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Summary
Background The biological mechanisms of how prenatal smoke exposure leading to atopic
disorders remain to be addressed. Whether prenatal smoke exposure affects DNA methyla-
tion leading to atopic disorders is not clear.
Objective As most children suffering from atopic dermatitis (AD) continue to develop
asthma later in life, we explored whether prenatal smoke exposure induces cord blood
DNA methylation.
Methods Methylation differences associated with smoke exposure were screened by Illu-
mina Infinium 27K methylation arrays for 14 children from the Taiwan birth panel
study cohort initially. Information about development of atopic dermatitis (AD) and risk
factors was collected. Cord blood cotinine levels were measured to represent prenatal
smoke exposure. CpG loci that demonstrated a statistically significant difference in
methylation were validated by methylation-dependent fragment separation (MDFS). Dif-
ferential methylation in three genes (TSLP, GSTT1, and CYB5R3) was identified through
the screen.
Results Among these, only thymic stromal lymphopoietin (TSLP) gene displayed signifi-
cant difference in promoter methylation percentage after being validated by MDFS
(p = 0.018). TSLP gene was further investigated in a larger sample of 150 children from
the cohort who completed the follow-up study. Methylation status of the TSLP 5′-CpG
island (CGI) was found to be significantly associated with prenatal smoke exposure
(OR=3.17, 95% CI=1.63–6.19) and with AD (OR=2.32, 95% CI=1.06–5.11). The degree of
TSLP 5′CGI methylation inversely correlated with TSLP protein expression levels
(r = �0.45, P = 0.001).
Conclusions & Clinical Relevance The effect of prenatal tobacco smoke exposure on the
risk for AD may be mediated through DNA methylation.
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Introduction

The prevalence of allergic diseases has been increasing
world-wide. The reasons for the increased prevalence
remain unclear, but epidemiological studies have dem-
onstrated the importance of environmental exposures in
the diseases susceptibility. New studies reinforce the

importance of in utero exposures (e.g. allergens, ciga-
rette smoking, pollutants, and dietary nutrients) in fetal
immune development and in programming the suscepti-
bility to allergic diseases [1].

In our previous studies, we found prenatal smoke
exposure may increase the risk of atopic dermatitis
(AD) in the offspring [2]. Multiple large prospective



studies indicate that prenatal exposure to environmen-
tal tobacco smoke is associated with impaired respira-
tory function, transient wheeze and asthma in young
children [3–5]. More recent studies demonstrated that
maternal smoking during but not following pregnancy
contributes to an increased risk of allergic sensitization,
recurrent wheezing, and asthma [6–8]. According to the
hypothesis of the early origins of chronic disease, expo-
sure to agents that are transmissible from mother to
fetus has profound influences on the functional perfor-
mance of many organs later in life [9]. These works all
provide the convincing evidence that prenatal environ-
mental exposures can influence the risk for subsequent
atopic disorders.

Prenatal exposures may also have important and
permanent effects on DNA methylation. Recent studies
suggest that epigenetic regulation, heritable changes in
gene expression that occur in the absence of altera-
tions in DNA sequences, may in part mediate the com-
plex gene-by-environment interactions that can lead
to allergic diseases [10, 11]. The main epigenetic medi-
ators are DNA methylation, histone modification, and
non-coding RNAs [12]. They work on developmental
plasticity such that environmental exposures during
critical periods might alter the course of cellular dif-
ferentiation in utero to gain adaptive advantages for
later-life challenges [13]. Various components of the
epigenetic pathway and primarily aberrant DNA meth-
ylation patterns are used as potential biomarkers for
cancer diagnosis and prognosis [14]. Moreover, a com-
prehensive assessment of the effect of maternal smok-
ing on cord blood DNA methylation has been
performed, although without allergic disease outcomes
[15]. Blood DNA methylation has also been reported
to alter the risk of AD, although the analysis is
restricted to CpG sites in the filaggrin gene and not
genomewide [16]. Despite these initial progresses, the
mechanisms of how prenatal exposures affect allergic
disease development through their actions on DNA
methylation and gene expression need to be eluci-
dated. Moreover, there are limited new preventive
strategies for allergic disease due to the absence of
epigenetic predictive biomarkers. The lifelong effects
after preventable exposures indicate an urgent need to
understand better the potential mechanisms that medi-
ate these effects.

As AD is a common chronic allergic skin inflamma-
tion that has a high prevalence among children and a
large proportion of children suffering from AD continue
to develop asthma later in life ‘atopic march’ [17], we
explored whether prenatal exposure to tobacco smoke
induces aberrant DNA methylation of specific genes
that were related to childhood AD. We also searched for
epigenetic biomarkers related to both smoking and
atopic diseases in children.

Materials and methods

Study population

We recruited 261 mother and child pairs with cord
blood in a Taiwan birth panel study (TBPS), as previ-
ously described [2]. All of the selected subjects were
Han Chinese, with the premise that they were rather
homogeneous. Full enrolment into the study required
the completion of prenatal smoke exposure monitoring
by checking cord blood cotinine levels. The parents
were asked by home interview questionnaires at birth
for parental age and education levels, family income,
parental history of atopic diseases, diets and supple-
ments during pregnancy, history of maternal smoking,
and environmental tobacco smoke exposure during
pregnancy. From the records of the hospitals, we gath-
ered neonate’s health data, such as birth body weight,
gestational age, and type of delivery. At 2 years of age,
150 children completed the follow-up study and speci-
men collection. Information about development of AD
was collected. AD cases were defined according to the
diagnostic criteria by Hanifin and Rajka [18]. Children
not included in these categories were classified as con-
trol subjects. Written informed consent was obtained.
The study protocol was approved by the institutional
review board from National Taiwan University Hospital
with the approval number 9561707005 and complied
with the principles outlined in the Helsinki Declaration.

Laboratory method

Exposure monitoring. The buffy coat and plasma sam-
ples were separated and stored at �80°C. DNA
(100–500 ng) was extracted from cord white blood cells.
Cord blood cotinine levels were measured by high-per-
formance chromatography–mass spectrometry (HPLC-
MS/MS) to stand for prenatal tobacco smoke exposure,
as described elsewhere [2]. The cotinine levels below the
limit of detection were imputed as 0.04 ng/mL.

Selection of candidate genes by Illumina methylation
microarray. Figure 1 shows the study flow chart
employed for selecting candidate genes associated with
prenatal smoke exposure and AD. The study population
was dichotomized into high and low smoke exposures by
the median cord blood cotinine levels of the entire cohort
(0.12 ng/mL). Initially, we analysed DNA samples of
seven gestational age and gender-matched children of
high exposure (3 with and 4 without AD) and 7 gesta-
tional age and gender-matched children of low exposures
(3 with and 4 without AD). The 14 samples were screened
with the Illumina Infinium Human Methylation 27 bead
chip to comprehensively assess the differences in CpG
island methylation between high- and low-exposure
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groups. This bead chip contained 27578 human CpG
methylation markers, and the detailed analysis
procedures to identify candidate genes are illustrated in
Figure S1. After scanning, quantile normalization was
performed to remove potential system biases among
different microarray slides. To identify genes showing
differential methylation levels between cotinine high and
low exposure, Wilcoxon rank sum test was used. Hierar-
chical clustering was used to illustrate the methylation
variations in the samples of cotinine high-exposure
group by using the Genesis program (Figure S2) [19].
Moreover, two additional filtering criteria were applied
based on Illumina Infinium Assay Methylation Protocol
Guide provided by the manufacturer to reduce the false
discovery rates caused by the limited sample size. The
beta values of candidate target genes after high and low
doses cotinine exposure must fall into two groups, show-
ing different methylation levels. The grouping conditions
for beta values were as follows [20, 21]. Genes with beta
values more than 0.7 were classified into ‘high-methyla-
tion’ group, whereas those with beta values lower than
0.3 were grouped as ‘low-methylation’. In addition, genes
with beta values more than 0.3 and less than 0.7 were
reported as ‘middle-methylation’. The second criterion
was that the beta value difference must be larger than 0.1
to reflect notable methylation changes. Furthermore,
candidate genes should have CpG islands (CGIs) in the
promoter region and have reported associations with
tobacco smoke exposures or atopic disorders from the lit-
erature reviews or NCBI website. These microarray data
have been submitted to Gene Expression Omnibus with

the accession number: GSE35222. The DNA isolation was
performed by QIAGENE Gentra Puregene Kit (German-
town, MD, USA). The DNA bisulphate conversion and
purification were performed by EZ DNA Methylation Kit
(Zymo Research, Irvine, CA, USA).

Establishment of the methylation status by methylation-
dependent fragment separation (MDFS) in a larger sam-
ple. After validation of the association between the
methylation status and exposure levels by MDFS in ini-
tial 14 samples screened by array, we further estab-
lished an association between methylation status,
exposure levels, and AD in a larger sample of 150
cohort children who completed the follow-up study and
specimen collection at 2-years-old. The demographic
characteristics of the cohort population and study sam-
ple were not significantly different from each other
(Table S2). The study sample was representative of the
cohort population in terms of child’s gender, maternal
age, median and distribution of cotinine exposure, and
percentage of children with AD.

The bisulphate CT conversion rate was > 99%. Meth-
Primer software was used to identify CGIs of candidate
genes selected from methylation array and to design
primers for polymerase chain reaction (PCR) (Table S1).
The methylation status was detected with MDFS [22].
Following bisulphite conversion, methylated DNA dif-
fered from unmethylated DNA by the presence of multi-
ple 5 mC vs. U bases. A region of interest was PCR
amplified using a single set of fluorescent dye (6-FAM)-
labelled primers that amplify the DNA regardless of the

Isolation of DNA from white blood cells and methylation profiling by  
Illumina Infinium Human Methylation panel  

(N = 7 low exposure, cotinine < cohort median (0.12 ng/ml); N = 7 high exposure, cotinine ≥ cohort median) 

↓
Identification of 3 candidate genes with 5′CGIs displaying differential 

methylation patterns between high and low exposure groupsa

↓
Validation of an association between the methylation status and exposure levels by 

MDFS in the same N = 14 samples – 
association was confirmed for 1 candidate gene (TSLP)  

↓
Establishment of an association between TSLP methylation status, exposure levels, and

AD in a larger sample of 150 cohort children by MDFS 
↓

Generation of ROC curve for 150 children to search for the optimal cotinine cut-off level
to discriminate TSLP 5′CGIs hypermethylated from hypomethylated individuals. 

↓
Evaluation of concordance between the degree of TSLP methylation

and TSLP protein levels

Fig. 1. Study flow chart. aSee Figure S2 for details.
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methylation status. Finally, the presence of the multiple
polymorphisms (C vs. T) leads to differential migration
times during fragment analysis by capillary electropho-
resis (DNA Analyzer 3730xL, Applied Biosystems., Fos-
ter City, CA, USA) so that an amplicon from methylated
DNA was resolved from an amplicon from unmethylat-
ed DNA. The measurement was performed in duplicate.

Single-nucleotide polymorphism (SNP) genotyping. As
some studies reported that SNPs may regulate DNA
methylation [23], we searched for SNPs located in the
predicted CpG island of TSLP by the database of SNP
(dbSNP). The results revealed that only two SNPs,
rs11466735 and rs11466736, were located within the
target regions. Therefore, we performed the PCR tests to
determine their genotypes and assessed their effects on
methylation status. The SNPs were identified with
CodonCode Aligner Software (CodonCode Corporation,
Centerville, MA, USA).

Statistical analysis

After validation of the selected genes by MDFS, inde-
pendent t tests were performed to assess differences in
methylation percentage (Met%) between high- and low-
exposure groups with different disease status in a larger
sample of 150 cohort children who completed the fol-
low-up study and specimen collection at 2-years-old.
ROC curve was generated to search for the optimal coti-
nine level to discriminate hypermethylated from hy-
pomethylated individuals. TSLP methylation status was
dichotomized into hypermethylated and hypomethylat-
ed with cut-off value of median of promoter methyla-
tion percentage (29.6%) while performing the ROC
analysis. Logistic regression was performed to evaluate
the association between methylation status and AD.
Spearman correlation was performed to estimate the
relationship between cotinine levels and methylation

percentage and between methylation percentage and
TSLP protein expression levels in 150 cord blood
plasma samples. Selection of the confounders that were
left in the model was based on the literature and the
standard statistical procedures showed a 10% change in
point estimate. All tests assumed a two-sided alternative
hypothesis and a 0.05 significance level. All analyses
were conducted using SAS software version 9.1 (SAS
Institute, Cary, NC, USA).

Results

Selection of the most relevant candidate genes

Finally, only TSLP and CYB5R3 met the filtering criteria
and were further selected for validation (Table 1). In
addition to statistical approaches, GSTT1, a gene related
with in utero smoke exposure and cotinine metabolism
[24], was also selected for investigations due to its larg-
est beta value changes in the microarray (Ratios: 2.67
in the high- vs. the low-exposure group).

The methylation array indicated that there were dif-
ferential methylation statuses in the three genes (TSLP,
GSTT1, and CYB5R3) between the high- and low-expo-
sure groups. Therefore, these three genes were selected
as our candidates. Literature reviews showed that they
were related to immune responses (thymic stromal lym-
phopoietin; TSLP, Gene ID: 85480), cotinine metabolism
(Glutathione S-transferase theta-1; GSTT1, Gene ID:
2952), and oxidative-reductive reaction (cytochrome b5
reductase 3; CYB5R3, Gene ID: 1727) (Table 1). Of these
candidates selected by the methylation array, only TSLP
gene exhibited significant difference in methylation sta-
tus between high- and low-exposure groups after being
validated by MDFS (P = 0.018). The percentage of pro-
moter methylation (Met%) as measured by MDFS of the
candidate genes tested on 14 samples is presented in
Table 2.

Table 1. Candidate genes identified by using microarray

Gene Cytoband

Gene

ID CpG Loci Gene function

Delta

beta*

Avg beta

in high

group†

Avg beta

in low

group‡

TSLP 5q22.1 85480 cg15739437 Expressed in the skin keratinocytes and related to immune

responses; control the survival, growth, differentiation,

and effector function of tissues and cells

0.100 0.283 0.383

GSTT1 22q11.2 2952 cg24330042 Expressed in the respiratory tract and involved in asthma

pathogenesis, including oxidant defences, xenobiotic

metabolism, cotinine metabolism, and detoxification

of hydroperoxides.

0.204 0.123 0.327

CYB5R3 22q13.31-qter 1727 cg20727362 Catalysis of an oxidation-reduction reaction 0.154 0.581 0.735

*High-dose cotinine exposure minus low-dose cotinine exposure.
†Average beta values of samples in high cotinine exposure group.
‡Average beta values of samples in low cotinine exposure group.
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Association of methylation status with exposure in the
larger sample & Receiver Operating characteristics
(ROC) curve analysis

TSLP gene was further investigated for the relationships
between prenatal smoke exposure and 5′CpG island
methylation status and for analyses of methylation sta-
tus and AD in a larger sample of 150 children from the
cohort. ROC curve was generated to search for the opti-
mal cotinine level to discriminate TSLP methylation
status. TSLP methylation status was dichotomized into
hypermethylated and hypomethylated with cut-off
value of median of promoter methylation percentage
(29.6%) while performing the ROC analysis. The coti-
nine cut-off level that best distinguished TSLP 5′CGI
hypermethylation vs. hypomethylation status was deter-
mined to be 0.10 ng/mL (Fig. 2). This cut-off point had
a sensitivity of 67% and specificity of 74%. The Area
Under ROC curve (AUC) value was 0.72 suggesting fair
separability of the subjects with hypermethylated vs.
hypomethylated TSLP 5′CGI.

Association of methylation status with exposure and AD

The degree of TSLP 5′CGI methylation (Met%) for AD
and non-AD is mean � SD 25.10 � 6.53% vs.
30.41 � 10.65% (P = 0.006). The degree of methylation
was inversely associated with cotinine levels
(r = �0.50, P < 0.001). Moreover, Table 3 shows the
association of TSLP 5′CGI methylation status with
exposure categories and AD. TSLP 5′CGI methylation
status was significantly associated with prenatal smoke

exposure (OR = 3.17, 95% CI = 1.63–6.19), given the
cotinine level � 0.10 ng/mL compared to the cotinine
level < 0.10 ng/mL. TSLP 5′CGI hypomethylated group
was found to be positively associated with AD in chil-
dren (OR = 2.32, 95% CI = 1.06–5.11), compared with
hypermethylated group.

To further demonstrate whether the TSLP 5′CGI meth-
ylation status affects its protein expression, we checked

Table 2. Percentage of promoter methylation (Met%) of the candidate genes by cotinine exposure (n = 14)

Sample TSLP GSTT1 CYB5R3

Low exposure Cotinine level

(ng/mL)

Met%† P value Met% P value Met% P value

Y008 <0.04 44.2 0.018* 14.6 0.096 32.9 0.324

NT-0283 <0.04 30.5 13.9 29.6

NT-0268 <0.04 44.4 14.1 40.3

NT-0290 <0.04 30.3 42.1 32.5

NT-0285 <0.04 40.4 13.5 35.6

NT-0297 <0.04 30.9 1.3 38.7

NT-0281 <0.04 54.4 16.7 35.8

High exposure Cotinine level

(ng/mL)

Met% Met% Met%

NT-0197 0.21 29.6 93.9 34.0

Y039 0.32 30.4 37.0 33.8

NT-0201 0.35 29.3 12.3 29.9

NT-0309 1.73 20.1 31.4 42.0

NT-0199 3.91 28.7 42.9 51.4

B041 8.53 29.3 23.0 42.7

N029 38.90 29.2 18.7 34.2

*P < 0.05
†Met% is the percentage of methylated cytosine in the CGIs determined by MDFS.

Fig. 2. Receiver operating characteristics (ROC) curves for 150 chil-

dren on cotinine levels and methylation status of TSLP gene. The coti-

nine exposure cut-off value that best distinguished TSLP 5′CGIs
hypermethylation vs. hypomethylation status was 0.10 ng/mL, with

sensitivity of 67%, and specificity of 74%. The area under ROC curve

was 0.72.
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cord blood plasma TSLP protein. The median (range)
was 9.41 (2.49) ng/mL. We found that TSLP protein
level and the degree of TSLP 5′CGI methylation (Met%)
exhibited the significantly inverse relationship
(r = �0.45, P = 0.001).

Association of TSLP SNPs around the CpG island and
methylation status

We genotyped two SNPs, rs11466735 and rs11466736,
around the predicted TSLP CpG island (Table S1) and
assessed their effects on methylation status. We found
that all samples had ‘GG’ genotype in rs11466735. Only
one sample had the heterozygous genotype ‘AG’ in
rs11466736. Therefore, the genotyping data suggest that
these SNPs may not play an important role in regulat-
ing the methylation status of TSLP.

Discussion

This is the interesting study linking tobacco smoke
exposure with atopic disorders via epigenetic mecha-
nisms. It is reported that prenatal smoke exposure may
increase the risk of AD in children, and tobacco smoke
can induce epigenetic changes [2, 11]. In this study, we
went further to investigate the possible linking mecha-
nism. We found TSLP a candidate gene whose methyla-
tion status was related to prenatal tobacco smoke
exposure and was further associated with childhood
atopic disorders. Moreover, TSLP 5′CGI methylation was
significantly associated with its downstream protein
expression.

Multiple epidemiological studies have suggested that
allergic disease risk is determined by prenatal exposure
to pollutants and allergens that modify later-life T
helper cell allergic phenotype [11]. Epigenetic modifica-
tions of regulatory genes crucial to the development of
allergic diseases have been put forth as a possible mech-
anism [11]. In our study, we found that prenatal tobacco

smoke exposure was associated with changes in DNA
methylation. In a recent study, Perera et al. correlated
maternal exposure to traffic-related polycyclic aromatic
hydrocarbons with methylation of the CpG island of
acyl-CoA synthetase long-chain family member 3
(ACSL3) and with the development of asthma symptoms
in children [25]. Breton et al. reported that prenatal
tobacco smoke exposure may increase gene-specific
methylation and consequently influence gene expression
and disease phenotypes across the life course [26]. Jou-
bert et al. also identified a set of genes with methylation
changes present at birth in children whose mothers
smoked during pregnancy [15]. Combined, these find-
ings implicate that prenatal environmental exposures do
have the potential to alter DNA methylation status [27].

Between high and low smoke exposure groups, we
found that TSLP gene exhibited significant differential
methylation. Moreover, the cotinine cut-off level that
best distinguished TSLP 5′CGI methylation status was
0.10 ng/mL by ROC curve. Consistent with previous
studies, cotinine concentrations were reported to be
< 0.1 ng/mL for low tobacco smoke exposure and
� 0.1 ng/mL for high exposure [28, 29]. This biological
rational further supports our hypothesis that if exposure
is higher than the cut-off value, methylation process
may trigger gene expression regulation in allergic dis-
ease pathogenesis. Nafee et al. reported that smoking
was associated with reduced folate levels, and folate-
deficient diets were associated with DNA methylation in
mice [30]. Smoke exposure might cause epithelial injury
and facilitate allergens entry into the submucosa. Injury
to the epidermis may also induce expression of TSLP
[31]. As a result, this might increase the contact of aller-
gens with dendritic cells and provoke the Th2-type
immune responses through TSLP expression [32]. There-
fore, smoke exposures may trigger keratinocytes to pro-
duce TSLP. It is interesting that intradermal injection of
mice with TSLP plus antigen results in asthma after sub-
sequent lung challenge with that same antigen alone

Table 3. The association of TSLP 5′CGI methylation status with characteristics, exposure categories, and AD (n = 150)

TSLP 5′CGI Methylation

Status

Hypomethylated†

(n = 75)

Hypermethylated

(n = 75)

Subjects

(n = 150)

Odds Ratios

(95% CIs)

Gender (% Males) 29 (53.7%) 35 (56.5%) 64 (55.2%) 0.90 (0.43–1.86)

Maternal age � 34 7 (25.9%) 20 (31.3%) 27 (29.7%) 0.77 (0.28–2.11)

Caesarean Delivery 21 (38.9%) 21 (33.9%) 42 (36.2%) 1.24(0.58-2.65)

Birth weight < 2500 g 3 (4.7%) 4 (6.3%) 7 (5.5%) 0.73 (0.16–3.38)

Parental atopy (%Yes)‡ 23 (32.9%) 15 (22.4%) 38 (27.7%) 1.49 (0.54–4.14)

Cotinine 0.10 (%)* 50 (66.8%) 29 (38.7%) 79 (52.7%) 3.17 (1.63–6.19)

AD (% Yes)* 23 (30.7%) 12 (16.0%) 35 (23.3%) 2.32 (1.06–5.11)

*P < 0.05
†TSLP methylation status was dichotomized into hypermethylated and hypomethylated with cut-off value of median of promoter methylation per-

centage (29.6%) while performing the ROC analysis.
‡Either father or mother reported that he/she ever had physician-diagnosed atopic dermatitis, allergic rhinitis, or asthma.
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[33]. Fehervari et al. also indicated that skin-derived
TSLP may represent an important factor that triggers
progression from AD to asthma, driving the so-called
‘atopic march’ from skin to lung tissue [34]. Smelter
et al. suggested that tobacco smoke exposure might
induce TSLP expression in the mouse lung in an oxida-
tive stress-dependent and TNF-alpha receptor I-depen-
dent manner, thereby promoting the development of
asthma [35]. Moreover, some previous studies regarding
methylation and smoke exposure found that the methyl-
ation of AHRR, CYP1A1, GFI1, F2RL3, GPR15, ORAI2,
FNDC8, and NCAPD3 was significantly related to smoke
exposure [15, 36–38]. However, we failed to find these
associations in our study. These discrepancies may be as
a result of different age and ethnicity, different filtering
criteria, statistical method, study design or different
mechanism, and clinical presentation of diseases.

TSLP was a candidate gene whose methylation status
was related to smoke-associated atopic disorder. TSLP
gene is located in 5q22.1 which has been shown to be
associated with regions of the AD susceptibility loci. It
works to skew the immune system towards Th2 domi-
nance by activating DCs that promote differentiation of
na€ıve T cells to Th2 cells by an OX40 ligand–OX40
interaction [39]. Li el al. demonstrated that TSLP pro-
duced by keratinocytes is absolutely required in patho-
genesis of AD triggered by topical vitamin D3 analogue
[40]. TSLP may also activate Langerhan cells of the epi-
dermis and induce the production of pro-inflammatory
cytokines, potentially causing AD. These further support
our finding that TSLP 5′CGI methylation status was
associated with AD in children. Thus, TSLP 5′CGI meth-
ylation changes are expected to diminish the regulation
function of immune system and trigger the develop-
ment of Th2-type allergic inflammation in AD.

We found that TSLP 5′CGI methylation status was
different depending on the cotinine levels. The hypome-
thylated TSLP 5′CGI was positively associated with AD.
Moreover, the degree of TSLP 5′CGI methylation and
the level of TSLP protein exhibited inverse relationship.
This implicated that high smoke exposure might lead to
TSLP 5′CGI hypomethylation. Consequently, hypome-
thylated TSLP 5′CGI is associated with increased gene
expression and elevated TSLP protein (Figure S3). Ele-
vated TSLP protein might activate epidermal Langerhan
cells, promoting the development of AD. Consistent
with our study, Lee et al. reported increased serum
TSLP in children with AD [41]. TSLP was also highly
expressed in the lesional skin of AD patients [42]. It
was induced by extracellular double-stranded RNA via
a NF-jB-dependent pathway, leading to AD [43]. In
addition to triggering AD, increase expression of TSLP
also aggravates experimental allergic asthma induced
by ovalbumin challenge. As TSLP may trigger progres-
sion from epidermal-barrier defects to asthma, under-

standing the mechanism of TSLP in atopic march may
help us prevent or treat AD and asthma.

This study has some potential limitations. First, cord
blood samples were used for candidate identification.
Whether cord blood methylation reflects the methyla-
tion status in other organs is not clear. However, it is
challenging to obtain immune cells or keratinocytes in
fetus. Moreover, the methylation alterations may occur
not only in immune system but also in fetal circulating
white blood cells [11]. As the cord blood contains stem
cells that provide abundant T cells which are important
producers for allergic disease mediators, it may serve as
a reasonable surrogate in our study. Second, as individ-
ual RNA samples were not available and high-quality
RNA isolation in cord blood was difficult because of its
limited cellular components, we assessed the concor-
dance between the extent of gene methylation and its
translation levels in protein isolated from cord blood
plasma instead. Our results demonstrated good concor-
dance for TSLP methylation and its protein expression.
This further confirmed the role of this newly discovered
epigenetic marker.

One of the strengths of this study is its cohort study
design with specimens linking to well-collected clinical
and environmental exposure data. Such cohort-driven
epigenetic research has the potential to address key
questions concerning the influence of early life disease
risk factors and environmental exposures on susceptibil-
ity to atopic disorders. Another strength is that we
applied a two-step approach – an Illumina methylation
array to identify candidate gene methylation followed
by MDFS to confirm the candidate gene methylation sta-
tus in a larger sample. This stepwise approach allowed
us to detect the most promising candidates cost effec-
tively. Moreover, MDFS is a high-throughput method
and is more sensitive and rapid than pyrosequencing to
quantitatively detect DNA methylation [22].

In conclusion, we afford the evidence that prenatal
exposure to tobacco smoke increases the risk for child-
hood atopic disorders and that this may be mediated
through alterations in DNA methylation. This helps to
understand the aetiology and new approaches for early
prevention or therapeutic intervention in childhood
allergic diseases. Further large follow-up and genome-
wide approach studies are necessary to discover the
mechanisms for lifelong effects of the atopic march
after environmental exposures.
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Supplement 
 

Table S1  Candidate gene methylation information, the CpG island prediction and primers design. 

The CGIs (shaded in blue in the DNA sequence) were identified in silico based on a CG content ≥ 

60%, with an observed/ expected ratio of 0.6 according to MethPrimer definitions. The 

PCR-amplified region was indicated by a line with double heads and methylation status of this 

region was detected by methylation-dependent fragment separation (MDFS) via DNA Analyzer 

3730xL and GeneMapper v4.0 software. For every PCR product, one CpG island was analyzed. 

 

Gene 

ID 

Chr Band 

CpG island Prediction Gene Ontology 

Primers 

TSLP 
85480 
5q22.1 

 
chr5: 110,405,999-110,406,220 

Expressed in the skin keratinocytes and related to 

immune responses; control the survival, growth, 

differentiation and effector function of tissues 

andcells  

F1:FAM-TGTGATATTTGTTGGGATTTATATA 

R1:TACTCCTCCCTAACTTAACTCATAC 

GSTT1 
2952 
22q11.2 

 
Chr22: 24,384,060-24,384,281 

Expressed in the respiratory tract and involved in 

asthma pathogenesis, including oxidant defenses, 

xenobiotic metabolism, and detoxification of 

hydroperoxides. 

F1:FAM-GAGTTTGTTGATTTTTTTTGGTTTT 

R1:ATATACCTACCTATCCCCTTCCTAACTT 

CYB5R3 
1727 
22q13.31-qter 

 
Ch22:22,437,080-22,437,226 

Catalysis of an oxidation-reduction reaction 

 

F1:FAM-TGTAATTTTAGTATTTTGGGAGGT 

R1:ATAACTAACACTACAAACACCCCAC 



Table S2  Population charateristics 

 

Category Full cohort  

(N=261) 

Study 

sample 

(N=150) 

Array sample 

(N=14) 

p-value 

Gender (% Males) 54.7 55.2 71.4 0.443 

Maternal age (mean  SD)  29.65 5.16 31.49 4.15 30.57 4.31 0.710 

Cesarean Delivery % 
45.8 36.2 42.9 0.224 

Birth weight<2500gm %  
6.9 5.5 7.1 0.865 

Parental atopy(%Yes) 
21.6 27.7 14.3 0.278 

Cotinine ng/ml (mean  SD) 2.78 18.16 2.74 18.48 3.86 10.36 0.976 

AD (% Yes)* 19.2 23.3 35.7 0.243 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2637989/table/pone-0004488-t003/


Figure S1  The workflow chart outlining the identification of the differentially methylated 

genes in a step-by-step manner. 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2637989/figure/pone-0004488-g001/


Figure S2  The heatmap of 84 genes showing significantly different methylation profiles in 

the group after cotinine high exposure. The input data were the beta values in the samples 

exposing to high dose cotinine after Z-transformation. Two calculation steps were applied here. For 

each gene, the raw beta values in the high dose cotinine exposure group minus the median in the 

low dose cotinine exposure group first and further divide the resulting values by the standard 

deviation of the same gene in the low dose cotinine exposure group. Hierarchical clustering with 

average linkage method was utilized to illustrate the methylation changes. 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2637989/figure/pone-0004488-g001/


Figure S3  Possible smoke exposure effects and hypothesis in our study. Determining the 

underlying mechanism may have consequences of diagnosis and treatment of atopic disorders. 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2637989/figure/pone-0004488-g005/
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