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Fig. 1. Clinical features of Patient 1 (a, b, ), Patient 2 (d, e, f, g) and Patient 3 (h, i, j, k). Patient XPV18KO (Patient 1) at the age
of 11 years (first visit to our hospital) (a), at 14 years of age (b) and at 16 years of age (c). His eyes did not appear red. Patient
XPV19KO (Patient 2) at her first visit to our hospital (d, e, f): She had freckles on sun-exposed skin areas, including those regions
of skin not covered by a bathing suit, such as her upper back and shoulders. Patient 2 developed basal cell carcinoma at the tip
of the nose (g). Patient XPVIKO (Patient 3) displayed very subtle pigmented freckles on sun-exposed areas at her first visit at the
age of 13 years (h, i), which increased in number over 1 year. After 14 years of age, she began to practice strict avoidance of sun
exposure, which ensured that the extent of her pigmented freckles was limited (j, k). Her eyes did not appear red.

Co, Yokosuka, Japan) sunlamps, and the dose required
to cause faint but discernible erythema was deter-
mined according to the standard photo-testing
methodology (5).

Cell culture

Primary cultured fibroblasts were grown from skin biopsy
specimens obtained from the patients. Normal fibroblasts
were obtained from a healthy 26-year-old female volunteer
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(6). All cell strains were maintained as previously described
(6). Skin biopsies were performed after obtaining the
written informed consent from the patients or their
families.

UVC irradiation

Germicidal lamps emitting preddminantly 254 nm light
(Toshiba GL10, Toshiba Electric Co) were used as a source
of UVC. Fluence rates were measured by UV radiometers
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(UV-254, Topcon, Tokyo Kogaku Kikai KK, Tokyo,
Japan), as previously described (6).

Post-UV colony formation assay in the presence
or absence of caffeine

Cellular sensitivity to UVC was examined by measuring
colony-forming ability after UVC irradiation, as previ-
ously described (6). Colony-forming ability after UVC
irradiation in the absence of caffeine was compared with
that in the presence of 1 mM of caffeine.

Semiquantitative detection of POLH protein

POLH levels were assessed using IP followed by Western
blotting, as previously described (6).

Mutation analysis

Genomic DNA was extracted from primary fibroblasts
using a standard method. Each exon (Exons 1 through 11)
of POLH and the flanking sequence were amplified from
genomic DNA as previously described (6).

Reverse transcription-PCR (RT-PCR) and direct
sequencing of the PCR products

Total RNA was extracted from cultured fibroblasts using
TRIzol reagent (Gibco BRL, Grand Island, NY, USA),
following the protocol described by the supplier. One
microgram of total RNA was reverse transcribed with
SuperScript II (Invitrogen, Carlsbad, CA, USA) in the
presence of Oligo(dT),45 primer. The cDNA was ampli-
fied using primers RT-E5F: 5-TTGTGGAAGGAAATG
AGAGCA-3" and RT-E8R: 5-GTTGCCTGGGTTTAAC
TGGA-3" encompassing exons 5 through 8, and primers
RT-E8F: 5-TCCAGTTAAACCCAGGCAAC-3" and RT-
E11R: 5-TGCTCAAGAAGCTGGTGATG-3" encompass-
ing exons 8 through 11 of the POLH mRNA. The amplified
products were purified and directly sequenced with
RT-PCR primers.

Normal MED in all three patients

The MED for Patient 1, Patient 2 and Patient 3 were
100 mJ/cm?, 150 mJ/cm? and 100 mJ/cm?, respectively.
None of the patients experienced prolonged erythema,
indicating that the MED for all three patients was within
the normal range. The MED range for healthy Japanese
subjects at our institution is 60-140 mJ/cm?.
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Fig. 2. Detection of POLH protein by immunoprecipitation for
Patient XPV18KO. A very faint 83 kD band was detected for
Patient XPV18KO (lane a), whereas no band was detected for
Patients XPV19KO (lane b) and XPV9KO (lane d). A strong

83 kD band was detected in control cells (lane ¢).

Reduced POLH protein

Given the clinical features observed in these patients, XP-V
or XP-E was suspected. First, the presence of the POLH
protein was analyzed using IP. No POLH band was
detected for XPV19KO (Patient 2) or XPV9KO (Patient 3).
However, a very faint band for POLH was detected for
XPV18KO (Patient 1). Semiquantification using densit-
ometry indicated that the expression of POLH for
XPV18KO was 7.8% of the normal expression level
(Fig. 2).

Caffeine test

Because a small amount of POLH protein was detected for
XPV18KO, a caffeine test was performed. Colony-forming
ability was calculated as the plating efficiency at each dose
relative to a plating efficiency of 100% in non-UV condi-
tions. Each point represented the mean of four samples.
In the post-UV colony-forming assay, XPV18KO dis-
played normal sensitivity to UV without caffeine but
hypersensitivity to UV in the presence of caffeine (Fig. 3).
This was strongly suggestive of XPV18KO being a XP-V.

Genetic analysis

Direct sequencing of the genomic DNA of XPV18KO
(Patient 1) revealed a heterozygous 26 bp deletion at the
5’ splice site of intron 9 (Fig. 4a). To examine whether this
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Fig. 3. Caffeine test. Post-UV sensitivity was assayed using
colony formation with or without caffeine (1 mM) in the
medium. Cells from Patients XPV18KO and XPV19KO were
hypersensitive to UV in the presence of caffeine, whereas they
showed almost normal sensitivity to UV in the absence of
caffeine. Symbols indicate: --#-- Normal without caffeine;
—B— Normal with caffeine; ---@--- XPV19KO without caffeine;
—@— XPV19KO with caffeine; ---A--- XPV18KO without
caffeine; —a— XPV18KO with caffeine. Error bar indicates the
standard error of the four samples.

deletion causes aberrant splicing, we examined the cDNA
sequence of XPV18KO. RT-PCR of the mRNA isolated
from XPV18KO using the RT-E8F and RT-E11R primers
revealed two bands for XPV18KO, whereas only one band
was amplified from a control subject (Fig. 4b). Bands A
and B were excised from the gel and sequenced. The size of
band A was 413 bp (also present in the control subject),
and its sequence was identical to control POLH ¢cDNA
sequence. The size of band B was 347 bp, which was 66 bp
shorter than the control sequence. This indicated skipping
of exon 9 because of a 26 bp deletion at the 5" splice site of
intron 9 [c.1246_1311del66 (del exon 9)]. Cells from
XPV18KO possessed a heterozygous single nucleotide
polymorphism (SNP; rs6941583 A > T) in exon 11 (data
not shown). In addition, RT-PCR using the RT-E5F and
RT-ES8R primers revealed two bands (Fig. 4d); one was 357
bp (consistent with control size) and the other was 253 bp
(104 bp shorter than control size). Direct sequencing of
this smaller amplicon revealed that the entire exon 6 was
excluded, causing a frameshift at codon 221 that results in
premature termination at codon 223 [c.661_764 dell04
(del exon 6)]. Genomic sequencing of DNA from the
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patient’s parents revealed that his father harbored the 26
bp deletion in intron 9 and SNP rs6941583 A > T, but his
mother did not possess either of these mutations. We
could not confirm whether his mother had an exon 6
deletion in her ¢cDNA because we could not obtain her
fibroblasts. XPV19KO (Patient 2) had the compound het-
erozygous mutations of G490T and C1066T (Supporting
Information Fig. Sla).

We presented three cases of school-age children with XP-V
that were diagnosed genetically before the development of
skin cancer and presented 2-9 years of follow-up of the
patients. One case (Patient 3) had already been diagnosed
in a previous study, and the other two cases were diag-
nosed in the present study. We identified a mutation in
XPV18KO that has not yet been reported. Although none
of the three patients had developed skin cancer at the time
of their first visit, the distribution of pigmented freckles,
the large variation in the color and shape of pigmentation
and the annual but not seasonal increase in the number of
these freckles was strongly suggestive of the diagnosis of
XP. The MED for all three patients was within the normal
range, which was consistent with the lack of severe
sunburn. Consequently, all three patients grew up without
protection from sunlight. Furthermore, Patient 1 and
Patient 2 spent long hours outdoors performing activities
(soccer and swimming, respectively). This provides strong
evidence to confirm that they had not experienced severe
sunburn, as was asserted by both patients and parents.
Slight freckling on sun-exposed areas is the only evidence
for XP-V diagnosis in childhood before the development
of typical clinical features, including prominent freckling,
xerotic skin and skin cancers.

From the clinical features, we strongly suspected XP-V,
which prompted us to detect POLH expression and
perform genetic analysis of POLH. The POLH protein band
for XPV18KO was of normal size, but its signal intensity was
decreased relative to control levels. As we reported previ-
ously in our IP system for POLH, the 83 kD band is not
detected in most XP-V cases, possibly because of the use of
mouse monoclonal antibody (sc-17770) against POLH,
which recognizes the C-terminal end of POLH (amino acids
412-712). A caffeine test showed that the post-UV cellular
sensitivity of Patient XPV18KO increased by adding caf-
feine to the medium, suggesting that Patient XPV18KO has
XP-V. If a faint band is detected by the POLH IP assay, the
caffeine test is a useful method for XP-V diagnosis.

A novel mutation was discovered in Patient XPV18KO,
namely a 26 bp deletion at the 5 splice site of intron 9

Photodermatol Photoimmunol Photomed 2013; 29: 132-139
© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



XP-V in children

(a)

Aberrant allele

of XPV18KO

(smaller size
than normal)

(b)

L Exous

Normal Control |~
5 splice site
- 26 bps del

praeet Exon 10 o

£xon 8

XPV18KO | —— Hiani

o
= @ Band Il
(d) 5 2 Smaller amplicon {253 bps)

. cDNA: exon 6 skipping (104 bps)
Amino acid: premature stop codoninexon?

Fig. 4. Genomic and ¢cDNA sequences of POLH for Patient XPV18KO. (a) Genomic DNA sequence of Patient XPV18KO reveals a
heterozygous 26 bp deletion (AGATTTTCTTTCTTTATTCCTGGGGGGT) at the 5’ splice site of intron 9; (b) POLH cDNA reverse
transcription-PCR (RT-PCR) (exons 8-11) for Patient XPV18KO revealed exon 9 skipping (66 bp) in 1 allele; (c) calculation of
Shapiro’s splicing probability indicated that intron 8 is a more accessible splice site than the mutated intron 9, resulting in exon 9
skipping; (d) RT-PCR of exons 5-8 revealed that Patient XPV18KO had a deletion of exon 6 in the heterozygous state.

(Fig. 4a), which caused aberrant splicing that resulted in
the skipping of exon 9 (Fig. 4b). According to the splicing
probability score (7), the mutated splice site in intron 9
would serve as a less accessible donor site than the splice
donor site in intron 8 (Fig. 4c). This novel mutation was
inherited from the patient’s father. The other allele con-
tained a complete deletion of exon 6, which was the same
type of mutation reported in two German XP-V patients
(8, 9). XPV19KO (Patient 2) harbored compound hetero-
zygous mutations of G490T and C1066T (Supporting
Information Fig. S1b), which were exactly the same com-
pound heterozygous mutations as in Patient XPV2TK in
our previous study. The former mutation is one of the four
founder mutations in Japanese patients with XP-V (5), and
the latter mutation is found in both Japanese and Euro-
pean patients with XP-V. Patient 3 had a homozygous
single nucleotide deletion (5) that caused a premature ter-
mination at codon 584 outside the catalytic domain (Sup-
porting Information Fig. S1b).
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The predicted POLH protein sequences of the three
patients are summarized in Fig. 5. Kraemer reported that
in Patient XP3GO, a homozygous deletion of exon 6 was
absent for the POLH IP band, which implies that the faint
band present in Patient XPV18KO may be caused by exon
9 skipping because the predicted protein of this mutated
allele possesses 691 amino acids, missing only 22 amino
acids in the heterozygous state, and it contains the antigen
recognition sites for the monoclonal antibody (sc-17770)
against POLH.

Though all of the patients were referred to us as school-
age children because of an increase in pigmented freckles,
their clinical features were very different. Patient 2 devel-
oped pigmented freckles at 2 years of age, and her freckle-
like pigmentation was already prominent at the age of 11;
she developed BCCs at the ages of 12 and 13. In contrast,
pigmented freckles were noticed at 4-6 years of age in
Patients 1 and 3. Their pigmented freckles were subtle at
their first visit, and they had not developed skin cancer by
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Predicted POLH protein

1 Catalytic domain 400 511 713 aa
allele | |
Normal 1 , Conserved domain
2 R
682-698
Nuclear Localization Signal
allele
XPV18KO 1 Delexon 6 [N s 221 Stop at 223
(Patient1) | 2 Del26bp [ o1 an
inintron 9 Del 22 aa (337Val_358Asp)
exon 9 skipping
allele
XPV19KO 1 G490T — Fs 164 Stop at 19Zaa v R
Patient2) | 2 crocsr N ., °c%0e (4o
allele
xpvoko | 1 del1664A [ Fs 555 Stop at 584aa
(Patient3) | 2 delzceon N

Fig. 5. Predicted POLH protein sequence for each patient.

the ages of 16 and 21, respectively. This difference may be
because of the greater cumulative extent of sun exposure
for Patient 2 before diagnosis.

XP-V patients rarely experience sunburn. Nonetheless,
they develop pigmented freckles that are limited to sun-
exposed skin areas. A longer duration is required for
school-age children to accept their disease. Patient 1 did
not make any effort to avoid sun exposure before a genetic
diagnosis was made; this led to a great increase in the
number of pigmented freckles over 3 years (Fig. 1b). It is
difficult to convince the 16-year-old boy to apply sun-
screen although he is conscious of his disease (Fig. 1¢).
Patient 3 began practicing strict sun protection 1 year after
the genetic diagnosis, which prevented an increase in
freckle-like pigmentation and the development of skin
cancer by the age of 21 (Fig. 1j, k). The early diagnosis of
XP-V for school-age children is extremely important
because they often spend time outdoors.

We gratefully thank Dr Ken Kraemer for his critical
reading of the manuscript and valuable suggestions.

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Genomic sequence analysis of POLH for Patient 2
(XPV19KO) and Patient 3 (XPVIKO). (a) Genomic DNA
sequence for Patient XPV19KO revealed compound het-
erozygous mutations in POLH: G490T at the 3’ end of
exon 4 and C1066T in exon 9. Both mutations are previ-
ously reported founder mutations in Japanese patients
with XP-V. (b) Patient XPV9KO had del1661A in exon 11
in a homozygous state.
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Abstract

Erythroid-specific 5-aminolevulinate synthase (ALAS?2) is the rate-limiting enzyme for
heme biosynthesis in erythroid cells, and a missense mutation of ALAS2 gene is
associated with congenital sideroblastic anemia. However, the responsible gene remains
unclear in about 40% of these patients. Here, we identify the novel erythroid-specific
enhancer of 130 base pairs (bp) in the first intron of ALAS2 gene. The newly identified
enhancer contains a cis-acting element that is bound by the erythroid-specific
transcription factor GATA1, as confirmed by chromatin immunoprecipitation analysis in
vivo and by electrophoretic mobility éhiﬁ assay in vitro. The promoter activity assay in
K562 human erythroleukemia cells revealed that the presence of this 130-bp region
increased the promoter activity of ALAS2 gene by 10~15-hold. Importantly, two
mutations, each of which disrupts the GATA-binding site in the enhancer, were identified
in unrelated male patients with congenital sideroblastic anemia, and the lower expression
level of ALAS2 mRNA in bone marrow erythroblasts was confirmed in one of these
patients. Moreover, GATAL failed to bind to each mutant sequence at the GATA-binding

site, and each mutation abolished the enhancer function on ALAS2 promoter activity in
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K562 cells. Thus, a mutation at the GATA-binding site in this enhancer may cause

congenital sideroblastic anemia. These results suggest that the newly identified intronic

enhancer is essential for expression of ALAS2 gene in erythroid cells. We propose that

the 130-bp enhancer region located in the first intron of ALAS2 gene should be examined

in patients with congenital sideroblastic anemia, in whom responsible gene remains

unknown.

Key words: GATA1, ALAS2 (erythroid-specific 5-aminolevulinate synthase),

erythroid-specific enhancer, congenital sideroblastic anemia
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Introduction

ALAS?2 gene encodes erythroid-specific S-aminolevulinate synthase (ALAS-E,
EC 2.3.1.37), which is the rate-limiting enzyme of heme biosynthetic pathway in
erythroid cells.! Tt has been reported that human ALAS2 gene is mapped on X
chromosome,” and the loss-of-function mutation of ALAS2 gene causes X-linked
sideroblastic anemia (XLSA),>* which is the most common genetic form of congenital
sideroblastic anemia (CSA). Moreover, a missense mutation of ALAS2 gene was
identified in a patient with non-familial CSA (nfCSA),” in which no family history of
sideroblastic anemia was identified. In addition to the ALAS2 gene, several genes were
recently identified as causative genes for CSA, including SLC25A38,° GLRXS5,’
ABCB7,® PUSI,” and SLC19A2," but the cause of sideroblastic anemia still remains
undefined in more than 40% of patients with CSA."

GATA1 transcription factor regulates the expression of several

erythroid—specific genes, such as erythropoietin receptor gene,'>"

o~ and B-globin
genes,'™"> ALAS2 gene'® and GATA1 gene itself,'” during erythroid differentiation.'®"

The ablation of Gatal gene in mice resulted in embryonic lethality because of anemia,*
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suggesting that GATAL is essential for the erythroid differentiation in vivo. It has been
reported that GATA1 regulates transcription of human ALAS2 gene through the proximal
promoter region'® and the erythroid-specific enhancer located in eighth intron 6f ALAS2
gene.”! However, Fujiwara et al. demonstrated that GATA1 protein bound to ALAS2 gene
only in the middle of its first intron, where no regulatory region was identified to date, by
genome-wide analysis of K562 human erythroleukemia cells using chromatin
immunoprecipitation followed by next-generation sequencing (ChIP-seq).?

In the present study, we have identified the novel erythroid-specific enhancer
region in the first intron of ALAS2 gene. Moreover, we describe two mutations in the
newly identified enhancer of ALAS2 gene: a T-to-C transition, which changes GATA to
GGTA at the GATA element in the antisense strand, in a pedigree with XL.SA and one
proband of nfCSA, and a 35-bp deletion including the above-mentioned GATA element in

a proband of nfCSA.
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