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Abstract

Growth differentiation factor 15 (GDF-15) is expressed in low to moderate levels in most healthy 

tissues and increases in response to inflammation. GDF-15 is associated with cardiovascular 

dysfunction and over-expressed in the myocardium of patients with myocardial infarction (MI). 

However, little is known about the function of GDF-15 in cardiovascular disease, and the 

underlying regulatory network of GDF-15 is not known. To investigate a possible association 

between GDF-15 levels and DNA methylation, we performed a genome-wide DNA methylation 

study of white blood cells in a population-based study (N=717). Significant loci where replicated 

in an independent cohort (N=963). We also performed a gene ontology (GO) enrichment analysis. 

We identified and replicated 16 CpG-sites (False discovery rate [FDR] < 0.05), at 11 independent 

loci including MIR21. MIR21 encodes a microRNA (miR-21) that has previously been shown to 

be associated with the development of heart disease. Interestingly, GDF15 mRNA contains a 

binding site for miR-21. Four sites were also differentially methylated in blood from participants 

previously diagnosed with MI and 14 enriched GO terms (FDR < 0.05, enrichment > 2) were 

identified, including “cardiac muscle cell differentiation”.

This study show that GDF-15 levels are associated with differences in DNA methylation in blood 

cells, and a subset of the loci are also differentially methylated in participants with MI. However, 

there might be interactions between GDF-15 levels and methylation in other tissues not addressed 

in this study. These results provide novel links between GDF-15 and cardiovascular disease.
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Introduction

Growth-differential factor-15 (GDF-15) is a member of the transforming growth factor-β 
(TGF-β) family (1). Under physiologic conditions, GDF-15 is expressed in low to moderate 

levels in most healthy tissues. GDF-15 levels may increase in response to pathological stress 

associated with inflammation or tissue damage and an overexpression has been found in 

numerous malignancies including breast, melanoma, colorectal, pancreatic and prostate 

cancer (2–4). Growing evidence indicate that the GDF-15 level in plasma may be a new 

biomarker for risk stratification and therapeutic decision making in cardiovascular disease 

(5, 6). GDF-15 is expressed in the myocardium of patients with acute myocardial infarction 

(MI)(7) and has been shown to be increased in blood from patients with acute MI (8). 

Elevated GDF-15 levels has also been associated with risk of mortality in patients with acute 

coronary syndrome (ACS) or chronic heart failure (9). GDF-15 levels are also higher in 

healthy individuals older than 65 years than in younger individuals (10).

Epigenetics is generally used to denote the regulation of genes that cannot be attributed to 

the DNA sequence. It includes a number of different mechanisms of which DNA 

methylation and histones modifications being the most commonly studied. DNA methylation 

is the heritable and reversible attachment of a methyl group to a nucleotide. In mammals, 

DNA methylation appears to be specific to cytosine, predominantly to CpG (cytosine-

phosphate-guanine) dinucleotide. In promoter regions, CpG-sites are often found as clusters 

called CpG islands. Methylation of promoter CpGs can introduce stable changes in gene 

expression, which might lead to silencing of that gene (11, 12).

In this study, we performed a genome-wide DNA methylation study to determine the 

association between GDF-15 levels and DNA methylation. DNA methylation status in blood 

cells has been determined at more than 475,000 sites distributed throughout the genome in 

two independent population based study cohorts.

Results

Genome-wide DNA methylation study

DNA methylation levels of 485,512 CpG sites were measured in blood in 743 participants 

from NSPHS, using the Illumina 450K chip. A total of 472,477 sites (99.89%) passed the 

QC. Of these, 470,789 CpG -sites were autosomal and have been included in downstream 

analyses. 11,232 CpG-sites were located on the X chromosome and analysed in males and 

females separately and 416 CpG-site on the Y chromosome was analysed only in males. 

None of the CpG-sites located on the sex-chromosomes passed the False discovery rate 

(FDR) q-values < 0.05 threshold and was not further investigated. All individuals passed QC 

for the NSPHS population. After removing technical controls, 717 samples with DNA 

methylation and GDF-15 data available remained for the epigenetic analyses. In NSPHS, 

GDF-15 levels increased with age (p=6.98 x 10-41) and with fraction of granulocytes 

(p=1.60 x 10-7), but there was no significant difference between sexes, nor with variation in 

fractions of other cell types (p>0.05).
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A total of 31 DNA autosomal methylation sites were significantly associated (False 

discovery rate (FDR) q-values < 0.05) with GDF-15 levels in NSPHS (Figure 1, Table 2, 

Supplementary Table 2). The 31 significant sites mapped to 23 genes. Of these, 16 CpG-

sites, corresponding to 11 genes, were replicated in PIVUS (FDR q < 0.05) with the same 

direction of effect (Table 2, Supplementary Table 2). Some of the probes used for measuring 

DNA methylation overlaps with known SNPs that might influence the probe specificity. 

Including SNPs located within the probe positions (See supplementary methods for more 

information) did not influence the association between the CpG methylation and the 

GDF-15 levels for any of the replicating sites (Supplementary Table 1).

Among the replicated sites, four mapped to vacuole membrane protein 1 (VMP1), 

previously known as transmembrane protein 49 (TMEM49). VMP1 has previously been 

associated with lipoprotein-associated phospholipase A2 (Lp-PLA2), which is a 

proinflammatory enzyme bound to low-density lipoprotein cholesterol and other circulating 

lipoproteins. Both the mass and activity of Lp-PLA2 are associated with increased 

cardiovascular risk (13). A total of 18 of the CpG sites on the Illumina 450K methylation 

chip are annotated to the VMP1 gene. Of these four were associated with GDF-15 levels. 

However, as many as 42 CpG sites are located in close proximity to VMP1. We can clearly 

see that among these, the four significant VMP1 CpG sites are all located in one region 

towards the end of VMP1 (Figure 2), or more precisely within or around the 11th exon 

(Figure 3). This region has previously been shown to be the promoter of a microRNA 

(miRNA) gene, MIR21, which is located about 3kb downstream of this promoter (14). The 

MirWalk database (15) identifies that miR-21 has a binding site with a match that consists of 

9 bases at position 78 to 86 in the GDF15 mRNA coding sequence (P=0.0035). The 

probability distribution of random matches of a miRNA 5´end sequence in the given 

sequence (promoter or mRNA sequence) was calculated by using a Poisson distribution. A 

low probability implies a significant hit (15). Interestingly, MiR-21 has been shown to play 

an important role in development of heart disease (16).

Meta-analysis

Meta-analysis was performed for all CpG-sites that passed QC in PIVUS and NSPHS (N = 

457,898) and we identified a total of 66 GDF-15 genome-wide significant CpG-sites (p < 

5x10-8) (Table 2 and Supplementary Table 5).

Myocardial infarction - NSPHS

All 16 replicating CpG-sites were further investigated in relation to MI. Four sites 

(cg17150809, cg13033858, cg16936953 and cg18608055) showed a nominally significant 

decrease in DNA methylation in blood (P-values; 0.0039, 0.05, 0.05 and 0.05, respectively) 

in the 47 participants that have had a prior MI compared to the 271 participants (above age 

50) that has not experienced a MI (Figure 4 a-d). However, none of these sites were still 

significant after adjusting for multiple testing.

Association between GDF15 SNPs and GDF-15 levels

A previous study identified nine SNPs, corresponding to three independent SNPs 

(rs3746181, rs1227731 and rs749451), on chromosome 19 (close to GDF15) to be 
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associated to GDF-15 levels (17). Of these, seven SNPs were also associated with GDF-15 

levels in NSPHS (Table 3). Since these SNPs are influencing GDF-15, they might alter the 

precision of the GDF-15 measurement used in our analyses. Including the three independent 

SNPs (rs749451, rs888663 and rs1054564) as covariates did not appear to affect the 

association between DNA methylation at the CpG-sites and GDF-15 (Supplementary Table 

3). We also performed a GWAS for GDF-15 levels in NSPHS. Three significant SNPs; 

rs76083784 (p = 4.80x10-8), rs199517669 (p = 4.29x10-8) and rs139654494 (p = 3.23x10-8) 

were identified of which none replicated in PIVUS (Supplementary Table 4, Supplementary 

Figure 1-3b). Further information is found in Supplementary methods.

Causal inference

We also performed a MR test to investigate if genetically increased GDF-15 levels directly 

influence methylation level at our 16 replicated CpG sites, using the three previously 

published GDF15 independent SNPs (rs749451, rs888663 and rs1054564). For two of the 

CpG -sites, the methylation level were associated (nominal P ≤ 0.05) with one or more of the 

GDF-15 SNPs (Supplementary Table 3) indicating that GDF-15 might directly regulates 

methylation level at these sites. However, none of the tests were significant after multiple 

testing adjustments.

Enrichment analysis

As target list for the enrichment analyses we selected using CpG sites for which DNA 

methylation in blood were associated with GDF-15 levels in the meta-analysis (FDR q-value 

≤ 0.05). This resulted in a set of 796 genes, with at leas one significant CpG site, that where 

entered into the enrichment analysis. All protein-coding genes in the genome that was 

represented by at least one CpG site on the Illumina chip (n = 16,662), were used as a 

background list. A total of 34 enriched biological processes were identified (FDR q-value < 

0.05), of which 14 had an enrichment higher than 2.0. The most enriched biological 

processes were “behavioral defense response”, “behavioral fear response” and “cardiac 
muscle cell differentiation” with fold enrichment of 6.11 (FDR q-value = 4.55x10-2), 6.11 

(FDR q-value = 4.39x10-2) and 5.86 (FDR q-value = 4.81x10-2), respectively (Table 4).

Discussion

We have shown that GDF-15 levels in plasma are associated with differential DNA 

methylation patterns in blood cells. In total, we identified and replicated 16 CpG-sites at 11 

independent genes to be associated with GDF-15 levels. By meta-analysing the results from 

the two cohorts, we identified as many as 66 genome-wide significant CpG-sites, which 

shows that the effect is similar between the two cohorts.

Among the 16 replicated associations, four CpG-sites are located within VMP1. This gene is 

an interesting candidate gene since it encodes a stress-induced protein that when 

overexpressed promotes formation of intracellular vacuoles followed by cell death (18). 

Mutations in this gene are also associated with acute pancreatitis (19). All four CpG-sites are 

localized within or close to the 11th exon of the gene and this region has been annotated as 

an active promoter in ENCODE cell lines. The fact that this region overlaps with the 
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promoter of miR-21(20–22) (Figure 3) and a fifth associated CpG-site is located just 

upstream of MIR21 suggests that the associated CpG-sites are more likely linked to the 

regulation of MIR21 rather than VMP1. However, it has previously been shown that MIR21 
can also be expressed together with VMP1 through alternative polyadenylation and that 

MIR21 thereby can be regulated by two promoters (23).

MiRNAs are a family of short non-coding RNAs that regulate gene expression post-

transcriptionally. MiRNAs generally bind to the 3’-UTR (untranslated region) of their target 

mRNAs and repress protein production by destabilizing the mRNA and translational 

silencing (24). Results from the MirWalk database suggests that miR-21 binds to the 

GDF-15 mRNA. Similarly to GDF-15, miR-21 has previously been associated with heart 

disease. MiR-21 expression has been shown to be increased in failing murine and human 

hearts (16). The same study also showed that inhibition of miRNAs in mice, using 

chemically modified and conjugated miRNA inhibitors (antagonists), inhibits intestinal 

fibrosis and improve cardiac function in a pressure overload cardiac disease mouse model 

(16). Taken together, our results and the similarity in association with cardiovascular 

diseases between miR-21 and GDF-15, suggests that miR-21 is a probable regulator of 

GDF15. However, by using SNPs that regulates the methylation level of the MIR21 
promoter as instrumental variables for miR-21 expression, we did not confirm that miR-21 

levels directly influence GDF-15 levels in blood cells. DNA methylation of promoters is 

generally considered being associated with decreased gene expression. In our study we 

found that GDF-15 and DNA methylation level of the MIR21 promoter was inversely 

correlated. This means that increased GDF-15 level were associated with decreased MIR21 
methylation, probably reflecting increased MIR21 expression. This makes sense since 

increased GDF-15 and miR-21 levels have been associated with the same diseases. However, 

if miR-21 binds to the mRNA of GDF15 we would expect an increased MIR21 expression to 

result in decreased GDF-15 levels, which is the opposite of our results. It is possible that 

miR-21 is expressed in order to down-regulates GDF-15 and that miR-21 levels therefore 

reflect the GDF-15 levels. However DNA methylation was measured in blood cells, and the 

majority of the circulating GDF-15 might be expressed from a different cell-type, so it is 

possible that miR-21 regulation of GDF-15 is tissue specific and not even detectable by 

measuring DNA methylation for blood cells.

Another interesting gene found among our replicating CpG -sites is the Zinc finger protein 2 
(ZEB2). ZEB2 has been shown to be involved in early development of tissues in heart and 

digestive tract. Deletion of ZEB2 leads to Mowat-Wilson syndrome, a rare genetic disorder 

characterized by a number of health defects including Hirschsprung disease, mental 

retardation, epilepsy and congenital heart disease (25).

GDF-15 has been associated with cardiovascular dysfunction and is known to be over-

expressed in the myocardium of patients with MI. It is therefore interesting that four CpG-

sites associated to GDF-15 levels showed a nominally significant decrease (P < 0.05) in 

methylation in people previously diagnosed with MI (Figure 4 a-d). One of these CpG-sites, 

cg16936953, is located within the promoter region of MIR21 within the gene VMP1, 

previously shown to be involved in cardiovascular disease (13, 16). The other three CpG-

sites (cg13033858, cg17150809 and cg18608055) where located within or close to genes, to 
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our knowledge, not previously shown to be associated to cardiovascular disease (SSH1, 

FBXL4 and SBNO2). It is also interesting that genes involved in “cardiac muscle cell 
differentiation” and “cardiocyte differentiation” was highly enriched for association between 

DNA methylation in blood and GDF-15 levels. Both these GO term include almost the same 

genes including, Neuregulin (NRG1), Calreticulin (CALR), T-box 3 (TBX3), Retionid X 

receptor (RXRB), Transforming growth factor beta 2 (TGFB2), Retionid X receptor alpha 

(RXRA), Retinoic Acid receptor, alpha (RARA), Chibby homolog 1 (CBY1) and Serum 

response factor (SRF), with nominal p-values down to 6.48x10-7 (Supplementary Table 6 

and 7). Most of these genes have previously been shown to be involved in cardiovascular 

disease. Briefly, NRG1 is involved in cardiovascular development and disease (26), CALR 
is associated to congenital heart block disease (27), mutations in TGFB2 has been shown to 

predispose to thoracic aortic disease (28) and inactivation of SRF in the developing heart can 

result in myocardial defects and embryonic lethality (29).

The aim of this study was to investigate if GDF-15 levels are associated with differential 

DNA methylation levels in blood cells. However, we also used a MR approach to evaluate if 

GDF-15 is directly influencing DNA methylation by using SNPs, previously shown to 

regulate GDF-15 expression, as instrumental variables. At two of the CpG -sites, the DNA 

methylation levels were associated (P ≤ 0.05) with one or more of the GDF15 SNPs 

(Supplementary Table 3) and we can therefore not reject the hypothesis that GDF-15 directly 

regulates methylation level at these sites.

Limitations

To perform the epigenome-wide methylation analysis, we used whole blood. Whole blood 

has an inter-individual variability in the fraction of different DNA-containing blood cells. 

Previous studies have shown that differences in methylation can be the result of variability in 

cell composition when blood is used in DNA methylation studies (30). We therefore 

corrected for variability in cell composition between individuals. However, we do not know 

if the association between DNA methylation and GDF-15 levels is specific to only one cell 

type, or present in all of the individual cell types in blood. There might also be interactions 

between GDF-15 levels and methylation in other tissues that has not been addressed in this 

study. Another limitation is the difference between the populations in demographics, age and 

sex distribution. The NSPHS study includes a mixture of males and females and an age 

range between 14-94, while the PIVUS study used for replication consists of males and 

females aged 70 years. Even though the replication rate was high in our study, the overlap 

would probably be even higher in two more similar samples. Despite this, half of the sites 

replicated between these studies, lending strong support to our findings.

The MR approach indicated that GDF-15 might regulate methylation level at two sites. 

However, the p-values are only nominally significant. The lack of association to other CpG-

sites might reflect that GDF-15 is not influencing the DNA methylation at these sites. 

However, since the effect of the three SNPs on GDF-15 is limited, the strength of our 

instrument might be somewhat limited and we cannot exclude that these results are affected 

by low statistical power. We did not replicate two of the SNPs from the Framingham study, 

which might be due to an association to non-synonomous SNPs in Framingham. Ten of our 
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significant GO terms include at least two genes that belong to the same gene cluster 

(HOXD9, HOXD10 and HOXD11) (Supplementary Table 7). Genes (CpG-sites) that belong 

to the same gene cluster might pick up the same effect due to a high correlation between 

them, which might drive the enrichment by counting the same effect several times. We 

calculated the correlation between the CpG-sites included for these genes (cg22674699, 

cg18115040 and cg04949206) giving an R2 <= 0.16 in NSPHS and an R2 <= 0.25 in 

PIVUS, between each part of sites. These results suggest that the HOXD-genes might not 

represent independent signals.

GDF-15 levels were estimated with two different methods for the discovery and replication 

set (Olink Proseek Multiplex Oncology I and the immunoradiometric assay) and the 

concentration / scales between these methods are not directly comparable. This explains why 

the scales of beta estimates in Table 2 differ between the two cohorts. However, using two 

different methods is good because is shows that the results are not method dependent. Since 

GDF-15 levels were measured in different units, the estimates from PIVUS and NSPHS 

were standardized and z-scores included in the meta-analyses.

In summary, this study shows that level of GDF-15, which has previously been shown to be 

strongly correlated with cardiovascular diseases, is associated with DNA methylation levels 

in blood at multiple CpG-sites in the genome. GDF-15 is known to be over-expressed in the 

myocardium of patients with MI. It is therefore interesting that four CpG-sites associated to 

GDF-15 levels showed a significant decrease in methylation in people previously diagnosed 

with MI. Interestingly, this study also suggests that genes involved in heart tissue 

development are enriched for DNA methylation associations with GDF-15 levels. For some 

of these genes, GDF-15 appears to directly affect the DNA methylation. However, for other 

genes, the DNA methylation and GDF-15 might reflect coregulation probably due to 

underlying pathological conditions

Material and methods

Study populations

The Northern Sweden Population Health Study, NSPHS—The Northern Sweden 

Population Health Study (NSPHS) was initiated in 2006 to provide a health survey of the 

population in the parishes of Karesuando and Soppero, County of Norrbotten, and to study 

the medical consequences of lifestyle and genetics. This parish has about 3000 inhabitants 

who meet the eligibility criteria in terms of age (> 14 years) of which 1069 individuals 

participated in the study. The median age of these individuals was 50 years, ranging from 14 

to 94 (Table 1). For each participant in the NSPHS, whole blood, plasma and serum samples 

were taken and immediately frozen and stored at −70°C. Genomic DNA for methylation 

analyses was extracted from previously frozen peripheral blood leukocytes using a 

phenol:chloroform protocol. The participants were asked to answer a questionnaire about 

their medical history, smoking habits and regular medication. The NSPHS study was 

approved by the local ethics committee at the University of Uppsala (Regionala 

Etikprövningsnämnden, Uppsala Dnr 2005:325) in compliance with the Declaration of 

Helsinki. All participants gave their written informed consent to the study including the 

examination of environmental and genetic causes of disease. In case the participant was not 
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full age, a legal guardian signed additionally. The procedure used to obtain informed consent 

and the respective informed consent form has recently been discussed in the light of present 

ethical guidelines (31) More information about the NSPHS has been published previously 

(32).

Prospective Investigation of the Vasculature in Uppsala Seniors, PIVUS—
Eligible subjects were those aged 70 years living in the community of Uppsala, Sweden. The 

subjects were chosen from the register of community living and were invited in a 

randomized order. The subjects received an invitation by letter within 2 months of their 70th 

birthday. Of the 2025 subjects invited, 1016 subjects participated giving a participation rate 

of 50.1% (33). Median age of individuals in PIVUS was 70.1 years, ranging from 69.8 to 

70.7 years (Table 1). The study was approved by the Ethics Committee of the University of 

Uppsala and the participants gave informed consent. All subjects were investigated in the 

morning after an overnight fast, where collection of blood for DNA preparation and 

measurement of GDF-15 levels took place. No medication or smoking was allowed after 

midnight.

Determination of DNA Methylation Status

Genomic DNA for 743 samples from NSPHS and 1016 samples from PIVUS was bisulfite-

converted using an EZ DNA methylation Kit (ZYMO research) according to the 

manufacturer's recommendations. The methylation status of the genomic DNA was then 

assessed using the Human Methylation450 BeadChip, (Illumina, San Diego, USA) 

according to the standard protocol. The Human Methylation450 BeadChip, (Illumina, San 

Diego, USA) has been validated in previous studies (34, 35).

Analysis of the raw data in NSPHS was performed using minfi. Normalization was 

performed using Subset-quantile Within Array Normalisation (SWAN) and a marker 

detection P-value < = 0.01 was applied, a Probe Call rate of >0.98, and an individual call 

rate of >0.98 was applied. A total of eight control samples were included: two positive 

controls, two negative controls, two duplicated samples that originated from the same blood 

samples and two duplicated samples that came from the same individual but blood samples 

that were taken with 3 years apart as has been described previously (36). Analysis of the raw 

data in PIVUS was performed using GenomeStudio 2011.1 from Illumina Inc. After 

exclusion of replicates a total of 1002 study participants had methylation data available for 

quality control procedures. Three samples were excluded based on poor bisulphite 

conversion efficiency, twelve samples due to low pass rate of CpG sites (<98.5% with a 

detection P-value > 0.01), six samples based on low SNP genotype match (>1 SNP 

mismatches) between genotypes from the methylation array and Omni/Metabochip 

genotyping chips and 14 samples due to abnormal leukocyte cell counts (>10x109 cells/L). 

The signal intensities for the methylated and unmethylated state were then quantile 

normalised for each probe type separately.

GDF-15 measurements

In NSPHS GDF-15 levels were measured in plasma for 1004 individuals, using the Olink 

Proseek Multiplex Oncology I 96x96 kit and quantified by real-time PCR using the Fluidigm 
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BioMark™ HD real-time PCR platform as described earlier (37, 38). In brief, two 

oligonucleotide-labelled antibodies probes were bound to GDF-15. If the two probes are in 

close proximity a PCR target sequence is formed by a proximity-dependent DNA 

polymerization, which is quantified using standard real-time PCR. These values are not 

converted into concentrations.

In PIVUS GDF-15 levels were determined by a validated immunoradiometric assay. The 

assay has a theoretical detection limit of 20 ng/L and allows reliable analyte quantification 

over a wide concentration range (~200-50 000 ng/L) (10). Serum samples were available 

from 1004 subjects for the present study.

SNP genotyping

DNA samples from NSPSH have previously been genotyped using Illumina Infinium 

HumanHap300v2 or Illumina Omni Express SNP bead microarrays, and unassayed 

genotypes has been imputed using the 1000 Genome Project reference panel (38). See also 

supplementary material for more information.

Estimation of cell fractions from the methylation data

To ensure that the results were not influenced by variation in cell fraction between samples, 

we estimated the fraction of CD8T-, CD4T-, NK- and B-cells, monocytes and granulocytes 

in the study samples. This was done using the R package minfi(39) that allows for 

estimating cell fractions in Illumina 450K methylation data from whole blood. This method 

is based on the methylation data published for flow-sorted cells (40) and algorithms derived 

from the study by Houseman et al (41).

Statistic analysis of DNA methylation data and GDF-15 levels

All statistics were performed using the stats library of R version 2.15.10 (42). The level of 

methylation was reported as average beta values. We used the annotation of DNA 

methylation sites provided by Illumina (HumanMethylation450_15017482_v.1.1.csv, 

accessed: 1st September, 2012), to assign CpG -sites to their corresponding genes 

(www.illumina.com). NSPHS; Beta values where adjusted for cell composition, year of 

collection and the first four principal components estimated from the DNA methylation data. 

Adjusted beta values for each marker were fitted to a mixed model using rank-transformed 

GDF-15 level, sex, age, year of collection, and smoking, as covariates. Following exclusion 

of individuals lacking GDF-15, DNA Methylation data or information on any of the 

covariates, a final set of 717 individuals was used in analysis. Since NSPHS is a population-

based study including related individuals, special methods have been used to handle 

relatedness. All statistic analyses in NSPHS was performed using the R package GenABEL 

(43), which was developed to enable for statistic analyses of genetic data in related 

individuals as described previously (36). Population stratification was adjusted for through 

the kinship matrix. PIVUS; Following exclusion of individuals lacking GDF-15 phenotype 

data a final set of 963 individuals were used in analysis. Association between rank 

transformed GDF-15 and methylation beta values at each CpG-site were analyzed using 

linear models adjusted for sex, age, predicted white cell counts (See “Estimation of cell 

fractions from the methylation data” above), Bisulphite conversion plate (96-well plate) and 
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Bisulphite conversion efficiency mean (calculated from control probes). Meta analyses were 

performed using an inverse variance weighted fixed-effects model. Since GDF-15 levels 

were measured in different units, the estimates from PIVUS and NSPHS were standardized 

and z-scores included in the meta-analyses. Association between GDF-15 levels and cell 

fractions were estimated in NSPHS.

Myocardial infarction - NSPHS

The NSPHS is a population-based study with participants being unselected due to disease 

and health status. However, as many as 47 of the participants (all above 50 years of age) 

with methylation data available have experienced a prior MI. For the CpG-sites that were 

associated with GDF-15 levels, we investigated if they were also differentially methylated in 

the participants (above 50 years of age) with a prior MI compared to participants above age 

of 50 that (independent on other diseases) have not had a MI (N= 271). In the statistical test, 

MI was used as explanatory variable and methylation level as response variable also 

adjusting for precision variables (slide, array and year of sampling) and confounding 

variables (age and sex).

Enrichment analysis

Enrichment analysis was carried out using the gene ontology (GO) enrichment analysis and 

visualization web-based tool Gorilla (http://cbl-gorilla.cs.technion.ac.il/) (44). Gorilla 

performs enrichment analysis for two unranked lists of genes, one target and one 

background list using a hyper geometric model. P-values are corrected for multiple 

comparisons using false discovery rate (FDR). This analysis will identify GO terms 

(molecular function or biological processes) that are significantly enriched for genes that are 

differently methylated in relation to GDF-15 levels. To take into account that genes with 

more CpG-sites measured might be more likely to be associated with GDF-15 levels by 

chance we selected the most significant CpG-site within each gene and Bonferroni corrected 

the P-value for the number of CpG-sites that were measured within that gene.

Causal inference

To investigate if GDF-15 levels directly affect any of the associated methylation sites or vice 

versa, we performed a Mendelian randomization (MR) like approach. The MR approach has 

been described in detail previously (45) and is a commonly used method for evaluating the 

direct causal effect of biomarkers for various diseases (46, 47). In MR, SNPs are used as 

instrumental variables to divide a population into genotypic subgroups in an analogous way 

to the division of participants into arms in a randomized controlled trial. The basic idea of 

our MR approach is that individuals were randomized at birth to receive genetic variants that 

result in different “genetic” levels of e.g. GDF-15 levels. If GDF-15 is casually influencing 

the methylation level, we could also expect the known cis-regulatory variants in the GDF15 
region to influence the methylation. To avoid the risk of pleiotropy only cis-regulatory SNPs 

were considered for these analyses. In our MR analyses we used each of the three 

independent SNPs, previously shown to be associated with GDF-15 levels (17) (rs749451, 

rs888663 and rs1054564) as instrumental variables in three independent tests. The 

instrumental variables corresponded to the number of copies of the minor allele in each SNP 

assuming an additive genetic model.
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Figure 1. 
Manhattan plot for the genome-wide DNA methylation study in NSPHS. Significance 

threshold is marked in with a grey line (FDR q-value ≤ 0.05)
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Figure 2. 
Regional plot of the association between GDF-15 levels and DNA methylation in the VNP1/
MIR21 region. Both genes are coded on the positive strand with the transcription-starting 

site being located at the most left part of respective gene. The black marks is the –log10(P-

values) for the association in the NSPHS and the grey marks in the PIVUS study.

Ek et al. Page 16

Hum Mol Genet. Author manuscript; available in PMC 2017 August 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3. 
Genomic location of miRNA 21 (MIR21), the promoter region of MIR21(20–22) in relation 

to our associated CpG -sites (dashed black lines). MIR21 is located on chromosome 

17q23.2, downstream of the protein-coding gene VMP1 and 3kb downstream of the 

predicted promoter. Image is not drawn to scale.
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Figure 4. 
(a-d). Boxplot for the methylation level at one of the CpG-sites in participants with and 

without a history of Myocardial Infarction (MI). Boxplots show mean and interquartile 

ranges. Nominal p-values for the association between MI and Methylation level (adjusted for 

covariates) is P = 0.00039, P = 0.046, P = 0.049 and P = 0.049, for a, b, c and d, respectively.
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Table 1
Clinical characteristics of the study individuals with methylation data and GDF-15 
estimates that passed QC and was included in the methylation analyses.

Discovery (NPHSHS) Replication (PIVUS)

N 717 963

Mean age, years 50.4 70.1

Men / Women 382 / 335 483 / 480

Men /Women (proportion) 0.53 / 0.47 0.50 / 0.50
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Table 2
Genome-wide DNA methylation study summary statistics for Discovery (NSPHS), 
Replication cohort (PIVUS) and meta-analysis (NSPHS+PIVUS).

NSPHS PIVUS META-ANALYSIS

CHR CpG-site Position. bp Gene P Effect P Effect P Effect

17 cg16936953 57915665 VMP1 2.48x10-14 -3.52 4.80x10-7 -0.88 3.34x10-19 -2.93

2 cg20995564 145172035 ZEB2 3.00x10-12 -4.34 0.021 -0.53 6.81x10-11 -2.83

17 cg12054453 57915717 VMP1 3.53x10-11 -2.85 2.62x10-5 -0.71 1.48x10-14 -2.39

17 cg01409343 57915740 VMP1 1.50x10-9 -4.14 7.59x10-7 -1.31 7.21x10-15 -3.82

17 cg27023597 57918262 MIR21 5.39x10-9 -3.92 0.015 -0.53 1.52x10-8 -2.49

17 cg18942579 57915773 VMP1 1.48x10-8 -3.20 0.0002 -0.76 3.25x10-11 -2.58

19 cg19821297 12890029 Upstream of HOOK2 1.13x10-7 -3.47 0.001 -0.90 4.40x10-10 -2.96

22 cg09349128 50327986 Downstream of CRELD2 2.25x10-7 -5.58 1.42x10-5 -1.47 2.86x10-11 -4.61

19 cg19369616 53447272 ZNF321 2.61x10-7 3.62 0.013 0.52 2.65x10-7 2.24

6 cg17150809 99461062 Upstream of FBXL4 5.62x10-7 -4.69 0.003 -0.87 4.30x10-8 -3.31

1 cg11393173 116369577 Downstream of NHLH2 7.18x10-7 -4.76 0.001 -1.31 2.27x10-9 -4.15

19 cg18608055 1130866 SBNO2 1.06x10-6 -3.98 0.020 -0.69 3.93x10-7 -2.89

19 cg07573872 1126342 SBNO2 1.27x10-6 -3.72 3.62x10-7 -1.28 2.23x10-12 -3.55

3 cg12992827 101901234 Upstream of ZPLD1 1.40x10-6 -3.80 2.51x10-6 -1.09 2.37x10-11 -3.25

17 cg13165240 3715743 C17orf85 2.56x10-6 3.92 0.001 0.98 1.19x10-8 3.21

12 cg13033858 109248326 SSH1 3.13x10-6 -3.50 0.007 -0.72 2.32x10-7 -2.68
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Table 3
Replication of previously associated SNPs close to GDF15 on chromosome 19.

SNP A1 (MAF) POS PNSPSH PFramingham meta Variance ExplainedNSPHS

rs3746181 G (0.085) 18477017 6.23x10-5 6.22x10-32 0.31%

rs1363120 C (0.083) 18482304 2.51x10-6 2.38x10-30 0.31%

rs888663 T (0.081) 18484922 2.93x10-6 7.12x10-31 0.30%

rs1227731 G (0.14) 18497903 1.38x10-5 8.22x10-28 0.26%

rs1054564 G (0.11) 18499815 1.38x10-5 2.14x10-18 0.26%

rs3195944 A (0.11) 18476711 7.08x10-5 1.16x10-17 0.22%

rs749451 C (0.47) 18479647 7.04x10-5 1.21x10-29 0.21%

rs1043063 C (0.36) 18480171 0.11 4.58x10-9 0.036%

rs17725099 A (0.30) 18482358 0.211 2.59x10-13 0.022%
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Table 4
Biological processes that were significantly (FDR q-val ≤ 0.05) enriched (higher than 2) for 
genes differentially methylated for GDF-15 levels in the meta-analysis.

GO Term Description FDR q-value Fold Enrichment*

GO:0002209 behavioral defense response 4.55x10-2 6.11

GO:0001662 behavioral fear response 4.39x10-2 6.11

GO:0055007 cardiac muscle cell differentiation 4.81x10-2 5.86

GO:0035051 cardiocyte differentiation 4.15x10-2 5.38

GO:0035136 forelimb morphogenesis 4.49x10-2 4.71

GO:0008344 adult locomotory behavior 4.64x10-2 3.36

GO:0030326 embryonic limb morphogenesis 3.93x10-2 3.33

GO:0035113 embryonic appendage morphogenesis 3.77x10-2 3.33

GO:0035107 appendage morphogenesis 3.45x10-2 3.25

GO:0035108 limb morphogenesis 3.16x10-2 3.25

GO:0007626 locomotory behavior 1.51x10-2 2.92

GO:0044708 single-organism behavior 2.04x10-2 2.18

GO:0007610 behavior 1.71x10-2 2.10

GO:0007389 pattern specification process 2.75x10-2 2.05

*
Enrichment is defined as (b/n)/(B/N). N is the total number of genes; B is the total number of genes associated with a specific GO term; n is the 

flexible cutoff, i.e. the automatically determined number of genes in the ´target set´ and b is the number of genes in the ´target set´ that are 
associated with a specific GO term. For further information about these results, see Supplementary Table 6 and 7.
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