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Abstract—Genome-wide association studies are currently considered as one of the most powerful tools for
establishing the genetic basis of complex diseases. A number of such studies have been carried out for allergic
diseases; however, in the Russian population, this analysis has not been performed so far. For the first time,
we performed a genome-wide association study of allergic diseases in Russian residents of West Siberia. Two
new loci associated with childhood bronchial asthma (20q13.12, rs2425656, P = 1.99 x 1077; 1q32.1,
1s3817222, rs12734001, P=2.18 x 107 and 2.79 x 10~7, respectively) as well as one locus associated with aller-
gic rhinitis (2q36.1, 151597167, P = 3.69 x 10~7) were identified. Genes located in these loci, YWHAB and
PPPIRI12B for asthma and KCNE4for allergic rhinitis, are suggested as new candidate genes for these diseases.
It was also found that BAT1 (6p21.33), MAGI2 (7q21.11), and ACPL2 (3q23) are probably common (syntropic)
genes of allergic disease and atopic sensitization. It was shown that RI72 (18q12.3) and FSTL4(5q31.1) genes
can be involved in the control of lung function. The results of the study contribute to the body of data on
genetic factors of allergy and expand the list of genes underlying these diseases.
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INTRODUCTION

Genome-wide association studies (GWAS) of dis-
eases and phenotypic traits employing genetic markers
have lately become a standard approach in studying
the genetic basis of complex human diseases. On the
one hand, it is due to the advent of cost-efficient large-
scale genotyping techniques; on the other hand,
GWAS is more efficient than linkage analysis in iden-
tifying genes with minor phenotypic effects with odds
ratio (OR) smaller than 1.5 [1].

The GWAS approach has been successfully
employed in investigating many widespread cardiovas-
cular, infectious, immune, and mental disorders. The
results accumulated in the NCBI dbGaP repository
and a number of other databases constitute a valuable
source of information on the genetic structure of com-
plex diseases and provide data for meta-analysis stud-
ies[2, 3].

Allergic diseases, i.e., a group of multifactorial dis-
eases, including the most common forms of bronchial

Abbreviations: AD—atopic dermatitis; AR—allergic rhinitis;
BA—bronchial asthma; CI—confidence interval; GWAS—
genome-wide association study; MFD—multifactorial disease;
SNP—single nucleotide polymorphism; OR-—odds ratio;
LF—TIlung function; TDT—Transmission Disequilibrium Test.

421

asthma (BA), allergic rhinitis (AR), atopic dermatitis
(AD), food and drug allergy, and some other disorders,
have also been repeatedly investigated using GWAS.
For instance, seven BA studies [4—10] and one AD
study [11] have been published. Other works report the
data on more general quantitative and qualitative phe-
notypic traits, such as atopy, inflammation marker lev-
els, or total IgE levels [12—14].

Genome-wide studies led to identification of sev-
eral new loci and genes associated with allergic dis-
eases; however, the results are often controversial:
GWAS data obtained in most studies do not agree with
each other. Possible reasons for this disagreement can
lie both in the interethnic genetic variation (difference
in the haplotype structure or in the frequencies of sus-
ceptibility alleles) and in environmental factors (dif-
ference in the structure of allergic sensitization,
microbial and helminth background). For these rea-
sons, GWAS:s investigating allergic diseases should be
performed in ethnically different populations.

In this study, we have first used the GWAS
approach to investigate allergic diseases in the Slavic
population of West Siberia. The study was a part of the
international GABRIEL project supported by the 6th
EC Framework Program. The project involving about
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40 participants from West and East Europe, Asia, the
United States and Canada is aimed at identifying the
genetic and environmental causes of asthma in Europe
(www.gabriel-fp6.org).

EXPERIMENTAL

Subjects. The study was performed in a family-
based population sample formed in 1998—2007 in hos-
pitals of the cities of Tomsk and Irkutsk. Families were
registered by proband children with BA. All family
members were subjected to clinical and laboratory
investigation to be diagnosed with asthma or other
allergic diseases according to the international GINA
criteria [15]. The diagnostic data collected included
family history, results of skin allergy tests and lung
function tests, and total serum IgE. The sample com-
prised 196 families (150 families from Tomsk and
46 families from Irkutsk; altogether 804 individuals).
The mean age of early-onset (before 16) BA patients
was 13.7 £9.9 years (82 girls, 143 boys); the mean age
of late-onset BA patients was 38.8 + 9.4 years
(45 females, 18 males). In children with BA, the mean
level of serum IgE was 163.4 +20.4 U, and the mean
forced expiration volume in the first second (FEVI)
was 2.4 £0.1 1. In adult patients these parameters were
79.1%+ 34.5U and 2.8 £0.21, and those in healthy indi-
viduals were 67.2+ 16.8 U and 3.2 £ 0.1 I, respectively.
IgE levels in children with BA were significantly differ-
ent from those in adult patients and in healthy controls
(P<0.05), confirming the atopic nature of BA in chil-
dren. In healthy controls, FEV1 was significantly
higher than in BA patients (P < 0.05).

Allergic dermatitis (AD) was diagnosed in 151 indi-
viduals and AR was found in 244 individuals. In
194 individuals, BA was combined with AD and/or
AR. Allergic diseases defined as any of the following
conditions—BA, AR, AD, urticaria, pollen, food, or
drug allergy—were found in 397 individuals. Skin
allergy test showed atopic sensitization in 194 individ-
uals. Thus, the sample was characterized with a high
frequency of allergic diseases and clinical signs of
allergy, suggesting a buildup of these conditions and
risk factors in the families studied.

Genetic analysis. DNA was isolated from periphe-
ral blood of all family members by standard procedures.
Genotyping was performed using an Illumina 610—Quad
BeadChip, which includes over 600000 single nucleotide
polymorphisms (SNP) and gene copy number mark-
ers. The analysis was performed in the National Geno-
typing Center in France (Centre National de Geno-
typage, Evry).

The genotyping results were used to analyze the
relationships among the involved individuals, which
detected several cases of false paternity and duplicated
families (erroneously entered twice). According to
these findings, 40 persons were excluded from the
study, and further 78 individuals were not genotyped
because of low quality or insufficient concentration of
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DNA. The final sample comprised 686 individuals.
Markers characterized with the frequency of the
minor allele under 3% and those that showed disagree-
ment with the Hardy—Weinberg equilibrium in
healthy unrelated individuals at the 0.0001 signifi-
cance level (y? test with one degree of freedom) were
excluded from the study. Altogether, 538563 SNP
markers were analyzed.

The analysis included the following qualitative and
quantitative phenotypic traits: childhood BA (onset
age under 16 years); adult BA (onset age after 16); AR,
AD, and BA in combination with AR and/or AD; iso-
lated BA; presence of any allergic disease; bronchial
hyperreactivity; atopic sensitization (positive skin
allergy test to any epidermal, plant, or animal anti-
gen); total serum IgE; metacholine concentration in
bronchial challenge test (PC20); and lung function
characteristics, such as forced vital capacity of the
lungs (FVC), forced expiration volume in second 1
(FEV1), peak expiration flow (PEF), and maximal
expiration flow at 25, 50, and 75% FVC (MEF25,
MEF50, MEF75).

Association of markers with traits and diseases was
analyzed using the family transmission disequilibrium
test (TDT). The computations were performed using
PLINK software, v.1.07 [16]. Associations were con-
sidered significant at the genomic level of P< 5x 1077,
This value is based on the suggestions by Welcome
Trust Case Control Consortium [17] further substanti-
ated by Sabatti et al. [18]. According to the above data,
the level of P < 5 x 107 set in our study makes it possi-
ble to detect associations with phenotypic traits with
relative risk levels over 2.5.

All subjects gave their informed consent to partici-
pation in the study; the protocol was approved by the
Ethical Committees of the Siberian State Medical
University and the Institute for Medical Genetics.

RESULTS AND DISCUSSION
SNPs Associated with BA and AR

Allergic diseases are a syntropic group of com-
monly co-occurring diseases that have both common
and individual susceptibility genes [19]. We used the
GWAS approach to analyze the genetic syntropy of
different allergic diseases, i.e., whether actually they
share common susceptibility genes. For this purpose,
GWAS was used both for individual allergic diseases
(BA, AR, AD), and for their combinations. In addi-
tion, we analyzed marker associations with atopy
traits, such as atopic sensitization or the level of serum
IgE, and with lung function characteristics used in
clinical diagnosis of BA.

The study showed association of childhood BA
(onset age under 16) with three SNPs: rs2425656
(20q13.12, next to YWHAB, P=1.99 x 1077); rs3817222
and rs12734001 (1g32.1, next to PPPIRI2B, P = 2.18 x
10~7and 2.79 x 1077, respectively) and association of
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Table 1. Single nucleotide polymorphisms (SNPs) associated with childhood bronchial asthma (onset age before 16 years)
and allergic rhinitis

SNP posi- | Number Allele** Alternative .
A Odds Signifi-
Pheno- | Chro- tion in the | of trans- allele fre- - s
type |mosome Gene SNP chromo- mis- quency in ratio® cance
some, b sions* Refer- |Alterna- founders (95% CI) level
- 0P ence tive
Bronchial| 20q13.12| YWHAB | 152425656 | 42939661| 100 G A 0.235 0.32 1.99 x 1077
asthma (76.0%) | (24.0%) (0.20—0.50)
1q32.1 | PPPIRI2B|1s3817222 |200731383| 134 C T 0.237 2.62 2.18x 1077
(27.6%) | (72.4%) (1.80—3.83)
19q32.1 | PPPIRI2B|1s12734001| 200657537 | 141 C T 0.240 2.53 2.79x 1077
(28.4%) | (71.6%) (1.75-3.64)
Allergic |2q36.1 | KCNE4 151597167 | 223752494 120 G A 0.415 2.64 3.69x 1077
rhinitis (27.5%) | (72.5%) (1.77-3.94)

* Number of alleles inherited by affected children from their heterozygous parents.
** Frequency of allele transmission from heterozygous parents to affected children is given in parentheses.

##%* Disease risk for the alternative allele; CI—confidence interval.

AR with a single marker, rs1597167 (2q36.1, next to
KCNE4, P=3.69 x 1077) (Table 1, figure).

Importantly, rs2425656 is not unique in the associ-
ation with childhood BA, since several other linked
markers also tend to be associated with this pheno-
type, although the association does not reach the sig-
nificance level (Table 2). A particularly strong associa-
tion was found for 152179069 (P = 4.23 x 10-°), which
is located approximately 1 kb apart from rs2425656
and shows complete linkage disequilibrium with the
latter (D' = 1.000, 2 = 0.955).

This study is the first one to show the association of
the 20q13.12 region with BA; however, the BA pheno-
type, along with several related traits, has previously
been linked to a locus in 20q13.33, approximately
16 Mb closer to the telomere [20]. The newly identi-
fied childhood BA-associated SNPs at 20q13.12 are
lying near YWHAB, a gene encoding the 3 polypeptide of
the tyrosine 3-monooxygenase/tryptophan 5-monooxy-
genase activation protein of the protein family 14-3-3.
These proteins participate in several signaling path-
ways, including those involving protein kinase C. A
raise in the protein kinase C level in response to proin-
flammatory stimuli enhances the tonus of smooth
muscle cells of respiratory tract, which is more pro-
nounced in BA patients [21]. The protein kinase C
level is increased in BA patients’ lymphocytes in com-
parison to healthy individuals; moreover, there is a
negative correlation between the protein kinase C level
and FEV1 [22]. Thus, YWHAB can be indirectly asso-
ciated with BA through the regulation of protein
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kinase C activity. Apparently, it mediates the connec-
tion between inflammation and the tonus of smooth
muscle cells of the respiratory tract.

BA-associated SNPs in 1g32.1 also are in complete
linkage disequilibrium (D' = 1.000, r> = 0.992). In a
recent genome-wide study in Hutterites (an isolated
religious community founded by J. Hutter in Ger-
many in 1536), this region was associated with BA,
bronchial hyperreactivity, lung function characteris-
tics, and the level of chitinase-like protein YKL-40
[12]. The detected marker is located in the promoter of
CHI3L1, approximately 803 kb apart from PPPIRI2B.
The SNPs associated with BA in Russians of West
Siberia are not linked to marker haplotypes associated
with BA in other populations. Therefore, the detected
association is probably an independent one, and
PPPIRI2B is a new candidate gene for childhood BA.
It encodes a protein involved in regulating the tonus of
striated and cardiac muscles. It can bind to the precur-
sor of interleukin-16 [23], a lymphocyte chemoattrac-
tant, whose levels in bronchoalveolar lavage fluid of
BA and AR patients are increased [24].

Region 2q36, which was associated with AR in
Russians of West Siberia in our study, was also associ-
ated with BA and FEVI in other populations [25, 26].
Moreover, region 2q33 harbors a major locus control-
ling the eosinophil level [27]. However, it should be
noted that the detected SNP was the only one associ-
ated with AR, while the neighboring markers did not
show any tendency for association with the traits stud-
ied. It is also unclear whether KCNE4, which encodes
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a potassium channel protein, is functionally related to
allergic diseases.

We did not find any other significant associations
between the markers and traits studied.

Further Potential Associations

Sixty two SNPs were associated with diseases or traits
studied at the order of magnitude of x10~¢ (Table 2).
Although these associations cannot be considered sig-
nificant, some of them still deserve further investiga-
tion.

For instance, two linked markers, rs36019094 and
1s34868670, tend to be associated with childhood BA
(P=2.21x10"°and 9.58 x 10~¢, respectively) (Table 2). They
are located in 5p13.1, a region that has been associated
with bronchial hyperreactivity in Germans and Hut-
terites [28]. The 9 Mb region of 5p13 harbors several
genes related to these pathologic phenotypes, and the
above SNPs are located between two of them, L/FR
and PTGFE4, approximately 1.8 Mb and 406 kb apart,
respectively.

AR was tentatively associated with rs4705227,
which is located near SPINK5 (P= 6.21 x 10-%) (Table 2),
a gene showing reproducible associations with allergic
diseases [29, 30].

SNP markers of ACPL2 (3q23), BAT1 (6p21.33),
and MAGI2 (7g21.11) tend to be associated with sev-
eral phenotypes: childhood BA, AR, atopic sensitiza-
tion, and other allergic diseases (Table 2). Probably,
these three genes are common for these conditions;
i.e., in our terms, they are syntropic genes [19, 31].
Functional and pathological significance of ACPL2
has not yet been determined. On the other hand, BAT/
and MAGI2 are related to some immune-mediated and
inflammatory diseases [32, 33]. Furthermore, the
association of BAT with atopic sensitization very
nearly reached the conventional significance level
(P=5.73x1077).

Two SNPs tending to association with AD
(rs16942401 and rs11635176) are located in 15g22, a
region syntenic to the mouse chromosome 9 region
that harbors the locus responsible for AD in mice [34].
Another region, 8q22, is potentially associated with
BA [35].

MOLECULAR BIOLOGY Vol. 45
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order x107°
Phenotype Chromosome Gene SNP Significance level
Atopic dermatitis 15g22.2 ANXA2 rs16942401 3.36 x 107°
15q22.2 ANXA2 rs11635176 4.83 x107°
1p35.3 PTPRU 1s7550930 8.03 x 107°
8q22.1 C8orf37 rs3134211 9.58 x 107°
8q22.1 CSorf37 rs3134236 9.58 x 10~°
8q22.1 C8orf37 153104961 9.58 x 10~
Allergic rhinitis 2p24.2 LOC388925 rs7602088 3.67x 107
5932 SPINKS5 rs4705227 6.21 x 107°
3923 ACPL2 rs3796259 9.76 x 107°
Bronchial asthma, 5pl3.1 LOC730002 rs36019094 2.21x107°
age of onset under 16 years 6p21.33 BATI rs3853601 3.82 % 10°
20q13.12 YWHAB rs2179069 423 % 107°
6ql15 MAP3K7 1s6925314 5.25x 107
Xp22.33 CD99 rs35193207 5.85%x 107°
22q12.3 RFPL3 rs5753959 8.24 x 107°
5pl13.1 LOC730002 rs34868670 9.58 x 107°
Bronchial asthma, 2pl6.1 LOC647038 152539669 5.52x 107
age of onset after 16 years 1g41 GPATCH?2 154846411 8.05 x 1076
1q41 GPATCH?2 rs4846406 8.05x 107°
1q41 GPATCH?2 rs4146799 8.05x 107°
Bronchia! asthma i'n.combination ' 7q21.11 MAGI2 rs2691546 1.38 x 10°°
Xllitlllli?its,()plc dermatitis and/or allergic 3q23 ACPL2 £s3796259 314 %106
6q15 MAP3K7 rs6925314 3.32x10°¢
6p21.33 BATI rs3853601 5.57 x 107°
7q21.11 MAGI2 rs2075014 6.74 x 107°
7q21.11 MAGI2 rs2075013 6.94 x 10°°
Allergic diseases (bronchial asthma, 6p21.33 BATI rs3853601 2.20% 107°
?éfég;ﬁ;?g‘y‘gﬁu g;‘;}jfggiﬁfﬁffﬁergy’ 6p21.33 NFKBIL1 1517200733 2.98 x 10~
urticaria, Quincke’s edema) 1q31.3 LOC647167 rs687523 5.53x 107
Ip12 LOC343492 rs17185776 5.95x 107
3q23 ACPL2 rs6775902 6.56 x 107°
3q23 ACPL2 rs3796259 6.74 x 1076
Xp22.33 PRKX rs2895159 7.12x 107°
18q21.33 CDH20 rs17619983 8.24 x 10°
7q21.11 MAGI2 rs2691546 8.69 x 10°°
6q25.1 AKAPI2 rs13212161 9.37x 107°
Atopic sensitization in skin allergy test 6p21.33 BATI1 rs3853601 5.73 x 1077
8p23.1 XKR6 rs4841511 4.03x 107°
7q21.13 ZNF804B rs38948 6.79 x 107°
3923 ACPL2 rs2292400 2.60 x 107°
MOLECULAR BIOLOGY Vol. 45 No. 3 2011
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Table 2. (Contd.)
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Phenotype Chromosome Gene SNP Significance level
Total serum IgE level 16p13.3 ANKS3 rs17137208 6.00 x 107°
7936.3 PTPRN2 rs7780849 9.00 x 107°
Forced vital capacity (FVC) 18q12.3 RIT2 rs17694970 2.00 x 107
6q22.31 GJAI rs11961755 3.00 x 107°
2q12.3 LOC151234 rs12477830 7.00 x 107°
14932.12 KIAA1409 1s943323 9.00 x 107°
Forced expiratory volume in s 1 6ql3 LOC642681 117729195 1.00 x 107
(FEVD) 18q12.3 RIT? rs17694970 2.00 x 107
2p23.2 ALK rs11684392 3.00 x 107°
6ql13 LOC642681 5719830 4.00 x 10~°
1931.2 CDC73 rs1339307 7.00 x 10°°
3pl4.2 C3orf67 rs11130695 7.00 x 10°°
7p21.3 ARL4A 1s6973933 9.00 x 10°
Peak expiratory flow 18q12.3 RIT2 rs17694970 1.00 x 10~
16q24.1 ADAD?2 rs7185137 7.00 x 10~°
Maximal expiration flow at 25% FVC 5q31.1 FSTL4 rs11242168 1.00 x 107
5q31.1 FSTL4 rs6865119 2.00 x 1076
4q27 MAD2L1 rs10006038 5.00 x 1076
16q12.2 CRNDE rs4440156 7.00 x 107°
Maximal expiration flow at 50% FVC| ~ 5q31.1 FSTL4 rs6865119 1.00 x 107°
5g31.1 FSTL4 rs11242168 2.00 x 107°
6p22.1 ZFP57 152747454 2.00 x 107°
15q21.1 SLCI2A41 rs11633336 5.00 x 107°
2q14.3 MYO7B rs11693296 7.00 x 107
20p12.1 MACROD2 rs2208133 8.00 x 107°
Maximal expiration flow at 75% FVC 20q12 TOP1 rs2223955 2.00 x 1076
10p15.1 LOC338588 1517133449 4.00 x 107°
10g23.1 NRG3 rs11192402 7.00 x 10~°
Metacholine concentration 8q22.3 LRPI2 rs1460239 1.00 x 10~°
in bronchial challenge test (PC20)
11g22.1 CNTNS5 rs1039951 5.00 x 107
14q32.2 LOC730212 112883143 5.00 x 107°
16q12.1 hCG_2045437 112931290 5.00 x 107°

Note: SNPs are listed in the order of increasing significance. The most promising mutations and genes are indicated in bold.

MOLECULAR BIOLOGY WIl. 45 No.3 2011
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SNPs located in vicinity of RIT2 and FSTL4 tend
to be associated with lung function characteristics,
such as FVC, FEV1, PEE and MEF (Table 2). The
product of RIT2 is a calmodulin-binding G-protein
and can play a role in calcium-dependent regulation of
bronchial muscle constriction. FSTL4 encodes a fol-
listatin-like protein; its mutations are associated with
susceptibility to cardiovascular diseases [36, 37]. Nei-
ther of these genes has previously been investigated for
association with allergic diseases or lung function;
however, FSTL4 is located in 5q31, a region that has
been linked to BA, bronchial hyperreactivity, atopy,
and lung function characteristics [38].

Three linked SNPs in the neighborhood of
GPATCH2in 1g41 tend to be associated with late-onset
BA (Table 2). Neither this region, nor GPATCH? itself
have previously been investigated from the point of
view of their possible involvement in asthma or allergy.
However, 2p16.1, another locus potentially associated
with adult BA, has been linked to BA, bronchial
hyperreactivity, and IgE level in several other studies
[39—41]. Interestingly, the sets of loci associated with
childhood and adult BA do not intersect, suggesting
that these diseases have a different genetic basis.
Apparently, atopy plays an important role in child-
hood BA but not in adult BA, which is indirectly con-
firmed by our data suggesting possible association of
BAT1, MAGI2, and ACPL2 with childhood BA but not
with adult BA, as well as with AR and atopic sensitiza-
tion.

None of the regions showing tendency to associa-
tion with total IgE and PC20 levels was associated with
any other trait.

The genetic basis of allergic diseases has previously
been investigated in several populations of Russia by
analyzing the association of diseases and related traits
with individual SNPs, primarily, of genes encoding
cytokines and xenobiotic biotransformation enzymes
[42—45]; however, our study was the first to use the
GWAS approach. The study detected new candidate
genes for susceptibility to childhood BA, AR, allergic
diseases, and atopic sensitization in Russians of West
Siberia: YWHAB, PPPIRI2B, KCNFE4, BATI, MAGI2,
and ACPL2. RIT2 and FSTL4 also deserve further
investigation as potentially involved in controlling
lung function. It should be noted that potential candi-
date loci for AD that were detected in this study do not
intersect with the loci suggested for other diseases.
Thus, our data indirectly confirm that AD largely
depends on the genes controlling the barrier function
of epithelium, while atopy-related genes play a sec-
ondary role [46].

It should be noted that the detected significant
associations are characterized with OR values of at
least 2.5; this suggests that only relatively strong gene
effects could be detected. This, in turn, implies that
the sample size used was probably insufficient for
detecting weaker effects of 1.1—1.5 typical for multi-
factorial diseases. This notion is further substantiated
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by a large number of probable associations that did not
reach the significance threshold. However, consider-
ing that our study is the first GWAS analysis of allergic
diseases in a Russian population and many of the
potential associations detected confirm the data on
allergy loci found in other studies, the results obtained
contribute significantly to the body of knowledge on
the genetic basis of these diseases. It would be very
interesting to see whether our results would be repro-
duced in other populations of Russia, in particular,
those involved in the GABRIEL project (cities of Ufa
and Kursk).
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