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Background Whether environmental exposures may modulate the effect of the skin
barrier gene on atopic dermatitis (AD) remains to be elucidated.

Objectives To determine whether filaggrin (FLG) variants can serve as a predictor
for atopic disorders in Chinese individuals and if allergen exposures may modify
the effect of FLG variants on AD by total IgE levels.

Methods In total, 116 children aged 2-5 years with AD and 212 control subjects
were analysed for the FLG variants using DNA sequencing. Multiple logistic
regression models were performed to estimate the association among FLG poly-
morphisms and atopic phenotypes. Serum total IgE level, standing for the degree
of allergen exposures, was later stratified to determine the effects of FLG poly-
morphisms on AD.

Results A significant difference in genotype frequency was found among AD cases
and controls in FLG P478S polymorphism. FLG P478S GG genotype significantly
increased the risk of AD [odds ratio (OR) 460, 95% confidence interval (CI)
1-88—11-24]. In addition, among subjects with AD, GG genotypes also signifi-
cantly increased the risk of developing asthma (OR 468, 95% CI 1:37-1603).
Further, a similar result was obtained for allergic rhinitis (OR 3-23, 95% CI
1:-01-10-30). Interestingly, the P478S GG genotype was significantly related to
AD (OR 567, 95% CI 1-93—-16:60) in children with IgE level > 100 kU L™".
However, the association was not evident when IgE level was < 100 kU L™".
Conclusions Our results suggest that the FLG P478S polymorphism may confer
susceptibility to the development of AD among Chinese individuals and may be
modified by IgE levels.

Atopic dermatitis (AD) is a debilitating chronic relapsing in-
flammatory skin disorder that is highly prevalent in the devel-
oped world, where it affects 15-20% of children.! Because
most infants with AD are most likely to develop asthma later
in life, many researchers have previously focused their genetic
analysis on asthma susceptibility regions. However, genome-
wide studies have shown merely partial overlap of AD with
asthma, but a closer relationship with other epithelial dis-
eases.’ Therefore, awareness has been drawn to the impaired
skin barrier function which is a hallmark of AD. Although
changes in three groups of genes encoding structural proteins,
epidermal proteases and protease inhibitors predispose to a
defective epidermal barrier, the powerful effect of filaggrin
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(FLG) gene variation on AD risk exceeds that of any other
investigated candidate gene thus far.®

FLG is located within the epidermal differentiation complex
(EDC) 1q21. The EDC is a dense cluster of genes involved in
the terminal differentiation of the epidermis and formation of
the stratum corneum. FLG is a key epidermal protein in facili-
tating the terminal differentiation of keratinocytes and thereby
in maintaining normal skin barrier function and hydration.*
To date, approximately 40 loss of-function FLG mutations have
been identified in AD.>® In the European population, up to
six recurrent FLG mutations and several other family-specific
mutations have been discovered. Among them, the two muta-
tions R501X and 2282del4 are the most prevalent.”®
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However, Nomura et al.” found that none of the investigated
Japanese ichthyosis vulgaris families carried the European-spe-
cific mutations and identified four novel mutations, S2554X,
3321delA, S2889X and S3296X, to be strongly associated with
AD in the Japanese cohort. Subsequently, two additional muta-
tions, Ser1695X and GIn1701X, were detected.'® A novel FLG
nonsense mutation, Lys4021X, was also identified in one
patient with AD without any other known Japanese FLG muta-
tion.® Furthermore, one of the common European mutations,
Arg501X, was reported in a Japanese family.'" Overall, there
are at least eight FLG variants in the Japanese population. In
the Chinese population, Ma et al.'” reported that FLG mutation
3321delA is a risk factor for a subset of patients with AD,
particularly in males with concomitant respiratory allergic
diseases and early age at onset. Moreover, Ching et al.'?
detected FLG mutation R501X in Chinese children with AD.
Most FLG variants are specific to different populations; never-
theless, FLG variants in the Taiwanese population have not
been fully analysed.

As the skin barrier plays a crucial role in preventing allergic
sensitization,'* understanding of gene—environment inter-
actions in AD will provide a rationale for targeted therapeutics
capable of preventing disruption of barrier function. However,
whether skin barrier function in individuals with FLG variants
may modulate the effect of environmental exposures, thus
modifying the expression of AD, remains to be elucidated. In
this study, we wished to evaluate if FLG variants can serve as a
predictor for atopic disorders in Chinese individuals. More-
over, we also investigated if allergen exposures may modify
the effect of FLG variants on AD by total IgE levels.

Materials and methods

Study population

In total, 116 children aged 2—-5 years with AD were recruited
from hospital-based clinics. Two control subjects selected from
well baby clinics and the Taiwan birth panel study as described
elsewhere'® were matched to each case subject by gender and
age (within 5 months). Finally, 212 control specimens were
available. DNA samples were collected with institutional
research  ethics committee approval at our hospital
and informed consent that complies with all the Declaration of

Helsinki Principles. All subjects were of the same ethnic origin.

Case definition

AD cases were defined according to the diagnostic criteria of
Hanifin and Rajka.'® Children not included in these categories
were classified as control subjects. Detailed phenotypic data
were gathered and examined by experienced physicians. Early-
onset AD was defined as age at onset of AD < 2 years. The
association between FLG mutations and asthma and allergic rhi-
nitis was investigated as a secondary analysis. Children were
considered as having asthma if the answer to the question ‘Has
a doctor ever diagnosed this child as having asthma?’ was ‘yes’

in a validated International Study of Asthma and Allergies in
Childhood (ISAAC) questionnaire. The definition of allergic
rhinitis was also based on the parent’s information of a doc-
tor’s diagnosis of allergic rhinitis in the ISAAC questionnaire.

Laboratory methods

IgE antibody analysis

Total serum IgE concentrations were determined with Pharma-
cia UniCap IgE assay test system (Pharmacia Diagnostics, Upp-
sala, Sweden). IgE levels were considered increased at values
of 2100 kU L™". Concentrations < 0-35 kU L™" were defined
as absent or undetectable IgE.

Genotyping

Genomic DNA was extracted from oral epithelial cells and
blood leucocytes by a commercially available DNA isolation
kit (Puregene; Gentra Systems, Minneapolis, MN, U.S.A.). The
variants of genetic candidates, including common polymor-
phisms (T454A, P478S, E498D, H519N, R3270C, Q3322Q)
and rare mutations (RSOIX, S3247X, S3296X, S2554X,
S2889X, 2282del4, 3321delA, E1795X, E2422X and Q2417X)
(Table S1, see Supporting Information) selected from hotspots
of Asian populations from the NCBI website and literature
reviews, were performed by DNA sequencing as described

7-9,17
elsewhere.” ™

The primer sequences (Table S2; see Support-
ing Information) were designed by Primer3 v0.4.0 (http://
frodo.wi.mit.edu/primer3/) and synthesized from Integrated
DNA Technologies (Coralville, IA, U.S.A.). Polymerase chain
reaction (PCR) was performed in a total volume of 20 pL
containing 50 mmol ™' KCl, 10 mmol L™' Tris—HCI
(pH 83), 5-10% dimethylsulphoxide, 1-5 mmol L™" MgCl,,
200 mmol L' each of dATP, dCTP, dGTP and dTTP, 0-5—
1:0 U of Super-Therm polymerase, 20 pmol of each primer,
and 50 ng of gDNA. The PCR amplification conditions were
95 °C for 30 s, 60—65 °C for 30 s, and 72 °C for 30 s for 40
cycles followed by 10 min at 72 °C in an Eppendorf 5331
thermal cycler (Eppendorf, Hamburg, Germany). The PCR
products were analysed with ethidium bromide—agarose elec-
trophoresis in Tris—acetate—EDTA buffer. Then they were
cleaned up with exonuclease I (New England Biolabs, Ipswich,
MA, U.S.A.) and shrimp alkaline phosphatase (Promega, Madi-
son, WI, US.A)). The ExoSAP PCR products were used as
templates to perform DNA sequencing reactions. The reactions
were carried out by Big Dye Terminator v3.1 Cycle Sequenc-
ing kit (Applied Biosystems, Foster City, CA, U.S.A.) and
capillary electrophoresis on an ABI 3730 DNA Sequencer
(Applied Biosystems). Sequencing data were analysed with
DNA Sequencing Analysis Software v5.2 (Applied Biosystems)
and Codoncode Aligner Software v2.0.6 (Codoncode, Ded-
ham, MA, U.S.A.). The quality of DNA sequencing was moni-
tored with three quality assurance guarantees including
average signal intensity > 300, the ratio of signal/noise > 50,
and the QV value (the established metric for determining the

© 2011 The Authors

BJD © 2011 British Association of Dermatologists 2011 164, pp791-796



quality of sequencing data) > 20 (meaning an error rate of
< 1%). All groups compared were measured in the same assay
in duplicate for each subject to reduce the influence of
unavoidable interassay variances. To control for errors and
technical problems in genotyping, derived genotype frequen-
cies were compared with the expected allelic population equi-
librium based on the Hardy—Weinberg equilibrium test.

Statistical analysis

Baseline characteristics were compared between case and con-
trol subjects with two-sample t-test for continuous variables or
%" tests for categorical variables. Allele and genotype frequen-
cies were compared using ¥ tests. We further investigated the
subset of children with AD and evaluated the FLG variants as a
risk factor for asthma and allergic rhinitis by Fisher exact tests.
To study the modification effect of IgE, we divided IgE levels
into two categories with < 100 kU L™' standing for low
allergen exposures and > 100 kU L™ standing for high aller-
gen exposures, with the lower level used as the reference
category.'* For the association between IgE levels and FLG poly-
morphisms with AD, odds ratios (ORs) with 95% confidence
intervals (CIs) were calculated by conditional logistic regression
models. Analyses were performed in both univariate and multi-
variate models. Next, we tested for gene—environment inter-
action by adding a product term in the regression model.
Family income, maternal age, maternal education, maternal his-
tory of atopy, duration of breast feeding, birth weight, number
of older siblings, usage of carpets or incense at home, environ-
mental tobacco exposure, and fungi on house walls were all
taken into consideration as potential confounders for analysis.
Those that made 10% change in point estimates in the statistical
procedures were then adjusted for. All hypothesis testing was
two-sided at the significance level of 0-:05 and was performed
with SAS software v9.1 (SAS Institute, Cary, NC, U.S.A.).

Results

Of the 116 AD cases, 52:6% had asthma, 47:4% had allergic
rhinitis, and 73:3% showed an early onset of the disease. The
total IgE of AD cases was higher than that of controls
(mean * SD 21008 + 37276 vs. 124:12 + 215:58 kU L™",
P = 0:009). The demographic characteristics are outlined in
Table 1. There was no significant difference between cases
and controls with the exception of maternal history of atopy.
The European-specific mutations R501X and 2282del4 and
Japanese-specific mutations $2554X, S2889X and S3296X were
absent in Chinese individuals. However, a significant differ-
ence in genotype frequency was found among AD cases and
controls in FLG P478S (rs11584340) polymorphism. Observed
genotype frequencies did not deviate significantly from
expected frequencies under the Hardy—Weinberg equilibrium
test assumption. The frequency of the GG genotype in patients
with AD was significantly higher than in controls (14:7% vs.
3:8%, P = 0-002) (Table 2). The G allele frequency of patients
(31:0%) was also significantly higher than that of controls
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Table 1 Characteristics of the study population

Cases Controls
Characteristics (n=116) (n = 212)
Mother
Maternal age at delivery 30 (20—40) 28 (22-37)
(years), median (range)
Maternal education, n (%)
High school and below 47 (40-5) 106 (50:0)
College and above 69 (59-5) 106 (50:0)
Maternal history of atopy, 24 (20:7)* 17 (8-:0)*
n (%)
Children
Gestational age < 37 weeks, 3 (7-0) 16 (8-2)
n (%)
Birth weight (g), 3196:0 + 3952 31806 * 4671
mean + SD
Environmental factors
Duration of breast feeding 48 (414) 100 (47-2)
< 6 months, n (%)
Two or more older siblings, 54 (46:6) 114 (53:8)
n (%)
Fungi on house wall, n (%) 47 (40-5) 100 (47-2)
Carpets at home, n (%) 4 (3'5) 15 (7-1)
Incense used at home, n (%) 62 (53-5) 100 (47-2)
ETS exposure, n (%) 50 (43°1) 78 (368)
Family income per year
(NT dollars), n (%)
< 600 000 27 (233) 37 (17°5)
600 000—1 500 000 68 (586) 129 (60-8)
>1 500 000 21 (18°1) 46 (217)

ETS, environmental tobacco smoke; NT dollars, New Taiwan
dollars. *P < 0-05.

(20-8%) (P = 0:0034). Carriers of the GG genotype were
more likely than noncarriers to have AD (adjusted OR 4-50,
95% CI 1-84-11-03) (Table 3).

We further investigated the subset of children with AD. AD
subjects with P478S GG genotype had a significantly increased
risk (OR 468, 95% CI 1:37-16:03) of developing asthma
compared with those carrying AA or AG genotypes (Table 4).
Similar results were obtained for allergic rhinitis (OR 323,
95% CI 1:01-10-30) and the early-onset phenotype (OR 4-26,
95% CI 0-49-37-26).

We also investigated the effect of FLG polymorphisms and
allergen exposures on AD by total IgE levels (Table 3). In chil-
dren with IgE level > 100 kU L', FLG P478S GG genotype was
significantly related to AD (OR 5'67, 95% CI 1:93-16:60).
However, the association was not evident when IgE level was
< 100 kU L™". Subsequently, we tried to assess the interaction
effects between FLG P478S GG genotype and total IgE levels in
AD subjects. However, the analyses of FLG P478S GG genotype
and total IgE levels did not show significant interactive effects.

Discussion

This study is a contribution to the literature on the potential
association among FLG genetic polymorphisms, IgE and AD.
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Table 2 Allele and genotype frequencies of

Allele frequency

the FLG 478S polymorphism in the study
population

P478S  AA,n (%) AG,n (%) GG, n (%) P-value A, 1 (%)

G,n (%) P-value

Cases 61 (52:6) 38 (32:8) 17 (147) 0:002 160 (69:0) 72 (31:0) 00034
Controls 132 (62:3) 72 (340) 8 (3-8) 336 (79:3) 88 (20-8)
Table 3 The association between FLG P478S
FLG P478S, n (%) Cases Controls Crude OR (95% CI) Adjusted OR (95% CI)* polymorphism and atopic dermatitis stratified
by IgE levels
Total population
AA 61 (52:6) 132 (62:3) — =
AG 38 (328) 72 (34°0) 1-14 (0:70-1-88) 1:08 (0-:65-1-79)
GG 17 (14°7) 8 (3:8) 460 (1-88—11-24)* 450 (1-84-11-03)*
IgE level < 100 kU L™"
AA 16 (61'5) 47 (60-3) — =
AG 8 (30-8) 28 (3579) 0-84 (0-32-2-21) 0-73 (0-27-2:00)
GG 2(7°7) 3 (38) 196 (0:30-12-80) 196 (0-30-12-80)
IgE level > 100 kU L™'
AA 45 (50-0) 85 (634) — =
AG 30 (33:3) 44 (328) 129 (0:72-2:32) 1-24 (0-68-2-52)
©E 15 (167) 5 (3:7) 567 (193-16:60)* 5:58 (1-90-16:37)*

*Model adjusted for maternal history of atopy. OR, odds ratio; CI,

*P < 0-05.

Our results further reinforce the role of the FLG P478S poly-
morphism on AD, which is the strong genetic factor identified
in this common complex disease. To the best of our know-
ledge, the interaction between FLG genotypes and IgE levels in
subjects with AD has not been studied before. We found that
the adverse effects of allergen exposures were largely restricted
to children carrying the FLG P478S GG genotype.

Combining our results with the published data, the Euro-
pean mutations R501X and 2282del4 and Japanese-specific
mutations S2554X, S2889X and S3296X are either extremely
rare or, more likely, completely absent within the Chinese

populations.”*

We identify, however, one specific FLG
P478S polymorphism in the Taiwanese Chinese children with

AD. Although differences exist in the spectra of FLG mutations

Table 4 The association between FLG P478S polymorphism with
atopic phenotypes restricted to subjects with atopic dermatitis (AD)

AD

Asthma Asthma AR AR  Early Iate

Genotype =) (+) (=) (+) onset onset
AA 36 25 35 26 39 22
AG 21 17 15 23 30 8
GG 4 13 5 12 16 1
Total 61 55 55 61 85 31
P-value 0-033 0:063 0-026

OR (recessive) 468 3:23 426

95% CI 1:37-16:03 1:01-10-30 0-49-37-26

AR, allergic rhinitis; OR, odds ratio; CI, confidence interval.

confidence interval.

observed among different ethnic groups, FLG mutations appear
to be significant predisposing factors for AD universally.
Therefore, it is important to establish global population
genetic maps of FLG variants.

The polymorphism of FLG P478S played a role in the devel-
opment of AD in our study. One of the explanations is that
P478S is located in exon 3 of the FLG gene. It is at the initiat-
ing part of the first FLG repeat and near the first linker
segment, codon 468474, which connects the 5’-end with the
truncated FLG repeat.'® The 478 serine residue may be phos-
phorylated and hampers the protease cleavage, thus affecting
the aggregation rate between FLG and keratin filaments.
Another possible explanation is that the FLG variant is associ-
ated with AD through linkage disequilibrium with another
unrecognized gene which is the real susceptibility locus. How-
ever, this seems implausible because of the independent rela-
tionship of five different FLG mutations with AD in the
European population and the reduction in FLG expression in
atopic skin as a result of FLG mutations in some biochemical

. 18,19
studies.

It is possible that other genetic variants — serine
protease inhibitor SPINKS and kallikrein 7 gene KIK7 -
involved in skin barrier function also modify the risk of devel-
oping AD. However, it was recently reported that neither KLK7
nor SPINKS had any epistatic effects with FLG alleles.”® Further-
more, there might be confounding effects due to population
heterogeneity. Nevertheless, this effect was weak as our study
subjects were all Taiwanese Chinese, a rather homogeneous
population. Taken together, our study does support a signifi-
cant role for FLG variants in the pathogenesis of this common
complex disease.

© 2011 The Authors
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As some of the children with FLG variants did not have
any signs of AD, we hypothesize that other environmental
factors may also play a role in allowing abnormally enhanced
cutaneous presentation of antigens, allergens and chemicals
to the immune system. We also demonstrated that allergen
exposures could modify the risk of FLG variants on AD by
IgE levels in our study. Although the reduced sample size
might lower the statistical power to detect any interaction
effect in our study, we did find various associations of FLG
P478S GG genotype with AD stratified by IgE levels. This
further supports the importance of environmental exposures
to an impaired skin barrier. It was previously reported that
topical application of allergen to mice homozygous for Flg
mutation results in cutaneous inflammatory infiltrates and
enhanced cutaneous allergen priming with development of
allergen-specific antibody responses.”' Observations of chil-
dren with AD and the FLG variants who were exposed to
topical emollients containing peanut protein were in line
with these findings. These children showed a significantly
increased risk of peanut sensitization.”> These data all pro-
vided evidence that antigen transfer through a defective epi-
dermal barrier interacting with antigen-presenting cells is a
key mechanism underlying elevated IgE sensitization with
FLG-related atopic disease.

Previous studies speculated that the disturbance of epider-
mal barrier in subjects with AD would subsequently lead to
the development of asthma (so-called ‘atopic march’).”> We
also found associations of FLG variants with asthma and aller-
gic rhinitis in subjects with AD. Therefore, our results fur-
ther reinforce the relationship between FLG variants and
respiratory atopic diseases. Even though the results in the
ALSPAC (Avon Longitudinal Study of Parents and Children)
and ISAAC II studies were limited to asthma in the context
of AD, they further confirm the associations.**** Our data
raise important questions in regard to mechanisms behind
the association of a skin barrier gene with asthma. As FLG is
not expressed in the bronchial mucosa, it does not appear to
affect asthma pathogenesis directly by regulating allergen
permeability in the bronchial mucosa.”® Percutaneous prim-
ing and secondary immunological effects from the induction
of Th2 cytokines in epithelia are interesting hypotheses that
have been put forward.”” Additional longitudinal population-
based studies are needed to evaluate whether the association
of FLG P478S polymorphism with asthma is independent of
the association with AD. Our results also support a recent
finding of the association between FLG variants and early-
onset AD.”® Percutaneous absorption of topically applied sub-
stances is higher in early infancy.”” Combined with a higher
surface area/weight ratio in infants, a genetically dysfunc-
tional skin barrier is expected to be of greater significance in
infants with AD. Genetic screening for FLG variants through
the analysis of cord blood specimens could help identify
individuals with early-onset atopic phenotypes for early pre-
vention.

One of the strengths of our study was that single-nucleo-
tide polymorphism (SNP) genotyping was performed using
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DNA sequencing. The validity of DNA sequencing is higher
than methods using restriction fragment length polymor-
phisms or quantitative PCR (TagMan) assay. Furthermore,
assessing allergen sensitization by serum IgE, a sensitive
quantitative biomarker of allergen sensitization, can reduce
the recall bias of allergen exposure assessment from ques-
tionnaires. We were also careful to define AD using a well-
validated method (Hanifin and Rajka’s diagnostic criteria) in
addition to skin examination by an experienced physician.
This may decrease the diagnosis bias. Our study has some
potential limitations. As it was difficult to perform lung
function tests and rhinoscopy examinations for young chil-
dren, we wused the ISAAC questionnaire for diagnosing
asthma or allergic rhinitis. This could be a potential bias.
Nevertheless, the ISAAC questionnaire has been previously
validated in children against clinical investigation in studies

30-32
Because the

performed in several European countries.
genetic architecture of FLG-related AD seems to consist of a
mixture of prevalent FLG polymorphisms common within
different races/ethnicities in addition to several infrequent,
family-specific, and individualized mutations,>> we cannot
exclude the possibility that there are more FLG variants in
the Chinese population yet to be discovered. However,
some FLG variants reported may be rare mutations with low
allele frequency in the populations, which might not be a
sensitive screening tool.”® Based on the common disease—
common variant hypothesis,* P478S was the most common
variant of the FLG coding region in the SNP database of the
NCBI and may serve as a good screening tool.'” Further
comprehensive analysis of the FLG gene in the Chinese
population is ongoing in our laboratories to search for
other candidate SNPs.

In conclusion, we have uncovered that FLG P478S polymor-
phism may confer susceptibility to the development of AD
among Chinese individuals and predispose subjects with AD
later to develop asthma and allergic rhinitis. As the adverse
effects of allergen exposures were largely restricted to children
carrying FLG P478S GG genotype, preventive measures to
avoid allergens or early interventions using topical emollients
to reconstitute the skin barrier function should be introduced
in these susceptible children to avoid subsequent sensitization.

What’s already known about this topic?

e Whether environmental exposures may modulate the
effect of the skin barrier gene on atopic dermatitis (AD)
remains to be elucidated.

What does this study add?

e FLG variants can serve as a predictor for AD in Chinese
individuals.

e Allergen exposures may modify the effect of FLG vari-
ants on AD by total IgE levels.
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Supplement

Table S1. Candidate SNPs of FLG

Gene

Amino Acid change

PCR Product

FLG

T454A
P478S

E498D
R501X
H519N

A

S3247X
R3270C
$3296X
Q3322Q

L2481S
H2507Q
S2554X

D2781D
S$2889X
V3215V
2282del4
3321delA
E1795X
E2422X
Q2417X




Table S2. PCR primers used for genotyping of FLG variants

PCR Primer-F Primer-R PCR Amplicom(bp )
product

PCR-A GAACCTGAGTGTCCAGACCTATTTA | CAGAAAACTCAGACACACAATCAGT | 346-bp

PCR-B TGCAGATGAAGCTTGTCCAC TCTGAGAGGTGGTCTGGGTC 297-bp

PCR-C CCACACGTGGCCGGTCAGCA CTGGCTAAAACTGGATCCCCA 512-bp

PCR-D GATGGACGGGGCCCAGCACTA CTTGGTGGCTCTGCTGATGGGA 1108-bp




