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Abstract

Background: Type 2 immune responses directed by Th2 cells and characterized by

the signature cytokines IL4, IL5, and IL13 play major pathogenic roles in atopic dis-

eases. Single nucleotide polymorphisms in the human Th2 cytokine locus in particu-

lar in a locus control region within the DNA repair gene RAD50, containing several

RAD50 DNase1-hypersensitive sites (RHS), have been robustly associated with ato-

pic traits in genome-wide association studies (GWAS). Functional variants in IL13

have been intensely studied, whereas no causative variants for the IL13-independent

RAD50 signal have been identified yet. This study aimed to characterize the func-

tional impact of the atopy-associated polymorphism rs2240032 located in the human

RHS7 on cis-regulatory activity and differential binding of transcription factors.

Methods: Differential transcription factor binding was analyzed by electrophoretic

mobility shift assays (EMSAs) with Jurkat T-cell nuclear extracts. Identification of

differentially binding factors was performed using mass spectrometry (LC-MS/MS).

Reporter vector constructs carrying either the major or minor allele of rs2240032

were tested for regulating transcriptional activity in Jurkat andHeLa cells.

Results: The variant rs2240032 impacts transcriptional activity and allele-specific

binding of SMAD3, SP1, and additional putative protein complex partners. We

further demonstrate that rs2240032 is located in an RHS7 subunit which itself

encompasses repressor activity and might be important for the fine-tuning of

transcription regulation within this region.

Conclusion: The human RHS7 critically contributes to the regulation of gene

transcription, and the common atopy-associated polymorphism rs2240032

impacts transcriptional activity and transcription factor binding.
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Allergy



Atopic diseases (atopic dermatitis, asthma, rhinitis) are

strongly heritable and closely related traits which typically

track in the same patients, same families and which are

associated with Th2-mediated adaptive responses (1, 2).

Besides the detection of disease-specific susceptibility loci,

gene mapping approaches have identified loci shared

between atopic and other immune-mediated diseases, which

could represent important checkpoints in branching patho-

physiological pathways involved in multiple diseases (3, 4).

One of such regions is 5q31, where the genes encoding the

Th2 cytokines IL4, IL5, and IL13 are clustered with the

constitutively expressed DNA repair gene RAD50 (Fig. 1)

(5). It is well established that single nucleotide polymor-

phisms (SNPs) in the IL13 locus are associated with total

IgE levels and atopic diseases (5). Interestingly, GWAS for

asthma, total IgE, and atopic dermatitis identified strong

and apparently IL13-independent signals from SNPs within

the RAD50 locus (6–9), although no functions have been

described for the RAD50 protein for the development of

atopic diseases. Follow-up studies combining the human-

associated RAD50 variants with functional characterization

have not been performed though. Results from mouse mod-

els have shown the existence of a locus control region

(LCR), which resides in a 25-kb region 30 of Rad50 and

� 20-kb 50 of IL13, the core of which is constituted by four

Rad50-hypersensitive sites (RHS) in the introns 21 (RHS4-6)

and 24 (RHS7) (10, 11). This LCR coordinates the expres-

sion of the neighboring genes IL4 and IL13 in Th2 cells via

intrachromosomal DNA looping, which brings the regula-

tory elements in close proximity to the IL4, IL5, and IL13

promoters (12). RHS7-deficient mice exhibit reduced Th2

cytokine expression (11). Deletion of the entire LCR leads

to a dramatic reduction in Th2 cytokines as well as IgE lev-

els and causes a reduced airway hyper-responsiveness in

mice (10). Interestingly, the human conserved RHS7

sequence harbors a common SNP, rs2240032 (major allele

C, minor allele T, minor allele frequency: 20%), which has

robustly been associated with total serum IgE levels and

asthma (6–8) and is in strong linkage disequilibrium (LD)

with other atopy-associated SNPs.

Materials and methods

Linkage disequilibrium analysis and computational analysis

of regulatory elements

To prioritize potentially functional RAD50-LCR SNPs for

further analysis, we re-analyzed the complex LD pattern of

atopy-associated SNPs at this locus using GWAS data from

the two population-based German cohorts KORA (13) and

PopGen (14) (n = 2551). After extensive quality control, we

imputed them using IMPUTE2 (15) and the 1000 genomes

reference panel (integrated variant set, release March 2012)

(16). SNPs with low imputation quality (info score < 0.4),

call rate <95%, deviation from HWE (P < 10E-8), or

MAF < 5% were excluded. Linkage disequilibrium was cal-

culated using GenABEL (17). In addition, the presence of

transcription factor-binding sites at each SNP position was

predicted by computational analysis using the Genomatix

SNPInspector and MatInspector software (18). DNaseI-

hypersensitive sites, histone marks for regulatory regions

(H3K4Me1), ChIP-Seq data and sequence similarity between

species were analyzed by using the ‘ENCyclopedia of DNA

Elements’ (ENCODE) database (19) and the UCSC Genome

Browser (20).

Cultured cells

T cells and epithelial cells are the main cell types implicated in

the pathogenesis of atopic diseases. The human Jurkat T-cell

line is widely used as surrogate cell type to investigate T-cell-

specific effects (21, 22) and was used in our study to character-

ize mechanisms at the Th2 cytokine locus. In addition, the

HeLa cell line was used, which is a commonly used nonlymph-

ocytic, epithelial cell line, where T-cell-specific effects are not

expected. Jurkat cells were cultivated in RPMI medium

(Roswell Park Memorial Institute medium) supplemented with

L-glutamine (Invitrogen, Carlsbad, CA, USA), and HeLa cells

were cultivated in MEM (minimum essential medium). Both

media were supplemented with 10% FBS (PAA Laboratories,

Pasching, Austria), 100 IU/ml penicillin, and 100 lg/ml strep-

tomycin (Gibco, Grand Island, NY, USA). Cell lines were

grown at 37°C and 5% CO2 in a humidified atmosphere.

Nuclear protein extraction and electrophoretic mobility shift

assay

To investigate protein–DNA interaction, EMSA experiments

with Cy5-labeled allele-specific oligonucleotides for rs2240032

were performed using nuclear protein extracts prepared from

cells. Jurkat cells (DSMZ accession number: ACC282) and

CD2+ T cells were stimulated for 6 h with 25 ng/ml phorbol

myristate acetate (PMA) and 500 ng/ml ionomycin. Nuclear

extracts were prepared from stimulated Jurkat cells and

CD2+ T cells using the Nuclear Extraction Kit (Active

Motif, Carlsbad, CA, USA) and the ProteoJETTM Cytoplas-

mic and Nuclear Protein Extraction Kit (Fermentas, Vilnius,

Lithuania), respectively. Nuclear extracts from unstimulated

HeLa cells were prepared using the NE-PER Kit� Nuclear

Figure 1 Schematic overview of the human Th2 cytokine locus

and a zoom-in of the core of the locus control region at the 3’ end

of RAD50 containing the SNP rs2240032 (C?T) within the RHS7.

Numbered arrows = exon with exon number, gray boxes = human

conserved RHS.
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and Cytoplasmic Extraction reagents (Pierce, Rockford, IL,

USA). Protein concentration was measured by the BCA Pro-

tein Assay Reagent (Thermo Scientific, Waltham, MA,

USA). Cy5-labeled and unlabeled oligonucleotides containing

the major or minor allele of rs2240032 or the consensus

sequence for SP1, SMAD3/4 (harboring three binding

motifs), or OCT1 were purchased from Metabion (Table S3).

The EMSA procedure applied here has been described in

detail elsewhere (23). For SP1 supershifts, 0.1 lg of SP1 anti-

body (Santa Cruz, sc-59) was added to the reaction mixture

for 45 min at 4°C following the standard binding reaction.

For SMAD3 supershifts, nuclear extract and 0.75 lg
SMAD2/3 antibody (Santa Cruz, sc-6033) were incubated at

room temperature for 30 min before the binding reaction

was carried out. To assure specificity of antibody binding, is-

otype antibodies were used as controls. Experiments were

performed at least twice.

Protein purification by DNA affinity

To substantiate the involvement of the candidate transcrip-

tion factors and to identify further proteins involved in the

observed protein–DNA complex, Jurkat nuclear proteins

were purified by DNA affinity using oligonucleotides carrying

the major C or minor T allele and the eluates were analyzed

for DNA binding activity by EMSA. For DNA affinity puri-

fication of differentially binding proteins at rs2240032, 200 ll
Dynabeads� M-280 Streptavidin (Invitrogen) was prepared

according to the manufacturer’s instructions and incubated

overnight at 4°C with biotin-labeled oligonucleotides contain-

ing the same sequence as used for the EMSAs before. After

washing with bind and wash buffer (5 mM Tris–HCl,

0.5 mM EDTA, 1 M NaCl), the beads were incubated for

1 h with 2 ng/ll biotin (Roth) and resuspended and incu-

bated in 1 9 EMSA-binding buffer without salt (4% v/v

glycerol, 0.5 mM EDTA, 0.5 mM DTT, 10 mM Tris–HCl

pH 7.5) for 20 min together with 2100 lg Jurkat nuclear

extract, 2.5% CHAPS (Roth), and poly dI-dC (Roche Diag-

nostics, Rotkreuz, Risch, Switzerland). After washing three

times with wash buffer (4% v/v glycerol, 0.5 mM EDTA,

0.5 mM DTT, 10 mM NaCl, 10 mM Tris–HCl pH 7.5), elu-

tion steps were performed with increasing amounts of NaCl.

Electrophoretic mobility shift assays were performed with

each eluate fraction to identify the elution step with differen-

tial binding pattern as starting material for the mass spec-

trometry.

Filter-aided sample preparation, nontargeted liquid

chromatography–mass spectrometry, and protein

identification

The protein eluates that were collected by affinity purification

were analyzed by liquid chromatography–mass spectrometry

(LC-MS/MS). Samples were prepared according to the filter-

aided sample preparation (FASP) approach (24) using Micro-

con devices YM-30 (Millipore) and foregoing the salt elution

step. The LC-MS/MS analysis was performed as described

previously on a LTQ-Orbitrap XL (Thermo Scientific) (25)

with the following adjustments: A nano trap column was

used (300 lm inner diameter 95 mm, packed with Acclaim

PepMap100 C18, 5 lm, 100 �A; LC Packings) before separa-

tion by reversed-phase chromatography (PepMap, Sunnyvale,

CA, USA, 25 cm, 75 lm ID, 2 lm/100 �A pore size, LC Pac-

kings) operated on a RSLC (Ultimate 3000, Dionex, Sunny-

vale, CA, USA) with a nonlinear 300-min gradient using 2%

acetonitrile in 0.1% formic acid in water (A) and 0.1% for-

mic acid in 75% acetonitrile (B) at a flow rate of 300 nl/min.

The gradient settings were: 5–270 min: 5–50% B, 270–
275 min: 50–95% B, 280–285 min: 95% B, followed by equil-

ibration for 15 min to starting conditions. From the MS pre-

scan, the 10 most abundant peptide ions were selected for

fragmentation and the dynamic exclusion was set to 60 s.

For protein identification and label-free relative quantifica-

tion, the RAW files (Thermo Xcalibur file format) were fur-

ther analyzed using the Progenesis LC-MS software (version

4.0, Nonlinear, Newcastle upon Tyne, UK), as described

previously (26, 27) with the following changes: Spectra were

searched against the Ensembl human database (Release 66;

96 556 sequences). A Mascot-integrated decoy database

search using the Percolator algorithm calculated an average

peptide false discovery rate of <1% when searches were per-

formed with a Percolator score cutoff of 15 and a signifi-

cance threshold of P < 0.05. Peptide assignments were

re-imported into Progenesis LC-MS. Normalized abundance

of all unique peptides was summed up and allocated to the

respective protein. Proteins with <2 peptides used for quanti-

fication were excluded. Networks of candidate proteins

were analyzed by the STRING database (functional protein

association networks).

Construction of plasmids and luciferase assays

Luciferase assays were carried out to characterize the regula-

tory impact of the RHS7 and regulatory alterations due to

the polymorphism rs2240032. Minimal promoter luciferase

assays were performed with three different RHS7 constructs

containing no other SNPs than rs2240032. For the detection

of any polymorphism-dependent regulatory change and to

minimize effects arising from genomic overlay, a short RHS7

fragment (RHS7_150 bp) with rs2240032 at mid-position was

tested. To identify the effect of the entire human RHS7 har-

boring rs2240032, the entire human RHS7 fragment

(RHS7_1396 bp) was analyzed in the assay. To further char-

acterize the impact of the short RHS7_150 bp fragment

located inside the RHS7_1396 bp on the functionality of the

entire RHS7 region, these 150 base pairs were deleted

(RHS7D150 bp_1246 bp). DNA inserts for the luciferase

assay were obtained by PCR amplification from human

genomic DNA. The RHS7 without the central 150-bp frag-

ment (RHS7_D150 bp_1246 bp) was obtained by fusion

PCR. Primer sequences are summarized in Table S4. The

PCR products were cloned via two restriction sites (Acc65I,

Xho1) into the vector pGL4.23[luc2/minP] (Promega,

Madison, WI, USA) which contains a minimal promoter. All

constructs were verified by sequencing on an ABI3730

(Applied Biosystems, Foster City, CA, USA). The luciferase

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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assay has been described in detail elsewhere (28) and was car-

ried out with the following adjustments: Jurkat and HeLa

cells were seeded at a density of 4 9 105 and 1 9 105 cells/

well, respectively. Jurkat cells were transfected with 2000 ng

of plasmid per well using Jurkat Trans-IT (Mirus, Madison,

WI, USA). HeLa cells were transfected with 1000 ng of plas-

mid per well using FuGENE6 (Roche Diagnostics). For nor-

malization, 50 ng (for Jurkat) or 25 ng (for HeLa) of the

vector pGL4.74 (Promega) was cotransfected. Luciferase

activity was measured on the GloMax�-Multi Detection Sys-

tem (Promega). Kolmogorov–Smirnov tests showed no signifi-

cant deviation from normal distribution of the ratio values. To

identify statistically significant differences in promoter activity

between the constructs, linear mixed-effects models were used [R

package nlme, R version 2.15.1 (29)], which account for repeated

measurements. P-values were corrected for multiple testing using

the Bonferroni method.

Results

Polymorphism rs2240032 is located in a 76-kb region of

strong LD and in a RHS with high regulatory activity

Analysis of the LD pattern of the gene region showed that

all RAD50 SNPs reported to be associated with atopic traits

(Table S1) are highly correlated (r2 > 0.97) as are atopy-asso-

ciated IL13 SNPs (r2 = 0.998) located in a second moderate

LD block (0.40 < r2 < 0.44) (Fig. 2). This confirms the

already known complex pattern of LD in the region. Murine

Rad50-hypersensitive sites (RHS) were shown to coincide

with peaks of evolutionarily conserved DNA sequences (30).

Only three of the atopy-associated RAD50 SNPs are located

in conserved human RHS. Bioinformatic analysis indicated

that all three RHS SNPs are potentially functional but only

rs2240032 maps to a region that harbors all considered regu-

latory elements (Table S2). Furthermore, rs2240032 is the

only one located in RHS7, which had been described to be

essential for T-cell differentiation (11). In line with observa-

tions in mice, own experiments show that RHS7 is the site

with the highest regulatory impact in human Jurkat cells

(622% enhancing activity as compared to empty vector, Fig-

ure S1). Therefore, this polymorphism was chosen for further

analyses.

rs2240032 within RHS7 modulates transcription factor

binding in vitro

Analysis of protein–DNA interactions by EMSA in Jurkat

cells revealed that the major C allele of rs2240032 has a

higher affinity for the protein–DNA complex as compared to

the minor T allele (Fig. 3, lanes 3 + 10). Competition experi-

ments with increasing concentrations of the unlabeled oligo-

nucleotides containing the major or minor allele led to

disappearance of the protein–DNA complex, an effect that

was even more pronounced when competing with the major

allele (Fig. 3, lanes 4–7, 11–14). The addition of an unlabeled

negative control OCT1 oligonucleotide did not result in com-

petition and disappearance of the protein–DNA complex

(Fig. 3, lanes 8 + 9, 15 + 16). These results indicate that the

observed protein complex has a higher binding affinity to the

major allele as compared to the minor allele. Electrophoretic

mobility shift assay experiments with HeLa nuclear extracts

did not show differences in the binding pattern comparing

the major and the minor allele, indicating cell-type-specific

allelic protein–DNA interaction at rs2240032 (Fig. S2). To

confirm that Jurkat cells are an appropriate surrogate for

human T cells, the EMSA experiment was also performed

with nuclear extracts from human primary CD2+ T cells. As

in the Jurkat cell line, the major C allele revealed a stronger

binding affinity for the protein complex than the minor T

allele (Fig. S3).

The rs2240032 risk allele alters binding of a protein complex

containing SMAD3 and SP1

The analysis for the prediction of differences in transcrip-

tion factor binding using the MatInspector and SNPInspec-

tor tool (Genomatix) revealed that the minor T allele of

A B

Figure 2 Linkage disequilibrium structure from KORA and PopGen

genome-wide association studies data (n = 2551). Atopy-associated

SNPs within RAD50 (r2 > 0.97) and two atopy-associated reference

SNPs in IL13 (r2 = 0.998) are in strong LD. Both LD blocks are in

moderate LD with each other (0.40 < r2 < 0.44).

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

A common atopy-associated variant in the Th2 cytokine locus Kretschmer et al.



rs2240032 results in the loss of a core SMAD3 transcrip-

tion factor-binding site (TFBS) on the complementary

DNA strand (GTCT ? ATCT). SMAD3 and SP1 are

known to act cooperatively in a complex (31), and indeed,

we furthermore found an SP1-binding site (Fig. 4). The

SP1-binding site is less conserved and only changed by the

SNP in the conserved region surrounding the core-binding

motif (gGGGCgggg ? gGGGCgagg). To show whether the

protein–DNA complex which is destabilized by the minor

allele of rs2240032 contains the SMAD3 and SP1 transcrip-

tion factors, competition and supershift assays were per-

formed. Increasing amounts of an unlabeled SMAD3/4

competitor DNA decreased the intensity of the major allele

protein–DNA complex (Fig. 3, lanes 3, 17–18). However, in

contrast to competition with the major allele, complete

competition of the major allele protein–DNA complex was

not achieved with the amounts of SMAD3/4 competitor

DNA used. This might be explained by the exclusive pres-

ence of a SMAD3/4 consensus sequence within the

SMAD3/4 competitor DNA, whereas the major allele com-

petitor also contains a SP1-binding motif and thus inhibits

both proteins from complex formation on the labeled

oligonucleotide. In contrast, corresponding amounts of OCT1

competitor DNA as negative control did not modify protein–
DNA complexes at all (Fig. S4). Further, supporting the spec-

ificity of SMAD3 binding, supershift experiments using a

SMAD2/3 antibody resulted in a reproducible disappearance

of protein–DNA complexes without a visible additional

supershift (Fig. 3, lane 24). Competition with an unlabeled

SP1 oligonucleotide revealed a strong decrease in protein–
DNA complexes even with low amounts of the competitor

DNA (109) (Fig. 3, lanes 19–20). Supershift experiments with

an SP1 antibody resulted in two additional upper bands

(Fig. 3, lane 22). The formation of two supershifted SP1 com-

plexes has been observed earlier (32) and may be explained by

antibody-SP1 binding on the one hand and binding of the

antibody-SP1 together with associated complex proteins on

the other hand. Affinity-purified eluates from Jurkat cells that

showed differences in DNA affinity purification using the

major C or the minor T allele were used for protein identifica-

tion by LC-MS/MS. Electrophoretic mobility shift assay

experiments revealed an additional protein–DNA complex in

eluate E300 when comparing the bands of each eluate of the

DNA affinity purification from reactions with either the

Figure 3 Allele-specific protein–DNA interaction of rs2240032

within the RHS7 and identification of SMAD3 and SP1 as binding

proteins in Jurkat nuclear extracts. Labeled oligonucleotides carry-

ing the major allele (C) or minor allele (T) of rs2240032 revealed dif-

ferential protein binding (lanes 3, 10, 19, 21, 23) (c, indicated by

arrow). Competition was performed with unlabeled oligonucleotide

DNA (lanes 4–9, 11–18, 20). Supershift with an SP1 antibody

resulted in two additional bands (lane 22), and supershift with an

SMAD2/3 antibody resulted in band intensity decrease (lane 24)

(indicated by arrowheads). Oligonucleotides without nuclear extract

did not reveal any protein–DNA binding (lanes 1–2).

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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major or the minor allele (Fig. S5). The observed differences

between the major and the minor allele reflect the initial

EMSA experiments (Fig. 3). Mass spectrometric analysis

revealed a difference in SMAD3 abundance between the

major and the minor allele eluate, confirming the results

obtained by competition and supershift experiments. Further

identified proteins in the protein–DNA complex were

SMAD4, SKI, SKIL, TFAM, ZNF48, NCL, EXOSC6,7,9,

and WDR76 (Table 1). SMAD3, SMAD4, SKI, SKIL, and

TFAM provided the biggest difference between the major and

the minor allele with maximum fold changes ranging from 3.1

to 76.6 (Table 1).

The rs2240032 risk allele influences human RHS7 regulatory

function

Having shown that the rs2240032 allele affects the formation

of a protein–DNA complex which includes SMAD3, SP1,

and additional proteins, we next analyzed whether the vari-

ant also modifies the transcriptional activity mediated by the

SNP-surrounding RHS7 genomic sequence. In Jurkat cells,

the RHS7_150 bp fragment served as a repressor, whereas

the RHS7_1396 bp fragment acted as a strong enhancer irre-

spective of the allele. The deletion of the RHS7_150 bp

region from the RHS7_1396 bp fragment resulted in even

stronger luciferase promoter activity compared to the

RHS7_1396 bp_Ma fragment (fold change: 1.4). Although

both alleles for both constructs were either repressing or

enhancing, there were significant allele-specific differences for

both the RHS7_150 bp and the RHS7_1396 bp fragment:

The minor allele exhibited less repressor activity in the

RHS7_150 bp fragment (fold change: 2.6) and conclusively

higher enhancer activity in the RHS7_1396 bp fragment (fold

change: 1.1) compared to the major allele (Fig. 5A). In HeLa

cells, both the RHS7_150 bp and the RHS7_1396 bp_Ma

fragment showed weak transcriptional activity on a minimal

promoter; however, the strong enhancer effect of the

RHS7_1396 bp fragment in the Jurkat cell line could not be

observed in HeLa cells, which suggests that this effect is T

cell specific. After deletion of the 150 base pairs from the

entire RHS7, the RHS7D150 bp_1246bp fragment lost its

Table 1 Putative complex members binding to the major allele of rs2240032: significant top hits of the mass spectrometry results ranked

according to their P-values

ENSEMBL Accession

Peptide

count

Peptides used

for quantification

Confidence

score* ANOVA (P)

Max fold change

(major to minor)† Description

ENSP00000259119 4 4 110 <0.001 23, 5 SKIL

ENSP00000341551 3 3 141 <0.001 25, 7 SMAD4

ENSP00000367797 8 8 278 <0.001 4, 2 SKI

ENSP00000332973 2 1 58 0.001 3, 1 SMAD3

ENSP00000315476 2 2 69 0.006 1, 3 EXOSC4

ENSP00000378776 6 1 159 0.007 76, 6 TFAM

ENSP00000324056 1 1 18 0.01 1, 8 ZNF48

ENSP00000318195 18 17 796 0.02 1, 2 NCL

ENSP00000398597 5 5 205 0.02 1, 3 EXOSC6

ENSP00000263795 2 2 84 0.02 1, 6 WDR76

ENSP00000265564 7 7 247 0.02 1, 3 EXOSC7

ENSP00000243498 4 4 181 0.03 1, 3 EXOSC9

ENSP00000261692 2 2 42 0.03 1, 3 CDK2AP1

*The confidence score of a protein is defined as the summed up peptide confidence scores of unique peptides passing the Mascot filter.

Confidence score of unique peptides from the Mascot filter describes the likelihood that the detected sequences correspond to the real pro-

tein sequence.

†Depending on quantified proteins and can be exaggerated.

Figure 4 Binding motifs for SMAD3 and SP1 at rs2240032 (C?T)

are located inside the human RHS7. The reverse complementary

DNA sequence containing the major allele used for EMSA is

depicted (chr5: 131, 977, 110–131, 977, 141; GRCh37/hg19). Posi-

tion weight matrices (PWM) and IUPAC consensus sequences for

SMAD3 and SP1, identified with the MatInspector software, are

shown. The PWM height of each stack represents the conserva-

tion at each position. The variable PWM font size is in proportion

to the nucleotide frequency within the consensus sequence. Gray

boxed nucleotides = position of rs2240032, black upper-case letters

= ‘core sequence’ (highest conserved, consecutive positions of the

matrix), black lower-case letters = ‘conserved binding motif’ (high

matrix conservation), bits = measure of sequence conservation.
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regulatory potential on a minimal promoter, indicating that

the RHS7_150 bp fragment is necessary for transcriptional

activity in HeLa cells. No genotype-specific effect was

observed for the RHS7_150 bp fragment in HeLa cells,

whereas when the minor T allele was present, the

RHS7_1396 bp fragment lost its transcriptional activity

(Fig. 5B).

Discussion

The human cytokine gene cluster on 5q31 is one of the best

established genetic susceptibility loci for atopic diseases with

multiple associated DNA variants (5). In mice, the expression

of the Th2 cytokines encoded in this region is orchestrated

by multiple cis-regulatory elements including a LCR, which

is located in the introns of the Rad50 gene and which is com-

posed of the four DNaseI-hypersensitive sites RHS4-7. Dur-

ing Th2 differentiation, the murine Th2 LCR undergoes

epigenetic changes and interacts with the promoters of Th2

cytokine genes while looping out the Rad50 promoter in

order to govern Th2 cytokine expression (33, 34). Previous

association and functional studies have shown that the prop-

erties of the regulatory elements in the Th2 locus are further

modified by genetic variants, in particular polymorphisms at

the IL13 locus (5, 21). Multiple additional association signals

in RAD50 introns have not been characterized on the func-

tional level so far. Re-analysis of GWAS data showed that

all RAD50 SNPs associated with atopic traits are strongly

correlated and only in moderate LD with known functional

IL13 variants, thus allowing no prioritization. Likewise, bio-

informatic analysis predicted alterations in transcription fac-

tor binding, a high regulatory potential, and DNaseI

sensitivity in Th2 cells for three of the atopy-associated SNPs

(Table S2). Of these, rs2240032 is the only one located in the

well-characterized RHS7, which was described to be essential

for T-cell differentiation in mice (11) and in line with this

A

B

Figure 5 Genotype-specific regulation of minimal promoter activity

depending on the rs2240032 variant located inside a regulatory sub-

unit of the human RHS7. Assays were performed in (A) Jurkat T

cells and (B) HeLa epithelial cells with minimal promoter vectors

without any inserts (empty), vectors with RHS7_150 bp, vectors

with RHS7_1396 bp, and vectors with RHS7D150 bp_1246 bp

inserts. P-values are given for each construct in comparison with

the empty luciferase vector (unless otherwise noted by brackets).

P-values were derived from linear mixed-effects models and cor-

rected for multiple testing using the Bonferroni method. Arrow-

head = position of rs2240032, *P < 0.05, **P < 0.01, ***P < 0.001,

n.s. = P-value not significant; RLU = relative light unit.
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showed high regulatory impact in human Jurkat cells in our

study. Therefore, this polymorphism was investigated in more

detail.

Using an EMSA approach, a T-cell-type-specific, allele-

dependent differential binding of nuclear proteins to the

polymorphic site rs2240032 was found in the Jurkat T-cell

line as well as in human CD2+ T cells, but not in HeLa epi-

thelial cells, indicating that Jurkat cells are an appropriate

surrogate cell line for our purpose and that the observed

effect is T cell specific. In particular, a strong band in the

major allele fraction, which appeared in the upper part of the

gel and therefore possibly indicates a large protein complex,

revealed reduced binding of the protein complex to the minor

T-risk allele. Computational analysis, competition, and super-

shift experiments showed SMAD3 and SP1 binding to the

polymorphic site. However, SMAD3 competition experiments

needed a high excess of competitor DNA, and supershift

experiments led to a slight decrease in band intensity without

a visible supershift, possibly indicating that SMAD3 is tightly

bound in a protein–protein complex and not freely available

for antibody or competitor DNA binding. Besides SMAD3,

the transcription factor SP1 was identified as an additional

member of the protein–DNA complex. Surprisingly, even

small amounts of SP1 competitor DNA dramatically reduced

the observed protein–DNA complex binding. Based on mass

spectrometry results and a STRING network analysis (35), it

can be hypothesized that the complex that binds to the major

C allele sequence with higher affinity compared to the minor

T-allele sequence may consist of a SMAD–SKI complex and

an EXOSC complex linked by SP1 and SKIV2L2 (Fig. S6).

SP1 and SMAD proteins have been described to cooperate at

promoter sequences to induce the transcription of several

genes in response to TGFb signaling (31). The specific SNP

effect observed here might be rather mediated by SMAD3

because its ‘core-binding motif’ is directly disrupted by the

SNP (tGTCTgg ? tATCTgg), whereas the SP1 ‘core-binding

motif’ is unaffected by the SNP and only the ‘conserved

binding sequence’ is altered (gGGGCgggg ? gGGGCgagg)

(Fig. 4). The complete loss of protein–DNA interaction in

the EMSA after SP1 competition indicates that SP1 may be

essential to stabilize the entire protein complex. SP1 was not

detected by mass spectrometry, possibly due to amounts of

SP1 being below the detection levels.

SMAD transcription factors are well-described players in

transforming growth factor-b (TGFb) pathways, which regu-

late growth, differentiation, function of T cells, B cells, mac-

rophages, and natural killer cells (36, 37). Several lines of

evidence point toward a role of SMAD transcription factors

in atopic diseases. In humans, SMAD3/4 mRNA expression

levels are increased in the skin of healthy controls as com-

pared to atopic dermatitis lesional skin (38). SMAD3 poly-

morphisms have been associated with asthma (7, 39) and

atopic dermatitis (40). Further, Smad3-knockout mice

express elevated levels of IL4, IL5, and IL13 and are suscep-

tible to asthma (41), whereas the expression of Th1 chemo-

kines is not affected (42). Additionally, these mice show that

enhanced allergen-induced Smad3 regulated skin inflamma-

tion and IgE production (43). The interaction of SMADs

with a variety of SMAD-binding cofactors is essential for

high affinity and specificity of target gene regulation (44). It

is assumed that at the TFBS investigated here, SMAD3

forms a complex with SMAD4 and interacts with other tran-

scription factors, including SP1. SMAD3/4–SKI complexes

are known to be repressors for TGFb-signaling (45), but

might also interfere with other pathways.

The results presented here indicate that the rs2240032 risk

allele impedes SMAD3 and SP1 binding, which in turn

increases luciferase promoter activity in a cell-type-specific

manner. It was also shown that the human RHS7 is a

strong Jurkat-specific enhancer and contains different regu-

latory units (subregulatory regions), which may control the

entire RHS7 region. Thus, in case the identified subregulato-

ry region containing the SNP is deleted, the promoter acti-

vation is even stronger, indicating that this region has

regulatory potential for the entire region in Jurkat cells.

Allele-specific differences in reporter gene activation were

stronger for the RHS7_150 bp fragment (fold change: 2.6)

compared to the RHS7_1396 bp fragment (fold change:

1.1), which is most probably due to the immense enhancing

activity and the larger genomic context that leads to mask-

ing of the allelic effects in the longer fragment. In order to

minimize this genomic overlay and analyze the specific effect

of a single gene variant, typically small fragments are used

in reporter gene assays to analyze allelic effects (e.g., 46)

although this of course does not necessarily represent the

situation of the complete genomic context in vivo. The

observed differences in the EMSA and luciferase experi-

ments for Jurkat and HeLa cells might be explained by the

presence of different transcription and cofactors as well as

different expression levels and activation states of them

within the two cell lines. Data from the ENCODE project

for Th1 and Th2 reveal DNA accessibility for the RHS7 in

both subtypes at the position of rs2240032. The presence of

the RHS7 DNaseI-hypersensitive site in human cells may

also support the possibility of a looping out of the LCR

containing the RHS7 comparable to a similar mechanism

described in mice (12), which might enable promoter activity

control of neighboring genes. Our hypothesis is supported

by the results of whole-blood expression profile analysis of

740 German individuals from the KORA F4 population-

based study analyzed on the Illumina HumanHT-12 v3

BeadChip (47), where increased IL4 expression levels were

observed for the rs2240032 risk allele genotype (P = 0.011,

b = 0.028) (data not shown). Further, a genotype-dependent

effect on IL4 expression was also observed in the whole

blood of individuals of the MH96 adult population

(Michael Kabesch, personal communication). However, to

firmly establish the specific genotype effect on expression,

investigations in large collections of more homogenous tis-

sues, in particular T cells, are needed.

In summary, our study shows that RHS7 exerts a cell-

type-specific regulatory function in humans, and demon-

strates that the common allergy-associated variant rs2240032

has a regulatory function on transcriptional activity and

alters binding of SMAD3 and other nuclear transcription fac-

tors. Our results provide valuable insights into mechanisms
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contributing to the regulation of Th2 cytokine expression by

the identification of the causative variant rs2240032, which

might be one of several causative variants located in a region

with complex LD. It is tempting to speculate that in this

region, gene variants together with epigenetic mechanisms

fundamentally skew adaptive immune response patterns

toward a Th2 phenotype. Hence, further studying the interac-

tion between genetic and epigenetic alterations at this locus is

intriguing and important.
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