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KEYWORDS Summary

Flagl Background: Recent reports indicated that nonsense mutations in filaggrin (FLG)

S:\l?fedjg:cai:tl-s; found in ichthyosis vulgaris (1V) patients are predisposing factors for atopic dermatitis
Shotgur? & (AD) with asthma. The exon 3 of FLG contains tandemly repeated, highly homologous,

11—13 sequence units of 972 or 975 bp, each of which corresponds to the coding
sequence of the processed filaggrin with slight sequence difference. This unique gene
structure has hampered the precise DNA sequence determination.

Objective: We developed a novel DNA sequencing method “FLG-shotgun” to directly
characterize the mutations in Japanese AD patients.

Methods: We examined 24 Japanese AD patients with “FLG-shotgun’ method.
Results: Multiple units of FLG were amplified by PCR using several sets of common
primers for the conserved regions, and DNA sequences of each cloned PCR product
were determined. Multiple reads of DNA sequences in both alleles were aligned and
re-constructed to cover the entire coding regions. We found three major genotypes
(A, B, and C) which represent different numbers (11—13) of homologous sequence
units. Furthermore, we found two novel nonsense mutations; one mutation 8666-
8667CC>GA on the unit 9 of allele B that causes a nonsense mutation $2899X in two
patients and the other mutation 9887C>A on the unit 10 of allele B that causes a
nonsense mutation S3296X in two patients.
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Conclusion: We found two novel FLG mutations by directly analyzing Japanese
patients with AD. FLG-shotgun will provide a valuable tool to further define the
nature of the AD phenotype associated with FLG mutations.

© 2008 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland

Ltd. All rights reserved.

1. Introduction

Filaggrin (FLG) is a major epidermal protein and
expressed as a profilaggrin of >500 kDa in the pro-
minent keratohyalin granules of outer epidermis
[1,2]. The profilaggrin is processed by protease to
filaggrin of ~35 kDa and the resulting filaggrins are
cross-linked by transglutaminase to build skin bar-
rier [3]. The skin barrier is indispensable to prevent
invasion of micro-organisms, chemical compounds
and allergens, and to keep moisture level of the skin
[2], therefore, the reduced filaggrin production
would disturb skin barrier formation.

Ichthyosis vulgaris (IV; OMIM no. 146700) is one of
the most common genetic skin disorder [4]. The
clinical features of IV include palmar hyperlinearity,
keratosis pilaris and scaling at lower abdomen, arms
and legs [5]. Thirteen kinds of FLG gene mutations
were found in the IV and atopic dermatitis (AD)
patients from European population [6—8], and
two different kinds of mutations (52554X and
3321delA) were found in the Japanese IV patients
([9], Nomura et al.). These results indicated that
FLG gene mutations produce reduced amounts of
filaggrin protein which would generate IV pheno-
types.

AD frequently coincides with keratosis pilaris,
allergy, and asthma, and AD patients have increased
recently in the developed world. Importantly, AD
and keratosis pilaris are commonly found in IV.
Actually, recent reports indicated that nonsense
mutations in FLG gene found in IV patients are
predisposing factors for AD with asthma [6—13].
These results strongly suggest that predisposing
factors for AD include not only immune-deficiency
but also skin barrier deficiency.

The FLG is located on human chromosome
1921.3 as a member of the large gene cluster
‘“epidermal differentiation complex (EDC)”
involved in the terminal differentiation. The EDC
gene cluster is composed of FLG, six FLG-related
genes, and genes for S100 family, small proline-
rich protein family, loricrin, involcrin and so on
[14]. The FLG gene consists of three exons and
produces a transcript of 12,747 nt [15,16]. Inter-
estingly, relatively large exon 3 (12,048 bp) con-
tains all the coding sequence to encode a large
profilaggrin of >500 kDa and in fact it consists of

~11 homologous sequence units of 972 or 975 bp,
each of which corresponds to the coding sequence
of the processed filaggrin with slight sequence
difference. Hence, precise DNA sequence deter-
mination has been hampered by these multiple
units of homologous sequence.

In this study, we developed a shotgun DNA
sequencing method “FLG-shotgun’ specialized for
FLG. As a result of FLG-shotgun of 24 Japanese AD
patients, we isolated three major genotypes (A—C)
containing 11, 13, and 12 FLG homologous sequence
units, respectively. Furthermore, we found two
novel nonsense mutations on type B allele. These
results indicated efficiency of FLG-shotgun for DNA
sequence of FLG in AD patients.

2. Materials and methods
2.1. Clinical materials

Blood samples were obtained from 24 Japanese AD
patients, who have been suffering from severe,
itchy, chronically relapsing, inflammatory skin con-
dition for a long time, and observation of total IgE
amount incensement. The diagnosis of atopic der-
matitis was made using the AD diagnostic criteria
by Japanese Dermatological Association. Among
these 24 Japanese AD patients, there is no IV
patient who shows palmar hyperlinearity and typi-
cal scaling at arms and legs. This study was
approved by the committee for medical ethics at
Keio University.

2.2. FLG-shotgun

Genomic DNA was isolated from peripheral bloods or
saliva by PAX gene Blood DNA kit (Qiagen). The
homologous sequence region in FLG was amplified
by Expand High Fidelity PCR polymerase (Roche)
with four distinct primer sets: FLG set1 FLGREP-
24F and mixture of FLGREP-965R1/R2/R3, FLG set2
FLGREP-487F and FLGREP-463R, FLG set3 FLGREP-
257F and FLGREP-215R, FLG set4 FLGREP-683F and
FLGREP-669R (see Supplementary Table 1 for primer
DNA sequence). Thus, segments of 900—950 bp can
be amplified with small overlaps. PCR amplification
condition was as follows, 1 cycle of 94 °C for 2 min,
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35 cycles of 94 °C for 30's, 60 °C for 1 min, and 72 °C
for 4 min, and 1 cycle of 72 °C for 5 min. The PCR
products were purified with Wizard plus SV mini-
preps DNA purification system (Promega) and ligated
into TA cloning vector pGEM-tEasy (Promega). E. coli
was transformed with these DNAs and isolated colo-
nies were inoculated into 384-well plates. The plas-
mid DNA in the E. coli of each well was amplified by
TempliPhi DNA Amplification kit (GE healthcare
bioscience), and was sequenced by each primer
for PCR reaction using Big Dye ver. 3.1 and 3730
DNA analyzer (Applied Biosystems). Phred/Phrap/
Consed was used for assembly of DNA sequences.
Exon 2 was amplified by PCR with FLGexon2F and
FLGexon2R. Both terminal regions in exon 3 (Fig. 2)
were amplified by PCR with FilLR2F and FLGREP-
215R, and FLGREP-487F and FilLR1R. These PCR
products were sequenced as described above.

2.3. Long PCR of whole homologous
sequence region in FLG

Whole homologous sequence region in FLG was
amplified by Long PCR as described previously with
slight modification, namely, KOD FX (TOYOBO) was
used as DNA polymerase [6].

3. Results
3.1. FLG-shotgun DNA sequencing

The FLG consists of three exons and relatively large
exon 3 (12,048 bp) contains all the coding sequence
to encode a large profilaggrin of >500 kDa and in
detail it consists of ~11 homologous sequence units
(Fig. 1A and B). These homologous sequence units
correspond to the coding sequence of each of the
processed filaggrins with slight sequence differ-
ence. In fact, the self dot matrix analysis of FLG
cDNA sequence (Ref seq ID: NM_002016) revealed 11
homologous sequence units within a region (892—
11,773 nt) and a small sequence of 184 bp after 11th
unit (Fig. 1B and C). Those homologous sequence
units are extremely similar to each other, and their
length is commonly 972 bp except that units 2 and 6
are 3 bp larger than others (Fig. 1D). Therefore, it
was hard to precisely analyze each homologous
sequence unit with high accuracy.

To solve this problem, we applied the shotgun
DNA sequencing method to genomic DNA for ~20-
kbp FLG and developed a “FLG-shotgun” method
(Fig. 2). The first step of FLG-shotgun involves PCR-
amplification of all homologous sequence units using
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Fig. 1

Features of human filaggrin (FLG) gene. (A) Genomic structure. The FLG gene consists of three exons. (B) cDNA

structure (NM_002016). Exon 3 is composed of eleven homologous sequence units of 972 or 975 bp each of which encodes
filaggrin. These units are located in tandem at a region 892—11,773 nt. (C) The self dot matrix analysis of FLG cDNA
sequence (NM_002016). This figure indicates eleven homologous sequence units of 972 or 975 bp and one small unit of
184 bp. (D) The DNA sequence alignment of FLG cDNA (NM_002016). Three-base insertion and two novel nonsense

mutations can be seen.
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First Step: Amplification of each FLG homologous sequence unit
exon2
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Fig. 2 Strategy of FLG-shotgun DNA sequencing and data assembly. First step involves the PCR-amplification of each
homologous sequence unit using four sets of primers which amplify every 900—950 bp. Also, primer sets for exon 2 (1), the
distal (Il) region of unit 1, and proximal (lll) region of unit 11 are indicated as thick lines. Second step involves the
assembly of DNA sequences to assemble each unit and finally re-construct entire ORF region of FLG DNA sequence. The

amount of PCR products varies depending on the genotypes.

four different sets of PCR primers that cover 900—
950-bp segments with slight overlaps. The PCR pro-
ducts were cloned into plasmids and individually
sequenced. The second step involves assembly of
DNA sequences to determine each homologous
sequence units and eventually re-construct the
entire FLG sequence. At this stage, the amount of
PCR products varied depending on the patient gen-
otypes as illustrated in Fig. 2. Furthermore, three
additional PCR-primer sets (I-lll) were used to
amplify exon 2 and both terminal region of exon 3.

3.2. Identification of three FLG genotypes
in Japanese AD patients

We determined FLG sequence of 24 Japanese AD
patients using FLG-shotgun method described
above. At the first step of assembly of DNA
sequence, we noticed that assembled FLG
sequences were classified into two groups. The first
group consists of nine cases and has almost identical
sequence with no or a few heterozygous nucleotides
in both alleles indicating homozygote for FLG
sequence, while the second group consists of 15
cases has apparently heterozygous FLG sequences
with many variations between two alleles. We first
determined homozygous FLG sequences and they
were classified into three major genotypes (A—C)
as described below.

Homozygous genotype A was found in 3 AD
patients (P006, P008, and P011) and was matched
with reference sequence of FLG cDNA sequence

(NM_002016) containing 11 homologous sequence
units except a few SNPs. Fig. 3A shows a represen-
tative DNA sequencing data for the patient P008. In
this case, we could re-construct the continuous
entire FLG sequence with only two heterozygous
nucleotides.

Homozygous genotype B consists of 13 homolo-
gous sequence units and was found in 4 Japanese AD
patients (P005, P007, P017, and P023). We precisely
determined FLG sequence of genotype B with four
primer sets, and a representative DNA sequencing
data for the patient P023 was shown in Fig. 3B.

Homozygous genotype C consists of 12 homolo-
gous sequence units and was found in 2 Japanese AD
patients (P001 and P022). We precisely determined
FLG sequence of genotype C with four primer sets
(Fig. 3C). In both these cases, only a single contin-
uous FLG sequence was assembled.

In other 15 AD patients, we assembled over 20
homologous sequence units first. It apparently indi-
cated that they have two different FLG genotypes
ondistinct alleles. In these cases, we re-constructed
two FLG sequences on distinct alleles based on the
SNPs between two alleles. As a result, 28 out of 30
re-constructed FLG sequences were classified into
genotype A, B, or C except two cases derived from
one allele of P019 and P021 (Table 1). Although FLG
sequences of these two alleles were basically
matched with genotype B FLG, two homologous
sequence units were lost, resulting in 11 homologous
sequence units (Fig. 4A). We designated this geno-
type as type Bs.
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Fig. 3 Schematic representation of data analysis for genotypes A, B, and C of FLG. The frequency of sequence-reads is
indicated by thickness of black rectangles. (A) The genotype A of FLG. The FLG DNA sequence of genotype A was re-
constructed by two sets of PCR (set 1 and set 2). Two heterozygous nucleotides (1591 C/A and 7992 A/C) were found in
genotype A of FLG derived from PO08. (B) The genotype B of FLG. The FLG DNA sequence of genotype B was re-constructed
by four sets of PCR (sets 1—set 4). No heterozygous nucleotides was found in genotype B of FLG derived from P023. (C) The
genotype C of FLG. The FLG DNA sequence of genotype C was re-constructed by four sets of PCR (set 1—set 4). No
heterozygous nucleotides was found in genotype C of FLG derived from P022. (D) Long PCR analysis of genotypes A—C, and
Bs of FLG. PO08 (A/A), P023 (B/B), P022 (C/C), and P021 (A/Bs) were used as representatives of each genotype.

Finally, we found three major (A—C) and one
minor (Bs) genotypes for the FLG gene of 24 Japa-
nese AD patients (Table 1). There are four cases
(P0O01, PO05, P022, and P023) for which no hetero-
zygous nucleotide was detected perhaps because
DNA sequence of two alleles are identical or one
allele is deleted.

To confirm the reliability of these re-constructed
FLG sequences, we compared the length of long PCR
products which include whole homologous sequence
units region (Fig. 3D). We found that the length of
long PCR products observed are consistent with the
number of homologous sequence units in recon-
structed FLG sequences of each genotype. These
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Table 1 Genotype and mutation analyses of FLG for 24 Japanese AD patients
Patients FLG genotype No. of units per allele Nonsense mutation
P001 c? 12° —
P002 A/B 11/13 —
P003 A/B 11/13 —
P004 A/B 11/13 —
P005 B® 132 —
P006 A/A 11/11 —
P007 B/B 13/13 —
P008 A/A 11/11 —
P009 B/C 13/12 —
PO10 A/B 11/13 —
PO11 A/A 11/11 —
P012 B/C 13/12 —
PO13 A/C 11/12 —
P014 A/B 11/13 —
PO15 A/C 11/12 —
PO16 A/B 11/13 8666-8667CC>GA (B)
P017 B/B 13/13 —
P018 A/B 11/13 —
PO19 A/Bs 11/11 9887C>A (Bs)
P020 A/B 11/13 8666-8667CC>GA (B)
P021 A/Bs 11/11 9887C>A (Bs)
P022 ca 122 —
P023 B® 132 —
P024 A/B 11/13 —

2 DNA sequence of two FLG alleles are identical or one allele may be deleted.

results indicated that previously reported length
polymorphism of FLG were derived from unit num-
ber difference among FLG sequences [3].

3.3. Sequence differences among three
FLG genotypes

We identified three distinct genotypes (A—C) which
represent different number of homologous
sequence units (Fig. 4A). The genotype B consists
of 13 units including 8A and 6A which are similar to
units 8 and 6, respectively, The genotype C consists
of 12 units including 8A but one unit is lacked
between unit 10 and unit 6A comparing with geno-
type B. The genotype Bs lacked unit 8A and 9 from
genotype B, which would be subtypes of genotype B.
Among these genotypes of FLG, we often identified
single nucleotide sequence polymorphisms among
these three genotypes (Supplementary Table 2).
These sequence polymorphisms were valuable to
precisely assemble each homologous sequence
units, especially when patient’s genotypes are het-
erozygous.

3.4. Two novel nonsense mutations in the
FLG of Japanese AD patients

The previous reports showed thirteen different
mutations in the FLG for European IV and AD

patients, and two additional nonsense mutations
(52554X and 3323delA) for Japanese IV and AD
patients [6—9]. We found two novel nonsense muta-
tions in 24 Japanese AD patients: one mutation
8666-8667CC>GA on unit 9 of allele B in the patient
PO16 (also patient P020) causes a honsense mutation
S2899X (Fig. 4A and B) and the other mutation
9887C>A on unit 10 of allele Bs in the patient
P021 (also patient P019) causes a nonsense mutation
S3296X (Fig. 4A and C).

4. Discussion

In this study, we developed a shotgun DNA sequen-
cing method “FLG-shotgun” specialized for deter-
mining DNA sequence of the complicated FLG that
consists of 11—13 tandem homologous sequence
units of 972 or 975 bp. In this method, multiple
units of FLG homologous sequence are amplified
by PCR using several sets of common primers which
are designed at conserved region of multiple units,
and DNA sequences of each PCR product were deter-
mined. Finally, DNA sequences of FLG in both alleles
were re-constructed respectively using DNA
sequence differences among each multiple units
of homologous sequence. Previous studies used
the several primer sets to amplify the specific region
of these multiple units [8,9]. This method is one of
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Fig. 4 The genotype of FLG and two novel nonsense mutations. (A) Three major (types A, B, and C) and one minor
genotypes (type Bs) of FLG gene in Japanese AD patients. (B) The mutation 8666-8667CC>GA in the allele B of patient
P016 as compared to the normal allele A. This mutation causes nonsense codon S2899X. (C) The 9887C>A mutation in the
allele Bs of patient P021 as compared to the normal allele A. This mutation causes nonsense codon S3296X.

efficient method to determine the FLG DNA
sequence, however, it is difficult to distinguish
the DNA sequence of two alleles. Furthermore,
there is a little possibility to miss the detection of
the novel FLG genotype which is not amplified using
current primer sets. Actually, number of these mul-
tiple units of homologous sequence is different in
each individual [3,6]. Therefore, novel DNA sequen-
cing method for FLG is worthwhile to know the
detailed FLG DNA sequence information of each
genotype.

As a result of FLG-shotgun of 24 Japanese AD
patients, we identified three major genotypes (A—
C) regarding difference in the number of homolo-
gous sequence unit. Previous report indicated that
number of FLG homologous sequence unit varies
from 10 to 12 [3]. We observed such variation but
it ranged from 11 to 13 in Japanese AD patients,
suggesting a significant difference in human races.
This variation was also linked often with small
nucleotide sequence differences within homologous
sequence units.

We found two novel nonsense mutations (52899X
and $3296X) in Japanese AD patients. Previously, the
most of nonsense mutations of FLG were identified

from IV patients, and then were confirmed in AD
patients. In this study, we directly found these two
mutations in AD patients. Currently, there is no
information whether all FLG mutations responsible
for AD are common with IV. Further studies would be
needed to confirm the association between IV and
two novel FLG mutations that we found.

We could not find any other mutations that were
reported for European and Japanese AD patients.
Other study also reported no European type non-
sense mutations in Japanese AD patients [6,9].
Therefore, the types of nonsense mutation would
be different between European and Japanese popu-
lations. The nonsense mutations produce a trun-
cated shorter profilaggrin which may still be
processed to filaggrins. If this was the case, the
reduced amounts of filaggrin would be insufficient
to form strong skin barrier and in turn it would
directly affect the patient phenotype. Further study
will be necessary to confirm the relation between
FLG gene mutations and production level of filaggrin
in the AD patients. Moreover, in the EDC locus, there
are six other FLG-related genes and these genes are
possible to associate with the pathogenesis of AD.
Therefore, the FLG-shotgun method would also be
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applicable to the association study of those genes in
EDC to further elucidate the genetic basis of AD.
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