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ABSTRACT
Background Disseminated superficial actinic
porokeratosis (DSAP) is a rare autosomal dominant
genodermatosis characterised by annular lesions that has
an atrophic centre and a prominent peripheral ridge
distributed on sun exposed area. It exhibits high
heterogeneity, and five linkage loci have been reported.
The mevalonate kinase (MVK) gene located on 12q24
has been confirmed as one of the disease-causing
genes. But, the pathogenesis of a large part of DSAP
remains unclear so far.
Methods The recruited with DSAP carried no MVK
coding mutations. Exome sequencing was performed in
two affected and one unaffected individual in Family
1. Cosegregation of the candidate variants was tested in
other family members. Sanger sequencing in 33
individuals with familial DSAP and 19 sporadic DSAP
individuals was performed for validating the causative
gene.
Results An average of 1.35×105 variants were
generated from exome data and 133 novel NS/SS/indels
were identified as being shared by two affected
individuals but absent in the unaffected individual. After
functional prediction, 25 possible deleterious variants
were identified. In Family 1, a missense variant
c.932G>A (p.Arg311Gln) in exon 10 of SLC17A9 was
observed in cosegregation with the phenotype; this
amino acid substitution was located in a highly
conserved major facilitator superfamily (MFS) domain in
multiple mammalian. One additional missense variant
c.25C>T (p.Arg9Cys) in exon 2 of SLC17A9 was found
in Family 2.
Conclusions The result identified SLC17A9 as another
pathogenic gene for DSAP, which suggests a correlation
between the aberrant vesicular nucleotide transporter
and the pathogenesis of DSAP.

INTRODUCTION
Porokeratosis is a group of rare keratinisation disor-
ders with characteristic cornoid lamella in pathology.
Cornoid lamella forms from keratin columns and is
clinically characterised by one or more annular
lesions with an atrophic fovea and raised horny

border which spread centrifugally. Historically, poro-
keratosis was classified into the following five sub-
types based on clinical features: porokeratosis of
Mibelli, disseminated superficial porokeratosis, disse-
minated superficial actinic porokeratosis (DSAP), por-
okeratosis palmaris et plantaris disseminated, liner
porokeratosis. DSAP is the most common porokera-
tosis subtype and manifests as multiple, small,
annular, anhidrotic, keratotic lesions and mainly dis-
tributes on the sun exposed area. DSAP is transmitted
as the autosomal dominant trait. To date, five linkage
loci for DSAP reported previously support its hetero-
geneity (12q23.2–24.1,1 12q24.1–q24.2,2 15q25.1–
26.1,3 1p31.3–p31.14 and 16q24.1–24.35). SART3
and SSH1 genes had been identified responsible for
different DSAP families.2 6 In 2012, our team per-
formed whole-exome sequencing in a Chinese DSAP
family. The result reveals that the heterozygous sub-
stitution variant c.764T>C (p.Leu255Pro) in the
mevalonate kinase (MVK) gene serves as the disease-
causing gene. Overall, 13 different MVK coding var-
iants were discovered in 18 additional DSAP families
and four sporadic cases.7 The identification of MVK
coding variants in other studies further supports the
role of MVK as a pathogenic gene in DSAP. However,
DSAP is a heterogeneous disease and a large portion
of the recruited patients with DSAP did not carry the
MVK variant.
In this study, we performed exome sequencing

and mutational analyses in DSAP patients without
MVK, SART3 and SSH1 exons and splice-site var-
iants and identified the pathogenic role of two
SLC17A9 variants in two DSAP families.

MATERIALS AND METHODS
Seven families (Families 1–7) and 19 sporadic
DSAP patients without MVK, SART3 and SSH1
coding variants were recruited from the Institute of
Dermatology, Anhui Medical University, China. All
the patients were provided correct diagnoses by
experienced dermatologists. The individuals partici-
pating from Families 1 to 7 included 21 affected
and 12 unaffected individuals (figures 1 and 2, see
online supplementary figure S1). Moreover, we
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Figure 1 The genealogical trees and clinical manifestations of the proband in Family 1. (A) The genealogical tree of Family 1. ‘+’ indicates the
individuals subject to exome sequencing, ‘WT’ indicates the wildtype carriers in SLC17A9 sequence analysis and ‘M’ indicates mutated SLC17A9
individuals who were sequenced in this study. (B and C) The clinical features of the proband in Family 1. The proband III:12 is a 39-year-old woman
who began to develop several tiny papules on the face at 20 years of age. The papules spread centrifugally and grew increasingly. The typical
annual keratin lesions are mainly distributed on the forehead, cheek and around the eyes.

Figure 2 The pedigree and clinical manifestations of the affected individuals in Family 2. (A) The genealogical tree of Family 2. ‘WT’ and ‘M’

indicate individuals carrying wildtype and mutated SLC17A9 coding sequence. (B–D) The clinical characteristics of the patients in Family 2. The
proband (II:2) is a 19-year-old man. Upon examination, numerous tiny papules distributed on the face were observed, and the black arrows indicate
an annular lesion with atrophic fovea and raised horny borders in the eyelids. The father (I:1), a 46-year-old man, displayed numerous bean-size
brown keratotic plaques distributed on the face, chest and forearms.
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have exome sequencing data of 676 unrelated normal Chinese
populations and 781 unrelated, ethnically and geographically
matched patients of other diseases to exclude possible poly-
morphisms and systematic artefacts. After informed consent,
genomic DNAs were extracted from blood samples using the
Qiagen blood kits. This study was authorised by the ethics com-
mittee of Anhui Medical University and all work was done in
accordance with Helsinki principles.

Exome capture and sequencing
The purified DNA samples were randomly fragmented into
150–200 bp lengths. The fragments were ligated with adapter
and amplified by ligation-mediated PCR. PCR product enrich-
ment was carried out to obtain the exon-enriched hybridised
fragments using the Agilent SureSelect Human All Exon Kit
(Qiagen, California, USA). Each captured library was then
loaded on a HiSeq 2000 platform (Illumina, San Diego,
California, USA). Raw image file was recognised by Illumina
basecalling 1.7 software (Illumina) and 90 bp pair-end reads
were obtained. We used SOAPaligner (SOAP 2.21) to map reads
onto the reference genome (National Center for Biotechnology
Information (NCBI) build 37.3, hg19) for detecting variants.
SOAPsnp (V.1.03) (BGI, Shenzhen, China) and genome analysis
toolkit (Broad Institute, Harvard University, USA) software were
used for calling SNP variants and insertion/deletion (indel) var-
iants, respectively.

Functional annotation of genetic variants
Common variants were eliminated when identified in Single
Nucleotide Polymorphism Database (dbSNP135), the 1000
Genome Project, eight HapMaps and inhouse database. We
obtained variants that were shared between two cases and
absent in the control.

We first chose the variants located in the linkage intervals and
detected the candidate variants in other pedigree members. If
no variant was located inside the linkage intervals or the candi-
date variants were not validated, functional predictions using
Sorting Intolerant From Tolerant (SIFT, http://sift.jcvi.org) and
Polymorphism Phenotyping (Polyphen, http://genetics.bwh.
harvard.edu/pph/) programs were performed for an extended
range of variants throughout the entire exome. Potentially func-
tional variants were selected for Sanger sequencing. The causa-
tive variants should comply with cosegregation between the
genotypes and phenotypes.

Sanger sequencing and mutation analysis
All of the primes cover all the exons, and intron–exon boundar-
ies of SLC17A9 gene were designed using the Primer Premier
5.0 program (Premier Biosoft, Palo Alto, California, USA). PCR
amplification performed in an ABI 9700 Thermal Cycler
(Applied Biosystems, Carlsbad, California, USA). The products
were purified using a QIAquick PCR Purification Kit (Qiagen)
and sequenced using an ABI PRISM 3730 automated sequencer
(Applied Biosystems). Chromas (V.3.0) was used to read the
amplification fragment.

RESULTS
Clinical features
Seven families (Families 1–7) and 19 sporadic patients with
DSAP were selected based on characteristic irregular annular
keratotic lesions with slightly elevated borders. The mean onset
age was 18.2 years and ranged from 13 to 32 years. None of the
patients were affected with carcinoma. Sanger sequencing
revealed that none of the patients carried MVK, SART3 and
SSH1 coding variants. We selected two affected individuals
(III:6, III:10) and one unaffected individual (III:2) from Family
1 for exome sequencing. The proband (III:12) was a 39-year-old
woman who experienced onset at the age of 20. Tiny papules
initially appeared on face. These papules gradually spread cen-
trifugally and grew to involve the cheek, forehead and area
around the eyes (figure 1).

Exome sequencing identifies SLC17A9 variant in Family 1
After exome capturing, an average of 5.18 Gb of paired-end,
90-bp length reads per individual were obtained. We mapped
the sequence data to the human reference genome (NCBI Build
37, hg19), discarded the reads with duplicated start sites and
achieved a 3.40 Gb targeted exome with 67-fold depth defined
by RefSeq genes. On average, 87% of the exomes were covered
at least 10-fold (see online supplementary table S1). By annotat-
ing variants, we primarily focus on potentially functional var-
iants including non-synonymous variants, splice-site variants
and insertions/deletions (indels) absent in dbSNP135, 8
HapMaps, the 1000 Genomes Project and 1457 unrelated
exome data. In all, 133 variants were selected and four of these
variants were located within the loci that have been linked to
DSAP in previous linkage studies (table 1). Sanger sequencing
failed to confirm the disease gene because we did not observe
cosegregation with the phenotypes in the family.

Table 1 The screening process in identifying the potential variants from exome data

Family 1- III:2 Family 1- III:6 Family 1- III:10

Total SNPs and indels 40 782 and 2564 46 205 and 2729 51 685 and 2080
Potential SNPs and indels* 10 704 and 572 10 834 and 619 10 166 and 688
Filtered_dbSNP 1187 and 154 1215 and 148 1642 and 194
Filtered_dbSNP_1000genomes 613 and 56 720 and 45 887 and 67
Filtered_dbSNP_1000genomes_Hapmap8 575 and 50 680 and 40 796 and 53
Filtered_dbSNP_1000genomes_Hapmap8_1457 exome 358 and 27 428 and 19 464 and 24
Filtered_dbSNP_1000genomes_Hapmap8_1457 exome_Family 1-III:2 0 128 and 5
Within the linkage region† Four genes (C12orf42, RIC8B, C1orf173 and CTU2)
Functional prediction by SIFT and Polyphen-2 nineteen SNPs (non-benign and non-tolerant) and six indels
Mutation analysis c.932G>A (p.Arg311Gln) in exon 10 of SLC17A9

*Potential SNP and indels include non-synonymous variants, splicing site variants and insertion/deletion variants located in exonic region.
†The linkage regions refer to chromosomes 12q23.2–24.1, 12q24.1–q24.2, 15q25.1–26.1, 1p31.3–p31.1 and 16q24.1–24.3 reported previously.
Polyphen, Polymorphism Phenotyping; SIFT, Sorting Intolerant From Tolerant; SNP, single nucleotide polymorphism; dbSNP, Single Nucleotide Polymorphism Database.
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Expanding to the whole exome, SIFT and Polyphen were
used to predict whether a variant is damaging. In total, 25 sus-
pected functional variants were obtained and sent for Sanger
sequencing (see online supplementary table S2). Among these
variants, we observed a cosegregation of one missense variant
c.932G>A (p.Arg311Gln) in SLC17A9 with the phenotype in
Family 1 (table 1). This variant lies in exon 10 of SLC17A9 and
replaces a highly conserved arginine residue with glutamine at
position 311. The amino acid residue is located in the major
facilitator superfamily (MFS) domain, general substrate trans-
porter (MFS_dom_general_subst_transpt) (figure 3). This
variant was not detected in 1457 unrelated individuals.

Mutational analyses in SLC17A9 gene
To confirm the pathogenic SLC17A9 gene, all 15 exons and
intron–exon boundaries of SLC17A9 gene were sequenced in
the other six families (Families 2–7) and 19 sporadic patients
(see online supplementary table S3). One additional missense
variant c.25C>T (p.Arg9Cys) in exon 2 of SLC17A9 was iden-
tified in Family 2; this variant led an amino acid substitution
from arginine to cysteine, which was also located in
MFS_dom_general_subst_transpt (figure 3). It was not identi-
fied in 1457 unrelated individuals. The results suggest that
SLC17A9 is a causative gene for DSAP.

DISCUSSION
DSAP is a heterogeneous disease. Previous studies had revealed
five loci and a few disease genes in DSAP, but the causative
agent remains unclear for many patients with DSAP. Here, we
performed exome sequencing and mutational analyses in the
families lacking MVK coding variants and identified two
SLC17A9 gene variants in DSAP.

The SLC17A9 gene is located on chromosome 20q13.33 and
spanned 15 exons. The encoded protein is a vesicular nucleotide
transporter (VNUT) that contains 436 aa residues. Sawada and
colleagues first identified this protein as a coiled 12 transmem-
brane domains across the membranes with the NH2-terminal
and COOH-terminal tails facing the cytosol. VNUTorthologues
are widely distributed in the vertebrates and invertebrates.8 In
humans, SLC17A9 was widely expressed in various organs and
was also expressed in epidermal keratinocytes, and the expres-
sion of VNUT may be a target of anti-inflammatory response in
skin cells.9

The VNUT, coded by SLC17A9, contributed to ATP vesicle
formation and regulated ATP release. Two pathways had been
found to govern cellular ATP release: transporter/channel-
mediated release and the exocytosis of ATP-containing vesicles.
During vesicle fusion with the plasma membrane, vesicle-bound
ATP transporters are incorporated into the membrane and con-
tribute to ATP efflux. Studies have demonstrated the vital role
of loading ATP from the cytoplasm into vesicles in vesicle

Figure 3 The mutation analysis, exon and intron organisation and domain structure of SLC17A9. (A) c.25C>T in Family 2 and c.932G>A in Family
1. (B) The positions of the missense mutation c.932G>A in exon 10 and c.25C>T in exon 2 of SLC17A9 are indicated by black fold arrows.
The yellow and dark-blue shaded boxes represent UTR exons and coded exons, respectively. (C) The positions of amino acid residue substitutions
of p.Arg9Cys and p.Arg311Gln are indicated by black fold arrows. The green and red shaded box represents the predicted functional domain and
transmembrane regions. UTR, untranslated region; MFS, major facilitator superfamily.
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formation.10 11 In addition to the collaborative pathways,
VNUT-dependent pathways can contribute separately to the
release of ATP.12

ATP efflux can serve as a local signalling to facilitate cytosolic
Ca2+ release.13 Extracellular ATP is activated in the iron chan-
nels and facilitates the release of effective factors.14 In keratino-
cytes, extracellular calcium concentrations can significantly
affect proliferation and differentiation. By increasing extracellu-
lar calcium concentration, a series of effector proteins, such as
desmoplakin, cadherins, integrins, catenins, plakoglobulin and
keratins, are redistributed from the cytosol to the membrane.
Some differentiation-specific proteins were also elevated.15

Additional evidence indicates that increased proliferation is
caused by increased intracellular calcium concentrations or loss
of the calcium gradient.16–18

In this study, the identified 9th and 311th amino acid residues
were located on MFS domain, general substrate transporter
(figure 3). This member of MFS was previously found in
lycerol-3-phosphate transporter which acted on transport
glycerol-3-phosphate into the cytoplasm and inorganic phos-
phate into the periplasm. It was also found in proton/sugar
transporter lactose permease with a function to couple lactose
and H+ translocation in Escherichia coli.19 20 The 9th residues
were 15 amino acids away from the first transmembrane helical
structure and the 311th had two amino acids distance to the
nine transmembrane helix (see online supplementary figure S2).
The substitution of these residues altered polarity and charge of
amino acids and subsequently affected protein structure stability
and property of membrane fusion. In addition, the suspected
residues were located in a side opening near the mouth of the
channel constructed by transmembrane domains. This type of
residue exerts an electrical charge that permits or repels ion
streams, especially for calcium concentrations.21 Defective
VNUT can delay the ATP efflux and calcium release into peri-
plasm. G-protein-coupled receptor serves as one target receptor
to sense the change in calcium and implicates in activating a
series of pathways, like protein kinase C pathway, which results
in increased proliferation.

In conclusion, DSAP is a keratinisation disorder with unique
parakeratotic and hyperkeratotic cornoid lamella. We demon-
strate a pathogenic role for SLC17A9 in two DSAP families.
The probable mechanism may be associated with abnormal ion
influx/efflux of transmembrane Ca2+ and accompanying ATP
release. Further studies are needed to confirm the causative gene
in more patients with DSAP and uncover the functional
mechanisms.
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