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Heterozygous chromosomal inversions suppress recombination. Therefore, they may potentially influence recombination-
associated phenotypes of human diseases, but no studies have verified this hypothesis. Here, we describe a 35-year-old
man with severe congenital ichthyosis. Mutation analysis revealed a heterozygous splice-site mutation, c.1374-2A>G
(p.Ser458Argfs*120), in KRT10 on 17q21.2. This mutation was previously reported in patients with ichthyosis with confetti
type I (IWC-I), a prominent skin disease characterized by the frequent occurrence of recombination-induced reversion of
pathogenic mutations. Intriguingly, the number of revertant skin areas in this patient is considerably reduced compared
with typical IWC-I cases. G-banded karyotyping revealed that the patient harbors a heterozygous nonpathogenic
inversion, inv(17)(p13q12), whose long-arm breakpoint was subsequently refined to chromosomal positions (chr17:
36,544,407–36,639,830) via FISH. Collectively, the only chance of revertant mosaicism through somatic recombination
appears to involve recombination between the KRT10 mutation and the inversion breakpoint. Indeed, in the examined
revertant spot, the KRT10 mutation was diminished by somatic recombination starting from chromosomal positions
(chr17: 36,915,505–37,060,285) on 17q12. This study provides the first evidence to our knowledge implicating
chromosomal inversions as a potential modifier of clinical phenotypes. Furthermore, the reduced occurrence of revertant
spots in the recombination-suppressed patient suggests that somatic recombination is the main mechanism of revertant
mosaicism in IWC-I.
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Introduction
Inversions are a type of  chromosomal rearrangement involving 2-point breakage of  a given chromosome, 
followed by end-to-end rotation of  the broken segment (1). Inversions can be pathogenic when the break-
points disrupt a functionally important gene and/or genomic element but otherwise exhibit a minimal 
impact upon disease phenotypes. However, such nondamaging inversions significantly contribute to the 
evolution of  genomes in a wide range of  species, from Drosophila to humans, because heterozygous inver-
sions protect chromosomes from recombination in the inverted regions during meiosis and allow genes 
in the protected regions to coevolve, eventually leading to chromosomal speciation (1). Given the recom-
bination-suppressing nature of  heterozygous inversions during meiosis, it can be hypothesized that they 
represent a possible phenotypic modifier of  somatic recombination–associated diseases; however, human 
models verifying this hypothesis have not been reported.

To address the phenotype-modifying effects of  inversions in human diseases, we sought to analyze 
patients with recombination-associated diseases who harbor heterozygous inversions. In human diseases, 
homologous recombination has long been associated with carcinogenesis and was more recently linked to 
revertant mosaicism in genetic disorders (2). Revertant mosaicism refers to the somatic reversion of  a mutant 
phenotype resulting from the correction of  a disease-causing mutation in a somatic cell, followed by the 
survival and expansion of  the revertant cell (3). This remarkable natural gene therapy phenomenon was first 
reported in patients with Lesch-Nyhan disease, followed by those with genetic immunodeficiency disorders, 
such as Wiscott-Aldrich syndrome (4). The possible corrective mechanisms underlying the restoration of  
gene function include back mutation, second-site mutation, and homologous recombination (crossover or 

Heterozygous chromosomal inversions suppress recombination. Therefore, they may potentially 
influence recombination-associated phenotypes of human diseases, but no studies have verified 
this hypothesis. Here, we describe a 35-year-old man with severe congenital ichthyosis. Mutation 
analysis revealed a heterozygous splice-site mutation, c.1374-2A>G (p.Ser458Argfs*120), in KRT10 
on 17q21.2. This mutation was previously reported in patients with ichthyosis with confetti type 
I (IWC-I), a prominent skin disease characterized by the frequent occurrence of recombination-
induced reversion of pathogenic mutations. Intriguingly, the number of revertant skin areas in this 
patient is considerably reduced compared with typical IWC-I cases. G-banded karyotyping revealed 
that the patient harbors a heterozygous nonpathogenic inversion, inv(17)(p13q12), whose long-arm 
breakpoint was subsequently refined to chromosomal positions (chr17: 36,544,407–36,639,830) via 
FISH. Collectively, the only chance of revertant mosaicism through somatic recombination appears 
to involve recombination between the KRT10 mutation and the inversion breakpoint. Indeed, in the 
examined revertant spot, the KRT10 mutation was diminished by somatic recombination starting 
from chromosomal positions (chr17: 36,915,505–37,060,285) on 17q12. This study provides the 
first evidence to our knowledge implicating chromosomal inversions as a potential modifier of 
clinical phenotypes. Furthermore, the reduced occurrence of revertant spots in the recombination-
suppressed patient suggests that somatic recombination is the main mechanism of revertant 
mosaicism in IWC-I.

https://doi.org/10.1172/jci.insight.97595
https://doi.org/10.1172/jci.insight.97595


2insight.jci.org   https://doi.org/10.1172/jci.insight.97595

R E S E A R C H  A R T I C L E

gene conversion) (3, 4). Ichthyosis with confetti (IWC; OMIM #609165), a rare autosomal dominant skin 
disorder caused by frameshift mutations in KRT10 (IWC-I) or KRT1 (IWC-II), represents the best exam-
ple of  recombination-induced revertant mosaicism (2, 5). IWC is clinically characterized by ichthyosiform 
erythroderma (widespread reddening of  the skin) and, most remarkably, by thousands of  independent small 
patches of  mutation-free healthy skin, which increase in number and size with age (2, 6). Here, we report 
the effects of  a heterozygous inversion on revertant phenotypes in a family with IWC-I and provide the first 
human evidence to our knowledge that even nondamaging inversions can modify disease phenotypes.

Results
A 35-year-old Japanese man was referred to a dermatologist (T. Nomura) with severe ichthyosis since 
birth. Physical examination revealed erythroderma, large white or yellow adherent scales, and desquama-
tion (skin peeling) with pruritus of  varying intensity on the entire body, with the exception of  the palms 
(Figure 1, A–F). His other clinical features included short stature (4 feet, 11 inches), low body weight 
(83.8 lb), ectropion, eclabion, microtia, nipple hypoplasia, hypohidrosis, and large lunulae (Figure 1F 
and Supplemental Figure 1, A and B; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.97595DS1). He also exhibited thoracic kyphosis and joint contractions of  the 
limbs that caused a gait abnormality (Supplemental Figure 1, C and D). He had no other significant med-
ical history. He was born to unrelated healthy parents with no family history of  similar skin conditions. 
Histologically, the lesional skin exhibited hyperkeratosis, parakeratosis, acanthosis, and perinuclear vac-
uolization of  several spinous and granular-layer keratinocytes (Figure 2A). Keratohyalin granules were 
almost absent (Figure 2A). Based on these observations, the patient was initially diagnosed with congenital 
ichthyosiform erythroderma (CIE), an autosomal recessive genodermatosis.

To confirm the diagnosis, we performed whole-exome and Sanger sequencing using genomic DNA 
extracted from his peripheral blood cells. Unexpectedly, sequencing resulted in the identification of  a 
heterozygous splice-site mutation, c.1374-2A>G, in KRT10 (Figure 2C), whereas no pathogenic homo-
zygous or compound heterozygous mutations were identified in any of  the 12 known causative genes for 
CIE: ABCA12, TGM1, ALOXE3, ALOX12B, CYP4F22, NIPAL4, PNPLA1, LIPN, CERS3, SDR9C7, ST14, 
and SULT2B1 (data not shown). His unaffected parents and brother did not carry the KRT10 mutation 
(Figure 2C). Notably, this de novo splice-site mutation was previously reported in patients with IWC-I 
(2), resulting in a single splice variant, r.1374_1381del, which results in the substitution of  serine with 
arginine at codon 458 and in a premature termination codon 120 amino acids downstream from the 
mutation (p.Ser458Argfs*120). IHC revealed aberrant nuclear localization of  the KRT10 protein in the 
affected epidermal keratinocytes (Figure 2B), which reflects the fact that the KRT10 mutant contains an 

Figure 1. Clinical features of the IWC-I patient. (A–F) The patient presented with diffusely erythematous skin with scales on the whole body, except for 
the palms (C). Nipple hypoplasia (F) was also noted.
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arginine-rich nuclear localization signal, as previously reported (2). These results were highly suggestive 
of  the diagnosis of  IWC-I, although revertant spots, the most characteristic feature of  the disease, were 
not noted in the initial examination.

Careful reevaluation of  his skin phenotypes demonstrated that his ichthyotic skin was interrupted 
by ~60 whitish, greenish, or brownish patches, which were up to 10 mm in size and were noted almost 
exclusively on the trunk and neck (Figure 3, A and B, and Supplemental Figure 2, A–E). Because the 
patient had not noticed these spots until we called attention to them, it was unclear when they emerged. 
Dermoscopic observation revealed that the patches exhibited no scaling (Figure 3C), suggesting the pos-
sibility that they represented revertant skin areas. To validate this hypothesis, we performed skin sam-
pling from one of  the greenish patches on his left chest (Figure 3, A and B), which was then subjected to 
histological and genetic analyses. Histologically, the stratum corneum exhibited a normal basket-weave 
pattern without hyperkeratosis, parakeratosis, acanthosis, or a reduced stratum granulosum (Figure 
3D), all of  which were observed in the lesional skin. Basal melanosis and incontinentia pigmenti histo-
logica (accumulation of  melanin pigment in the upper dermis) were also noted (Figure 3E), most likely 
contributing to the skin discoloration.

We next sought to determine whether this clinically and histologically verified reversal of  symptoms 
was attributed to a correction of  the mutation. We examined the KRT10 genotype in genomic DNA samples 
extracted separately from the epidermis and dermis of  the hyperpigmented skin. Notably, the mutation was 
absent in the epidermis but retained in the dermis (Figure 3F). Thus, we confirmed that the somatic rever-
sion of  the mutation in the epidermis underlies the clinical and histological recovery. Taking these results 

Figure 2. Histological and genetic features of the patient. (A) Compared with healthy control skin (left panel), the patient’s affected epidermis, including the 
stratum corneum, was thicker (center panel). Parakeratosis, perinuclear vacuolization of keratinocytes, and marked reduction of keratohyalin granules were 
also noted (right panel). Scale bar: 100 μm. (B) WT KRT10 forms intermediate filaments in the cytoplasm of the suprabasal keratinocytes. In contrast, ectopic 
accumulation of KRT10 in the nucleus was observed in the affected epidermis (arrowheads). Scale bar: 50 μm (left and center panels), 10 μm (right panel). (C) 
A heterozygous splice-site mutation (c.1374-2A>G) in KRT10 was carried by the patient, whereas the unaffected family members were WT for this mutation.
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together, we ultimately made a diagnosis of  IWC-I. However, it was intriguing that the number of  revertant 
skin areas in our patient was considerably reduced compared with typical IWC-I cases, in which thousands 
of  healthy confetti-like skin spots appear in early childhood, or even at birth, and increase in number and 
size with time (2), although his other clinical features — such as erythroderma, adherent scales, short stat-
ure, low body weight, ectropion, eclabion, microtia, nipple hypoplasia, hypohidrosis, large lunulae, and gait 
abnormality — were rather typical of  IWC-I. This discrepancy could not be explained by genotype-pheno-
type correlation or the age of  the patient, as a 35-year-old IWC-I patient who is heterozygous for the same 
KRT10 mutation (p.Ser458Argfs*120) was reported to exhibit thousands of  revertant skin spots (7). There-
fore, the question arises of  what determines the reduced occurrence of  revertant spots in the patient.

We hypothesized that chromosomal structural abnormality might underlie this intriguing phenomenon 
because heterozygous inversions mediate inhibition of  somatic recombination, which is the only reported 
mechanism underlying the reversion of  pathogenic mutations in IWC-I patients (2, 8). To address this 
hypothesis, we performed G-banded karyotyping using peripheral blood lymphocytes. Notably, we iden-
tified a heterozygous pericentric inversion (an inversion that includes the centromere) of  chr17, inv(17)
(p13q12), in the proband (Figure 4A). This previously unreported inversion itself  does not confer patho-
genicity upon the skin phenotype, as the patient’s unaffected father is also heterozygous with respect to 
the inversion, whereas his mother is WT (Figure 4B). Cloning and sequencing of  each allele subsequently 
revealed that the de novo KRT10 mutation is located on the paternal inverted chr17 (data not shown).

Notably, heterozygous pericentric inversions act as a recombination inhibitor for the following reasons: 
in the inverted region, (i) they result in a reduction of  chiasma (the point of  chromosomal crossover that is 
a prerequisite for recombination) formation, and (ii) recombination produces an unbalanced chromosome, 
with duplication or deletion of  some portion of  the chromosome, which typically makes cells inviable (9). 
Under this scenario, the only chance of  mutation reversion via somatic recombination is for recombina-
tion to occur between the KRT10 mutation site and the breakpoint of  the pericentric inversion on the long 
arm of  chr17 (17q). Thus, we first performed genome-wide genotyping to compare the genotypes of  the 

Figure 3. Identification of revertant spots. (A–F) Gross (A and B), dermoscopic (C), histological (D and E), and genetic (F) features of the revertant spot on 
his left chest. (B) Note that no scales were observed on the revertant spot. Scale bar: 10 mm. (D) The revertant spot showed histological normalization. 
Scale bar: 50 μm. (E) High-power view of the square area in D. Basal melanosis (arrows) and incontinentia pigmenti histologica (arrowheads) were evident. 
Scale bar: 20 μm. (F) The splice-site mutation was lost in the revertant epidermis.
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revertant epidermal cells and peripheral blood cells. We identified a copy-neutral loss of  heterozygosity 
(LOH) on 17q only in the revertant epidermis (Figure 5), whereas no large LOHs were detected in other 
chromosomes (data not shown). The LOH started from a chromosomal position (chr17: 37,060,285 in 
hg38 coordinates) centromeric to KRT10 and extended to the telomere (Figure 5 and Table 1), indicating 
that somatic recombination had occurred within chromosomal positions (chr17: 36,915,505–37,060,285). 
To refine the breakpoint of  inv(17)(p13q12), we next performed FISH analysis using paired BAC clone 
probes, RP11-141B22 (chr17: 36,544,407–36,735,254) and RP11-259P8 (chr17: 35,748,902–35,920,353), 
which correspond to the immediate centromeric region of  the recombination initiation site and the more 
centromeric region of  17q12, respectively (Figure 4C). This finding revealed that the breakpoint of  the 
inversion resides on the centromeric side of  the RP11-141B22 locus (chr17: 36,544,407–36,639,830, Fig-
ure 4C). Taken together, these results indicate that homologous recombination in the examined revertant 
epidermis occurred between the inversion breakpoint and the KRT10 mutation, which is consistent with 
our hypothesis (Figure 6). Thus, the heterozygous pericentric inversion, inv(17)(p13q12), is highly likely 

Figure 4. Detection of inv(17)(p13q12) and its breakpoints. (A) G-banded karyotype analysis using peripheral blood lymphocytes from the proband revealed 
that the patient was heterozygous for a pericentric inversion (arrow), inv(17)(p13q12). (B) His unaffected father is also heterozygous with respect to inv(17)
(p13q12), suggesting that the inversion itself is nonpathogenic. His mother is WT for the inversion. (C) Two-color FISH analysis using 2 BAC clone probes, 
RP11-141B22 (red) and RP11-259P8 (green), revealed a split red signal, suggesting that the breakpoint of the inversion is located in the RP11-141B22 locus.

https://doi.org/10.1172/jci.insight.97595
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to suppress the occurrence of  revertant mosaicism in the IWC-I patient via inhibition of  somatic recom-
bination within the inverted region. However, we cannot exclude the possibility that some SNPs on 17q 
reduced the growth advantage of  the revertant keratinocytes by becoming homozygous as a consequence 
of  homologous recombination.

There are other possible reasons for the considerably reduced number of  revertant spots presented 
by our patient. For example, he might carry mutations in recombination-associated genes that reduce the 
recombination rate. To test this, we reanalyzed the whole-exome sequencing data derived from the patient’s 
peripheral blood cells. This analysis revealed that he harbors no pathogenic mutations in any of  the fol-
lowing 15 recombination-associated genes: BARD1, FAM175A, XRCC2, NBN, ATM, CHEK1, MRE11A, 
BRCA2, XRCC3, RAD51, PALB2, BRCA1, BRIP1, RAD51C, and CHEK2 (10–13) (Supplemental Table 1).

Discussion
This study gives rise to 2 clinically important ideas. First, when inversions are heterozygous, they have 
effects on not only meiotic, but also somatic recombination and are potential modifiers of  human dis-
ease phenotypes. To the best of  our knowledge, our patient represents the first human example of  this 
situation. Furthermore, a Robertsonian translocation has been reported to exert karyotypic suppression 
of  somatic recombination and to protect against LOH and cancer development in familial adenomatous 
polyposis–model mice (14). Thus, chromosomal abnormalities, even if  nonpathogenic, can affect the 
phenotypes of  genetic diseases associated with somatic recombination, such as IWC (2, 5), Bloom syn-
drome (OMIM #210900) (15), Fanconi anemia (OMIM #227650) (16), and dyskeratosis congenita 
(OMIM #127550) (17), which further emphasizes the importance of  karyotype tests not only in genomic 
disorders, but also in genetic disorders.

Second, somatic recombination serves as a key process in the initiation of  revertant mosaicism in 
IWC-I. To date, a total of  31 revertant skin spots from 7 patients with IWC-I have been analyzed with 
respect to LOH, all of  which exhibited reversion of  pathogenic KRT10 mutations via somatic recombina-
tion (2, 8). However, the major limitation of  these studies lies in the limited number of  spots examined, 
despite the fact that thousands of  revertant spots exist in each patient. The reduced occurrence of  revertant 
spots in our recombination-suppressed patient strongly suggests that somatic recombination is the major, 
and likely the exclusive, mechanism of  revertant mosaicism in IWC-I.

Interestingly, inversions on a given chromosome affect recombination rates even in the uninverted 
regions (9). Given that approximately 20% of  individuals of  European ancestry carry a 900-kb paracentric 
inversion polymorphism on 17q21.31, which is next to the KRT10 locus (17q21.2), and that this inversion 
is associated with an increased recombination rate genome-wide (in addition to having effects of  its own 

Figure 5. A copy-neutral LOH on 17q. Whole-genome SNP microarray analysis identified a copy-neutral LOH on 17q in the revertant epidermis, whereas 
no LOH was detected in peripheral blood cells. The LOH began in regions centromeric to KRT10 (arrow) and extended to the telomere of the chromosome. 
No LOH was present on other chromosomes (data not shown).

https://doi.org/10.1172/jci.insight.97595
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Table 1. A list of SNPs located between chromosomal positions 35,645,170 and 37,435,183 on 17q, for which the WBCs were 
heterozygous

Gentoype
WBCs revertant epidermis SNP Chromosomal  

position on chr17
Probe

Hetero Hetero rs72828073 35645170 -
Hetero Hetero rs12150359 35697565

RP11-259P8B

Hetero Hetero rs854658 36025629
Hetero Hetero rs712046 36031260 -
Hetero Hetero rs712045 36031415 -
Hetero Hetero rs854679 36031803 -
Hetero Hetero rs854674 36032936 -
Hetero Hetero rs712043 36069307 -
Hetero Hetero rs712044 36069424 -
Hetero Hetero rs862807 36075579 -
Hetero Hetero rs854477 36075798 -
Hetero Hetero rs1719220 36076917 -
Hetero Hetero rs1614133 36077954 -
Hetero Hetero rs1634504 36096981 -
Hetero Hetero rs1634506 36097969 -
Hetero Hetero rs1634508 36098851 -
Hetero WT rs1719205 36108119 -
Hetero Hetero rs1357365 36109139 -
Hetero Hetero rs957979 36109315 -
Hetero Hetero rs4541123 36134107 -
Hetero Hetero rs76784277 36609563 RP11-141B22
Hetero Data Failed rs7503092 36612590 RP11-141B22
Hetero Hetero rs4796233 36613252 RP11-141B22
Hetero Hetero rs17138295 36624787 RP11-141B22
Hetero Hetero rs10468612 36626278 RP11-141B22
Hetero Hetero rs757011 36628895 RP11-141B22
Hetero Hetero rs975577 36630182 RP11-141B22
Hetero Hetero rs975576 36630232 RP11-141B22
Hetero Hetero rs886225 36646763 RP11-141B22
Hetero Hetero rs2411189 36653428 RP11-141B22
Hetero Hetero rs7225215 36654519 RP11-141B22
Hetero Hetero rs295883 36780184 -
Hetero Hetero rs2935427 36805589 -
Hetero Hetero rs8074928 36840669 -
Hetero Hetero rs4796293 36850290 -
Hetero Hetero rs9912731 36882485 -
Hetero Hetero rs17571920 36891145 -
Hetero Hetero rs4795166 36902439 -
Hetero Hetero rs8074446 36911274 -
Hetero Hetero rs1109593A 36915505 -
Hetero WT rs1009204A 37060285 -
Hetero Homo rs2680398 37232010 -
Hetero WT rs4795194 37357882 -
Hetero WT rs829160 37403002 -
Hetero WT rs829161 37403775 -
Hetero Homo rs28786493 37435183 -

Note that the revertant epidermis exhibited loss of heterozygous SNPs located at chromosomal position 37,060,285 and its telomeric regions.AThe 
recombination occurred within chromosomal positions (chr17: 36,915,505–37,060,285). BThe RP11-259P8 locus is located between rs12150359 and rs854658.
Homo, homozygous; Hetero, heterozygous.
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during meiosis; ref. 18), one would predict that IWC-I patients of  such ancestry might exhibit phenotypic 
variations with regard to revertant skin spots. Indeed, the age at detection for revertant skin spots in IWC-I 
has been reported to vary greatly among patients aged 0–57 years (2, 7). Although we have no access to chro-
mosomal data from these patients and, therefore, cannot draw any conclusion regarding whether inversion 
polymorphisms (including the 900-kb inversion) have an effect on the occurrence of  revertant phenotypes in 
IWC-I, it is worth addressing this point in future studies.

Methods
IHC. Punch-biopsied skin samples were immediately immersed in Cryo Mount (Muto Pure Chemicals) and 
frozen at –80°C. Briefly, 4-μm–thick frozen tissue sections were obtained using a Leica CM1900 cryostat 
(Leica) and dried for 30 minutes at room temperature. After rinsing in PBS and blocking with 10% normal 
goat serum, the sections were incubated with the primary anti–human KRT10 antibody (LH2, Santa Cruz 
Biotechnology Inc.) diluted in PBS, followed by incubation with the Alexa Fluor 680–conjugated goat 
anti–mouse IgG (H + L) secondary antibody (A21057, Thermo Fisher Scientific). Nuclei were counter-
stained with DAPI (Dojindo), and fluorescence images were obtained using an Olympus FV1000 confocal 
laser scanning microscope (Olympus).

Genomic DNA extraction. For mutational analysis, genomic DNA from all participants was extracted 
from peripheral blood or saliva using a QIAamp DNA Blood Maxi Kit (Qiagen) or an Oragene DNA 
Self-Collection Kit (DNA Genotek), respectively. Genomic DNA was also extracted from the proband’s 
skin using a QIAamp DNA Mini kit (Qiagen) after separation of  the epidermis and dermis from punch-bi-
opsied skin samples using ammonium thiocyanate solution (MilliporeSigma), as described previously (19).

Figure 6. Schematic diagram explaining the possible mechanism of fewer revertant skin spots in the present case. IWC patients carry a heterozygous 
mutation in KRT10. The mutation can be reverted if recombination occurs at the chromosomal regions centromeric to KRT10. Given that a heterozygous 
inversion inhibits recombination in the inverted chromosomal regions, the physical size of a possible reversion-yielding recombination region in IWC-I 
patients with or without the heterozygous inversion, inv(17)(p13q12), is approximately 4.2 or 15.7 Mb, respectively, according to the UCSC Genome Browser 
Human Dec. 2013 (GRCh38/hg38) (https://genome.ucsc.edu/).

https://doi.org/10.1172/jci.insight.97595
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Whole-exome sequencing. Following the enrichment of  coding regions and intron/exon boundaries using 
the SureSelect Human All Exon V5 Kit (Agilent Technologies), whole-exome sequencing was performed 
on the HiSeq 2000 platform (Illumina) with 100-bp paired-end reads to a median of  100× coverage. The 
resulting data were analyzed and annotated using DNAnexus software (DNAnexus Inc., https://www.
dnanexus.com/, accessed May 2013).

Sanger sequencing. A genomic region spanning the c.1374-2A>G mutation in KRT10 was amplified via PCR 
using AmpliTaq Gold PCR Master Mix (Thermo Fisher Scientific). The primer sequences were as follows: for-
ward, 5′- CCTGGCAGGGTTTTATTTTT-3′, and reverse, 5′- TTCTTGGTTTCTGATTCAACCAT-3′. The 
amplification conditions were as follows: 1 cycle at 96°C for 10 minutes; 35 cycles at 96°C for 30 seconds, 56°C 
for 30 seconds, and 72°C for 1 minute; and 1 cycle at 72°C for 7 minutes. The amplicon was treated with the 
ExoSAP-IT reagent (Thermo Fisher Scientific), followed by the sequencing reaction using BigDye Terminator 
version 3.1 (Thermo Fisher Scientific). An ABI 3130xl genetic analyzer (Thermo Fisher Scientific) was used 
with standard running conditions for electrophoresis and data collection to obtain the sequence data.

Whole-genome oligo-SNP array. An Affymetrix CytoScan HD array (Affymetrix) was used to identify 
copy number variations and LOH using genomic DNA prepared from the peripheral blood and epidermis 
as described previously (6).

G-banded karyotyping. G-banding was performed using peripheral blood lymphocytes as described pre-
viously (20).

Metaphase chromosome preparation. Heparinized whole blood was incubated for 48 hours in RPMI 1640 
medium (MilliporeSigma) supplemented with FBS (MilliporeSigma), fibronectin human protein (Thermo 
Fisher Scientific), and an antibiotic antimycotic solution (MilliporeSigma) under standard cell culture condi-
tions, at 37°C with 5% CO2, followed by the addition of  300 μg/ml thymidine (Tokyo Kasei). The thymidine 
block was released after 16 hours of  incubation by replacement of  the medium with RPMI 1640 medium 
supplemented with FBS (MilliporeSigma), antibiotic antimycotic solution (MilliporeSigma), and 25 μg/ml 
bromodeoxyuridine (MilliporeSigma). Five hours after the release of  the block, colcemid (MilliporeSigma) 
was added to a final concentration of  0.02 μg/ml. One hour later, the cells were collected and treated with 
0.075 M KCl for 20 minutes at 37°C, followed by suspension in fixative (3:1 methanol/acetic acid) 3 times.

Probe preparation. BAC clones, RP11-141B22 (chr17: 36,544,407–36,735,254) and RP11-259P8 (chr17: 
35,748,902–35,920,353) (BACPAC Resources Center), were used to generate FISH probes. The BAC 
DNAs were labeled via nick translation with Cy3-dUTP (GE Healthcare) and Green-dUTP (Abbott Lab-
oratories). The labeled probes were mixed with sonicated salmon sperm DNA and dog cot-1 DNA in 
hybridization solution.

FISH analysis. Metaphase chromosome samples in fixative were seeded onto slide glass, followed by a 
2-hour hardening treatment at 70°C. Then, probe solutions were applied to the pretreated sections, which 
were subsequently covered with cover slips and simultaneously denatured at 70°C for 5 minutes, followed by 
hybridization for 16 hours at 37°C. Next, the hybridized slides were washed with standard saline citrate and 
50% formamide and counterstained with DAPI. Separate fluorochrome images were captured using a Leica 
DC 350FX cooled CCD camera (Leica Microsystems) mounted on a Leica DMRA2 microscope employing 
Leica CW4000 FISH software. The images were analyzed using Leica CW4000 karyo software (Leica).

Study approval. The patient and his family members provided written informed consent to participate in 
this study, in compliance with the Declaration of  Helsinki. The IRB at the Hokkaido University Graduate 
School of  Medicine approved this study (project No. 14-063).
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