirmed basal cell carcinomas (Table 1 and Figure 1B). He had normal neurological
examination and normal audiogram. He is an excellent student, plays the piano and is an avid
reader. Patient XP329BE was reported to be the child of a fourth degree consanguineous
mating.

Elevated UV sensitivity and reduced DNA photoproduct repair—We examined the
UV sensitivity cells from both patients and a normal control using an MTS assay (Figure 3A).
The cells from both patients showed a higher sensitivity to UV than normal cells. After
exposure to 14 J/m2 UV the XP cells had 35–45% viability while the normal cells had 70%.
Though the XP patients had marked differences in their neurological status their cells showed
no significant differences in UV sensitivity.

An ELISA assay indicated that normal fibroblasts had a rapid post-UV removal of 6–4 PP,
with 5% remaining by 3h and 2% at 6h (Figure 3B). This is similar to previous reports for
normal cells [13, 14, 21]. In contrast about 80–90% of the 6–4 PP remained in cells from both
XP patients at 3h and 75–80% at 6h. This is similar to other studies for XPC cells [22]. As
previously described [13, 14, 21, 22] post-UV removal of CPD photoproducts was slower in
normal cells with 56% remaining at 6h and 29% remaining at 24h (Figure 3C). CPD removal
was delayed in both XP-C cells with 75–80% remaining at 6h and 45–60% at 24h. This is
similar to the other XP-C cells [22]. Thus, the cells from the XP-C patient with neurological
abnormalities (XP21BE) and with normal neurological examinations (XP329BE) showed
similar levels of reduction in the repair of photoproducts.
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Assignment of XP cells to complementation group C
The post-UV host cell reactivation (HCR) assay was used to assign these cells to XP
complementation groups. The UV irradiated reporter gene plasmid was transfected into the
cells from the patients along with plasmids expressing wild-type, XP group A, C or D cDNA.
Only co-transfection with a plasmid containing the wild-type XPC cDNA led to a markedly
increased post-UV HCR in the cells from both XP patients thus assigning these cells to the XP
complementation group C (data not shown).

Initiation codon mutation in the XPC gene
We characterized the causative mutations in these cells by nucleotide sequencing. We found
a homozygous c.2T>G mutation changing the ATG initiation codon to arginine (AGG) in the
XPC exon 1 in cells from both XP-C patients. This mutation was determined both in the
genomic DNA (Figure 4A) and cDNA (data not shown) from the patients’ cells.

We developed genomic PCR and RFLP based method to characterize this new initiation codon
mutation in patients and their parents. The T to G transition created a new BanII restriction site
in XPC exon 1 and abolished an N1aIII restriction site (Figure 4B). Genomic DNA from the
XP-C patients and their parents was digested in order to determine whether the mutations were
homozygous or hemizygous. The PCR products from XP21BE and XP329BE were cut only
by BanII and the PCR product from normal was cut only by N1aIII. The PCR products from
parents of XP329BE were cut by both BanII and N1aIII restriction endonucleases indicating
that both the parents of XP329BE were heterozygous for the same mutation in that one allele
behaved like normal and the other one had the initiation codon mutation like their son. These
results indicate that the XP-C patient XP329BE is homozygous for the initiation codon
mutation. We do not have access to DNA from the parents of XP21BE.

XPC mRNA levels in the cells from XP-C patients
A real-time quantitative reverse transcriptase-PCR (QRT-PCR) assay [10] with allele-specific
primers that detect XPC mRNAs containing either exon 4 or exon 12 (Table 3) was used to
measure the levels of XPC mRNA in cells from the XP-C patients, their heterozygous parents
and normal controls. Relative to the normal control, the XPC mRNA levels were 24 to 42%
in cells from XP21BE and XP329BE. Interestingly, the levels of XPC mRNA in these patients
with an initiation codon mutation were slightly higher compared to cells from patients with
premature termination codons (PTC)[10]. This suggests that RNA harboring PTC is more
likely to be degraded by nonsense mediated message decay pathway. However, the levels of
XPC mRNA in the cells from the parents of XP329BE were similar to the normal cells.
Restriction enzyme digestion of cDNA from patient XP329BE revealed digestion with BanII
but not N1aIII indicating that all of the cDNA contained the c.2T>G mutation (Figure 4B lower
gel – lanes 5 and 6). In contrast cDNA from both parents was digested by N1aIII and not BanII
indicating that there was no detectable mutated cDNA expressed in these cells (Figure 4B lower
gel – lanes 8,9, 11 and 12).

Reduced XPC protein levels in the cells from XP-C patients
To measure the XPC protein levels in the cells from XP-C patients and their parents, Western
blot analysis was performed on total cellular extracts using XPC specific monoclonal and anti-
β-actin polyclonal antibodies [10]. High levels of XPC protein were observed in the cells from
the normal donors (Figure 4C). In contrast, there was no detectable XPC protein in the cells
from the XP-C patients (Figure 4C). This was similar to the previously reported undectable
levels of XPC protein in cells from patients XP24BE [Compound heterozygote: Intron 5.1 A
to G at −2; and c.463C>T, p.Arg155*] and XP25BE [Homozygous: Intron 11 Del -1. -2 AG
with Insertion of CC between −6 and −7] (Figure 4C and [10]). The parents of XP329BE, who
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are obligate heterozygotes, had XPC protein levels similar to that of the normal control (data
not shown). These findings were similar to those previously reported in XP-C, normal and
parental cells [10].

Reduced DNA repair function of initiation codon mutation
We constructed an expression vector containing the XPC cDNA with c.2T>G mutation (pXPC-
HAN-2T>G) and assessed its function employing a transient post-UV HCR assay (Figure 4D)
The recovery of chloramphenicol acetyl transferase (CAT) activity reflects the ability of the
transfected cells to repair the UV-induced plasmid DNA damage [12]. The expression vector
with wild type full-length XPC cDNA (pXPC-HAN) resulted in increased CAT activity
(p=0.0002) indicating that the repair defect in XP4PA-SV-EB XP-C cells could be
complemented. Transfection of pXPC-HAN-2T>G plasmid resulted in a markedly reduced
CAT activity in XP4PA-SV-EB XP-C cells that was not significantly different from the CAT
activity with the empty vector control (pEBS7). Thus, XPC cDNA with the initiation codon
mutation was not functional in this DNA repair assay. Over-expression of XPC cDNA with
the initiation codon mutation in normal GM00637 cells did not alter the normal repair capability
of the cells (data not shown).

Absence of functional XPC protein in vivo
XP and normal cells were labeled by uptake of different sized polystyrene beads in their
cytoplasm and then co-cultured. The cells were UV-irradiated through 5-μm diameter pores
of a polycarbonate isopore membrane filter to follow localization of NER proteins to sites of
UV-induced DNA damage in vivo as a measure of their DNA repair activity (Figure 5). The
NER proteins were detected by immunofluorescence and confocal microscopy. Their
localization to the site of DNA damage reflected their DNA repair activity. XPC protein was
detected in the un-irradiated normal cells (Figure 5 – top row, left panels). In contrast, in un-
irradiated XP21BE or XP329BE cells XPC protein was not detected (Figure 5 – top row, left
panels), in agreement with the Western blots (Figure 4C). XPG protein was detected in the un-
irradiated normal and XP cells (Figure 5 – top row, right panels). Assay within 5 min of UV
irradiation produced fluorescent CPD foci in the nuclei of the normal and both the XP-C
patients’ cells (Figure 5 – second row, right panels). Localization of the XPC protein (green)
to the DNA damaged site was observed in the normal cells (yellow arrows) but not in the cells
from the XP-C patients (Figure 5 – second row, left panels). By 30 min after UV treatment
CPD were still detectable in the normal and XP-C patients’ cells (Figure 5 – third row, right
panels). In the normal cells all the NER components examined (XPC, XPB, XPG, XPA, XPD,
and XPF) were localized to the sites of DNA damage (yellow arrows) indicating that the NER
was functionally active (Figure 5 – rows 3, 4, 5 and 6). In the absence of binding of XPC protein
to the DNA damaged site, none of these NER proteins examined localized to the damaged site
in the XP cells (Figure 5 – rows 3, 4, 5 and 6). These findings indicate that there was no
detectible functional XPC protein activity in the cells of either patient. These findings are
similar to those reported previously in other XP-C and normal cells [19].

Genetic marker analysis
XP21BE and XP329BE were homozygous for the same XPC initiation codon mutation (c.
2T>G), suggesting the possibility that they might have a common ancestor. This can be tested
by analyzing microsatellite or single nucleotide polymorphism (SNP) markers near the XPC
gene on chromosome 3 [20]. Table 4 shows 9 microsatellite markers and 3 XPC SNP’s we
used arranged along chromosome 3 as indicated by the maps of the human genome
http://www.ncbi.nlm.nih.gov/ Examination of DNA from each of the XP patients, both of
whom had a history of consanguinity, revealed the markers to be homozygous over a region
of 670 kBP (Table 4). While both of these patients have the same homozygous initiation codon
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mutation, their alleles were different for 11 out of 12 microsatellite markers (Table 4 and data
not shown). There was a common region of about 30 kBP within the XPC gene (bold type in
Table 4). Thus these XP-C patients were not closely related. In addition, the markers from
XP21BE were heterozygous outside of the 670 kBP homozygous region, indicating that these
cells were not hemizygous.

DISCUSSION
XPC initiation codon mutation, DNA repair and skin cancers

Most of the mutations reported in the XPC gene in cells from XP patients create premature
termination codons (PTCs) [10,20,23–28]. PTCs can reduce the levels of XPC message and
XPC protein in cells by means of nonsense-mediated mRNA decay (NMD)[29]. Only two
missense mutations in the XPC gene have been reported. These are Pro334His [25] and
Trp690Ser [23], which alters the stability of the encoded mutant protein [30]. Splice site
mutations may result in severe or mild symptoms depending on the level of XPC mRNA. Our
previous studies demonstrated that undetectable levels of normal XPC mRNA were associated
with severe clinical symptoms in 2 siblings including multiple skin cancers at an early age
[31]. In contrast, 3 – 5 % of normal levels of full length XPC mRNA resulted in mild symptoms
in 3 affected siblings [31]. The differential expressions of XPC message in these cells were
associated with different mutations in two functional lariat branch point sequences (BPS) in
same XPC intron 3.

The patients in this report had a c.2T>G mutation in the ATG initiation codon. The sequences
surrounding AUG codons in mammals play a role in specifying which initiation site is likely
to be used during the protein translation. The sequence near the first initiation codon in the
XPC gene (AGCAACaugG) matches well with the known optimal recognition sequence with
an A in position −3 and G in position +4. The initiation sites are reached via a scanning
mechanism. The ribosome normally scans in a 5′ to 3′ direction until it encounters the first
AUG and usually initiates translation at this first AUG [32,33]. In the cells from both XP-C
patients, XPC mRNA with mutated first AUG may not be recognized by most of the ribosomes
recruited at the 5′ cap-structure on the XPC mRNA thus resulting in an undectable level of
XPC protein. The next in-frame unmutated AUG is located at codon 118, however, the
surrounding sequence (GCTACCaugA) does not completely match with the known optimal
recognition sequence. The A in position −3 is similar to the optimal recognition sequence but
A in position + 4 is distinct. There are many out of frame AUGs in between the mutated
initiation codon and the AUG at codon 118 which would inhibit ribosome scanning [34]. The
use of this AUG would delete the NH2-terminal 117 amino acids in the XPC protein. This
truncated protein has been shown to have functional activity [8,22].

While XPC mRNA levels from XP21BE and XP329BE were slightly higher (Table 2) than in
patients with XPC nonsense mutations [10],, all of the mRNA contained the mutation which
rendered the allele completely inactive (Figure 4D). There was no detectable normal size XPC
protein on the Western blots (Figure 4C) and no functional protein present as judged by the
failure to recruit NER proteins to sites of UV damage (Figure 5). The failure to detect
localization of XPC protein to UV damaged DNA is in agreement with other studies of XP
cells and in vitro assays of NER protein interactions [18,19,35]. Thus, in the absence of XPC
protein, the other core NER proteins (XPA, XPB, XPD, XPG, and XPF) did not localize to the
damage site. This sensitive assay is able to detect functional activity of the 3–5% of normal
full length XPC mRNA in cells from patients with XPC splice mutations (Khan, SK, Oh K-S
et al unpublished data).
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Genetic markers detecting the relationship between XP-C patients
Genetic analysis of the patients by use of microsatellites and SNP’s can reveal common
ancestry. We previously used microsatellite markers to provide evidence of a relationship 300–
500 years ago between XPC families in Turkey and in Italy [20]. Individuals that are closely
related will show larger regions of identity than people who are more distant relatives. In our
patients the common region was only about 30 kBP within the XPC gene (bold type in Table
4). Thus these XP-C patients were not closely related.

The presence of homozygosity of this region surrounding XPC also suggests that these patients
may be homozygous for genetic changes in other regions that may be critical for their different
clinical symptoms.

XPC gene mutations and neurological abnormalities
XP is characterized by sun sensitivity and early onset of lentiginous pigmentation and skin
cancer in sun exposed parts of the body. About 20% XP patients have a distinct group of
neurological symptoms including microcephaly, progressive neurological degeneration with
sensorineural hearing loss beginning at high frequencies, loss of intellectual functions, ataxia,
loss of coordination and ability to walk, and cerebral atrophy with dilated ventricles in
association with primary neuronal degeneration (Table 1 and [9,36,37]. These patients have
defects in XP complementation groups XP-A, XP-D, or XP-G. A correlation between the
neurological status of the XP patients and the post-UV colony-forming ability (CFA) of their
cells was reported [38]. Some XP patients have been identified with a second clinical entity:
the XP/Cockayne syndrome (CS) complex (Table 1). These patients exhibit cutaneous
abnormalities of XP and CS type of neurological changes including pigmentary retinal
degeneration, sensorineural deafness, dysmyelination of the brain, and calcification of basal
ganglia in association with progressive cachectic dwarfism [9,36,37]. These patients have been
described in XP complementation groups XP-B, XP-D and XP-G. In contrast, the neurologic
involvement in patient XP21BE differs from typical XP neurologic involvement by having
normal reflexes, sensorineural deafness at many frequencies, normal CT and MRI of her brain
and normal eye exam. Although she had learning disabilities, she also had good coordination
and was able to win medals and compete in gymnastic events in the Special Olympics for
disabled individuals. The post-UV cell survival of her cells was similar to that of patient
XP329BE who had no neurological abnormalities. Similarly, her normal retina, normal height,
head circumference, and normal fertility, and normal CT and MRI as well as her agility and
increased body mass index distinguish patient XP21BE from patients with the XP/CS complex
(Table 1). Thus, her neurological and cellular abnormalities were not typical of XP neurological
disease or of the XP/CS complex.

Symptomatic neurological abnormalities have been reported in only two other XP-C patients
[24,39,40]. Patient XP1MI was a 17 year old black woman with multiple basal cell carcinomas,
scleralization of the cornea and XP associated neurological and developmental abnormalities
including microcephaly (<1 %ile), mental retardation (IQ 39–48), growth retardation, and
delayed sexual development (primary amenorrhea). However, unlike typical XP neurological
disease, she had normal hearing and reflexes and did not have ataxia [39,41]. In addition to XP
she had systemic lupus erythematosus with joint involvement and positive serology. There was
no consanguinity reported. The cells from XP1MI had a homo- or hemizygous missense
mutation (c.1106C> A, p.Pro334His) in the XPC gene [25]. XP22BE was a 4 year old boy of
Korean ancestry with multiple skin cancers who had neurological abnormalities not usually
found with either XP or CS, including autistic features hyperactivity, normal hearing,
hyperactivity, normal reflexes, and normal MRI without dilated ventricles or microcephaly
along with persistent hypoglycinemia [24,40]. He was born with a cleft palate and duplex right
kidney. This patient was the product of close consanguinity. He had a homozygous XPC splice
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mutation (c.IVS10 +2T>G) [24]. Until additional patients are found either with the same
XPC mutation or with XP and hypoglycinemia we cannot ascribe his symptoms to the defect
in the XPC gene.

The hearing loss seen in XP patients is usually high frequency loss that is progressive and
occurs gradually over many years [37,41]. Clinically asymptomatic high frequency hearing
loss [42] was present in one adult patient (XP1BE) with a c.1292_1293delAA,
p.Lys431Argfs*6 defect in the XPC gene [10]. In contrast, the hearing loss in XP21BE was
identified at an early age and spanned the entire frequency range. Patient XP21BE was a child
of a close consanguineous mating with second degree relationship. In this close mating the
proportion of genes shared is 25% (identical by descent), leading to the chance of homozygosity
by descent of 1/8 [43]. Thus close consanguinity confers an increased probability of
simultaneous occurrence of other recessive disorders. Nonsyndromic hearing loss has been
reported to occur at increased frequency in association with parental consanguinity [44,45].
We therefore looked for other genetic causes of sensorineural hearing loss. Approximately
50% of non-syndromic sensorineural hearing loss is due to mutations in GJB2 which encodes
connexin 26 [46] but we were unable to identify mutations in this gene. It is likely that this
hearing loss is the result of a distinct genetic abnormality. The other neurological abnormalities
in patient XP21BE, as well as in patient XP22BE may be related to simultaneous inheritance
of other recessive genes or other gene modifying effects rather than the influence of XPC gene
itself.
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Figure 1.
Xeroderma pigmentosum patients with and without neurological disease. A. Patient XP21BE,
at age 5 years, had extensive lentiginous pigmentation on sun exposed portions of her face,
chest and shoulders. B. Patient XP329BE, at age 19 months, had extensive freckle-like
pigmentation on the sun exposed portions of his face.

Khan et al. Page 14

DNA Repair (Amst). Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Serial audiograms from the right ear of patient XP21BE. Audiograms from 250 Hz to 8000 Hz
were performed at age 5 yr, 7 yr, 10 yr, 12 yr, 22 yr and 25 yr. There was a mild-to-profound
sensorineural hearing loss across the entire frequency range at age 5 yr that progressed to a
severe-to-profound sensorineural hearing loss at age 25 yr.
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Figure 3.
Post UV cell survival and photoproduct removal in XP cells. A. Post-UV viability of normal
(open circles), XP329BE (closed triangles) and XP21BE (closed circles) fibroblasts measured
by MTS assay. Mean ± SEM of quadruplicate cultures. B. Removal of 6–4 photoproducts from
normal (open circles), XP21BE (closed circles) and XP329BE (closed triangles) cells
following 10 J/m2 UV exposure measured by ELISA assay. Mean ± SD of duplicate
experiments are shown. C. Removal of CPD from normal (open circles), XP21BE (closed
circles) and XP329BE (closed triangles) cells following 10 J/m2 UV exposure measured by
ELISA assay. Mean ± SD of duplicate experiments are shown.
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Figure 4.
XPC Initiation codon mutation in XP21BE and XP329BE cells. A. Sequence of XPC gene in
genomic DNA from normal, XP21BE and XP329BE cells. The T base of the ATG initiation
codon is substituted by a G in the XP cells (arrows). B. RFLP detection of c.2T>G mutation
in genomic DNA and cDNA in cells from a normal donor, XP21BE, XP329BE and his father
and mother. Upper gel: N1aIII digestion of a 106 bp fragment of XPC genomic DNA results
in products of 31 bp and 75 bp in the normal sequence containing a T (arrows in lanes 3, 12
and 15). BanII digestion of the XPC genomic DNA fragment containing a G results in products
of 34 bp and 72 bp (arrows in lanes 5, 8, 11, and 14). Undigested bands are indicated by *.
Patients XP21BE and XP329BE are homozygous for the c.2T>G mutation and the parents of
XP329BE are heterozygous for the mutation. Lower gel: N1aIII digestion of XPC cDNA results
in products of 31 bp and 75 bp in the normal sequence containing a T (lanes 3, 9 and 12) from
the normal donor and both parents. BanII digestion of the XPC cDNA fragment containing the
T>G mutation results in products of 34 bp and 72 bp (lane 5) in cDNA from XP329BE. There
is no detectable BanII digested cDNA in the cells from the parents indicating that only the
normal allele is expressed. C. Western blot of protein extracted from cells from normal,
XP24BE, XP21BE, XP25BE and XP329BE cells using XPC (upper row) and actin (lower row)
antibodies. There was no detectable XPC protein in the XP cells. D. Absence of activity of
XPC cDNA containing the c.2T>G mutation in a host cell reactivation assay. XP4PA-SV-EB
XPC cells were co-transfected with a UV treated CAT plasmid (1000 J/m2) and a plasmid with
either wild type XPC cDNA (pXPC-HAN; n=9), XPC cDNA with the c.2T>G mutation
(pXPC-HAN-2T>G; n=6), or the empty vector (pEBS7; n=9). CAT activity was measured
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after 48 hr. The wild type XPC cDNA showed increased CAT activity (p=0.0002) while CAT
activity with the XPC cDNA with the c.2T>G mutation was not significantly different from
the empty vector. Mean ± SEM shown.
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Figure 5.
Lack of recruitment of XPC and other NER proteins to localized DNA damage in XP21BE
and XP329BE cells following UV irradiation. Normal cells (AG13145) were labeled with 0.8
μm latex beads and XP21BE and XP329BE cells were labeled with 2 μm latex beads. In the
absence of UV, XPC and XPG protein was stained in the normal cells (yellow *). XPG protein
was present in the XP cells (green *) but XPC protein was not detected. Following 100 J/m2

UV irradiation delivered through a 5 μm filter, cells were fixed at 5 min or 30 min post-
irradiation and immunostained with pairs of antibodies to simultaneously assess the location
of DNA damage and NER proteins. The arrows indicate sites of localized immunostaining:
normal - yellow arrows, patient – green arrows. While CPD photoproducts were detected in
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the XP and normal cells at 5 min and 30 min after UV exposure, the NER proteins (XPC, XPG,
XPB, XPD, XPA and XPF) were only localized in the normal cells (yellow arrows). Symbols
below each image indicate localization (+) or non-localization (−) of NER proteins or
photoproducts in patient cells/normal cells.
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TABLE 1
Clinical Findings in Two Unrelated Patients With Identical XPC Gene Mutations Compared to Clincal Features of XP
Neurological Disease and XP/CS Complex

XP21BE XP329BE XP NEUROLOGICAL DISEASE XP/CS COMPLEX

Age at last observation 27 yr 13 yr

Acute photosensitivity None None Yes Yes

Onset of lentiginous
hyperpigmentation of sun
exposed skin

By age 10
months

By age 8 months Early Early

Skin cancers Yes Yes Yes Yes

Age of first skin cancer) 3 yr 3 yr

 Basal cell carcinoma
(number)

7 36

 Squamous cell carcinoma
(number)

62 None

 Melanoma (number) 13 None

Developmental delay Present -stable Normal intelligence Progressive degeneration Progressive degeneration

Audiology Sensori-
neural hearing

loss across
entire freq

range

Normal hearing Progressive high frequency hearing
loss

Progressive high
frequency hearing loss

Cachectic dwarfism No No Yes/no Yes

Immature sexual development Normal -gave
birth to normal

child

Normal Normal Yes

Microcephaly Normal Normal Yes Yes

Retinal degeneration No No No Yes

Ataxia No No Yes Yes

Primary neuronal degeneration No No Yes No

Demyelinating neuropathy No No No Yes

Cerebral atrophy No No Yes Yes

Brain calcification No No No Yes

DNA repair defect XPC XPC XPA, XPD, XPG XPB, XPD, XPG
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TABLE 2
STABILITY OF IQ OF PATIENT XP21BE

TEST AGE (years) VERBAL IQ PERFORMANCE IQ FULL SCALE IQ

WISC-R 7 81 98 88

WISC-R 9 78 91 83

WISC-R 11* 68 100 91

WISC-R 12* 65 75** 69**

WAIS-III 25 75 98 84

WAIS-III 27 83 102 91

*
Seizure disorder treated with carbamazepine followed by valproic acid. Seizures resolved and medications discontinued.

**
Attributed to significant decline on most tests that are timed.
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TABLE 3
XPC mRNA LEVELS IN XP-C CELLS

CELL LINE XPC EXON 4 INCLUSION XPC EXON 12INCLUSION

Avg (fg) Avg (fg)

XP21BE 57.5 39% 58.5 42%

XP329BE 35.3 24% 47.4 34%

FATHER 138 94% 147 105%

MOTHER 118 80% 120 86%

NORMAL 147 100% 140 100%
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