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Chapter 3 

The contribution of the functional IL6R polymorphism 
rs2228145, eQTLs and other genome-wide SNPs to the 

heritability of plasma sIL-6R levels 

 
 
 
 
 
Abstract  
The non-synonymous SNP rs2228145 in the IL6R gene on chromosome 
1q21.3 is associated with a wide range of common diseases, including asthma, 
rheumatoid arthritis, type 1 diabetes and coronary heart disease. We examined 
the contribution of this functional IL6R gene polymorphism rs2228145 versus 
other genome-wide SNPs to the variance of sIL-6R levels in blood plasma in a 
large population-based sample (N~5000), and conducted an expression QTL 
(eQTL) analysis to identify SNPs associated with IL6R gene expression. Based 
on data from 2360 twin families, the broad heritability of sIL-6R was estimated 
at 72%, and 51% of the total variance was explained by the functional SNP 
rs2228145. Converging findings from GWAS, linkage, and GCTA analyses 
indicate that additional variance of sIL-6R levels can be explained by other 
variants in the IL6R region, including variants at the 3’end of IL6R tagged by 
rs60760897 that are associated with IL6R RNA expression.  

 

 

 

 

 
 
Based on: van Dongen J, Jansen R, Smit D, Hottenga JJ, Mbarek H, 
Willemsen G, Kluft C, AAGC collaboratorsii, Penninx BW, Ferreira MA, 
Boomsma DI, de Geus EJ. The Contribution of the Functional IL6R 
Polymorphism rs2228145, eQTLs and Other Genome-Wide SNPs to the 
Heritability of Plasma sIL-6R Levels. Behav.Genet. 2014; 44:368-382 
 

                                                            
ii Australian Asthma Genetics Consortium Collaborators 
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Introduction 
The interleukin-6 receptor (IL-6R) forms part of the ligand-receptor complex 
that mediates the activities of interleukin-6 (IL-6). So-called classical IL-6 
signaling occurs in hepatocytes and some leukocyte subtypes, which express a 
trans-membrane form of IL-6R on their surface (membrane-bound IL-6R, or 
mIL-6R)1. A second type of IL-6 signaling called IL-6 trans-signaling is capable 
of stimulating a variety of different cell types as it is mediated by a soluble form 
of the IL-6R (soluble IL-6R, or sIL-6R)2, 3. IL-6 trans-signaling allows cells 
lacking mIL-6R to respond to IL-6, as long as they express the trans-membrane 
signal transducer protein gp130 on their surface (which is thought to be 
expressed ubiquitously)4. On target cells, the complex of IL-6 and IL-6R binds 
to two molecules of gp130, thereby activating several signal transduction 
pathways 5, leading to cellular responses such as proliferation, differentiation 
and inflammatory processes. IL-6 trans-signaling plays a key role in several 
autoimmune diseases and inflammatory conditions, including asthma 6, 
rheumatoid arthritis 7, chronic inflammatory bowel disease 8, some types of 
cancer (e.g. multiple myeloma)9, 10 and peritonitis11. 
 Two isoforms of sIL-6R have been identified in blood plasma of healthy 
individuals that are generated through different mechanisms 12, 13. The majority 
of sIL-6R is thought to be produced by a process called shedding, referring to 
the proteolytic cleavage of mIL-6R and subsequent release of the ligand-
binding ectodomain into the extracellular space 14. A second isoform is 
produced by translation of an alternatively spliced mRNA lacking a 94-bp 
sequence coding for part of the transmembrane domain 15, 16 that anchors the 
receptor to the cell membrane. The process of shedding is affected by a non-
synonymous SNP (Asp358Ala or rs2228145 (A > C), previously also known as 
rs8192284) that occurs within the region encoding the proteolytic cleavage site, 
in exon 9 of the interleukin-6 receptor gene, IL6R, on chromosome 1q21.3 17. 
The SNP causes a striking difference in IL-6R concentrations between carriers 
of different alleles, with reduced concentrations of mIL-6R and increased 
concentrations of sIL-6R in carriers of the minor allele (C) 18-22. Although some 
previous studies found no association of rs2228145 with overall IL6R RNA 
expression 23 or expression of the RNA transcript encoding mIL-6R 18, a 
positive association has been reported for the rs2228145 C allele and 
expression level of the alternatively spliced mRNA 10, 18, and we and others 
found a negative association between the rs2228145 C allele and overall 
expression level 24. 

Variants in IL6R are associated with the risk of a wide spectrum of 
common diseases, with the rs2228145 C allele increasing susceptibility to 
asthma 25, and decreasing susceptibility to other diseases including rheumatoid 
arthritis 26, coronary heart disease 23, and type 1 diabetes 18. Two consortia 
reported a protective effect of the C allele on the risk of coronary heart disease 
and emphasized the potential of tocilizumab, a monoclonal antibody against IL-
6R used for treatment of chronic inflammatory disease, as a novel therapeutic 
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strategy to prevent cardiovascular disease 23, 27. Growing interest in the role of 
IL6R in complex disease and in therapeutic strategies targeting the IL-6R 
pathway highlight the value of novel insights into genetic determinants of IL-6R 
level. The associations with disease reported for multiple variants in the IL6R 
gene are generally ascribed to LD with rs2228145. Two recent studies showed 
that some additional variance in sIL-6R level is explained by other SNPs within 
IL6R 18, 24, but it is unknown how much of the variance of sIL-6R levels in total 
is due to variants other than rs2228145 that remain to be identified.  

We describe a series of analyses conducted in a population-based 
sample of ~5000 Dutch individuals (Supplementary Table S1) aimed at 
evaluating the contribution of the known functional polymorphism rs2228145 to 
the variation in sIL-6R levels, and the contribution of other genetic variants 
within the IL6R region and the rest of the genome. We analyzed plasma sIL-6R 
levels in a large sample of twins and their family members to estimate the total 
heritability of sIL-6R, and conducted GWA, linkage, and eQTL analyses to 
identify additional genetic variants influencing sIL-6R level. Using the data from 
twin families and the classic biometrical model, we estimate the broad 
heritability of sIL-6R level to be 72 % and show that rs2228145 accounts for 
51% of the total variance of sIL-6R level. Results from linkage analysis 
corroborate this and indicate that genetic variation within the IL6R region on 
chromosome 1 explains 69% of the variation in sIL-6R, of which 19% is due to 
genetic variation other than rs2228145. Results from eQTL analysis point 
towards a role of genetic variants at the 3’end of IL6R contributing to the levels 
of sIL-6R and IL6R RNA in blood. In passing, we provide empirical evidence 
that different methods based on the same corpus of genetic theory, including 
the classic biometrical model, the twin-family model, linkage analysis at the 
IL6R locus, and genome-wide SNP sharing in unrelated individuals (GCTA) all 
converge to the same conclusion. 

 
Materials and Methods  
Subjects  
Plasma sIL-6R level data were available for 8929 participants from the 
Netherlands Twin Register (NTR)28, of which 5945 individuals also had 
genome-wide SNP data. Data from an additional 1966 participants from the 
Netherlands Study of Depression and Anxiety (NESDA29) were included in the 
eQTL analysis. Individuals using anti-inflammatory medication or medication 
influencing the HPA (Hypothalamic-Pituitary-Adrenal)-axis (NTR: N = 426/4.8%, 
NESDA: N=538/26%) at the time of blood sampling, or with a sIL-6R level > 
100.000 pg/mL (N=6/0.07% of NTR subjects) were excluded from all analyses. 
For a detailed description of the characteristics of the subjects included in each 
analysis, see Supplementary Methods. NTR and NESDA studies were 
approved by the Central Ethics Committee on Research Involving Human 
Subjects of the VU University Medical Centre, Amsterdam, an Institutional 
Review Board certified by the US Office of Human Research Protections (IRB 
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number IRB-2991 under Federal-wide Assurance-3703; IRB/institute codes, 
NTR 03-180, NESDA 03-183). All subjects provided written informed consent.  
 
Blood sampling  
Blood sampling procedures have been described previously 30, 31. In short; 
venous blood samples were drawn in the morning after an overnight fast. For 
RNA measurement, heparinized whole blood from NESDA en NTR participants 
was transferred within 20 minutes of sampling into PAXgene Blood RNA tubes 
(Qiagen) and stored at -20°C. For sIL-6R measurement, EDTA plasma tubes 
were collected from NTR participants, and were centrifuged for 20 minutes at 
2000x g at 4°C. EDTA plasma, buffy coat and red blood cells were harvested 
and aliquoted (0.5 ml), snap-frozen in dry ice, and stored at -30°C.  
 
sIL-6R level  
sIL-6R level was measured in EDTA plasma samples (diluted 1:100) using the 
Quantikine Elisa Human IL-6 sR assay of R&D systems. The inter-assay and 
intra-assay coefficient of variation were < 15 %. In all analyses, sIL-6R level 
was adjusted for sex and age by inclusion of covariates or by analysis of 
residualized levels. sIL-6R level was on average higher in males (4.25 x 10-8 
g/mL) compared to females (4.14 x 10-8 g/mL) and increased with age (1 SD of 
age (14 years) was associated with an increase in sIL-6R level of 0.17 x 10-8 

g/mL). 
 
Genotype data 
DNA extraction has been described before 32. Genotyping was done on multiple 
chip platforms, for several partly overlapping subsets of participants. The 
following platforms were used: Affymetrix Perlegen 5.0, Illumina 370, Illumina 
660, Illumina Omni Express 1M and Affymetrix 6.0. After array specific data 
analysis, genotype calls were made with the platform specific software 
(Genotyper, Beadstudio). In total, genotype data were available for 12,133 
subjects from NTR and NESDA. The extensive genotyping quality control steps 
and imputation procedures are described in the Supplementary Methods. All 
analyses were  performed on 1000G-imputed data (phase I Interim release All 
panel (sequence data freeze 23/11/2010), release June 2011, 
https://mathgen.stats.ox.ac.uk/impute/data_download_1000G_phase1_interim.
html. 
 
IL6R expression  
RNA extraction 30, 31 and expression QC procedures have been described in 
detail previously 33. PAXgene tubes were shipped to the Rutgers University Cell 
and DNA Repository (RUCDR), USA. RNA was extracted using Qiagen 
Universal liquid handling system (PAXgene extraction kits following the 
manufacturer's protocol). Total RNA was measured by spectroscopy (Trinean 
DropSense) to determine purity and concentration while RNA fidelity was 
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measured by the Agilent Bioanalyzer analysis. RNA samples were hybridized 
to Affymetrix U219 array plates (GeneTitan), which contain 530,467 probes, 
each 25 bases in length. Array hybridization, washing, staining, and scanning 
were carried out in an Affymetrix GeneTitan System following the 
manufacturer’s protocol. Non-uniquely mapping probes (hg19) and probes 
containing a polymorphic SNP based on snp137 (UCSC) were removed. 
Expression values were obtained using RMA normalization implemented in 
Affymetrix Power Tools (APT, v 1.12.0). Probes targeting IL6R (Supplementary 
Table S4) were selected for analysis.  
 
Statistical analysis  
The heritability of sIL-6R level in extended twin families  
To estimate the broad- and narrow-sense heritability of sIL-6R and to examine 
the contribution of rs2228145, genetic structural equation models were fitted in 
Mx34 to sIL-6R data from mono- and dizygotic twins, siblings and parents. The 
model included additive genetic influences (A), non-additive genetic influences 
(D), sibling-shared environmental influences (C) and unique environment 
(E).These methods are outlined in full in the Supplementary Methods.  
 
Variance explained by chromosome-wide SNPs and SNPs in the IL6R 
region using GCTA 
The variance in sIL-6R level explained by all SNPs was estimated in GCTA 
(Genome-wide Complex Trait Analysis 35, 36) separately for each chromosome. 
For a full description of the methods, see Supplementary Methods. 
 
GWA analysis  
GWA analysis was performed in PLINK 37 on dosage data. PLINK accounts for 
familial relations by performing a stratified association analysis with clusters 
based on family id using the --family option. This option implements 
generalized estimating equations with an independence model 38 and robust 
standard errors obtained using the sandwich correction for the family 
clustering  39. The analyses included one randomly selected twin of each MZ 
pair. 
 
Biometrical model  
The variance due to additive effects (VA) and dominance effects (VD) of 
rs2228145 were estimated by applying the biometrical model 40 to the allele 
frequency estimates and the mean sIL-6R level corresponding to each 
genotype group. According to biometrical model, VA and VD are calculated as 
follows: 

VA 2pq	 a	 	d	 q p 2  
VD 2pqd 2  

Where p=frequency of allele 1, q=frequency of allele 2, a= genotypic value; half 
the distance between the mean phenotype level of the two homozygotes, and 
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d=dominance deviation; deviation of the mean phenotype level of 
heterozygotes from the midpoint of the two homozygotes. 
Mean sIL-6R level per rs2228145 genotype, corrected for age and sex, were 
obtained in SPSS version 19. Allele frequency estimates were obtained with 
Sib-pair (“http://genepi.qimr.edu.au/staff/davidD/#sib-pair”) using the best linear 
unbiased estimator (BLUE) option, which accounts for familial relatedness 41.  
 
Heritability explained by rs2228145  
To assess the contribution of rs2228145 to the heritability of sIL-6R level, 
models were fitted to the sIL-6R data from twin families with and without 
adjustment of sIL-6R levels for rs2228145 genotype. In the model with 
adjustment for rs2228145, sIL-6R level was modeled as follows: 
 
sIL-6R level = α+ βage * age + βsex * sex + βrs2228145 * rs2228145 genotype + ε 
 
Where α=intercept, age= age at blood sampling (z-score), sex= coded as 0 for 
males and 1 for females, βrs2228145 = additive effect of rs2228145, rs2228145 
genotype = observed genotype at rs2228145 (coded as 0, 1, 2 – corresponding 
to the number of minor alleles) and ε=residual.  
 
When rs2228145 genotype is not accounted for, the effect of this SNP on the 
resemblance of sIL-6R level among family members is included in the total 
genetic influences (A and D, see Supplementary Methods). When the effect of 
rs2228145 is incorporated (by estimating β rs2228145), sIL-6R levels are adjusted 
for rs2228145 genotype and the variance of residual levels (ε) is partitioned into 
unmeasured genetic and environmental factors (A, C, D and E). Thus, the total 
broad heritability (H2) of sIL-6R can be written as: 
 
H2 (sIL-6R) = a2 + d2 = a2

 rs2228145+ a2
residual + d2

 rs2228145+ d2
residual  

 

Where a2 and d2 are the proportions of the variation in sIL-6R level due to total 
additive genetic and non-additive genetic effects, as estimated from the twin-
family data, a2

residual and d2
residual represent all remaining unmeasured additive 

and non-additive genetic effects that are not captured by rs2228145 (expressed 
as a proportion of the total variation in sIL-6R level): these components were 
estimated in a model that included adjustment of sIL-6R levels for SNP effects. 
a2

rs2228145 and d2
 rs2228145 are the proportion of the total variation in sIL-6R that 

can be explained by additive and non-additive genetic effects of rs2228145, 
which can be inferred from the difference between the variance estimates from 
the total heritability model (without correction for rs2228145) and the variance 
estimates from the model with adjustment for rs2228145. 
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Combined linkage and association analysis  
Analysis of linkage while simultaneously modeling association, as suggested by 
Fulker et al 42 was conducted in QTDT 43. The data came from nuclear families 
of which both parents and offspring had data on genome-wide SNPs and sIL-
6R level, where the offspring consisted of DZ twins or non-twin sib-pairs, or a 
single MZ twin + sibling(s). The analysis was performed for all imputed SNPs 
with a MAF > 0.2 in the IL6R gene +/- 10 MB (IL6R gene location build 
37/hg19, chr1: 154377669 - 154441926), leading to a selection of 13751 SNPs 
(chr1: 144377669-164441926). IBD probabilities were estimated in Merlin 44 
using multipoint estimation, which takes into account the correlated structure of 
markers and is therefore suited for dense SNP data 45. To create a centiMorgan 
(cM) map of the region, cM distances between SNPs were inferred from base-
pair distances following the assumption that a distance of 1 million basepairs 
between SNPs corresponds to a distance of 1cM. The analysis was performed 
on residual sIL-6R levels after taking out the effects of all covariates 
(Supplementary Methods). First, the evidence for linkage was evaluated and 
next, these results were compared to the results obtained when modeling 
linkage and association simultaneously (using the –at option to specify the total 
association model, which is not a TDT test). The test for linkage while 
simultaneously modeling association involves comparing  
H0:  sIL-6R = µ + βSNP and Variance (sIL-6R) = VE + VG  
against  H1: sIL-6R = µ + βSNP and  Variance (sIL-6R) = VE + VG + VA ;  

Where µ=intercept (corrected for covariates), VE=Non-shared environmental 
variance, VG=Additive polygenic variance, which is estimated from the 
phenotypic covariance of relatives following the assumption that on average 
50% of VG is shared among first degree relatives. VA=Additive major gene 
effect, which represents the additive effect of linkage to a major gene and is 
based on the pi-hat measure derived from the IBD matrix of relatives. H0=null-
hypothesis. H1=Alternative hypothesis. 
 
eQTL analysis  
Inverse quantile normal transformation was applied to the individual probe data 
to obtain normal distributions. For each SNP-probe combination, a linear mixed 
model was fitted with expression level as dependent variable, and with fixed 
effects: genotype, sex, age, body mass index, smoking status, technical 
covariates (covering e.g. plate and well differences 33), three principle 
components (PCs) from the genotype data (Supplementary Methods) and five 
PCs from the transformed expression data. Random effects included family ID 
and zygosity to account for family and twin relations 46. Cis-eQTLs are 
expression-associated SNPs with a distance < 1Mb to the gene, and trans-
eQTLs are the complementary set of SNPs. In an initial analysis of genome-
wide SNPs, no trans-eQTLs were observed. The cis-eQTL analysis yielded 36 
(N probes)*2731(N SNPs) = 98316 tests. To correct for multiple testing, a 
conservative P value threshold of 0.01/98316 ~ 1 x 10-7 was applied. The 
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conditional eQTL analysis was performed using the same model and P value 
threshold on expression data that had been residualized for the effect of 
rs7512646 in advance. To examine the relationship between sIL-6R level and 
IL6R expression level, the Pearson correlation between sIL-6R level and 
expression level was computed for all probes. 
 
Table 1: Familial correlations of sIL-6R level 

  
Complete 

pairs 

Correlations, no 
correction for SNP 

effectsd 

Correlations,  
 correction for 

rs2228145e 

  N r 95% CI r 95% CI 
Monozygotic twins      

MZ male twins 208 0.805 (0.7607 - 0.8388) 0.560 (0.4530 - 0.6416) 

MZ female twins 520 0.684 (0.6421 - 0.7207) 0.358 (0.2852 - 0.4248) 

Male siblings      

DZ male twins 93 0.407 (0.2083 - 0.5566) 0.249 (0.0258 - 0.4324) 

Male sibsa 126 0.243 (0.0882 - 0.3859) 0.271 (0.1033 - 0.4129) 

Female siblings      

DZ female twins 216 0.373 (0.2627 - 0.4688) 0.258 (0.1445 - 0.3612) 

Female sibsb 313 0.298 (0.1784 - 0.4018) 0.121 (0.0116 - 0.2250) 

Opposite-sex siblings 

DZ opposite-sex  224 0.317 (0.1884 - 0.4282) 0.153 (0.0191 - 0.2782) 

Opposite-sex sibsc 337 0.428 (0.3276 - 0.5121) 0.208 (0.0748 - 0.3250) 

Parent-offspring      

Mother-daughter 342 0.335 (0.2543 - 0.4076) 0.180 (0.0975 - 0.2581) 

Mother-son 204 0.438 (0.3434 - 0.5174) 0.292 (0.1700 - 0.3969) 

Father-son 171 0.360 (0.2626 - 0.4447) 0.202 (0.0708 - 0.3190) 

Father-daughter 314 0.316 (0.2311 - 0.3915) 0.188 (0.0928 - 0.2748) 

Spouses      

Mother-Father 374 0.118 (0.0269 - 0.2075) 0.247 (0.1563 - 0.3317) 
aNon-twin brother-brother pairs and pairs of brother-male twin, bSister-sister 
and Sister-female twin, c Sister-brother, brother-female twin and sister-male 
twin. dCorrelation from a saturated model with covariates age and sex. 
eCorrelation from a saturated model with covariates age, sex and rs2228145 

genotype. CI =Confidence interval. Note that the correlations of sIL-6R levels 
adjusted for the effect of rs2228145 provide information about the proportions 
of residual variance due to genetic and environmental effects. The proportion of 
the total phenotypic variance that is due to genetic effects beyond rs2228145 is 
reflected in the difference between the correlations with and without adjustment 
for rs2228145 genotype. MZ= monozygotic, DZ= dizygotic.  
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Results 
The heritability of sIL-6R level in extended twin families  
To examine the overall contribution of genetic and environmental influences to 
the variation in sIL-6R level, genetic structural equation modeling was 
performed on sIL-6R level data of 4980 subjects from 2360 twin families. This 
approach allowed us to estimate the variance due to total heritable genetic 
effects (broad-sense heritability) and additive genetic effects (narrow-sense 
heritability). Based on the pattern of phenotypic correlations for sIL-6R level 
among monozygotic (MZ) twins, dizygotic (DZ) twins, siblings, and parent-
offspring pairs (Table 1), the broad-sense heritability of sIL-6R level was 
estimated at 72% (H2=(VA +VD)/Vtotal=(0.89+0.08)/1.35) and the narrow-sense 
heritability was estimated at 66% (h2= VA/Vtotal=0.89/1.35). The remaining 
variance (28%) was ascribed to environmental factors not shared among family 
members (unique environment: e2=VE/Vtotal=0.38/1.35). 
 
Table 2: Variance of sIL-6R level explained by chromosome-wide SNPs 
estimated using GCTA. 

    
Unrelated subjects 

(N=2875) 
Unrelated and Related 

subjects  (N=4846) 
Chromosome N SNPs VG/VP SE VG/VP SE 
1 IL6R region 42268 0.547 0.025 0.533 0.019 
1 Rest 584291 0.003 0.025 0.000 0.015 

2 692964 0.056 0.028 0.028 0.016 
3 590258 0.000 0.024 0.009 0.014 
4 605730 0.000 0.023 0.002 0.013 
5 541738 0.000 0.023 0.005 0.013 
6 530265 0.017 0.021 0.030 0.014 
7 483988 0.000 0.021 0.009 0.013 
8 447709 0.001 0.021 0.010 0.013 
9 350386 0.000 0.021 0.000 0.012 

10 418731 0.010 0.021 0.017 0.013 
11 410817 0.000 0.014 0.005 0.009 
12 393609 0.001 0.019 0.010 0.011 
13 307137 0.003 0.017 0.007 0.011 
14 265369 0.000 0.017 0.000 0.010 
15 227463 0.013 0.017 0.000 0.009 
16 242058 0.006 0.018 0.002 0.010 
17 202299 0.014 0.017 0.000 0.010 
18 234349 0.002 0.018 0.000 0.010 
19 158942 0.003 0.014 0.001 0.008 
20 180019 0.016 0.016 0.007 0.010 
21 109887 0.000 0.013 0.000 0.007 
22 105190 0.003 0.012 0.010 0.008 

SE=standard error 
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Variance explained by chromosome-wide SNPs and SNPs in the IL6R region 
using GCTA 
We next used GCTA on 1000Genomes-imputed SNP data to examine how 
much of the variance in sIL-6R level can be explained by all SNPs in the IL6R 
region (IL6R +/- 10MB), how much by other SNPs on chromosome 1 and how 
much by each of the other chromosomes (Table 2, Supplementary Figure S1) 
based on the similarity across SNPs among 2875 unrelated subjects. This 
method gives insight into the total contribution of additive genetic effects tagged 
by all genotyped and imputed SNPs together, providing an estimate of the total 
variance that could be identified by GWAS on this set of SNPs, given sufficient 
power to detect individual SNP effects. SNPs in the IL6R region with a MAF > 
0.001 (N SNPs = 42268) together explained 54.7 % (SE= 2.5%) of the variance 
of sIL-6R levels, while the rest of chromosome 1 did not contribute to the 
variance. Some additional variance was captured by SNPs on chromosome 2 
(5.6%, SE=2.8). When the analysis was repeated with inclusion of related 
subjects (including siblings, DZ twins and parent-offspring pairs, total N 
subjects=4846) the estimate for chromosome 2 was somewhat lower (2.8%, 
SE= 1.6), whereas otherwise highly similar results were obtained (Table 2). 
 
GWA analysis  
GWA analysis of sIL-6R level was conducted on imputed SNP data from 4846 
subjects. The genomic inflation factor indicated no effect of population 
stratification (λ= 1.015). 680 Genome-wide significant hits were found (P < 
5x10-8), which were all located on chromosome 1q21.3 (significant hits; chr 1: 
153389207-154697624), except for four SNPs (MAF 0.01 – 0.09) on 
chromosomes 5, 8 and 20 (Supplementary Table S2). The top SNPs (P < 1 x 
10-176) were located within IL6R and were all in LD with rs2228145. 
 
Biometrical model  
The minor (C) allele of rs2228145 occurred at a frequency of 0.39. To estimate 
how much of the variance in sIL-6R level is explained by rs2221845, we 
applied the classic biometrical model to the data. The average sIL-6R level was 
5.698 (10-8 g/mL) in individuals homozygous for the minor allele (CC), 4.418 in 
heterozygotes (AC), and 3.238 in individuals with the AA genotype, giving an 
overall mean level of 4.17. The observed variance of sIL-6R levels in the total 
sample was 1.35. Applying the biometrical model to these data, it follows that: 
a= 0.5*(sIL-6RCC - sIL-6RAA) = 0.5*(5.698-3.238) = 1.23 
d= sIL-6RAC - (sIL-6RAA +  a ) = 4.418 - (3.238 + 1.23) = -0.05 
VA =  2pq [a + d (q-p)]2 = 2*0.39*0.61*[1.23-0.05*(0.61-0.39)]2= 0.71   
VD = (2pqd)2= (2*0.39*0.61*-0.05)2 = 5.66 x 10-4 
Thus, the allelic effect was almost completely additive, which illustrates that the 
average sIL-6R level of heterozygous individuals lies perfectly in the middle of 
the levels of the two homozygous groups (Figure 1A). 
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Figure 1. Associations 
between sIL-6R level, 
IL6R expression and 
rs2228145 genotype. A: 
Boxplots of plasma sIL-
6R level (pg/mL) for each 
rs2228145 genotype. B: 
Boxplots of IL6R 
expression level in blood 
as measured by 
expression probe 
582_132 for each 
rs2228145 genotype (P = 
3.14 x 10-19). C: 
Scatterplot of sIL-6R 
level (pg/mL) versus IL6R 
expression level for 
probe 582_132 (r = -
0.092, P = 1.42 x 10-6).  

 
Heritability explained by 
rs2228145  
The data from twin 
families allowed us to 
examine how much of 
the heritability is 
explained by rs2228145, 
and how much genetic 
variance is left after 
adjusting sIL-6R levels 
for rs2228145. The 
contribution of rs2228145 
to the heritability of sIL-
6R level is illustrated by 
the drop of the 
correlations of sIL-6R 
level among family 
members after correcting 
sIL-6R level for 
rs2228145 genotype 
(Table 1). When the 
allelic effect of rs2228145 
on sIL-6R level was 
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taken into account in the twin family model (Table 3), the total variance of sIL-
6R level dropped from 1.35 to 0.66 (difference= 0.69), illustrating that this SNP 
accounted for 51% of the total variance in sIL-6R level (H2

SNP= 0.69/1.35=0.51). 
Residual genetic effects not tagged by rs2228145 (VG-residual=0.26) accounted 
for 19% of the total variance of sIL-6R (H2

residual= 0.26/1.35=0.19).  
 
The contribution of other additive SNP effects in the IL6R region  
When we repeated the analysis of unrelated subjects in GCTA while correcting 
for the effect of rs2228145, SNPs in the IL6R region on chromosome 1 still 
explained 5.6% of the total variance of sIL-6R level (SE=1.8%, P = 6.0 x 10-5). 
This suggests that part of the residual heritability that was estimated based on 
twin family analysis can be explained by other variation in the IL6R region that 
is tagged by genotyped and imputed SNPs. 
 
Combined linkage and association analysis  
In the GWA analysis of sIL-6R levels, highly significant hits were found across 
the IL6R region, which may include SNPs that merely capture the effect of 
rs2228145 (through LD) and SNPs tagging other causal variants. To search for 
genetic variants that explain additional variation in sIL-6R levels beyond the 
effect of rs2228145, we simultaneously modeled linkage and association using 
data from 355 nuclear families (total N subjects = 1254) for SNPs in the IL6R 
region (IL6R +/- 10MB, Figure 2a). This region covers all genome-wide 
significant GWA hits on chromosome 1. If the linkage test is not significant 
while simultaneously modeling association for a SNP (while the linkage test is 
significant when association is not modeled simultaneously), this indicates that 
the respective SNP is in high LD with a causal variant. On the other hand, the 
linkage signal will not be fully impaired when association is modeled for SNPs 
that are in lower LD with a causal variant, or when multiple causal variants in 
partial LD contribute to variation in sIL-6R levels. 

In a model that included linkage (VA, additive variance attributable to 
the locus estimated using IBD), additive polygenic variance (VG, estimated from 
the familial resemblance in sIL-6R following the assumption that on average 
50% of VG is shared among first degree relatives) and unique environment (VE), 
but not incorporating association, the linkage signal around rs2228145 
explained 69% (VA/Vtotal) of the total variation in sIL-6R levels (X2=34.12, df=1, 
P = 5 x 10-9) and VG was estimated at 0 (Table 3). Comparison of the estimate 
of variance explained by linkage at IL6R (69%) to the broad-sense heritability 
(72%) and narrow-sense heritability (66%) estimated by the twin family model 
suggests that the entire narrow-sense heritability of sIL-6R level and nearly the 
entire broad-sense heritability of sIL6-R level can be captured by modeling the 
covariance of sIL6-R level among relatives as a function of IBD-sharing at the 
IL6R locus. 
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Table 3:  Variance of sIL-6R level due to rs2228145, total heritability of sIL-6R 
level, and estimates from linkage analysis  

Observed variance due to rs2228145 genotype 

Geno- 
type 

Frequen-
cya 

sIL-6R 
level 
(10-8 g/mL)b

Geno-
typic 
Value 

Frequency* 
sIL-6R 

(deviation  
from µ)2 

Frequency* 
squared deviation 

CC p2=    0.15 5.698 + a 0.15*5.698 = 0.87 (5.698- µ)2 = 2.32 0.15*2.32 = 0.35 

AC 2pq=0.48 4.418 d 0.48*4.418 = 2.10 (4.418- µ)2 = 0.06 0.48*0.06 = 0.03 

AA q2=    0.37 3.238 - a 0.37*3.238 = 1.20 (3.238- µ)2 = 0.88 0.37*0.88 = 0.33 

Total                                                  µ=0.87+2.10+1.20 = 4.17                 VSNP=0.35+0.03+0.33 =0.71         

                                                                                                                                 (95% CI: 0.68-0.74)        

Extended twin family model estimates 

 VsIL-6R VA VD VC VE V/Vtotal h2  d2 c2 e2 
ACDE 
modelc Vtotal = 1.35 0.89 0.08 0.00 0.38 1.00 0.66 0.06 0.00 0.28 

ACDE + 
rs2228145d Vresidual = 0.66 0.24 0.02 0.01 0.39 Vresidual/Vtotal=0.49 0.18 0.01 0.01 0.29 

Effect of 
rs2228145e VSNP

 
 = 0.69 0.65 0.06 -0.01 -0.01 VSNP/Vtotal = 0.51 0.48 0.05 0.01 0.01 

     

Linkage analysis estimates 

 VsIL-6R 
VA-

linkage 
VA-

polygenic VD VC VE V/Vtotal h2  d2 c2 e2 
Linkage 
modeled at 
rs2228145  Vtotal  =1.39 0.96 0 - - 0.43 1.00 0.69 - - 0.31 
Linkage+ 
association 
modeled at 
rs2228145  Vresidual =0.67 0.26 0 - - 0.41 Vresidual/Vtotal =0.48 0.19 - - 0.30 

a p=minor allele frequency=0.39 and q=major allele frequency=0.61 
b Mean sIL-6R level, corrected for age and sex, for each genotype group. 
µ= Mean sIL-6R level in the population, estimated from the genotype frequencies and 
corresponding sIL-6R levels for each genotype group. 
c ACDE model without SNP effects, in which Vtotal is decomposed into VA, VD, VC, and VE. 
d Model in which the additive effect of rs2228145 on sIL-6R level is modeled, and the residual 
variance of sIL-6R (Vresidual =Vtotal - VSNP) is decomposed into VA, VC, VD and VE. 
e The effect of rs2228145 was inferred from the difference between model c and model d 
Vtotal=

 Total (phenotypic) variance of age- and sex-adjusted sIL-6R levels. VSNP = Variance of sIL-
6R level attributable to rs2228145, VSNP/Vtotal = Proportion of total (phenotypic) variance sIL-6R 
level explained by rs2228145, Vresidual/Vtotal= Proportion of total (phenotypic) variance sIL-6R level 
not explained by rs2228145, VA=Additive genetic variance, VD=Non-additive genetic variance, 
VC=Sibling-shared environmental variance, VE=Unique environmental variance, h2= VA/ Vtotal , d

2= 
VD/ Vtotal, c

2= VC/ Vtotal, e
2= VE/ Vtotal.   

VA-linkage =Variance due to linkage, which is based on the pi-hat measure at rs2228145, derived 
from the IBD matrix of relatives 
VA-polygenic = Variance due to all additive genetic effects that are not captured within the linkage 
component (i.e. additive genetic variance that is not linked to the IL6R locus), which was estimated 
from the phenotypic covariance of relatives following the assumption that on average 50% of VA-

polygenic is shared among first degree relatives. 
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 When the allelic effects of SNPs on the means were incorporated in the 
model (i.e., association was added), 19% of the total variance in sIL-6R level 
(VA/Vtotal) was still explained by the linkage component when modeling 
association at rs2228145 (similar to the estimate of residual heritability from the 
twin family model), although this signal was borderline significant only (X2=4.13, 
df=1, P = 0.042). Significant linkage was initially observed across the entire 
region, but when association was modeled, linkage only dropped to the level of 
borderline significance for SNPs in high LD with rs2228145 (r2 > 0.93 among 21 
SNPs with P  > 0.01) indicating that rs2228145 explains most, though not the 
entire linkage signal. The linkage signal was also attenuated when modeling 
association for SNPs within an LD block at the 3’ end of IL6R containing the 
IL6R 3’UTR and the adjacent genes SHE and TDRD10 (location indicated in 
Figure 2b). This region contains both SNPs in low LD (r2 ~0.1) with rs2228145 
and SNPs in high LD with rs2228145. When we conducted a conditional GWAS 
to test for association between chromosome 1 SNPs and sIL-6R levels after 
taking out the effect of rs2228145 (by including this SNP as a covariate in the 
model), significant associations were still observed for SNPs within IL6R 
including SNPs at the 3’end (Supplementary Table S3). These results support 
the presence of additional causal variants influencing sIL-6R level in the IL6R 
gene and 3’end.  
 
eQTL analysis 
To identify genetic variants related to IL6R RNA expression levels, eQTL 
analysis was performed on data from 4467 subjects for 36 probes 
(Supplementary Table S4) measuring IL6R RNA. A total of 341 significant 
associations (Supplementary Table S5) were found for 5 of these probes (4 
probes targeting exon 7 and 1 probe targeting the 3’end). These associations 
involved 179 SNPs that were all in cis (SNP positions; chr1q21.3: 154395125-
154521584). The most significant association was between rs7512646 and 
expression probe 582_132 targeting exon 7 (P = 2.84 x 10-22). This SNP 
(intronic) is in high LD with rs2228145 (r2 =0.94) and rs2228145 itself showed 
significant associations with all four probes targeting exon 7. Probe 308_15 
targeting the 3' end was the only probe outside exon 7 with significant eQTLs 
(total N associated SNPs= 92, top hit= rs4072391 located in the IL6R 3’UTR, P 
= 1.32 x 10-11, r2 with rs2228145=0.142). Of the 680 significant hits identified in 
the GWAS of sIL-6R, 157 SNPs were significantly associated with IL6R 
expression level. For all of these SNPs, the allele associated with higher sIL-6R 
levels was associated with lower IL6R expression level. 
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Figure 2. Results from combined linkage and association analysis of the 
IL6R region on chromosome 1. The solid black line connects the X2 values 
from the linkage test at each SNP without modeling SNP association and the 
dotted black line connects the X2 values from the linkage test at each SNP 
when association is simultaneously modeled. The analysis was performed for 
all imputed SNPs with a MAF > 0.2 in IL6R +/-10MB, chr1 (build 37): 
145312220-164409349 (x-axis, Figure A). Figure B zooms in to the region from 
basepair position 153678097 to 156631940. The arrows mark the location of 
the IL6R gene, and the location of an LD block stretching across the 3’UTR of 
IL6R and adjacent genes SHE and TDRD10, where significant hits were found 
in the eQTL analysis for SNPs in partial LD with rs2228145 (r2 ~0.1).  

 

 
Relationship between rs2228145, IL6R RNA and sIL-6R levels 
As a measure of the relationship between plasma sIL-6R levels and the 
abundance of IL6R RNA in whole blood, the correlation between sIL-6R level 
and expression level was computed for all probes targeting IL6R transcripts 
(Supplementary Table S6). All five expression probes with significant eQTL hits 
showed small but statistically significant negative correlations with sIL-6R level 
(e.g. probe 582_132: r = -0.092, P = 1.42 x 10-6, Table 4). The negative 
correlations indicate that across individuals, higher sIL-6R level was associated 
with lower overall IL6R expression (Figure 1c). Correlations between IL6R RNA 
and sIL-6R levels became non-significant when expression levels were 
corrected for the effect of rs2228145 (e.g., probe 582_132: r = 0.019, P = 
0.314, Table 4), which indicates that at the population level, the relationship 
between IL6R expression and sIL-6R level can be explained by the effect of 
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rs2228145. Indeed, the minor C allele of rs2228145 was associated with higher 
sIL-6R level and with lower IL6R expression level (Figure 1). When computed 
separately within rs2228145 genotype classes, correlations between IL6R 
expression and sIL-6R levels were not significant (Table 4).   

Taken our eQTL design, we could not distinguish between alternative 
IL6R transcripts but observed a significant negative association between the 
rs2228145 C allele and total levels of IL6R RNA. In another eQTL analysis 
based on expression in peripheral blood (N=1469)47, one of the probesets 
targeted IL6R exon 9, which is spliced out from the alternative RNA transcript 
that is presumed to directly code for sIL-6R. For this probeset, a negative 
relation between the minor allele of rs4845623 (r2 with rs2228145=0.93) and 
expression level was observed (P < 1 x 10-7). We also downloaded the exon-
specific expression data from HapMap lymphoblastoid cell lines (GEO 
accession nr = GSE9703, N=162) and corresponding genotype data48. In this 
dataset, no significant association between rs2228145 and exon 9 expression 
level was found (possibly due to the small sample size). When we computed 
the ratio of exon 9 expression level over mean IL6R transcript expression, we 
found that the proportion of IL6R transcripts containing exon 9 decreased with 
each copy of the rs2228145 C allele (P < 0.01, Supplementary Figure S2), 
suggesting that rs2228145 is associated with the ratio of normal and 
alternatively spliced transcripts. Note that if the rs2228145 C allele has 
differential effects on alternative RNA transcripts, a negative association with 
total RNA levels (as assessed in our own study) will emerge if the increasing 
effect on levels of the alternative splice variant 10, 18 is smaller compared to the 
decreasing effect on other transcripts.  

 
Conditional eQTL analysis  
When the eQTL analysis was conducted after adjusting expression levels for 
the effect of the most significant  eQTL SNP from the initial analysis 
(rs7512646), significant associations (Supplementary Table S7) were observed 
between probe 308_15 (targeting the 3' end of IL6R transcripts) and 80 SNPs 
located in an LD block covering the 3’UTR of IL6R and the adjacent 3’region. 
This region was also highlighted by the analysis of linkage and association of 
sIL-6R levels (location indicated in Figure 2b). The most significantly 
associated conditional eQTL SNPs with a P value of 1.89 x 10-9 were 
rs60760897, rs60255122, rs61698846 and rs61275241 (Located in TDRD10, 
r2 with rs2228145=0.133, MAF=0.21), followed by rs4072391 (P = 2.10 x 10-9, 
located in the IL6R 3’UTR, r2 with rs2228145=0.142; these SNPs are in high LD 
with each other and for each of the SNPs, the minor allele was associated with 
higher expression level and with lower sIL-6R level (P value (GWAS) for 
rs60760897= 1.49 x 10-121, and P value (conditional GWAS) for rs60760897= 
8.04 x 10-4). All the initially observed associations for exon 7 expression probes 
were no longer significant after correcting for the most significant eQTL, 
suggesting that genetic variation tagged by rs2228145 and variation tagged by 
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rs60760897 (IL6R 3’region) are both independently associated with IL6R 
expression level.  
 
Table 4: Correlation between sIL-6R level and IL6R expression level for all 
probes with significant eQTL hits. 

IL6R 
probe 

Probe 
location  

Overall 
correlation 
(N=2727) 

Correction 
for 

rs222814
5 

(N=2727) 

Genotype 
 AA 

(N=991) 

Genotype 
AC 

(N=1278) 

Genotype 
CC 

(N=458) 

323_134 Exon 7 r -0.086 0.001 0.032 0.015 -0.023 

    P  7.48 x 10-6 0.955 0.312 0.601 0.618 

201_497 Exon 7 r -.054 0.011 0.047 0.009 0.002 

    P  0.005 0.577 0.136 0.755 0.974 

582_132 Exon 7 r -0.092 0.019 0.024 0.005 -0.063 

    P  1.42 x 10-6 0.314 0.449 0.857 0.178 

202_497 Exon 7 r -0.071 0.005 0.072 -0.016 -0.017 

    P  1.94 x 10-4 0.791 0.023 0.569 0.724 

308_15 3'-end r -0.055 -0.003 0.031 -0.043 -0.088 

   P  0.004 0.894 0.335 0.124 0.059 

r= Pearson correlation between sIL-6R level (corrected for age and sex) and 
expression level (corrected for technical covariates, age and sex). P= P-value. 
Colum 5 only is based on expression levels that were additionally corrected for 
the additive allelic effect of rs2228145. Columns 6 to 8 show the correlations 
between sIL-6R level and expression level computed separately within 
rs2228145 genotype classes. Correlations for all IL6R expression probes are 
given in Supplementary Table S6.  
 
Discussion 
Based on the analysis of three different types of familial relations in extended 
twin families (monozygotic twins, sibling pairs/dizygotic twins, and parent-
offspring pairs), the broad heritability of sIL-6R level was estimated at 72% and 
the narrow-sense heritability was estimated at 66%. Linkage analysis closely 
recaptured this, with 69% of the variance in sIL-6R levels explained by all 
variation in the IL6R region that is captured by IBD. Both estimates are similar 
to the heritability of sIL-6R levels reported by a previous study conducted in 
middle-aged male twins (h2=0.68) 49. The estimate of variance explained by 
additive SNP effects in the IL6R region in unrelated subjects (GCTA) was 
slightly lower at 54.7%, which suggests that the heritability of sIL-6R cannot be 
fully ascribed to additive effects of currently genotyped and imputed SNPs. 
Whereas the variance explained by all SNPs in unrelated subjects (in which LD 
extends over relatively short distances) specifically provide information about 
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effects tagged by a given set of SNPs under an additive allelic model, linkage 
and twin analyses, which are based on IBD-sharing among close relatives, 
capture more variation contributing to the similarity of family members. 
Estimates from linkage may include variation in a region that is not (fully) 
captured by additive SNP effects, such as rare variants segregating in families, 
structural variation and effects of interacting loci (epistasis). Overall, the three 
different methods show the expected convergence. 

After establishing the heritability, we examined the contribution of the 
functional IL6R polymorphism rs2228145, a known candidate SNP for sIL-6R 
19-22, 50, to the population variance in plasma sIL-6R levels. Using the classic 
biometrical model and twin family analysis, we showed that rs2228145 
explained 51% of the total variance of sIL-6R level, corresponding to 71% of 
the broad heritability (51/72=0.71). The estimate of variance explained by this 
SNP in our sample is comparable to an estimate previously reported for 
subjects of European descent (49% explained by rs2228145 50), and is larger 
compared to several other previous reports (33% explained by rs2228145 in 
African Americans 50,  29% explained by rs2228145 18, 30% explained by 
rs4129267; a SNP in LD 24, and 20% explained by rs4537545; another SNP in 
LD 22). The variation between studies might be related to differences in the lab 
protocol (e.g. differences related to sIL-6R detection assay and dilution of 
samples) and to differences between study populations. Whereas our study 
and the studies by Reich et al50 and Rafiq et al22 were conducted on 
population-based cohorts, the studies by Ferreira et al 18 and Revez et al24 
included patient populations. In contrast to all other studies, we excluded 
individuals using anti-inflammatory medication, which could have led to a 
slightly healthier population compared to previous studies, and it could be 
hypothesized that the variance explained by rs2228145 may vary with health 
status, as the levels of sIL-6R may rise 2-3 fold within a person during 
inflammation 51. Although the allele frequencies of rs2228145 differ between 
individuals of European versus African descent, variation related to ancestry 
only seems explain the different estimates observed in the study by Reich et al 
50, as all other studies focused on individuals of European descent and reported 
similar allele frequencies for rs2228145.  

Functional studies have indicated that amino-acid mutations at the 
position encoded by rs2228145 can influence the production of sIL-6R through 
shedding of membrane-bound receptors 17. The effects of rs2228145 and other 
SNPs on IL6R expression are less well characterized. To gain insight into the 
regulatory impact of genetic variation on IL6R expression, we studied the 
relation between IL6R expression level and genome-wide SNPs. We found two 
clusters of SNPs within the IL6R region that were associated with expression 
level, one of which included rs2228145, suggesting that this SNP also 
influences IL6R expression, though the signal may also come from another 
causal variant in LD. A previous analysis of gene expression in multiple 
samples and tissues revealed no significant association between rs2228145 
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genotype and overall expression of IL6R RNA transcripts (possibly due to 
limited sample size)23. Two other studies found that the rs2228145 C allele was 
associated with higher levels of an alternative IL6R mRNA splice variant 10, 18, 
which lacks a 94-bp sequence encoding part of the trans-membrane domain 
that anchors the membrane-bound IL-6R to the cell membrane and is 
presumed to directly code for the sIL-6R. In our study and in the study by 
Revez et al 24, the rs2228145 C allele was associated with lower overall IL6R 
RNA level and our analysis of the HAPMAP expression data suggested that 
rs2228145 (or a variant in LD) has an effect on the relative abundance of 
alternative IL6R RNA transcripts. 

Though the opposite effects of rs2228145 on sIL-6R levels and overall 
IL6R expression level may appear contradictory, this finding is not unexpected 
given that rs2228145 has a strong effect on alternative splicing. As the C allele 
is associated with increased splicing of exon 9 10, this allele is likely to decrease 
the level of the full-length RNA transcript. It can also be hypothesized that 
rs2228145 may have secondary effects on IL6R expression by impacting on 
feedback systems that control IL6R expression. In hepatocytes, a positive 
feedback circuit has been identified through which increased membrane-bound 
receptor-mediated classic IL-6 signaling triggers microRNA (miRNA)-mediated 
regulatory pathways that stimulate increased IL6R expression52. The 
rs2228145 C allele has been shown to impair classical IL-6 signaling, as 
indicated by reduced levels of mIL-6R and decreased IL-6 responsiveness of 
CD4+ T cells and monocytes from C allele carriers 18. As the rs2228145 C 
allele weakens classical IL-6 signaling, positive feedback on IL6R expression 
may be reduced in individuals with the C allele, leading to lower RNA 
expression levels compared to individuals with the A allele. The associations 
between SNPs and variation in RNA and soluble IL-6 receptor abundance 
observed in our study provide guidance for functional studies into the 
mechanistic relationships among polymorphisms in IL6R, IL6R RNA expression 
and IL-6 receptor levels.   

While the variance in sIL-6R levels that can be explained by rs2228145 
is very large compared to single SNP effect sizes generally observed for 
quantitative traits, our study showed that other genetic effects also make an 
important contribution to the heritability of sIL-6R levels. Linkage analysis and 
analysis of the variance explained by chromosome wide SNP effects in 
unrelated subjects (GCTA) indicated that the remaining heritability of sIL-6R 
level appears to be primarily accounted for by other variation in the IL6R region 
on chromosome 1. Linkage analysis showed that genetic effects in this region 
not tagged by rs2228145 account for 19% of the total variance in sIL-6R levels. 
We therefore tried to identify other SNPs in the IL6R region that explain 
additional variance in this clinically important soluble cytokine receptor. 

Evidence for association with sIL-6R level and IL6R expression was 
seen for SNPs located in the IL6R 3’ region including the IL6R 3’UTR, which is 
an important region of regulatory control. Genetic variation in the 3’UTRs of 



62 

genes can affect transcript levels in several ways 53, including effects on mRNA 
stability, translation efficiency, and by affecting regulatory control by miRNAs. 
Previous studies have shown that the IL6R 3’UTR contains binding sites for 
several miRNAs and that IL6R transcript levels are (down)regulated by binding 
of these miRNAs to their 3’UTR target in IL6R mRNA 52, 54-56. Alterations in 
components of this regulatory pathway have been reported in cancer tissues 52, 

54-56 and in synovial fibroblasts from patients with rheumatoid arthritis 57. Our 
novel finding that SNPs in the IL6R 3’region are associated with IL6R 
expression level generates novel hypotheses about the role of genetic variation 
in regulatory pathways of IL6R expression, and into the contribution of such 
pathways to complex disease susceptibility.  

SNP rs4129267 (r2 with rs2228145=0.97) has been identified as a risk 
variant for asthma; the minor allele that increases sIL-6R level is associated 
with increased asthma risk (OR 1.09)25. We looked at the effect of the top 3’ 
eQTL hits for IL6R (rs60760897 and SNPs in LD (r2 >= 0.3)) on asthma in data 
from the Australian Asthma Genetics Consortium 25 (AAGC, N=2110 cases, 
N=3857 controls) and the GABRIEL consortium 58 (N=10,365 cases, N=16,110 
controls). rs60760897 was not associated with asthma risk (Tables S9 and 
S10) but a suggestive association signal was found for SNPs in modest LD 
(r2=0.46) with rs60760897 (rs4478801; GABRIEL: OR=0.95, P =0.014 and 
AAGC: OR=0.94, P=0.045). The minor G allele of rs448801 that showed a 
trend of lower asthma risk in the AAGC and GABRIEL study was associated 
with lower sIL-6R level in our study (GWAS P = 1.27 x 10-145) and with higher 
IL6R expression (eQTL P = 4.87 x 10-8).   

Compared to previous reports that common SNPs together generally 
explain less than 50% of the total variation of complex traits 36, it seems 
remarkable that a single common variant in the IL6R gene alone accounts for 
such a large part of the variation in sIL-6R levels. What makes the level of 
circulating sIL-6R different from other quantitative traits such as height and 
BMI? An important factor is that sIL-6R can be produced through two 
mechanisms (receptor cleavage/shedding and translation of an alternatively 
spliced mRNA), and that the IL6R SNP rs2228145 has a major impact on both 
mechanisms. In contrast, it seems likely, although this is actually unknown, that 
many complex traits result from the integration of numerous different processes 
that each make a small contribution to the endpoint, in which case there could 
be many genetic variants in different pathways that each contribute to a small 
portion of the total variation in the trait.  

In conclusion, we have shown that sIL-6R levels are highly heritable 
and that variants in IL6R other than the well-known functional SNP make an 
important contribution to the heritability. Our findings shed novel light on the 
effects of rs2228145 and SNPs at the IL6R 3’end on IL6R expression. At the 
same time, we demonstrated that results from different methods based on the 
classic biometrical model are in agreement and converge to the same 
conclusion. 
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