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INTRODUCTION 

Discovery of lipids in human brain and plasma 

In 1719, Hensing published the first monograph on the chemical composition of the brain, in 

which he isolated phosphorus from cerebral tissue. His work is considered a cornerstone of 

modern neurochemistryl. One century later, Vauquelin demonstrated that the phosphorus was 

actually bound to fat in the brain2. Meanwhile, cholesterol, a marker for all lipoproteins, was first 

discovered in bile and in gallstones by Poulletier de Ia Salle in 17693 and then rediscovered in 

1815 by Chevreul, who named it"cholesterine"4 .1n 1823, Chevreul's work resulted in his master

piece on lipids" Recherches chimiques sur /es corps gras d'origine animate" where he described for 

the first time several fatty acids (margaric, oleic, stearic, butyric and caproic acids), including iso

valeric acid (he named it"acide phocenique"), the first branched-chain fatty acid to be isolated 

from the head oil of dolphins and from porpoise oi15. Ten years later, in 1833, Boudet found 

cholesterol in blood6• Finally, in 1884, Johann Ludwig Wilhelm Thudichum published another 

fundamental work"A treatise on the chemical constitution of the brain'; in which he described the 

presence of sphinosine in brain, but also the presence of a choline and sphingosine containing 

phospholipid without glycerol, which he named sphingomyelin. He additionally described the 

presence of cerebrosides and sulfatides in brain extracts and isolated cephalin (phosphatidyl

ethanolamine) as a phospholipid distinct from lecithin (phosphatidylcholine). 

The discovery of plasma lipoproteins, however, dates to one century later. In 1929, Michel 

Macheboeuf, working at the Pasteur Institute in Paris, reported the isolation of a stable, water

soluble lipoprotein from horse serum. This lipoprotein contained 59% protein and 41 o/o lipids, 

which consisted of 18% cholesterol and 23% phospholipid7 and it had the same composition 

as the a-lipoprotein that we now recognize as high-density lipoprotein (HDL). Today, we know 

that phospholipids constitute 7% of chylomicrons, 16% of very low density lipoproteins, 18% 

of lipoprotein-a and 22% of low density lipoprotein (LDL) particles, in addition to proteins, 

triglyceride and cholesterol. Meanwhile, the discovery of lipase enzymes, starting with Claude 

Bernard's description of pancreatic lipase in 1846, followed by the isolation of the first phospho

lipase by Bakay in 18778, helped to build the first hypothesis on fat transport throughout the 

body. Today, it is broadly accepted that HDL accomplishes reverse cholesterol transport from 

extrahepatic tissues to the liver, whereas LDL carries the majority of cholesterol through the 

bloodstream and delivers it to the cells of the body. The first association studies byThannhauser 

and Magendantz on both atherosclerosis and xanthoma with high serum cholesterol levels 

followed in 19389. 

After the discovery of docosahexaenoic acid (DHA) in fish oil in 1942, and other unsaturated 

fatty acids, a new numbering system; the "omega (w) nomenclature" was proposed by Hol

man 10• He also described a case of linolenic acid deficiency involving neuronal abnormalities; 

linolenic acid is recognized as essential for humans 11 • The beneficial effects of fish oils were 



translated into the realm of cardiovascular health when experiments in dogs showed reduced 

thickening ofveins12. 

Studies on the cell membrane, meanwhile, underlined the importance of lipid molecules in 

systems other than fat transport and energy accumulation. The discovery of lipid membrane 

asymmetry, and the final model of cell membrane architecture, known as the fluid mosaic 

model, was proposed by Singer13• This was followed by the discovery of ATP-dependent 

aminophospholipid-specific transporters (translocases), which transport phosphatidylserine 

and phosphatidylethanolamine from the outer to inner leaflet of plasma membranes 14• Studies 

on cell membrane and receptor mediated pathways demonstrated the involvement of lipid 

mediators in signal transduction 15, 16, such as ceramide's role as a potent agent in apoptosis and 

arachidonoylethanolamide as a cannabinoid/anandamide receptor agonist17, 18• 

These findings were inevitably followed by association studies that demonstrated a tight 

connection between the intensity of blood w-3 fatty acid depletion and the severity of depres

sive symptoms in patients19, 20 and, finally, elevated sphingomyelinase activity in depressed 

patients21 • Clinical trials showed that thew -3 fatty acids from fish oil improved and stabilized 

mood in patients with bipolar disorder and that they improved cardiovascular health22, 23; this 

resulted in the current marketing and consumption of these species as daily supplements. 

Depressive disorder 

The first hypothesis that mood disorders would be due to imbalances in "body fluids" dates 

back to Hippocrates (460-377 BC), who favored a 'somatic' etiology of mental illness. According 

to him, melancholia (from the Ancient Greek I.Utf.a<; (me/as), "dark, black"+ xoAr'] (khole), "bile") 

was a distinct disease with particular mental and physical manifestations. In his Aphorisms, he 

characterized all "fears and despondencies, if they last a long time" as being symptomatic of 

melancholia. 

In modern medicine, this term mostly refers to Major Depressive Disorder (MDD), which 

will become the second leading source of disability across all ages by 2020, with a lifetime 

prevalence of 25%24, 25. The most widely used criteria for diagnosing depressive conditions are 

found in the American Psychiatric Association's revised fourth edition of the Diagnostic and 

Statistical Manual of Mental Disorders (DSM-IV-TR) and the World Health Organization's Interna

tional Statistical Classification of Diseases and Related Health Problems (ICD-1 0), which uses the 

name recurrent depressive disorder. Both the DSM-IV-TR and ICD-1 0 describe typical depressive 

symptoms. ICD-1 0 defines three (depressed mood, anhedonia, and reduced energy), two of 

which should be present to determine depressive disorder diagnosis. According to the DSM-IV

TR, there are two main symptoms: depressed mood and anhedonia. At least one of these must 

be present to diagnose a major depressive episode. A valid biomarker for depression still does 

not exist. This has hampered genetic research. Despite the standardized criteria for depression, 

it has been argued that there is not a cut-off of distinguishing those healthy from the diseased 



ones. This has led to the proposal to study quantitative endophenotypes rather than discrete 

outcomes in psychiatric research. The work presented in this thesis focuses on symptoms of 

depression measured in a quantitative way, which enabled us to include individuals below the 

clinical threshold and made it possible to perform population wide studies26• 

The complex etiology of depression is not yet understood. The disease is more prevalent 

among women, with contributions from environmental factors such as stressful life events and 

educational level, and has also been shown to co-occur with anxiety disorders, dementia, car

diovascular problems and metabolic syndrome. Consistent evidence has shown the clustering 

of depression among families with moderate heritability; however, no major genes have been 

described thus far. 

Aim of this thesis 

The main aim ofthis thesis is to show possible causal pathways and candidate genes for depres

sive disorders while dissecting its association with circulating lipids as potential endopheno

types in addition to depressive symptoms. 

Recent years have seen a great success in the field of complex trait genetics. This is mainly 

due to genome-wide association studies (GWAS), which provided important clues for under

standing complex diseases. Common genetic variation, however, is not sufficient to explain 

the complete genetic variation of complex traits. Figure 1 shows three broad categories of risk 

alleles that are likely to be discoverable by genetic approaches in the near future: high-risk-rare 

REALLY RARE RARE COMMON 

VARIANT FREQUENCY 
FIGURE 1. Genetic architecture. 

Schematic landscape of the genetic architecture of disease and the applicability of current methods to find

ing risk and causative alleles. Exome-seq; whole-exome sequencing. Modified from the concept presented 

by Manolio and colleagues, adopted from Singleton, ABet al, 2010 



alleles, which lead to Mendelian or near Mendelian disease, moderate-risk-low-frequency 

alleles, and low-risk-common alleles, which have modest effects on predisposition to disease27• 

28. Understanding the genetic model behind a disease or a trait is of great importance for the 

design of gene discovery studies. 

Chapters 2.1 and 2.2 focus on the genetic architecture of depressive symptoms and "clas

sical" lipids carried by circulating lipoproteins (high density lipoprotein cholesterol, HDL-C; 

low density lipoprotein cholesterol, LDL-C; and triglycerides, TG). The genetic architecture of a 

complex trait is comprised of four factors: the number of risk alleles that contribute to the trait 

in the population, the frequency of those risk alleles, their effect sizes, and the way in which risk 

alleles act together, additively or with interaction29. In both studies, we tried to describe the 

traits with a score analysis based on the polygenic inheritance model. The standard polygenic 

model of biometrical genetics can be motivated by considering a quantitative trait determined 

by a large number of loci acting independently and additively30. 

Our studies summarized in chapters 3 and 4 follow similar designs for gene discovery and 

utilize a wide range of methods ranging from linkage, to association, to exome sequencing, 

and, finally, to meta-analysis in large consortia. Results from these studies were evaluated by 

gene-network and pathway enrichment analysis as well as gene expression databases from 

human and mouse. Chapter 3 mainly focuses on gene discovery for depressive symptoms and 

includes three studies in which different approaches for gene discovery were utilized. Linkage 

analyses of continuous measures of depressive symptoms resulted in wide peaks harboring 

several genes. For this reason, we combined linkage with association in order to fine-map these 

linkage peaks. This is followed by conditional linkage analysis which confirms ifthe associated 

variants are the reason for the linkage signal. The association panels that are used for GWAS tag 

only the common variation, however linkage method is for finding genes with large effects, 

which is more likely to be rare. Luckily, meanwhile next generation exome sequencing data 

for a part of our sample became available and made it possible to search also for rare missense 

mutations within our linkage loci. In chapter 3.2 and 3.3 we searched for depression genes using 

association data from a large international consortium (CHARGE). First, in chapter 3.2 we meta

analyzed 17 studies worldwide, comprising more than 50 000 participants in which depression 

was measured by different tools, in quantitative way. Finally, in chapter 3.3 we focused on the 

subscales of the widely used CES-D questionnaire, again within the same consortia. In this 

study we hypothesized that certain people would express their disease in different ways, lead

ing to different symptom clusters such as somatic complaints of interpersonal problems; and 

that studying such clusters may be reliable phenotypes. 

Gene discovery efforts for a wide range of phospho- and sphingolipid species are described 

in chapter 4. In total 148 lipid species were quantified by mass spectrometry methodology, 

including sphingomyelines, phosphatidylcholines, plasmalogens, phosphatidylethanolamines, 

lysophosphatidylcholines and ceramides. For the study in chapter 4.1 we performed quantita

tive linkage and estimated the heritability for each single metabolic trait measured. Chapter 4.2 



summarizes the genome wide meta-analysis of EUROSPAN lipidomics data. This part ofthe the

sis is unique considering the number of phenotypes studied (N = 356) and computation time 

spent for one single study. We have constructed separate kinship matrices for each of these 

traits and performed mixed model linear analysis on the 2.5 million HapMap imputed SNP data 

for five European isolates (ERF, SAM I, ORKNEY, VIS and TYROL) and finally meta-analyzed them 

all. This work could not be done without cloud computing facilities. 

Chapter 5 includes one study in which we searched for phenotypic correlations between 

circulating phospho- and sphingolipids and depressive symptoms. There have been studies 

on the causal relationship of polyunsaturated fatty acids, especially w-3 type. However, plain 

analyses of free fatty acids in plasma yields limited information. Using the mass spectrometry 

data of 148 lipid species we performed for the first time a detailed biochemical analysis of 

human circulating lipidome and its relation to depression and anxiety symptoms using correla

tion method. This study also includes a replication sample for the same lipids, measured on a 

different platform (BIOCRATES Life Sciences). 

Finally, the results of the thesis are discussed in chapter 6. Chapter 7 includes a short sum

mary of the thesis. The supplementary material generated during the thesis as well as extended 

methods that are too long to be considered for publication are collected in chapter 8. 
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ABSTRACT 

The first generation of genome-wide association studies (GWAS) for psychiatric disorders has 

led to new insights regarding the genetic architecture of these disorders. We now start to 

realize that a larger number of genes, each with a small contribution, are likely to explain the 

heritability of psychiatric diseases. The contribution of a large number of genes to complex 

traits can be investigated with genome-wide profiling. In a discovery sample a genetic risk 

profile for depression was defined based on a GWAS of 1738 adult cases and 1802 controls. 

The genetic risk scores were tested in two population based samples of elderly participants. 

The genetic risk profiles were evaluated for depression and anxiety in the Rotterdam Study 

cohort and the Erasmus Rucphen Family (ERF) study. The genetic risk scores were significantly 

associated to different measures of depression and explained up to ~0.7% of the variance in 

depression in Rotterdam Study and up to ~1 %in ERF study. The genetic score for depression 

was also significantly associated to anxiety explaining up to 2.1% in Rotterdam study. These 

findings suggest the presence of many genetic loci of small effect that influence both depres

sion and anxiety. Remarkably, the predictive value of these profiles was as large in the sample 

of elderly participants as in the middle-aged samples. 



INTRODUCTION 

Genetic factors play an important role in the susceptibility to depression. A meta-analysis of 

twin studies on Major Depressive Disorder (MDD) estimated the heritability at 37%1• However, 

the success of studies aiming to find genes underlying the vulnerability for depression has been 

limited. An overview of promising results of linkage studies on MDD and neuroticism, a related 

personality trait, shows some overlap in regions of interest, but, so far, no single locus has been 

identified2. Candidate gene studies, mostly focusing on genes involved in neurotransmitter 

circuits or in reactions to stress, have also not been able to unambiguously identify a genetic 

variants explaining differences in the vulnerability for depression3•4• 

An important issue in research on the etiological factors of MDD has been the frequent 

comorbidity with anxiety disorders. In the National Comorbidity Survey Replication, 59% of 

the subjects with a lifetime diagnosis of MDD also fulfilled the criteria for a lifetime anxiety dis

order diagnosis.5 A review of twin and family studies indicated that this comorbidity might be 

explained by shared, mostly genetic factors.6 Still, an overview of promising results of linkage 

studies of anxiety only showed one overlapping region of interest with MDD and neuroticism2. 

The recent success of genome-wide association studies (GWAS) has fuelled expectations on 

finding genes for MDD. One of the first GWAS of depression showed evidence for the role of the 

presynaptic protein piccolo (PCLO) gene7• 8.Recently, this result was replicated with a P-value of 

2x1 o-9 in a meta-analysis of the results in three population based samples but not when five 

clinical samples were also included7• 9. However, the first GWAS of MDD as well as those of other 

psychiatric phenotypes have also demonstrated that genome-wide significant findings are rare 

and explain a small part of heritability7• 10• 11 • This might be due to a lack of power. The Genetic 

Association Information Network (GAIN) MDD-GWAS, for example including -1700 cases and 

1800 controls, had 80% statistical power to detect relative risks of 1.59, 1.40 and 1.35 with a 

P-value of 1 x 1 o-7, for minor allele frequencies of 0.1 0, 0.25 and 0.40. This is well comparable 

to other first generation GWAS. However, the first results of GWAS suggest that the strongest 

odds ratios may be< 1.212• Another explanation for the scarce genome-wide significant find

ings could be that there is not a distinct number of genes for MDD with moderate to small risks 

but rather a large number of variations spread over the genome, each with small effects. Such 

a polygenic model predicts that the more markers are used, the better the disease is predicted 

and it implies that everybody carries risk variants but patients carry more than non-diseased 

people. We examined if a polygenetic component influences MDD implying that a large num

ber of genetic variants are involved in explaining its heritability. 

The evidence for a polygenic origin has recently been examined for schizophrenia and the 

hypothesis of a polygenic component was directly tested using GWAS data 13.1n this approach, 

the joint effect of multiple single nucleotides (SNPs) is tested rather than the effects of indi

vidual SNPs. These individual SNPs are not required to reach a genome-wide significance level 

by themselves. This approach aims to test whether the genetic disease liability reflects, at least 



in part, the additive effect of a large number of variants spread across the genome whose 

joint action may be captured in a genome-wide genetic risk score. To obtain this risk score, a 

discovery set is used to select SNPs based on specific P-value thresholds (e.g. 0.0001, 0.001, 0.01 

and so on) from a genome-wide scan for the disease of interest. In the target samples, genetic 

risk scores are calculated for each individual for each set of SNPs. The selected SNPs will contain 

false positives but if they are enriched with true associated variants with low effect size, then 

the genetic risk score might still be significantly associated to the disease in an independent 

sample. The problem is to distinguish truly associated SNPs from the false positives which occur 

massively around liberal P-value thresholds. In the schizophrenia study, the genetic risk scores 

based on the multiple SNPs in the discovery sample were associated to schizophrenia in three 

independent samples. The variance explained by the risk scores increased as more SNPs were 

included, i.e. risk scores based on SNPs that had a P-value below 0.5 in the discovery sample 

explained more variance in the replication sample than the risk scores based on SNPs selected 

at P-value below 0.1 13• Moreover, the genetic risk scores for schizophrenia were also significantly 

associated with bipolar disorder assessed in two samples suggesting that the genes influenc

ing schizophrenia and bipolar disorder partly overlap. 

The study applied the risk score approach to investigate whether a polygenic component 

can be detected for depression and whether this polygenic component also influences anxiety. 

As the study samples differ in age, differences in the effect of the polygenic component may 

indicate that the geneticfactors influencing depression and/or anxiety differ across the lifespan. 

Twin studies have already shown that the relative influence of genetic factors for depression 

decreases with age14· 16, but that the genes influencing depression remain the same across the 

years17• This can be investigated directly in this study. 

The discovery set consisted of the GAIN-MOD sample, including 1738 cases and 1802 

controls7• 18 with over 400 000 SNPs genotyped. The target sets consisted of two independent 

Dutch samples. The first sample was based on the Rotterdam Study cohort and consisted of 178 

patients with DSM-IV defined depressive disorder and 915 controls at low liability of depression 

as well as 222 cases for anxiety and 290 controls at low liability for anxiety. The second target 

sample was the Erasmus Rucphen Family (ERF) study in which symptoms of anxiety and depres

sion were measured in 1886 participants. The subjects in the GAIN-MOD sample and the ERF 

sample were around 45 years of age. The Rotterdam sample was an elderly sample with a mean 

age of around 70. Height and intraocular pressure (lOP), phenotypes unrelated to psychiatric 

disorders, were additionally investigated to examine if the association with the genetic risk 

scores was specific to depression and anxiety. 



MATERIAL AND METHODS 

Discovery Sample 

The discovery sample consisted of subjects from two large-scale longitudinal studies: the 

Netherlands Study of Depression and Anxiety (NESDA)19 and the Netherlands Twin Registry 

(NTR)20• The chances of success of genetic risk score analyses depend primarily on the size of 

the discovery or training set. If the sample size is too small, the risk profiles will be based on ran

dom noise and are not expected to explain variance in the target set. To increase the chances 

of success, the power of the discovery set should therefore be maximized21 • The size of the 

GAIN-MDD study made it more suitable to be used as the discovery set than the Rotterdam and 

ERF studies, which thus supplied the target samples. NESDA and NTR studies were approved by 

the Medical Ethics Committee of all participating institutes. Collection of the phenotype data 

and quality control of the genotype data as well as the statistical methods are described in 

detail elsewhere7, 18. In brief, inclusion criteria for MDD cases were a lifetime diagnosis of DSM

IV MDD22 assessed with the Composite International Diagnostic lnterview23, age of 18-65 years 

and self-reported western European ancestry. Persons who were not fluent in Dutch and those 

with a primary diagnosis of schizophrenia or schizoaffective disorders, obsessive-compulsive 

disorder, bipolar disorder or severe substance use dependence were excluded. Inclusion criteria 

for control subjects were availability of biological samples and survey data with assessments of 

depression, anxiety and neuroticism, no report of MDD at any measurement occasion and low 

genetic liability for MDD based on the survey data. In addition, controls and their parents were 

required to have been born in the Netherlands or Western Europe. Only one control per family 

was selected. The cases and controls were carefully matched on age and sex. 

The genotypic data used in the discovery sample were part of one of the six initial GAIN 

studies sponsored by the Foundation for the NIH20• Individual genotyping was conducted 

by Perlegen Sciences (Mountain View, CA, USA) using a set of four proprietary, high-density 

oligonucleotide arrays. The SNPs on these arrays were selected to tag common variation in the 

HapMap European and Asian panels. Of the 3820 samples sent to Perlegen, genotypes were 

delivered for 3761 samples (98.5%) of which 3540 subjects passed quality controls and were 

available in the final analysis dataset including 1738 MDD cases and 1802 controls. The SNP 

quality control process and the precautions against population stratification are detailed in 

Sullivan et aU. A total of 427 037 SNPs on chromosome 1 to chromosome 22 met all selection 

criteria and were included in the final association analyses, which were performed in PLINK24• 



Target Samples 

Rotterdam Study 

The Rotterdam Study is a prospective cohort study in the district Ommoord of Rotterdam25 . In 

1990 all inhabitants aged 55 years and over were invited and 7983 persons agreed to partici

pate. The Medical Ethics Committee of the Erasmus Medical Center, Rotterdam, approved the 

study. Written informed consent was obtained from all participants. 

Ascertainment of depressive symptoms and incident depressive disorders was described 

previously26• Depression and anxiety symptoms were assessed with the Center for Epidemio

logical Studies Depression Scale (CES-D) and Hospital Anxiety and Depression Scale (HADS). 

The CES-D scale consists of 20 items with scores ranging from 0 to 60. A score of 16 or higher 

on the CES-D is considered indicative of a depressive disorder. The HADS-Depression (HADS-D) 

and HADS-Anxiety (HADS-A) scales each consist of 7 items with scores ranging from 0 to 21 

with higher scores indicating more symptoms of depression. These questionnaires are valid 

and reliable self report measures of symptoms of depression27•28 .The HADS was assessed dur

ing the second visit in a randomly selected subgroup of individuals (N = 2231 ). Depression was 

measured with the CES-D 3 times during the follow-up. 

Among 7983 subjects who agreed to participate, 5974 were successfully genotyped, 524 

died before depression screening and 747 did not participate in depression screening. In the 

remaining sample, 587 persons scoring higher than 16 on the CES-D in the third or fourth visit 

were invited for a semi-structured interview with the Present State Examination29 by a clinician. 

In addition, general practitioner records and specialist letters were surveyed actively for the 

occurrence of depression. Furthermore, physicians conducted repeated interviews to assess 

self-reported depression in the interval period. This effort identified 178 persons with current 

depressive disorder (145 MDD, 15 dysthymia and 18 depression-not otherwise specified cases) 

and eligible genotype data. The control group consisted of 915 persons, who scored in the 

lowest quartile (CES-D="O") on CES-D in the third visit (N = 3879) and who did not report any 

depressive symptoms during the follow up. Anxiety disorders were assessed during the fourth 

visit in the total sample by trained lay-interviewers who conducted a slightly adapted version of 

the Munich Composite International Diagnostic Interview (M-CIDI) to obtain DSM-IV diagnoses 

of generalized anxiety disorder (GAD), panic disorder, agoraphobia, social phobia and specific 

phobia. Obsessive compulsive disorder and post-traumatic stress disorder were not included. 

The current sample is selected from the 2779 persons who had valid M-CIDI assessment and 

genotype data. Out of 2779, 222 persons were anxiety disorder cases. The control group con

sists of 290 persons who did not have any anxiety disorder and scored in the lowest quartile 

(HADS-A = 0) on the HADS-A measured in 1322 persons of the interviewed and sample with 

eligible genotype data during the second visit. 

Genome-wide SNP data were available from the lllumina HumanHap550K array for all cases 

and controls. Data were excluded based on call rate < 97.5%, sex mismatch, excess autosomal 



heterozygosity, and outliers identified by the clustering analysis. MACH 1.0 software (v1.0.16)30• 

31 was used to impute to ~2.54 million SNPs based on the HapMap CEU phased haplotypes 

(release 22). SNPs included in imputation met thresholds of MAF ;<: 1%, HWE P-value ;<: 1 o-6 and 

SNP call rate;<: 98.0%. GWA analysis of MDD was performed with Mach2Dat (logistic regression 

on allele dosage) using the GRIMP interface30•32• Age and sex were included as covariates in the 

analysis. 

ERFStudy 

The Erasmus Rucphen Family study is part of the Genetic Research in Isolated Population pro

gram. The study population essentially consists of one extended family of descendents from 

20 related couples who lived in the isolate between 1850 and 1900 and had at least 6 children 

baptized in the community church. The detailed information about ERF isolate can be found 

elsewhere33•35• The Medical Ethical Committee of the Erasmus Medical Center, Rotterdam 

approved the study and informed consent was obtained from all participants. 

Symptoms of depression and anxiety were assessed using the HADS and the CES-027• 28 in 

2385 participants who also underwent an extensive medical examination. Among 2385 per

sons, high density genotype data were available for 1886 subjects. Data on height and lOP were 

collected during the medical examination. The height of participants was determined using 

a stadiometer and bilateral lOP measurements were performed using Goldmann applanation 

tonometry36• 

The genotype data were available for this population on 4 different genotyping platforms 

which were lllumina 6k, lllumina 318K, lllumina 370K and Affymetrix 250K (Affymetrix, Inc., 

Santa Clara, CA, USA). These were then merged and ~ 2.54 x 106 SNPs were imputed using 

MACH 1.0 software (vl.0.16)30• 31 , using build 36 Hap Map (release 22) CEU population as refer

ence. Within each genotyping batch, only SNPs showing a call rate >98%, MAF> 1% and HWE 

P-value > 1 o·6 were used for imputations. As the ERF study included related individuals, GWA 

analyses were performed using a mixed model by the"mmscore" option in GenABEL software37 

which combines the FASTA method of Abecasis et al38, and kinship matrix estimated from 

genotyped SNPs39• 

Risk Score Profiling 

The score profiling method tests the association of a genetic score variable that reflects a 

combined effect of a number of selected SNPs with a trait. For a more detailed description 

of the method, we refer to Purcell et al13. In brief, SNPs were selected using the results from 

the GAIN-MDD GWAS7 (the "discovery sample"). These sets of SNPs were used to calculate the 

genetic scores in the target samples. SNPs were selected on the basis of their nominal P-value 

(Pdiscovery) for association with MDD in the discovery sample. Genetic risk scores were calculated 

for P discovery thresholds ranging from 0.00001 to 1.0. Only those SNPs were included that were 
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directly genotyped in the discovery set (N = 427 049 SNPs). To avoid ambiguity AfT -G/C SNPs 

were excluded. Since an A to T or G to C change will result in the same nucleotides on the 

opposite strands, this change might be missed during the genotype analysis. SNPs for which 

the quality of imputation had an R2 < 0.95 in target samples were also excluded. After all quality 

checks and exclusions, a total of 181 582 SNPs that were available in both ERF and Rotterdam 

study samples were selected for calculations of genetic risk scores. For each individual in the 

two independent target samples, the genetic score was calculated by multiplying the number 

of risk alleles per SNP (0, 1 or 2) with the log odds ratio, summed over all SNPs in the considered 

set of SNPs40. We calculated individual scores for each set of SNPs using the PLINK (v1.06) 

software24• 

Logistic regression models were used to test the association of the individual genetic risk 

scores for depressive and anxiety disorders. Linear regression models were used to test the 

association between genetic risk scores and the total CES-D, HADS-D and HADS-A scores as 

well as for height and lOP. Sex and age were used as covariates. As an alternative control for 

false positivity, 1 Oo/o of the non-associated cluster of SNPs with ?discovery> 0.9 (N = 1569 SNPs) in 

the discovery set was selected and used for computing the risk profile in both target samples. 

For the Rotterdam Study regression analysis were performed in SPSS 15.0 for Windows (SPSS 

Inc., Chicago, IL, USA). As the ERF sample includes relatives, data are not independent, which 

can lead to biased estimates of standard errors and test statistics if this dependency between 

measures is not taken into account41 • Association analysis of genetic risk score and the traits in 

ERF population were performed in SOLAR (Sequential Oligogenic Linkage Analysis Routines) 

4.1.5 software package (Southwest Foundation for Biomedical Research, San Antonio, Texas, 

USA)42 using the "polygenic" option to adjust for pedigree kinship. Among 1886 people both 

genotyped and phenotyped, 1697 were clustered into pedigrees (using the pedigree splitting 

algorithm PedCut43) and included in the family-based analysis. The remaining persons were 

not included in the analysis because they were also (distantly) related. The difference of the 

explained variance in the null and alternative model was considered as the variance explained 

by the genetic score. A genetic risk score with a P-value < 0.05 in the model was considered as 

significantly associated to the trait. 

RESULTS 

Table 1 shows the descriptive data for the case-control studies of GAIN-MDD and the Rotterdam 

Study, and Table 2 for the ERF study. Since in the Rotterdam study subjects were ascertained 

on the basis of age 55 or more, the mean age was 74 years. This was higher than in the GAIN

MOD and ERF study in which the mean ages were around 45 years. Level of education was 

higher in the GAIN-MDD sample than in the other two samples. in the target samples, subjects 

diagnosed with a depressive disorder or an anxiety disorder were more often women and were 

older. In the discovery sample cases and controls were matched based on age and sex. 



TABLE 1. Descriptive data of case-control samples 

GAIN MOD Rotterdam Study DD Rotterdam Study AD 

Age, mean (sd) 42.6(126) 45.1 (14.1) 67.7 (6.8)* 64.8 (6.5)* 75.4 (5.82) 74.6 (5.32) 

Women(%) 69.6 62 75.7 43.5 78 43 

Education(%) 

Elementary 7.8 5.7 41.8 22.7 37.2 19.4 

Intermediate 62 56.3 53.7 64.5 56.4 64.6 

Higher 32.2 38.1 4.5 12.8 6.4 16.0 

Antidepressant 
medication (%) 34.5 0 12.4* 0* 12.1 2 

Co-morbid AD I MOD(%) 69.9 0 35.8** 3.6*** 10.8 0.7 

AD: Anxiety disorder, DD: Depressive Disorder, *Recorded at baseline, **Data available in 1 08 out of 178 

cases, ***Data available in 701 of 915 controls, sd, standart deviation. 

TABLE 2. Descriptive data of ERF study 

CES-D 

HADS-D 

HADS-A 

Age, mean (sd) 

Women(%} 

Education(%) 

Elementary 

Intermediate 

Higher 

Antidepressant medication (%) 

10.6(9.6) 

5.9(4.3) 

6.7(4.5) 

48.2 (14.7) 

57.4 

30.8 

63.8 

5.4 

5.0 

CES-D: Center for Epidemiological Studies Depression Scale. HADS-D: Hospital Anxiety and Depression 

Scale-Depression subscale. HADS-A: Hospital Anxiety and Depression Scale-Anxiety subscale. sd, standard 

deviation. 

In the ERF study, CES-D, HADS-D and HADS-A scores were highly correlated (r ~ 0.7 pair wise 

for all three). Figure 1 A shows the variance explained by the genetic risk scores in the logistic 

regression analyses performed in the Rotterdam Study using depressive disorder as dependent 

variable. The genetic score based on the first cluster of 6 SNPs (?discovery< 0.00001) significantly 

explained 0.66% of the variance in depressive disorder in the Rotterdam Study (P-value = 0.03). 

This association is explained for a large part by a cluster of 3 SNPs (rs2715148, rs2522833, 

rs2522840) in the PCLO gene as after removing the PCLO SNPs in linkage disequilibrium (LD), 

the risk score was not significantly associated with depression in the target sample anymore. 

More importantly, the scores based on SNPs with P discovery< 0.1 toP discovery< 0.4 were associated 
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FIGURE 1. Percentage of variance explained by genetic risk scores in Rotterdam Study. 
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Analyses based on comparison of persons with anxiety disorder (N == 222) to persons scoring in the lowest 

quartile of HADS-A (HADS-A=="O") scale and who did not report any depression or anxiety symptoms during 

the follow-up (N == 290). 

* P-value < 0.05, ** P-value < 0.001 

to depressive disorder in the Rotterdam Study explaining up to 0.65% of the variance, with 

a P-value < 0.05. As shown in Figure 1 B, the Rotterdam Study anxiety disorder case-control 

sample analysis yielded the highest percentage of variance explained with the genetic risk 

scores from GAIN -MOD study. The risk scores based on SNPs with Pdiscovery < 0.1 to Pdiscovery 

<1.0 significantly explained up to 2.1% of the variance (P-value = 0.0025). For P discovery values of 

0.1, 0.2 and 0.3, the percentage of variance increased from 1% to 2% when a higher number of 

SNPs were included in risk scoring. 

Figure 2A-C show the linear regression results for the analysis using the continuous scores 

on the CES-D, HADS-D and HADS-A in the ERF study. For CES-D, the scores based on SNPs with 

Pdiscovery values< 0.01 and 0.1 explained -0.5% of the variance (P-value = 0.007 and P-value 

=0.008). For the HADS-D, the score based on SNPs with Pdiscovery < 0.01 significantly explained 



0.3% of the variance (P-value = 0.03). The MDD based genetic score was also significantly associ

ated to anxiety measured with the HADS-A explaining up to 0.5% ofthe variance (P-value=O.Ol ). 

To examine whether these results were due to chance, we tested whether the MDD based 

genetic risk score also predicted variation in height and lOP measured in ERF. Heritability of lOP 

FIGURE 2. Percentage of variance explained in depression and anxiety symptoms in ERF study by the ge

netic risk scores. 
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CHAPTER 2.1 Figure 3. Predicting height and Intraocular Pressure in ERF study. 
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Linear regression analysis of height and Intraocular Pressure. Percentage of variance represented as differ

ence in R2 after adjusting for age sex and family relations 

was 35% and for height was 86%36• 44 and none of the traits was correlated to depression or 

anxiety in the ERF study. The genetic risk score for MDD failed to predict lOP and height (Figure 

3A and B) suggesting that this relation is specific to depression and anxiety. Moreover, a genetic 

score of SNPs with P discovery< 0.9 in the discovery set did not show significant association with 

any of the phenotypes in the target samples (data not shown). 



DISCUSSION 

The aim of this study was to investigate the genetic architecture of depression and the poten

tial overlap in genetic risk factors with anxiety. Owing to the availability of an elderly cohort, it 

was also possible to examine whether the genetic factors influencing anxiety and depression 

change across the life span. Using genetic risk scores derived from the association results of the 

GAIN-MOD study in two independent target samples we evaluated the evidence for a genome

wide signature for several measures of depression and anxiety used as outcome variables in 

the target samples. For depression, either diagnosed according to the DSM-IV or measured 

with the CES-D or HADS-0, we could explain up to -1% of the variance with the genetic risk 

scoring approach. Moreover, the genetic risk scores for depression were also associated to 

anxiety explaining up to 2.1% of the variance when approximately half of the genome-wide 

SNP data were included in the score. The explained variance was highest in the elderly sample 

indicating that the genetic factors influencing anxiety and depression hardly change with age. 

No significant results were found for the control variables height and lOP, implying that the 

association of the genetic risk score with depression and anxiety does not reflect chance alone. 

Overall, these findings suggest the presence of many loci, each with a small effect influencing 

depression as well as anxiety. 

We checked whether our results were only due to SNPs in high LD segregating together. We 

performed a strict LD pruning (200 SNPs sliding window with r2snp-snp threshold of 0.25). Con

sidering the CES-0 scale in ERF study, percentage of variance explained by the risk scores based 

on SNPs with Pdiscovery < 0.01 dropped slightly after LD pruning from 0.52 to 0.49 but remained 

significant (P-value = 0.01) whereas a less strict pruning with an r2snp-snp threshold of 0.50 

improved the percentage of explained variance to 0.62 (P-value = 0.0003). Results with HADS

A and HADS-D scales were similar which shows that LD pruning itself does not add a major 

difference to the method (data not shown). Excluding the SNPs with minor allele frequency < 

0.05 did not change the explained variance. This finding suggest the common disease common 

variant hypothesis is explaining MOD heritability, on the other hand, the power to detect the 

effect of rare variants in the discovery and target sets, was low and such rare variants may be 

detected by other approaches such as linkage or deep sequencing. 

Our results are in agreement with the results from the International Schizophrenia Consor

tium 13 that pointed out a polygenic component influencing schizophrenia as well as bipolar 

disorder. There was a somewhat higher amount of explained variance for schizophrenia (3.2% 

compared to %1). This may be due to power issues such as differences in sample size (-3300 

cases for ISC vs -1800 cases for GAIN-MOD), MOD being a common disease with clear non

genetic influence because of life events, and lower heritability compared to schizophrenia 

(-40% VS- 80%). 

The percentage of explained variance in anxiety (2.1 %), supports the idea of shared genetic 

background between these disorders. This has already been suggested by twin studies45 and is 



confirmed by our results. The trend of increase in R2 for anxiety with different P discovery thresh

olds is different from the trend that we observe in depression, pointing out that the effect sizes 

are different, but the direction of effect is the same. We would like to stress that difference in 

explained variance between the target samples can evenly well be explained by chance. It is 

important to note that 70% of the GAIN-MDD cases had a co-morbid lifetime anxiety diagnosis. 

This could explain the overlap with anxiety. However, this high co-morbidity is exactly what 

is expected if two disorders are influenced by similar genes and diagnoses are not mutually 

exclusive. Future research, preferably with a more balanced proportion of pure depressed and 

comorbid cases, can shed more light on the overlap in genetic factors influencing anxiety and 

depression. 

A limitation of this study was that there were some differences between the discovery set 

and the target samples. Different instruments were used to measure depression and anxiety. In 

the GAIN-MDD study, the Composite International Diagnostic Interview was used to diagnose 

MDD and anxiety disorders, while in the Rotterdam study, the Present State Examination (PSE) 

was used. However, both instruments aim to make diagnoses according to the DSM-IV criteria 

and have adequate agreement for overall syndromes46• In the ERF population, symptoms of 

depression and anxiety were measured using the CES-D and HADS. Several validation studies on 

various types of patients using different diagnostic tools have shown that HADS performs well 

in assessing the symptom severity and case status of anxiety disorders and depression in both 

somatic, psychiatric and primary care patients and in the general population47. The HADS-D 

subscale has shown high sensitivity(- 0.9)and specificity(- 0.7) for MDD as diagnosed by DSM

IV in various studies48• The CES-D scale was found to be satisfactory in a semi-clinical sample of 

the elderly and in general population (sensitivity= 0.9 and specificity= 0.6) for life-time MDD 

and also performed excellent for 1 month of prevalence of MDD as diagnosed by DSM-IV (sen

sitivity= 1.0 and specificity= 0.9) among elderly Dutch49•51 • Considering the HADS-A subscale, 

the sensitivity and specificity for DSM-IV generalized anxiety disorder was reported to be 0.9 

and 0.8, respectively52. In addition, the discovery set in this study included lifetime MDD cases, 

whereas the Rotterdam study recorded depressive disorders during a 9-year follow-up rather 

than lifetime MDD. Similarly, CES-D and HADS measure depressive and anxious symptoms in 

the last week. This means that subjects in the control groups in the target samples may be 

non-current but life-time MDD or anxiety cases. To summarize, although the measurements of 

anxiety and depression used in the three study samples are definitely related to each other, the 

fact that they are not entirely similar implies some heterogeneity, biasing the results toward the 

null hypothesis. Another point involves the difference in gender ratios between discovery and 

target samples. In the discovery sample, the cases and controls were carefully matched on age 

and sex. Meta-analysis of twin studies suggests that genetic factors that influence depression 

are mostly shared between men and women 1• 53• 54. Sex was also used as a covariate when 

predicting depression or anxiety in the target samples. Thus, it seems unlikely that the gender 

ratio may have a major effect in the replication of the findings. There was also heterogeneity in 



education level as a measure of socio economical status. In spite of these differences, we still 

found a significant effect of the genetic risk score suggesting that the effects of the risk scores 

are actually even stronger. In both the International Schizophrenia Consortium study and the 

current studies, the low variance explained compared with the heritability of the disorders will 

also reflect that the analyses did not include the X chromosome, that gene-gene or gene

environment interactions are not considered and that the current generation of genotyping 

platforms do not fully tag genomic variance55. This study is the second study showing direct 

evidence for a polygenic component influencing the susceptibility for a psychiatric disorder as 

well as overlap in genetic risk factors with another psychiatric condition. In addition, this study 

suggests that the genetic factors influencing anxiety and depression hardly change with age. 

The results imply that causal SNPs or the SNPs in LD with such variants do exist, but have lower 

effect sizes than the first generation of GWA studies on psychiatric disorders was powered to 

detect. This provides optimism that variants associated at genome-wide levels of significance 

will be detectable as sample sizes increase in the next generation of GWA studies and their 

meta/mega analyses. Moreover, it confirms that genome-wide profiling is a useful approach 

to analyze the genetic architecture of disorders, that is, similarities and differences in genetic 

factors influencing several disorders or influencing the same disorder across the lifespan. 
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ABSTRACT 

Serum concentrations of low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein 

cholesterol (HDL-C), triglycerides (TG) and total cholesterol (TC) are important heritable risk 

factors for cardiovascular disease. Although genome-wide association studies (GWAS) of circu

lating lipid levels have identified numerous loci, a substantial portion ofthe heritability of these 

traits remains unexplained. Evidence of unexplained genetic variance can be detected by com

bining multiple independent markers into additive genetic risk scores. Such polygenic scores, 

constructed using results from the ENGAGE Consortium GWAS on serum lipids, were applied to 

predict lipid levels in an independent population-based study, the Rotterdam Study-11 (RS-11). We 

additionally tested for evidence of a shared genetic basis for different lipid phenotypes. Finally, 

the polygenic score approach was used to identify an alternative genome-wide significance 

threshold prior to pathway analysis and those results were compared to those based on the 

classical genome-wide significance threshold. Our study provides evidence suggesting that 

many loci influencing circulating lipid levels remain undiscovered. Cross-prediction models 

suggested a small overlap between the polygenic backgrounds involved in determining LDL-C, 

HDL-C and TG levels. Pathway analysis utilizing the best polygenic score forTC uncovered extra 

information compared to using only genome-wide significant loci. These results suggest that 

the genetic architecture of circulating lipids involves a number of undiscovered variants with 

very small effects, and that increasing GWAS sample sizes will enable the identification of novel 

variants that regulate lipid levels. 



INTRODUCTION 

Serum concentrations of low-density lipoprotein cholesterol (LDL-C), high-density lipo

protein cholesterol (HDL-C), triglycerides (TG) and total cholesterol (TC) are highly heritable 

phenotypes associated with the risk of cardiovascular morbidity and mortalityl-4. A number 

of genome-wide association studies (GWAS) successfully identified multiple genes influencing 

circulating lipid levels5·12• There are currently over 100 established loci that include both com

mon variants with relatively small effects as well as a considerable number of rare variants with 

large effects 13. Despite these successes, a substantial proportion of the heritability of each trait 

remains unexplained, suggesting that many determinants have yet to be identified14. 

Several plausible explanations may underlie the unexplained heritability of lipid traits, 

including the presence of both unknown common variants with small effects and novel rare 

variants with larger effects. The ENGAGE GWAS5 was one of the first large population based 

studies designed to find variants associated with circulating lipid levels. The study, based on 16 

European cohorts including up to 22 562 individuals, identified 6 novel loci, in addition to repli

cating 16 previously known loci. However, as demonstrated by the recent GWAS from the Global 

Lipid Genetics Consortium (GLGC), numerous additional variants passed the genome-wide 

significance threshold as a result of increased sample size15. The GLGC GWAS, which included 

over 100 000 individuals of European ancestry, reported 95 loci, with 59 reaching genome-wide 

significance for the first time. These results raise an interesting question: if common variants 

remain to be discovered, how many should we expect? Are there still a limited number of loci or 

can we expect a polygenic mechanism that involves a very large number of variants with very 

small effects? In the latter case, these variants would contribute to a continuous spectrum of 

alleles spanning the genome and single genes involved in this complex polygenic model might 

not be detectable by GWAS, regardless of sample size 16. Evidence for this type of genetic archi

tecture can be shown using a genome-wide scoring approach, as was recently demonstrated 

for a number of psychiatric outcomes17· 19• Additionally, these polygenic scores may provide 

extra information useful in determining P-value thresholds for pathway analysis. 

The current study aimed to explore the extent to which common variation accounts for the 

unexplained heritability of circulating lipid levels using the genome-wide scoring method. We 

also evaluated the evidence for a common polygenic effect underlying different lipid traits, 

using the same risk scoring approach. Finally, we examined the utility of genome-wide poly

genic scores for identifying pathways beyond those identified using a classical GWAS approach. 

MATERIALS AND METHODS 

The polygenic risk score approach involves using results from a discovery set to explore the 

genetic architecture of an independent target sample. Our discovery set consisted of the meta

analysis of 16 European populations from the ENGAGE Lipid Consortium (N = 17 798- 22 562) 



TABLE 1. Descriptive data of discovery and replication samples 

Men Women 

Number of subjects 

HDL-C (mmoi/L) 

LDL-C (mmol/L) 

TG(mmol/l) 

TC(mmoi/L) 

8403 

1.3 (0.3) 

3.4 (0.9) 

1.6 (1.1) 

5.6 (0.9) 

Means and standard deviations (sd) are given. 

14159 

1.6 (0.4) 

2.3 (0.9) 

1.1 (0.7) 

5.9 (0.9) 

Men Women 

1061 1253 

1.2 (0.3) 1.5 (0.4) 

3.6(0.9) 1.5 (0.8) 

1.6 (0.9) 1.5 (0.8) 

5.6 (1.1) 5.7 (1.1) 

(Table 1 ). A detailed description of this study, including populations, genotyping information 

and statistical analysis, was previously publisheds. 

The target sample consisted of RS-11, an extension of the Rotterdam Study, a prospective 

cohort study started in 1990 in the Ommoord district of the city of Rotterdam. RS-11, which was 

not a part of the ENGAGE discovery set, consists of 3011 participants (out of 4472 invitees) who 

were 55 years or older during the recruitment period (2000-2001 )20• Of the 3011, 2540 persons 

were successfully genotyped with an lllumina 61 OK array. Fasting HDL-C, TG and TC were mea

sured with enzymatic colorimetric tests on a Roche/Hitachi 911 analyzer (Roche Diagnostics, 

Meylan, France). LDL-C was estimated using the Friedewald formula21 . 

SNPs included in the construction of the polygenic scores were based on the results from 

the ENGAGE study. We selected different clusters of SNPs for the calculation of the scores using 

several P-value thresholds (?discovery) ranging from 5 x1 o-s to 0.5. We calculated genetic scores 

for those various clusters of SNPs in the target sample by multiplying the number of risk alleles 

for each SNP (0, 1 or 2) by the effect sizes from the discovery set, and summing them up across 

all the SNPs in that cluster. For this analysis we used the PLINK "profile scoring" option. SNPs 

that had a call rate < 90% or HWE P-value < 1 x1 o-s were excluded from these computations. 

A/T and G/C polymorph isms were also excluded to avoid potential strand inconsistencies. SNPs 

in linkage disequilibrium (LD) were pruned over 200 SNP sliding windows using a pair wise r2 

threshold of 0.25 in PLINK22• LD pruning was performed per SNP cluster. (See Supplementary 

Table 2 for the number of SNPs remaining in each cluster and used for analysis) 

The associations between these scores and serum lipid levels were tested in SPSS using lin

ear regression models with sex, age and age2 as covariates (the same covariates as included in 

the discovery GWAS). The proportion of total variance explained by the genetic score, referred 

to here as the percentage of explained variance (PEV), was determined by comparing models 

with/without the risk score. 

To evaluate whether the PEV results were driven by the GWAS hits, we also constructed a 

variable comprised of only the significant GWAS variants and included it as a covariate in our 

original models. When calculating the polygenic scores for these analyses, we also removed 

SNPs within 2 mega-base (Mb) windows surrounding the GWAS hits. We employed exactly the 

same pruning approach for this analysis. 



TABLE 2 Correlation matrix of circulating lipids and genetic risk scores in RS-11. 

HDL-C LDL-C TG TC 

5x10-s 0.01 -0.20 ** 0.02 

1 x1o-7 0.01 -0.17** 0.03 
HDL-C 

1 x1o-6 -0.01 -0.09 ** 0.07 ** ~ 
1 x1o-s 0.02 -0.04 * 0.05* :::: 

"' 
5x1o-s 0.01 0.76 ** 

Q 
~-
0 

LDL-C 
1 x1o-7 0.02 0.75 ** "' o-

-0.1 ** "' 1 x10-6 0.05 * 0.81 ** ~ 
1 x1o-s 0.03 0.71 ** "' "' 
5 x10-8 0.13 ** s. 

"' "" 1 x10-7 0.13 ** "' "' TG -0.5 ** 0.1 ** "' 1 x10-6 0.12 ** ~-
" 

1 x1o-s 0.08 ** a-,.,. 
"' 5 x1o-s g ... 

1 x1o-7 "' "' TC 
1 x1o-6 

0.1 ** 0.9** 0.3 ** 

1 x1o-s 

Lower-left side of the matrix shows the phenotypic correlation between circulating lipid levels, adjusted by 

age, age2 and sex. Upper-right side of the matrix shows the correlation between the genetic risk scores of 

four circulating lipids, for the first four risk scores with Pctiscovery < 5 X 1 o-s, Pctiscovery < 1 X 1 o-7, Pctiscovery < 1 X 

1 o-6 and Pctiscovery < 1 x 1 o-s. *Correlation significant at P-value < 0.05. **Correlation significant at P-value 

< 0.001. 

In order to search for evidence for a shared genetic background between various lipid traits, 

we tested additional models in which we used the polygenic score for a particular lipid and 

tried to predict the others, for instance, utilizing the HDL -C polygenic score to predict TG, and 

vice versa. 

The score which yielded the highest PEV for a given lipid trait ostensibly includes the most 

valuable genetic information; therefore we selected these thresholds to utilize in pathway 

analysis (in contrast to using only genome-wide significant loci). For these analyses, we used 

the PANTHER tools (http://www.pantherdb.org)23. We first tested the genome-wide significant 

SNPs (Pdiscovery < 5 x 10"8) from the ENGAGE GWAS in the pathway analysis. These results were 

then compared with those obtained using alternative Pdiscovery thresholds selected on the 

predictive ability of the polygenic scores. After SNP selection, SNPs within gene regions were 

converted to gene symbols using the "SCAN SNP and CNV annotation database" (http://www. 

scandb.org). Gene lists were tested for enrichment in three PANTHER categories: (1) pathways, 

(2) biological processes and (3) molecular functions. Testing for enrichment basically involves 

comparing one gene list to the reference list to statistically determine over- or under- repre

sentation of PANTHER classification categories. Based on the reference list, an expected value 

is computed (the number of genes one would expect in the list for a particular PANTHER 

category) and it is assumed that, under the null hypothesis, genes in the tested list are sampled 



FIGURE 1. Percentage of explained variance of circulating lipids with risk scores by different pdiscovery 

thresholds. 
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Adjusted for age, sex and age2 

+ P-value < 5 X 10·8 , * 5 X 1 o·8 < P-value < 0.05 

from the same distribution as genes from the reference set. The Homo sapiens gene list from 

National Center for Biotechnology Information was used as the reference gene list. To avoid 

bias caused by multiple testing, PANTHER's Bonferroni correction option was implemented. 

(See Supplementary Figure 1 for the over all flowchart of the study) 

RESUlTS 

Table 1 shows summary statistics for the discovery and target samples. The female/male ratio 

in the discovery set was significantly higher compared to the target set (1.6 vs 1.2, P-value < 

0.001 ). Genome-wide significant SNPs from the ENGAGE GWAS were checked for their associa

tions in the target sample using linear regression. Generally, evidence of association between 

those SNPs and lipid levels were marginally significant or non-significant (SupplementaryTable 

1 ). The GWAS of circulating lipids in RS-11 did not show any genome-wide significant findings 

except the CETP gene region SNPs which were associated to HDL-C (rs7499892, P-value =3.4 

x1o-13). Manhattan plots for the GWAS of the HLD-C, LDL-C, TG and TC can be found in the 

Supplementary Figure 2. 

Prediction 

Figure 1 shows the PEV obtained for each lipid trait using the polygenic scores generated for 

a number of P-value thresholds in the target sample (RS-11). For HDL-C, the polygenic score 



computed using 19 genome-wide significant SNPs from 8 gene regions (P discovery < 5 x1 o·8) 

resulted in the maximum PEV compared to the null model (4.75 %, P-value = 3.6 x1 o-30; Figure 

1 A). For LDL-C, (Figure 1 B), the maximum PEV was observed with the polygenic score that 

included 21 SNPs with a ?discovery< 1 x1 o-6 (2.6 %, P-value = 5.1 x 1 o-16). Figure 1 C shows PEVs 

for TG levels; the score that included 12 SNPs from 8 regions with ?discovery < 1 x10·7 (3.8 %, 

P-value = 2.8 x 1 o-21 ) was the best predictor. For these traits, the variance explained decreased 

with the inclusion of additional SNPs in the polygenic score selected using more liberal P discovery 

thresholds (Figure 1 A to C). Finally, forTC, the highest PEV was obtained using 46 SNPs from 24 

regions with P discovery< 1 o-s (2.7%, p = 1.4 x 1 o-16). This was higher than the PEV obtained using 

only the genome-wide significant SNPs (PEV = 2.1 %, P-value = 8.2 x 1 o-13, N = 20 SNPs from 11 

regions; Figure 1 D). As with HDL-C, LDL-C, and TG, the explained variance forTC dropped when 

more liberal ?discovery thresholds were used to construct the polygenic score. For LDL-C, HDL-C 

and TC, all scores were significant (up to a threshold of ?discovery< 0.5). We observed similar 

patterns when we used unpruned data (Supplementary Figure 3). 

Figure 2 shows the results from the second approach, in which models were adjusted for 

genome-wide significant variants. For HDL-C (Figure 2 A), the PEVincreased as SNPs were added, 

up to 0.5 %with ?discovery< 0.1 (P-value = 1.0 X 1 0-4) and remained significant until P discovery< 

0.5 (p=2.3 x 1 o-4). A similar pattern was observed with LDL-C (Figure 2 B, explained variance 

was up to 0.4% (P-value = 0.002) with ?discovery threshold of0.2.1n contrast, the polygenic score 

for TG, when the effects of known variants were excluded, was not associated with TG levels in 

FIGURE 2. Percentage of explained variance of circulating lipids when the top regions are excluded. 
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the target population (Figure 2 C). For TC (Figure 2 D), the maximum PEV was observed with 

Pdiscovery < 1 x10·5, (0.6 o/o and P-value = 1.8 X 10·4). 

Cross prediction 

Table 2 shows the phenotypic correlations for the four outcomes studied, and additionally 

shows the correlations between the polygenic scores for different Pdiscovery thresholds. Cor

relations between the traits were modest, with the exceptions ofTC and LDL-C, (r = 0.9) and 

TG and HDL-C (r = -0.5). The correlations between the polygenic scores were weaker than the 

phenotypic correlations (0.8 forTC/LDL-C and -0.2 forTG/HDL for Pdiscovery < 5 x 1 o·8) 

To evaluate the evidence for common polygenetic effects underlying lipid levels, we 

performed cross-prediction analyses (Figure 3). The highest PEV was based on the TC score at 

P discovery (TC) < 1 x1 o-5, which explained up to 2.7% of the variance in circulating LDL-C (P-value 

= 2.0 x 1 o·5; Figure 3 K). Similarly, LDL-C risk profiles explained up to 1.8 o/o of the variance in TC 

when we selected all SNPs with a Pdiscovery (LDL·Cl < 10·6 (P-value = 1.4 X 10·11; Figure 3 F). These 

findings are in line with the high phenotypic correlations between those variables. Figures 3 G 

FIGURE 3. Cross prediction across different lipids. 
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TABLE 3 Pathway analysis 

PATHWAYS n.s 

BIOLOGICAL PROCESS 

Lipid, fatty acid and 
steroid metabolism 770 5 0.42 + 4.05 x10·5 1.26 x1o·3 

HDL-C 
Lipid and fatty acid 
transport 131 3 0.07 + 4.77 x10·5 6.91 x10·3 

Lipid, fatty acid and 
steroid metabolism 770 4 0.51 + 1.46 x1o·3 4.52 x1o·2 

LDL-C 
Lipid and fatty acid 
transport 131 3 0.09 + 8.81 x10·5 1.28 x10·2 

TG n.s 

Lipid, fatty acid and 
steroid metabolism 770 6 1.21 + 1.22 x1o·3 3.78 x1o·2 

TC Lipid and fatty acid 
transport 131 4 0.21 + 5.55 x10'5 8.05 x10·3 

Transport 1306 8 2.05 + 8.47 X10-4 2.63 x10·2 

MOLECULAR FUNCTION 

HDL-C Lipase 75 3 0.04 + 9.11x10·6 1.47x1o-3 

Apolipoprotein 23 2 0.02 + 1.1 o x1 o-4 1.77x10·2 

LDL-C Transfer/carrier 
protein 327 3 0.22 + 1.26 x10·3 3.66x10·2 

TG n.s 

TC n.s 

Enrichment of a particular"pathway'; "biological process" or "molecular function" PANTHER categories were 

tested by pathway analysis. SNPs that are included in the pathway analysis are selected based on their 

pdiscovery values which were 1 o-6 for LDL-C, 1 o-s total cholesterol, 5 x 1 o-s for HDL-C and 1 o-7 forTriglycerides. 

NCBI: Number of genes that belong to the particular category. Observed:Number of genes that belong 
to the given particular category among GWAS results. Expected:Expected value for number of genes that 

belong to the particular pathway among GWAS results. Over/Under: Stands for "overrepresented /under

represented': 

* P-value corrected for multiple testing. 
n.s.: no significant findings. 

to I show the predictions based on a TG score which explained up to 0.8 % of the variance in 

other lipids. HDL -C scores explained up to 0.3 %of the variance in other lipids (Figure 3 A to C). 

Pathway analysis 

Pathways analyses using only genome-wide significant SNPs was compared to the analogous 

analyses using SNPs from the polygenic scores which yielded the highest PEV for each trait 



(Figure 1 ). These scores used thresholds of P-value < 1 x1 o-6 for LDL-C, P-value < 1 x1 o·s forTe, 

P-value < 5 x 10·8 for HDL-C and P-value < 1 x10·7 forTG. Table 3 shows the findings from the 

pathway analysis, based on alternatives to a P-value threshold of 5.0 x 1 o-s. None of the path

ways among categories defined by the PANTHER tool were significant after strict adjustment 

for multiple testing (Bonferroni correction). With respect to biological processes the lipid and 

fatty acid transport, and lipid, fatty acid and steroid metabolism pathways were two biological 

processes enriched in the HDL-C and LDL-C GWAS findings. At the level of molecular function, 

genes with an apolipoprotein and transfer/carrierfunction were enriched in LDL-C, while genes 

with a lipase function were observed to be significantly enriched among the top GWAS results 

for HDL-C. For HDL-C and TG, we were not able to select alternative P-value thresholds since the 

highest PEVs were observed with P-value < 5 x 1 o·8. With respect to LDL-C, the pathway analysis 

utilizing two different p-value thresholds (P-value < 1 x1 o-6 and P-value < 5 x 1 o·8) resulted in 

the same findings. No additional pathways were identified by using extra information from the 

risk profiles for LDL-C, TG and HDL-C. For TC, on the other hand, the lipid, fatty acid and steroid 

metabolism, lipid and fatty acid transport and transport terms additionally emerged among 

biological processes tested using the alternative threshold (Table 3). 

DISCUSSION 

Using prediction modelling, we could explain up to 4.8% of the variance in HDL-C, 2.6% in 

LDL-C, 3.8% in TG and 2.7% in TC. These PEVs are very similar to those from similar studies5, 9 and 

much higher than the single SNP analysis of genome-wide significant SNPs from the ENGAGE 

GWAS (Supplementary Table 1) 

However, these proportions are much lower than those identified by GLGC, which were 

estimated to explain 12.4% (TC), 12.2% (LDL-C), 12.1% (HDL-C), and 9.6% (TG) of the variance in 

the Framingham Heart Study sample, as mentioned byTeslovich et al.24• This is expected since 

increases in sample size lead to better estimation of the effect sizes of the SNPs and GLGC had 

a sample size 5 times larger than the ENGAGE sample, which we used as a discovery set in our 

study. 

For all of the traits, the PEV reached a maximum and then decreased with the use of more 

liberal Pdiscovery thresholds to calculate the polygenic scores (Figure 1). This is most likely 

explained by the inclusion of more and more biologically non-relevant SNPs, so that the effects 

of true positive findings are diluted and this is reflected by the decreases in PEV. For all of the 

studied traits, we found the highest PEV when the polygenic score was based on SNPs with a 

low Pdiscovery value (5 X 1 o·8 for HDL-C, 1 X1 o-7 forTG, 1 x1 o·6 for LDL-C and 1 x1 o·s forTC). 

Including the top regions from the ENGAGE GWAS dataset as a separate predictor in the 

models (Figure 2) uncovered a residual polygenic component which does not explain more 

than 1% of HDL-C, LDL-C and TC levels. These findings suggest that there are unknown genes 

with much smaller effects involved in determining these outcomes. However, the PEVs for 



these additional variants were small when compared with those for the top findings. For TG, 

on the contrary, excluding the top regions from the polygenic score resulted in non-significant 

findings. ForTC, which is highly heterogeneous compared to the other traits, it seems that some 

variants remain to be discovered (?discovery< 1 x1 o-5). 

It is of note that among newly discovered loci for HDL-C by GLGC, leading SNPs from 10 loci 

had P-value > 0.05 in the ENGAGE HDL-C analysis. Similar findings were observed for 10 loci for 

LDL -C, 3 loci for TG and for 9 loci in TC24• It is already known that monogenic disorders25 and 

rare variants also account for variation in circulating lipid levels26-32• This may help to explain 

why the explained variance is small compared to the high heritability of the traits, especially 

since many rarer variants are population specific, and might not have been well-represented in 

our European dataset, or not well tagged by the common SNPs under study. For instance, APOE 

gene variations are tagged by the CEACAM16-TOMM40 region among the ENGAGE GWAS top 

findings, and SNPs from this region were not associated to LDL-C levels in RS-11, however,APO£ 

c:2 carrier status explains 2.6% of the phenotypic variation in LDL-C levels in RS-11. Additionally, 

the gender ratio difference between the discovery and target samples may have been a limita

tion to the current study, since some loci show different effect sizes for males and females5. 

Our findings have implications for gene discovery and suggest that GWAS of much larger 

samples may be needed to discover additional variants with small effects for HDL-C and LDL-C. 

However, at the same time, this study suggests that many of the unknown SNPs have relatively 

large effects and that is confirmed by the GLGC data. Our findings suggest that GWAS on serum 

lipids in the future will still be successful as sample sizes increase 140ur cross prediction results 

are interesting from a biological perspective. These findings showed very little overlap between 

the polygenic scores for different circulating lipids. A strong inverse relationship exists between 

low HDL-C and elevated plasma TG (r = -0.5 in RS-11). Low HDL-C levels are strongly associated 

with hypertriglyceridemia since high levels of plasma triglycerides drive an exchange reaction 

for HDL -C cholesteryl esters mediated by CETP33 .1n addition, the triglyceride and phospholipids 

in HDL-C are hydrolyzed by LIPC13, 33• However, using our genetic evaluation it was not possible 

to predict a large proportion of the variance in TG levels using HDL -C risk profiles despite the 

correlation between the two lipids. The polygenic score for TG was slightly better in predict

ing HDL-C than when we used the top SNPs, however, the PEV did not exceed 0.6 % and was 

lower than the variance explained by HDL-C SNPs and also lower than the variance explained 

in circulating TG by TG SNPs. Thus, our data implies that common genetic variants involved 

in determining both TG and HDL-C levels do not explain the phenotypic correlation between 

these traits, suggesting that the correlation may be influenced strongly by environmental fac

tors, and/or restricted to a few genes. An alternative explanation may be that we tested the 

polygenic effects of common variants weighted by their effect size from the initial GWAS. When 

there are strong causal variants among the top hits that are specific to HDL-C but not to TG, 

this may dilute the effect of genes with small effect sizes on both outcomes. Also, the current 



analyses do not account otherforms of genetic variation, such as rare variants or copy number 

variations (CNVs). 

As expected, we also found evidence for a number of genes that regulate both HDL-C and 

LDL-C (Figure 3A) and a similar overlap between TG and LDL-C (Figure 3 H). TC SNPs were 

able to explain up to 2.7% of the variation in LDL-C, suggesting that the genes determining 

LDL-C and TC are for a large part overlapping. This result is in-line with the high phenotypic 

correlation between the two measures. Genome-wide significant findings from the ENGAGE 

GWAS harboured two loci (APOB and LPL) influencing both HDL-C and TG, 2 loci influencing 

both TG and TC (DOCK7 and CEACAM 7 6-TOMM40 regions) and ?loci influencing both LDL-C and 

TC (CELSR2, APOB, ABCGS, HMGCR, FADS2/3, LDLR and CEACAM 7 6-TOMM40). A limitation here is 

that LDL-C was not directly measured but calculated with the Friedewald formula in the RS-11 

sample and so, by definition, depends directly on TC, HDL-C and TG. This may cause a potential 

bias in findings for LDL-C and may inflate the association between lipids in cross prediction 

findings with this phenotype. 

We investigated whether the polygenic score approach can be used as a tool for selecting 

SNPs of interest in order to further evaluate them in a pathway analysis. First, we evaluated 

the genome-wide significant SNPs from an existing GWAS and compared the results to those 

obtained using the SNPs from the polygenic model with the maximum PEV. Neither of the 

approaches yielded any novel pathways/biological processes (only those already known to be 

involved in lipid metabolism, such as cholesterol biosynthesis; lipid and fatty acid transport; and 

lipid, fatty acid and steroid metabolism). Also, we see that, although the use of the polygenic 

score approach did not provide extra information concerning LDL-C, HDL-C orTG, forTC, path

way analysis based on the best predicting polygenic score (with Pdiscovery <1 x 10·5) was more 

informative than analysis based solely on the genome-wide significant findings. Including TC 

SNPs up to a more liberal threshold of 1 x 1 o·5 suggested three processes which are already 

biologically known but were not detectable with the 5 x 1 o-s discovery threshold. This find

ing shows that for complex traits like TC, the risk scoring approach might be used to select 

the SNP cluster which harbours a large number of true positives that are not significant at the 

genome-wide leveL Taken together with the polygenic component analysis results, it is likely 

that ENGAGE TC-GWAS results harbor undiscovered associated variants distributed between 

1 X1 Q·6 < p discovery< 1 X1 o-s. 
Using a gene scoring approach, we tested the evidence of a polygenic component for the 

heritable circulating lipids. We concluded that a polygenic form of inheritance exists for HDL-C, 

LDL-C, TG and TC. These findings may be useful for future gene discovery efforts for lipids. We 

also tested for possible genetic overlap between biologically related lipid traits and compared 

two different approaches for pathway analysis. This study gives an example of utilizing the risk 

scoring approach to search for the common genetic background of different quantitative traits, 

thus; it may also be an example for more sophisticated future studies. 
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ABSTRACT 

Depressive symptoms are known to be heritable and may serve as phenotypes for gene discov

ery. We conducted a linkage study using Hospital Anxiety and Depression Scale (HADS-D) and 

Centre for Epidemiological Studies Depression Scale (CES-D), followed by exome sequencing. 

Linkage analysis were conducted among participants from the Erasmus Rucphen (ERF) family 

study, a Dutch isolate that includes over 23 000 people with available genealogy of 23 genera

tions. 2203 living participants with eligible phenotype data were genotyped on the 6K Jllumina 

Linkage IV Panels®. Variance components linkage analyses were performed using Merlin soft

ware. We observed a total of three significant (LOD > 3.3) linkage regions on 9q21 (LOD = 3.68 

for HADS-D), 13q33 (LOD = 3.8 forCES-D) and 16q21 (LOD = 3.36 for HADS-D). Also 5 loci 1 p36, 

3p14, 9q32, 10q22 and 22q11 for HADS-D and one locus 5q34 for CES-D showed suggestive 

evidence (LOD > 1.9) for linkage. Common SNPs and rare coding variations within the loci were 

further analysed for association to depressive symptoms. We suggest the involvement of com

mon SNPs within 9q21 and 16q21 region in depression pathology, particularly related to genes 

PRUN£2, C760RF80 and possibly its downstream protein NDRG4, based on significant linkage 

and association, as well as evidence from brain eQTL data. We also show association with a 

rare missense variation resulting in Asn1 05Ser change in the ATP708 gene on 5q34, observed 

among 19 carriers from the ERF isolate. Our findings support the hypothesis of independent 

contribution of common variants with small effects and of family specific rare variants with 

larger effects in depressive symptoms. 

INTRODUCTION 

Major depressive disorder (MOD) is one of the most common and disabling diseases in Western 

societies 1. Its lifetime risk has been estimated to range from 15 to 30%2• 3• MDD results from 

a complex interplay between several factors, such as stress and socio-economic status, and 

interaction of those with candidate gene products4• 5. The total contribution of genetic factors 

in the origin of disease, the heritability, is estimated to be 31-42% and the disease is shown to 

cluster in families6. It has been extremely difficult to unravel genes involved in MDD. Candidate 

gene studies, genome wide linkage and genome wide association studies (GWAS) have not 

been able to identify robust genetic variants for depression7• 8. One explanation for this is the 

polygenic architecture of depression phenotype which may involve many variants with small 

effects that are not detectable with the current association studies. A similar hypothesis has 

been put forward for anxiety, bipolar disorder and schizophrenia9• 

Another explanation may relate to difficulties in diagnosing patients. On one hand there may 

be (genetic) subgroups of patients within a differential diagnosis 10. On the other hand there is 

growing evidence for a joint genetic origin of different psychiatric disorders with very different 

clinical phenotypes. Although clinically major (unipolar) depression is the relevant outcome, 



studies including genome wide association studies (GWAS) have focused on outcomes based 

on depressive symptomatology and endophenotypes (See chapter 3.2). Depressive symptoms 

can be measured by questionnaires resulting in scales of depression, such as the Hospital Anxi

ety and Depression Scale-Depression subscale (HADS-D) and the Centre for Epidemiological 

Studies Depression Scale (CES-D). Both scales have shown to be heritable in the ERF population 

(H2 = 0.24, P-value = 0.001 for HADS-D and H2 = 0.22, P-value = 0.001 forCES-D) 11 . Also for these 

outcomes genetic architecture is complex and involves additive effects of multiple common 

variants12. There also may be major genes leading to depressive symptoms and related traits 

such as neuroticism, which do not necessarily meet the DSM criteria of MDD, for instance chro

mosomes 1, 4, 7, 11, 12, and 13 showed significant linkage signals (LOD > 3) in earlier studies 

indicating these loci may be surrounding genes with larger effect sizes13• The advantage of 

working with depressive symptoms instead of a differential diagnosis of major depression is 

that depressive symptoms can be used as a quantitative outcome. This has proven to be a very 

powerful approach in GWAS14• Rare variants that run across families also may be responsible 

for some portion of the heritability of quantitative outcomes and may add upon the already 

existing underlying genetic component since the common SNPs are insufficient to explain the 

variation 15. 

We studied depressive symptoms of 2203 participants of the Erasmus Rucphen Family 

(ERF) study using HADS-D and CES-D. The series was earlier used in a large consortium for 

genome wide association studies of several phenotypes 14, 16• However, the family based design 

also allows linkage analyses. The major problem interpreting the linkage findings is that arge 

regions are identified and genes explaining the linkage are not easily pinpointed. To uncover 

the genetic variants with relatively large effects, linked regions were analysed in detail using 

regional association analysis of common SNPs. We also searched for variants with large effects, 

integrating the exome sequence data for the candidate regions. 

METHODS 

Study population 

The ERF study, which is a part of the Genetic Research in Isolated Populations (GRIP) Program, 

is a family-based study including over 3000 participants descending from 22 couples that 

lived in the Rucphen region in the southwest Netherlands in the 19th century. All descendants 

of those couples were invited to visit the clinical research centre in the region where they 

were examined in person17. The Medical Ethical Committee of the Erasmus Medical Center 

Rotterdam approved the study and informed consent was obtained from all participants 18• 

Participants filled out questionnaires about depressive symptoms and underwent extensive 

medical examinations in which medication use was assessed17, 19• Symptoms of depression 

were assessed in 2385 participants using depression subscales, namely the HADS-D and the 



CES-020, 21 . Both questionnaires are validated and are reliable self-report measures of symp

toms of depression22. The HAD S-O consists of 7 items with scores ranging from 0 to 21 and the 

CES-D of 20 items with total scores ranging from 0 to 60, with higher scores indicating more 

symptoms of depression21 , 23. 

Genotyping and statistical analysis of the linkage study 

lllumina's HumanHap6k Genotyping BeadChip (6K lllumina Linkage IV Panels®) was used for 

genotyping for the linkage analysis. All genotyping procedures were performed according to 

the manufacturer's protocols. Only markers with MAF > 0.05 were selected for further analysis. 

Genotyping errors leading to Mendelian inconsistencies were detected using PedCheck24. 

Unlikely double recombination events were detected using MERLIN25. All detected errors were 

eliminated from the data. A total of 5250 autosomal SNPs with a call rate greater than 95% were 

included in the linkage analyses. ERF is a single large pedigree with multiple loops including 23 

612 people, spanning 23 generations. A total of 2203 persons with genotype and phenotype 

data were included in the initial analysis25, 26. Variance component multipoint linkage analysis 

was performed using --vc option in MERLIN v.1.0.1 software25. This program calculates exact 

IBD sharing probabilities using the Lander-Green algorithm, applying restriction on the pedi

gree size. Because of this, the pedigree was split in non-overlapping fragments of no more than 

18 bits with the help of the PedSTR program27. All traits were adjusted for sex and age and rank 

transformed prior to linkage analysis. 

Regions of interest with LOD > 1.9 were selected for further analysis. Borders of the link

age areas were defined as LOD score minus 1 support intervals (LOD-1 51) around the linkage 

peaks which were extracted using the "qtl" package implemented in R28. Genes within the 

LOD-1 51 were annotated using SCAN (SNP and CNV Annotation Database), available at b.:t!Q1L 

www.scandb.org/newinterface/index.html.lngenuity Pathway Tools were used to evaluate the 

possible biological plausibility of the genes within our linkage regions (©2000-2012 Ingenuity 

Systems, lnc.)29. Gene expression from human brain tissue was extracted from the brain eQTL 

database of UK Brain Expression Consortium and North American Brain Expression Consor

tium30,31 (See supplementary Text for the methods). The gene expression data in mouse amyg

dala was extracted from the open source data from the"INIA Amygdala Cohort Affy MoGene 1.0 

ST (Mar11) RMA" dataset, which is stored at http://www.genenetwork.org/. 

Genotyping and statistical analysis of the association study 

Among 2385 phenotyped persons, dense genotypes were available for 1886 subjects, typed 

on 3 different genotyping platforms (Ilium ina 318K, lllumina 370K and Affymetrix 250K), which 

were merged first and then- 2.54 x 106 SNPs were imputed using MACH 1.0 software (v1.0.16)32, 
33, using build 36 HapMap (release 22) CEU population as reference. Within each genotyping 



batch, only SNPs showing a call rate > 98%, MAF > 1 o/o and HWE P-value > 10-6 were used for 

imputations. Only SNPs that are directly typed at least on one of the platforms were included 

in the association analysis. Association results of SNPs within the linkage loci were corrected by 

FDR-based Q-value technic34• SNPs that significantly associate with depressive symptoms were 

checked for their cis effects on brain mRNA expression in frontal lobe and cerebellum30, 31 , 35, 

36• These SNPs were also looked up in data sets of the CHARGE consortium CES-D meta-GWAS 

which is the largest analysis on quantitative depression scales to date (unpublished) and long 

term follow up study of anxious depression and neuroticism in the Netherlands Twin Registry 

(NTR)37 

Exome sequencing 

Six hundred exomes from the ERF pedigree were sequenced "in-house" at the Center for 

Biomics of the Cell Biology department of the Erasmus MC, The Netherlands, using the Agilent 

version V4 capture kit on an lllumina Hiseq2000 sequencer using the TruSeq Version 3 proto

col. The sequence reads were aligned to the human genome build 19 (hg19) using BWA and 

the NARWHAL pipeline38, 39. Subsequently, the aligned reads were processed further using 

the lndeiRealigner, MarkDuplicates and TableRecalibration tools from the Genome Analysis 

Toolkit (GATK)40 and Picard (http://picard.sourceforge.net) to remove systematic biases and to 

recalibrate the PH RED quality scores in the alignments. After processing, genetic variants were 

called using the Unified Genotyper tool from the GATK. The effects of the called variants on the 

respective protein sequences were determined with a custom variant annotation script. For 

each sample, at least 4 Gigabases of sequence was aligned to the genome. Further for compari

son and prediction of the functionality of the variants annotations were also performed using 

the dbNSFP (database of human non-synonymous SNPs and their functional predictions) and 

Seattle databases available at: http://snp.gs.washington.edu/SeattleSeqAnnotation 131/. These 

databases gave functional prediction results from four different programs including polyPhen2, 

SIFT, Mutation Taster and LRT, apart from gene and variant annotations. In total about 1.2 mil

lion Single Nucleotide Variants (SNVs) were called. After removing the low quality variants 

(QUAL < 1 00) we retrieved about 700 000 high-quality SNVs were included in the analysis in 

this study. Of the 600 individuals with exome sequencing data, 540 had data on the depression 

scales. Residual depression scores after adjusting for age and sex effects were compared using 

T-test between mutation carriers and non-carriers. We employed a Bonferroni correction for 

the number of deleterious mutations selected (P-value8anferrani = 0.05 I 48 = 0.001 ). Gene wise 

set-based rare variant association analysis were performed using Sequence Kernel Association 

Test (SKAT)41 • Current version of SKAT does not consider family relatedness. For this reason the 

traits were adjusted for relatedness using Grammar approach42 as implemented in GenA BEL 43 

procedure "polygenic" prior to the SKAT analysis. 



TABLE 1. Descriptives ofthe study populations 

linkage study Association Studies 

Range Mean Range Mean Range Mean Range* Mean 
(SD) (SD) (SD) (SD) 

HADS-D 0-21 6.0(4.3) 0-21 5.9(4.3) ND 
0-32 

6.95 
(5.60) 

CES-D 0-58 10.7 (9.6) 0-58 10.63 (9.7) 0-59 7.41 (7.8) ** 

Age, years 18.1-90.9 53.1 (14.9) 18.1-89.7 48.19(14.7) 50-92 66.5 (7.6) 18-63 na 

Women(%) 1243 (55.9) 1082 (57.4) 21768 (63.6) 3321 (63.1) 

AD use (o/o) 156 (7) 130 (6.9) 2661 (7.7) 153 (2.9) 

Education 
(o/o) 

Elementary 622 (30.8) 519 (29.9) 5129 (14.8) 891 (16.9) 

Intermediate 1283 (63.5) 1118(64.4) 14365 (41.6) 1619 (34.9) 

Higher 117 (5.8) 99 (5.7) 15022 (43.4) 2134(40.6) 

Range, mean and standard deviation (SD) are given for the continuous measurements and percentage is 
given for the categorical variables. AD; anti-depressant medication. *Details of CHARGE Meta-GWAS can 
be found in the Supplementary Table 2. **Mean values computed for the CES-D 20 item cohorts. *Anxious 
depression scale. 

RESUlTS 

The linkage and association data sets of the ERF sample overlapped to large extent (85%) and 

did not differ in terms of depression scores, female ratio, socio-economical status or depressive 

medication (Table 1). Figure 1 shows the chromosome plots to which depressive symptoms 

have been linked significantly (i.e. LOD > 3.3) or suggestively (i.e. 3.3 > LOD > 1.9). Although 

significant peaks varied for HADS-D and CES-D scales, LOD scores over the genome were 

correlated (r = 0.34). Three regions showed significant LOD scores for either of the scales. The 

highest LOD score of 3.8 was observed for 13q33 to which CES-D was linked. For the HADS·D, 

a 4MB region on 9q21 reached a LOD score of 3.68 and a -5MB region on 16q21 reached a 

LOD score of 3.36 (details are given in the Supplementary Table 1 ). A total of 6 regions showed 

suggestive LOD scores for either of the scales. HADS-D was suggestively linked to 1 p36 (LOD 

= 2.86), 3p14 (LOD = 2.4), 9q32 (LOD = 2.26), 1 Oq22 (LOD = 3.18), and 22q11 (LOD = 2.05) and 

CES-D suggestively linked to 5q34 (LOD = 2.47). 



FIGURE 1. Chromosomes with significant and suggestive linkage peaks. 
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Figure 1 shows the chromosomes with significant and suggestive linkage peaks. Blue lines refer to the 
CES-D scale whereas pink lines refer to the HADS-D scale. 

Common sequence variations within linkage intervals ofinterest 

To narrow down the wide linkage peaks we performed association analysis within the 

linkage peaks using the imputed genetic SNP data from ERE Table 2 shows the results from 

association analyses of SNPs within the linkage peaks. Regional association plots for the 

selected 9 regions are provided in Supplementary Figure 1. Five variants including rs311452 on 

1 p36 (P-value = 2.09 '1 o-3), rs2272600 on Sq34 (P-value = 0.02), rs7034735 on 9q21 (P-value = 
7.76 ' 1 o-3), rs1989775 (P-value = 0.02) on 9q32 and rs9937047 on 16q21 (P-value = 5.93 ' 1 0-4) 

showed significant evidence for association with the depression scales in ERF, using FOR-based 

correction for multiple testing. For each of these five regions, we re-ran linkage analysis con

ditioning additionally on the associated variant to see if the associated variant explained the 

observed linkage signals (see Table 2). For HADS-D, for the 9q21 and 16q21 linkage regions the 

LOD scores dropped in the conditional analysis (to 2.6 and 1.6, respectively) indicating that the 

associated variants (rs7034735 and rs9937047, respectively) or neighbouring variants in linkage 

disequilibrium (LD) with them most likely explain the linkage signals. As these were common 

SNPs, we also analyzed their association to depressive symptoms in the CHARGE consortium 

and in anxious depression and neuroticism in an ongoing long term follow-up study in the NTR. 

rs9937047 was nominally significantly associated (P-value = 0.01) in the CHARGE CES-D data 



TABlE 2. Association findings in the linkage regions in the discovery population (ERF) and the impact on 

brain eQTL 

1p36 rs311452 0.25 RUNX3 

3p14 rs4428187 0.36 FRM04B 

5q34 rs2272600 0.14 GABRG2 

9q21 rs7034735 0.13 PRUNE2 

9q32 rs1989n5 0.11 PAPPA 

10q22 rs2812541 0.37 C100RF35 

13q33 rs954580 0.35 DAOA 

16q21 rs9937047 0.31 C160RF80 

22q11 rs6005346 0.16 SLC7A4 

ERFstudy 

95 1.64x1o·6 

lntronic 1.29x104 

lntronic 2.86 X 10·5 

lntronic 1.42x1o·5 

262 3.20X 10·5 

68 210x104 

10 4.40x 104 

2 8.08X 10·7 

10 1.30 X 104 

2.09 '10.3 

0.10 

0.02 

7.76x 10·3 

0.02 

0.06 

0.09 

5.93 X 104 

0.06 

0.08 

0.07 

1.00 

0.13 

0.82 

eQTl effect 30 

0.86 

0.71 

0.20 

0.62 

0,08 

TMEM50A 

GABRA1 

VPS13A 

TRIM32 

NORG4 

Table 2 shows the best association findings in the linkage regions. Gene; closest gene, distance; distance 

from the closest gene in kilo bases. P-value; nominal P-value from the ERF association study; Q-value, false 

discovery rate for correction for multiple testing; P-valueCHARGE; P-value for the SNP from CHARGE-CES-D 

meta GWAS. P-valuefrontal I cerebellar; P-value for the effect of genotype on gene expression in frontal/cerebel

lar brain, region wise corrected by the number of probes tested. 

and rs1989775 in the NTR maximum anxious depression score (P-value = 0.03), with the same 

direction of effect. (Results shown in Supplementary Table 2). rs9937047 also correlated with 

NDRG4 expression in cerebellum in the brain eQTL database. However, the P-value region-wide 

adjusted for multiple testing was only borderline significant (0.05 < P-value < 0.1 ). 

Rare variants in the coding sequence 

As common variations did not explain the linkage peaks 1 p36, 5q34 and 9q32, we next explored 

the hypothesis whether the linkage is explained by rare exonic variants in these regions. The 

results of the search for coding rare variants for these three loci are summarized in Table 3. We 

focused on relatively rare (frequency < 1-5%) missense that were predicted to be deleterious 

by at least two of the prediction software used and non-sense variations that were. This selec

tion yielded 48 variants in 38 genes in the linkage intervals of 1 p36, 5q34, 9q32, which we 

further analysed in relation to depression scales. Supplementary Figure 2 shows the means and 

standard errors for the residual depression scores of mutation carriers and non-carriers after 

regressing out the effects of age and sex. This effort uncovered a T>C variation among 9 carriers 

(Figure 2) at position 160113242 in the ATP1 08 (on 5q34) gene that is significantly associated 

with higher depression scores when adjusted for multiple testing (P-value = 0.0001). For this 

mutation, we screened 600 more individuals in ERF and identified 10 additional carriers. All19 



TABLE 3. Selection of the coding variations 

loci Variants in the coding region 

1p36 380 504 4 888 

5q34 38 52 91 

9q32 97 108 0 205 

Total 515 664 5 1184 

MAF1%-5% 

115 2 

13 0 

28 

156 3 

29 

7 

9 

45 

Predicted to be damaging 

2 E2F2, /03, MYOM3, RHO, 
MAN7 C7, PAQR7, PAFAH2, 

TRIM63, UBXN77,A/M7L, 
DHDDS, GPATCH3, MAP3K6, 

PTAFR, PHAGR4, GM£87, 

EP847, NKA/N7, SERINC2, 

COL76A 7, SPOCD7, 
CCDC288, TMEM234, PHC2, 

CSMD2 

0 TTC7, FABP6, C5orf54, SLU7, 

ATP708, GA8RA6, CCNG7, 

HMMR 

3 

AMBP, DFNB37, TNC, PAPPA, 
ASTN2 

Table 3 shows the exonic variants within the LOD-1 support intervals of the linkage JoeL Coding region 

variants were filtered based on their frequency and their deleterious potentials based on three prediction 

softwares; polyPhen2, Mutation Taster and LRT. Variations that are predicted to be damaging by at least 2 of 

the 3 prediction softwares were selected for further analysis. MAF; minor allele frequency 

carriers could be linked to a single section of the large ERF pedigree (Supplementary Figure 3). 

The residual CES-D score among the 19 carriers in ERF was 8.23 and was significantly higher 

than that of non-carriers who had a residual mean score of 1.18 (P-value = 0.004). Also the 

rare variant burden analysis including the five coding variants in ATP108 yielded a significant 

gene-wise SKAT (Sequence Kernel Association test) P-value of 0.026 supporting the association 

of the rare variants with depressive symptoms. None of the other rare variants within the link

age intervals of 1 p36, Sq34 and 9q32 reached the Bonferroni corrected P-value threshold of 

significance (P-value = 0.001) (Supplementary Table 3). 



FIGURE 2. Familial segregation ofthe ATPJOB 5:160113242T>C mutation across two pedigrees within ERF. 
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ATPJOB mutation carriers are clustered in two families within the large ERF pedigree. Carriers are indicated 
in black. CES-D and HADS-D depression scores were given in red beneath the individuals (CES-D I HADS-D). 
AD; anti-depressive medication use. 

DISCUSSION 

We performed a quantitative linkage study on depression symptoms and identified 3 sig

nificant (9q21, 13q33, 16q21) and 6 suggestive regions (1 p36, 3p14, Sq34, 9q32, 1 Oq22, 22q11) 

either for CES-D or HADS-D scales. Five common variants in these regions were associated with 

depressive symptoms in ERF. Two of them resulted in a partial drop of the regional LOD scores 

(i.e. rs7034735 for 9q21 and rs9937047 for 16q21) in the conditional analysis. Of these two 

SNPs, rs9937047 showed suggestive effect on the expression of a neighbouring gene, NDRG4 

(16q21 ), in human cerebellum. Our rare variant analysis in the other three regions in which no 

association to a common variant was found, uncovered a missense coding variation in ATPJOB 

gene. In the ERF population, carriers of this missense mutation clustered into a large subfamily 

in which the carriers had a significantly increased score for depressive symptoms. 

Of note, for the most significant locus (13q33; LOD = 3.8 forCES-D) we did not find a possible 

causal variant. The LOD-1 51 for this region spans 1.2MB and harbours only one gene; 0-amino 

acid oxidase activator gene (DAOA), which is known to associate with schizophrenia and bipolar 



disorder41A2• The best SNP (rs954580) for this region only showed suggestive (Q-value=0.09) 

association. This SNP is located in DAOA-anti sense RNA-1 (DAOA-AS1) which may be regulating 

the DAOA gene44• Including this SNP as a covariate in the conditional linkage analysis did not 

lower the linkage scores, implying that it is unlikely the variant that explains the linkage signals. 

There were no missense or non-sense variants present in DAOA in our exome data. Enlarging 

the 13q33 linkage interval, i.e. by investigating the region to LOD-2 51, yielded gene EFNB2 

that had only one coding variant that did not associate with depression scores. As neither 

association nor exome sequencing elucidated no effect, deep sequencing the region is neces

sary. Our second best locus was on 9q21 (LOD = 3.62) for HADS-D. The best association SNP at 

this locus was rs7034535 and when its effect was regressed out, we observed only a relatively 

small drop in the LOD score for this linkage peak (conditional LOD = 2.61 ), suggesting that 

this variant (or perhaps another variant) is in incomplete LD with the causal variant partially 

explained the quantitative linkage of the trait at this chromosomal location. The SNP is located 

in PRUN£2, a brain expressed gene, which encodes a neuronal protein that has been associated 

with Alzheimer disease45, 46 and again deep sequencing may be necessary to further elucidate 

the gene. HADS-D showed significant evidence for linkage to the 16q21 locus (LOD = 3.36). 

The best SNP from the ERF association analysis is rs9937047 and is located in the downstream 

region of the transcription factor C760RF80.1ncluding rs9937047 as a covariate in the linkage 

analysis dropped the LOD to 1.6, suggesting that rs9937047 or variants is in incomplete LD 

and can be responsible for the linkage signal. Rs9937047 also shows marginally evidence for 

association to CES-D in a meta-analysis of GWAS of CES-D,(P-value = 0.01) including 35 000 

persons from 17 cohorts as part of the CHARGE consortium. This SNP shows suggestive effect 

on the expression level of NDRG4 in cerebellum (P-value = 0.08). NDRG4 encodes a cytoplasmic 

stress response protein which is highly expressed in human brain as well as in heart tissue. It is 

shown that NDRG4 deficient mice show decreased levels of brain-derived neurotrophic factor 

(BDNF)47• NDRG4 did not show any coding sequence mutation in the ERF exome data. However, 

a burden analyses including the intronic, 3'-UTR and 5'-UTR SNPs of NDRG4yielded a gene-wise 

P-value of 0.04, suggesting that within the regulating region of the gene there may be relevant 

variants for depression symptoms. 

Among the suggestive linkage regions, the findings at 5q34 were of interest since the 

region surrounded a cluster of (gamma-amino butyric acid) GABA receptors that function as 

ligand-gated chloride channels that are dependent on binding of GABA, the major inhibitory 

neurotransmitter in the mammalian brain. GABA receptors have been implicated in several 

neurologic and psychiatric phenotypes47. Rs2272600 was the best SNP for association in ERF 

and is intronic to GABRG2. This SNP is marginally associated with GABRA 7 expression in frontal 

brain tissue (0.05 < P-value < 0.1 ). However, regressing out the effect of this SNP did not change 

the LOD score, indicating that the SNP does not co-segregate with the linkage variant, which 

does not exclude the relevance of the association but makes it unlikely that the rs2272600 

explains the linkage result at 5q34. 



Our analysis of rare coding variants spanning the three linkage regions on 5q34, 9q21 and 

16q21 uncovered one mutation which was consistently predicted to be functionally damaging 

by the three prediction programs. The variant is located in ATP108, which is also located on 

5q34, near the GABA receptor cluster. The gene encodes a class V ATPase, with a phospholipid 

flippase domain. The mutation 5:160113242T>C (rs184217288 in 1000 Genomes) in ATP10B 

results in damaging Asn1 05Ser change in the transmembrane domain of the protein which 

takes part in maintaining the phospholipid asymmetry of the cell membrane. Knowledge on 

class V ATPase proteins is restricted to paralogs of ATP708, ATP10A and ATP70D, which also 

cluster together with GABA receptor subunit genes on 15q12 and 4p1248• It is of interest that 

the class V ATPase coding genes and GABA receptor subunit coding genes seem duplicated 

together, suggesting a possible functional link as well (see Supplementary Figure 4). These 

three GABA receptor regions are associated with neurologic and psychiatric outcomes, includ

ing depressive symptoms and alcohol dependence, Angelman Syndrome and schizophrenia 

with evidence for involvement of genomic imprinting49-52• GABRB3 on 15q12 is among the top 

findings of a the largest GWAS for major depressive disorder53. 

Another region of interest is the 1 p36. The best associated SNP is located 95 Kb upstream of 

RUNX3. RUNX3 is a leukemia-related transcription factor and the transcript related to rs311452 

is TMEMSOA, a transmembrane protein with unknown function. Even though the association 

between depression scores rs311452 had a nominal P-value of 1.64 x 1 o·6 in the discovery ERF 

study, the SNP did not explain the linkage peak in the conditional linkage analysis. The linkage 

signal apparently comes from another gene in the region. The LOD-1 51 of the region includes 

various biologically plausible genes. Gene HTR1 D, which has been extensively studied for major 

depressive disorder, is also located in the 1 p36linkage region and maps into the gene network 

of "Cell Death, Nervous System Development and Function, Cellular Compromise" together with 

genes BA/2 (brain-specific angiogenesis inhibitor 2), CNR2 (cannabinoid receptor 2) and OPRD7 

(opioid receptor, delta 1 ), all located in the same region. However, a coding region analysis 

of these genes did not yield any SNV that may explain the linkage results asking for a more 

in-depth analysis. 

One limitation of our study at present is that it was not possible to perform conditional 

linkage analysis for ATP708 mutation, since the total number of sequenced people for this 

mutation was less than the linkage panel (1200 versus 2203). Also, since we do not have com

plete sequence data on parents, we cannot analyse the parent-of-origin effects that are known 

to occur in Angelman syndrome. Another limitation is that, taking into account the tissue

specific involvement of depression, gene expression in human amygdala was not measured 

in our brain eQTL set. Therefore, we extended our search to mouse brain tissue54. NDRG4 and 

ATP708 expression are correlated with each other (r = 0.382, P-value=O.OOS) and with HTR1D 

(5-hydroxytryptamine (serotonin) receptor 1 D) in mouse amygdala tissue (r = 0.599, P-value= 

2.0 x 10·7 for NDRG4 and r = 0.630, P-value = 2.4 x 10·7 for ATP10B). 



For the linkage locus at 13q33 the best SNP from the ERF association study failed to explain 

the linkage peaks in the conditional linkage analysis. Neither significant rare coding variants 

were found within the LOD -1 51 of these regions, except for Sq34. There may be several 

explanations. Linkage peaks are not precise in highlighting the location of the causal variant. 

At some loci, the region of interest cannot be easily pinpointed by association analyses. Other 

reasons may be that we did not take into account alternative mechanisms such as structural 

and copy number variations (CNVs) or repeats in the linkage regions. Causal rare variants may 

be located outside the coding sequence, which we did not include in our sequencing analyses. 

Combining the resources of linkage and association analysis with those ofeQTLdata in mouse 

and human, we found strong evidence that PRUN£2, C7 60RFBO, NDRG4 and ATP7 08 determine 

the susceptibility to depressive symptoms. From a genetic perspective the Asn 1 OSSer variant 

raises the question whether phospholipid asymmetry in the cell is relevant for the occurrence 

of depressive symptoms. Of these genes ATP708 and NDRG4 can be linked to HTR10 in mice, 

suggesting a role in serotonin pathology. 
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ABSTRACT 

Depression is a heritable trait that exists on a continuum of varying severity and duration. Yet, 

the search for genetic variants associated with depression has had few successes. We exploit 

the entire continuum of depression to find common variants for depressive symptoms. In 

this genome-wide association study we combined the results of 17 population-based studies 

assessing depressive symptoms with the Center for Epidemiological Studies Depression scale 

(CES-D). Replication of the independent top hits (P-value < 1 x 1 o-5) was performed in five stud

ies assessing depressive symptoms with other instruments. In addition, we performed a com

bined meta-analysis of all22 discovery and replication studies. The discovery sample comprised 

34 549 individuals (mean age of 66.5) and no loci reached genome-wide significance (lowest 

P-value = 1.05 x 1 o-7). Seven independent SNPs were considered for replication. In the replica

tion set (N = 16 709), we found suggestive association of one SNP with depressive symptoms 

(rs161645, 5q21, P-value = 9.19 x 10-3). This 5q21 region reached genome-wide significance 

(P-value = 4.78 x 1 o-8) in the overall meta-analysis combining discovery and replication studies 

(N =51 258). The results suggest that only a large sample comprising more than 50 000 subjects 

may be sufficiently powered to detect genes for depressive symptoms. 



INTRODUCTION 

Major depressive disorder (MOD) is a complex disease with an underlying heritable compo

nent. Family and twin studies report a high familial tendency of the disorder and heritability 

estimates of 31-42% 1• 2• However, the long search for genetic variants associated with depres

sion has had few successes. Several linkage studies for major depressive disorder have been 

performed, and these identified only one relevant locus3•4.1n addition, hundreds of candidate 

genes have been investigated in association studies, but only six variants have been confirmed 

in meta-analyses5• 6. Recent efforts to find new candidate genes via genome-wide association 

studies (GWAS) have also been largely unsuccessfuJ7-15. GWASs identified interesting regions, 

but associations with MOD reached standard levels of genome-wide significance at only 

one locus15• Furthermore, only few previously reported candidate genes were replicated in 

genome-wide association studies7• 13• 16. 

Depression exists on a continuum of varying severity and duration. Depressive symptoms 

(measured on a continuous scale) and MOD (measured on a dichotomous scale) are associ

ated with similar patterns of risk factors suggesting shared etiology with varying severity17• 

The ability to detect genetic predictors might therefore be improved by analyzing depression 

quantitativeiy18, defining MOD as a diagnostic entity applied to the extreme of the depression 

continuum 19. Using the phenotypic variation within cases and controls by analyzing depres

sion quantitatively has been shown to greatly increase the power to detect genetic variants20. 

In fact, a GWAS of the depression facet of personality (a continuous trait), identified several 

candidate genes. However, the sample size was small and findings remain to be confirmed21 • 

In the current study, we exploit the entire continuum of depression defined as the number 

and severity of depressive symptoms a person experiences. We assessed depressive symp

toms with one of the most widely used instruments in the general population, namely the 

Center for Epidemiological Studies Depression (CES-D) scale. This scale assesses the following 

major dimensions of depression: depressed mood, feelings of guilt and worthlessness, feel

ings of helplessness and hopelessness, psychomotor retardation, loss of appetite and sleep 

disturbance. The CES-D detects cases of MOD with high sensitivity and specificity22 and has 

proven to be relatively stable over time, 82% of older adults had stable CES-D scores over four 

measurement rounds in ten years23•24.1n addition, a high CES-D score, like a diagnosis of MOD, 

is associated with cardiovascular disease and mortality25• 26• Moreover, heritability estimates of 

depressive symptoms as measured with the CES-D range from 15 to 34%27-29• 

We present the results of a meta-analysis combining genome-wide association results of 

depressive symptoms from 17 population-based studies of European ancestry (N = 34 549). In 

addition, we sought to replicate our findings in five samples that used instruments other than 

the CES-D to quantify depressive symptoms (N = 16 709). Finally, we performed a combined 

meta-analysis of all discovery and replication studies that included 51 258 individuals. 



METHODS 

Discovery samples 

This discovery set included results from 17 population-based studies comprising a total of 

34 549 persons of European descent. The following studies collaborating in the Cohorts for 

Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium30 in the United 

States and Europe were included: the Atherosclerosis Risk In Communities study (ARIC1 and 

ARIC231 ), the Cardiovascular Health Study (CHS32), the Framingham Heart Study (FHS33· 34), 

and the Rotterdam Study I, II and Ill (RS-1, RS-11 and RS-11135). The following population-based 

studies joined the discovery analyses: the Baltimore Longitudinal Study of Aging (BLSA36), The 

Erasmus Rucphen Family (ERP7) study, the Health, Aging and Body Composition (Health ABC) 

study, the lnvecchiare in Chianti (Aging in the Chianti area, lnCHIANTI 38) study, Helsinki Birth 

Cohort Study (HBCS39), Multi-Ethnic Study of Atherosclerosis (MESA40), Nurses' Health Study 

(NHS41 ), Rush Memory and Aging Project (MAP42), Religious Orders Study (ROS43), and SardiNIA 

study44. All studies were approved by their local institutional review boards and all participants 

provided written informed consent. 

Phenotype definition 

Depressive symptoms were measured with the CES-D scale (1 0 item version (CHS, NHS, RUSH 

MAP, RUSH ROS), 11 item version (ARICl), or 20 item version (ARIC2, BLSA, ERF, FHS, HBCS, 

Health ABC, lnCHIANTI, MESA, RS-1, RS-11, RS-111, SardiNIA)). The CES-D scale was designed for use 

in the general population. All three CES-D versions used here detect the same four latent fac

tors45: depressed affect, somatic symptoms, positive affect and interpersonal problems. Each 

item is scored from 0 to 3 depending on the frequency of the symptoms during the past week. 

A higher score corresponds to more depressive symptoms. Scores from one examination round 

per study were used, but CES-D scores have been shown to be relatively stable over time23· 24. 

In studies with multiple CES-D assessments, the round with the largest number of participants 

(generally the first examination round) was chosen. Persons with schizophrenia or bipolar dis

order were excluded based on records, interviews or medication use (these disorders probably 

have a distinct genetic component). In addition, persons with a Mini Mental State Examination 

(MMSE) score< 22, indicative of dementia, were excluded. We included persons with genotype 

data and depressive symptom score who were aged 40 years and older. 

Adjustment for use of anti-depressants 

In the search for common variants for depressive symptoms in a population-based sample, 

persons using anti-depressants, who most likely had had depression or depressive symptoms, 



increase genetic information. We thus did not exclude these persons from the analysis, but we 

chose to adjust their total depressive symptoms score for medication use. However, response 

to anti-depressants is highly variable. In addition, information on compliance is often not avail

able in population-based studies. We therefore used a non-parametric imputation algorithm to 

adjust the CES-0 score for treatment effect. We made two assumptions: 1) the CES-0 score of a 

person using anti-depressants is a right-censored value; the score is lower than the untreated 

value would be, and 2) persons with a high CES-0 score, on average, responded less to their 

medication than persons with a lower CES-0 score. We replaced the score of a person on anti

depressants with the mean depressive symptom score of all persons using anti-depressants 

that had the same or a higher depressive symptom score. This procedure was performed 

separately for men and women and was based on an algorithm used for adjustment of blood 

pressure for persons on antihypertensive drugs46. Anti-depressant medication was defined by 

each study separately to account for differences between countries. 

Genotyping and imputation 

Genome-wide genotyping was performed by the individual studies on lllumina or Affymetrix 

platforms. All studies imputed their genotype data to -2.5 million SNPs to account for the 

different genotyping platforms. HapMap release 22 CEU build 36 was generally used as refer

ence for imputation (two studies used build 35). Genotype and imputation quality control was 

performed in each study separately. Each studies genotype and quality control procedure can 

be found in Supplementary Table 1. 

Data analysis 

A linear regression was performed on total depressive symptom score, adjusted for age, and 

gender. The distribution of CES-0 scores is skewed, but linear regression is fairly robust to 

non-normallity. CHS and ARIC additionally adjusted for field study site, NHS for disease status, 

SardiNIA for self-report versus tester-read and reported answers, FHS for cohort (Offspring, 

Generation 3). Furthermore, FHS used linear mixed effect models to account for familial cor

relations. In the ERF study, kinship matrix was used to correct for relatedness. 

Meta-analysis 

We performed a P-value based meta-analysis weighted by sample size. This is a valid approach 

to account for the different CES-0 versions to measure depressive symptoms and for the dif

ferent distributions of depressive symptoms. The meta-analysis test-statistic was computed 

using sample size weighted method as implemented in METAL (http://www.sph.umich.edu/ 

csg/abecasis/metal/ 47• The beta(~) of each individual study i was matched to a common coded 



allele (the minor allele) for each SNP across all studies. SNPs with a minor allele frequency (MAF) 

less than 2.5% or an observed to expected variance ratio (imputation quality) less than 0.30 

were excluded on a per-study basis. SNPs for which the total sample size was lower than 5000 

were removed from the results. Genomic control correction was applied to each study's results. 

Replication 

Independent top SNPs with a P-value < 1 x 1 o-5 in the discovery meta-analysis were selected 

with the clumping function in PLINK48 (r2 < O.OS, SOO Kb) for replication in five studies that mea

sured depressive symptoms with other instruments (total N = 16 709). Persons included in the 

replication studies were independent from those in the discovery studies. Although replication 

with other instruments than the CES-D might introduce some heterogeneity, all instruments 

measure depressive symptoms. Further, a positive replication would ensure that our top hits 

are not instrument-dependent. 

Age, Gene, Environment Susceptibility - Reykjavik Study (AGES-RS49), the ARIC study 

(ARIC331 ), Monitoring of Trends and Determinants of Cardiovascular Disease/Cooperative 

Health Research in the Region of Augsburg F3 and F4 (MONICA/KORA50), and the Study of 

Health in Pomerania (SHIP51 • 52) measured depressive symptoms with Geriatric Depression 

Scale (GDS), Maastricht Questionnaire (MQ), Patient Health Questionnaire (PHQ-9) and the 

Beck Depression lnventory-11 (BDI-11), respectively. The BDl-11, GDS and PHQ-9 aim to screen for 

depression and are highly correlated53•54• The BDI-II is based on the DSM-IV criteria for MDD and 

comprises 21 items on a scale of 0 to 3 with higher scores indicating more severe depressive 

symptoms over the past two weeks. The PHQ-9 is like the BDI-II based on the DSM-IV criteria 

for MDD, but it consists of nine items on a scale of 0 to 3 to assess depressive symptoms over 

the past two weeks. The GDS was specifically designed to screen for depression in older adults 

and comprised 1 S items answered with 'yes' or 'no: The Maastricht Questionnaire (21 items), 

although designed to measure vital exhaustion, correlates with measures of depressive symp

toms 55 and was previously used to assess depressive symptoms56•57• 

Replication was considered significant if the Bonferroni corrected P-value for testing 7 SNPs 

was::;; 0.050 (uncorrected P-value::;; 7.1 x 10·3). 

Pathway analysis 

Protein ANalysis THrough Evolutionary Relationships (PANTHER58) was used to identify and 

classify biological processes among the SNPs associated with P-value <1 04 from the overall 

meta-analysis (N =51 258). After SNP selection, SNP ids were annotated to genes and/orflanking 

genes with the SCAN SNP and CNV Annotation Database (http://www.scandb.org). PANTHER 

then compares this gene list to a reference list (Homo Sapiens gene list from the National Cen-



ter for Biotechnology Information) using the binomial test. Results were Bonferroni-corrected 

to account for multiple testing. 

Candidate gene search 

Altogether 17 SNPs variants previously reported to be associated to depression were selected: 

1 SNP that has been found genome-wide significantly associated with depressive phenotypes 

after replication7' 59, 4 top SNPs from the largest MDD meta-analysis so far13, and 12 top SNPs 

from the only published GWAS that studied a depressive trait continuously21 • SNPs were tested 

for association in the discovery meta-analysis (N = 34 549) and in the overall meta-analysis 

including all studies that measured depressive symptoms (N =51 258). 

RESULTS 

Meta-analysis of depressive symptoms 

Table 1 shows the characteristics of the study populations. Mean age in the discovery studies 

ranged between 55.9 and 80.8 years. The percentage of women varied between 44.6% and 

100%. In line with the population-based design of the studies, median depressive symptoms 

scores ranged between two and ten for the CES-D 20 item version. This is well below the cut-off 

of 16 at which major depression cases in older adults can be identified with high specificity and 

sensitivity22• The percentage of persons scoring above this cut-off varied between 4.7% and 

27.1 %. Distributions of CES-D scores differed between studies and so a Z-score-based meta

analysis was used to combine the individual studies' results. Anti-depressant use ranged from 

3.0% to 14.0%. On average, CES-D scores for persons on anti-depressants more than doubled 

after imputation. 

The genomic control inflation factor lambda (A.
9

c) for each study ranged between 0.997 

and 1.024. A meta-analysis of 17 studies (N = 34 549) with depressive symptoms measured by 

CES-D was performed (Q-Q and Manhattan plots in Supplementary Figure 1 ). The total number 

of SNPs analyzed was 2 391 896. No association reached the pre-specified genome-wide sig

nificance level of 5 x 1 o-s for the association with the depressive symptom score. However, we 

identified 117 SNPs with a P-value < 1 x 1 o·5, which included seven independent top SNPs (r2< 

0.05 in 500 Kb, Table 2). The SNP with the lowest P-value was rs8020095 (P-value =1.05 x 1 o·7) 

and maps to an intronic region of GPHN on chromosome 14. Of the seven top SNPs none had a 

heterogeneity p-value (tested by Cochran's Q) below 0.05 in the discovery meta-analysis. 

We reran the analysis for the independent top SNPs excluding people on anti-depressants. 

P-value of the top SNPs shifted towards one (e.g. rs8020095 P-value 1.56 x 10·6, rs161645 

P-value 1.71 x 1 o·3). Adding five points to the total score for people using anti-depressants in 
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a subsample (RS-1, RS-11, RS-111, N = 7 925) resulted in the same top SNPs and similar P-value for 

the top SNPs tested here. 

Replication 

Table 2 presents the results of the replication analysis and the overall meta-analysis across 

discovery sample and replication sample. The mean observed to expected variance ratio for 

the seven top SNPs across all cohorts ranged between 0.91 and 0.98 (Supplementary Table 

2). In the replication sample, a SNP on chromosome 5 showed an association with depressive 

symptoms (5q21, rs161645, P-value = 9.19 x 1 o·3, Table 2), but this association did not reach the 

pre-defined threshold for multiple testing (corrected for multiple testing P-value = 0.064). This 

SNP resides in a gene desert, with the closest gene NUDT12 more than 1000 Kb away. 

In the overall meta-analysis including discovery and replication samples (N =51 258), SNP 

rs40465 reached genome-wide significance (P-value =4.78 x 1 o-8). This SNP is in high LD with 

SNP rs161645 (R2 = 0.80). Rs40465 had a P-value of 2.58 x 1 o-6 in the discovery meta-analysis 

and a P-value of 5.00 x 1 o-3 in the meta-analysis of replication studies. An association plot ofthe 

Sq21 region is presented in Figure 1. 

FIGURE 1: Association results in the Sq21 region. 

12 
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0 8 :l 
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Summary of the association of SNPs on chromosome 5 (base 103 500 000 to 104 500 000) with depressive 

symptoms from the overall meta-analysis (N =51 258). The SNP with the strongest association (rs40465) 

is highlighted in blue and its corresponding P-value is given. Other SNPs are coloured according to their 

degree of linkage disequilibrium with rs40465, ranging from high LD (orange, r2 0.5-1.0) to low LD (white, 

r2< 0.2). 
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In contrast, the strength oft he associations oft he other top SN Ps with depressive symptoms 

was attenuated as judged by the P-value. All SNPs with a P-value < 1 x 10-4 from the overall 

meta-analysis (N =51 258) are presented in Supplementary Table 3. 

Pathway analysis 

One hundred and four functional genes of the 170 genes that were annotated were mapped to 

biological processes. Relevant processes that were overrepresented amongst top SNPs (P-value 

< 1 o-4) of the overall meta-analysis were neurotransmitter secretion (Bonferroni-corrected 

P-value = 9.84 x 10·3), vitamin transport (Bonferroni-corrected P-value = 0.014), and synaptic 

transmission (Bonferroni-corrected P-value = 0.037). A complete list of biological processes that 

were significantly overrepresented is presented in Table 3. 

TABLE 3. Pathway analysis 

neurotransmitter secretion 346 6 1.81 + 9.84x 10·3 

vitamin transport 95 3 0.5 + 0.014 

protein metabolic process 3240 26 16.92 + 0.015 

synaptic transmission 594 7 3.10 + 0.037 

transport 2857 22 14.92 + 0.038 

vesicle-mediated transport 1160 11 6.06 + 0.040 

cation transport 621 7 3.24 + 0.045 

cell-cell signaling 1331 12 6.95 + 0.045 

protein transport 1646 14 8.60 + 0.048 

intracellular protein transport 1646 14 8.60 + 0.048 

Enrichment of biological processes among our top results (overall meta-analysis P-value < 1 0-4) was statisti

cally tested with a binomial test. 

NCB I: number of genes in a biological process (reference). Observed: number of genes that belong to a bio

logical process amongst the GWAS results. Expected: expected number of genes that belong to a biological 

process in the GWAS results. Over/under: over-representation or under-representation ofthe genes in our 

results. *A Bonferroni-correction was applied to correct for multiple testing. 

Candidate gene search 

None of the 17 tested candidate genes were replicated in the current study (Supplementary 

Table 4). Nine out of seventeen associations had the same direction in our overall meta-analysis 

as in the published study, and none of the nine was significant (uncorrected for multiple test

ing). 



DISCUSSION 

In this GWAS of depressive symptoms we combined the results of 17 population-based stud

ies with 34 549 individuals to find common variants for depressive symptoms. Including the 

five replication studies, this effort comprised data from 51 258 independent individuals. Of 

the seven SNPs we attempted to replicate, we found suggestive evidence for the observed 

association of one SNP in the 5q21 region with depressive symptoms. This region reached 

genome-wide significance when tested over all studies (N =51 258). 

Although evidence shows that depression can be well represented by a continuum of 

depressive symptoms we observed a genome-wide significant hit in this large GWAS only when 

pooling all studies with depressive symptoms. This difficulty of finding signals is in line with 

GWASs of major depression. Nine GWASs of depression, of which the largest comprised -6000 

MDD cases and -7000 controls, yielded only one genome-wide significant finding 15• 

The approach of studying depression on a continuum has the advantage that not only 

information on extremes is used, but that all available information is exploited. Van der Sluis 

et al.20 showed that if the phenotypic variation among cases as well as the variation among 

controls is used this greatly increases the power to detect genetic variants. However, studying 

depression along a continuum in population-based studies implies that many individuals have 

a low depressive symptoms score and that few persons score high. Therefore, it remains to 

be validated whether the results presented here are generalizable to clinical depression cases. 

In addition, the CES-D measures current depressive symptoms, and not remitted depressive 

symptomatology. This introduced false-negatives, but in this population-based approach in 

which low depressive symptomatology is overrepresented the resulting bias would be con

servative. Furthermore, the distribution of depressive symptoms differed between cohorts. 

We therefore performed a p-value based meta-analysis, which is a valid approach, but has the 

consequence that we cannot draw conclusions on effect sizes. 

Differences in depressive symptoms distribution do not impact on the validity of the find

ings. People with high depressive symptoms are more likely to carry risk variants, but this 

should not depend on the number of people with a high score. Furthermore, the distribution 

of 12, a measure of heterogeneity6°, of the results combining all samples did not differ from 

the distribution of 12 of the results when meta-analyzing samples with low or high depression 

prevalence were analyzed separately. No excess heterogeneity was observed, which suggests 

that depressive symptoms can be analyzed linearly. However, some genetic main effects may 

be more detectable in very homogeneous populations. Observed differences in distributions 

of depressive symptoms may have resulted from environmental factors and if these in turn 

interact with specific genetic variants, only very homogeneous studies could also detect a 

genetic main effect. 

Environmental factors, like education level, differed among cohorts. In observational 

research, one would have controlled for such possible confounders. In genetic studies 



confounding by environmental factors is unlikely to occur, but controlling for environmental 

factors can also be done to increase precision, i.e. reduce the variance in depressive symptoms. 

However, environmental factors explain very little variance in depressive symptoms. Therefore, 

the benefit of performing additional controlled analyses will be negligible and offset by run

ning several models with the risk of multiple testing. 

In the current study, depressive symptoms scores for people using anti-depressants were 

imputed to take into account the high variability in response to anti-depressants. In an analysis 

of depressive symptoms, people on anti-depressants, who most likely had had depression or 

depressive symptoms, are particularly informative. Therefore excluding this group a priori may 

have changed the results. In a subsample, the imputation algorithm used in the current study 

yielded similar results as adding an arbitrary score of five points to the depressive symptoms 

scores of people using anti-depressants. 

This study was performed in older adults. Cerebrovascular burden and cognitive impair

ment, which have a relatively high prevalence in old age, are known to be associated with 

depressive symptoms. In addition, while a high CES-D score indicates depressive symptoms it 

can also be suggestive of, for example, anxiety61 • In other words, the level of depressive symp

toms is a clinically heterogeneous phenotype. However, the genetic background of clinically 

heterogeneous phenotypes like anxiety and depression may be more uniform than the clinical 

presentation suggests62.ln addition, while non-genetic determinants of depression may differ 

with age, genetic determinants were shown to be stable at different ages63• 64. Therefore, the 

results presented here are presumably generalizable to younger populations. 

We combined results from studies that measured depressive symptoms with instruments 

other than the CES-D to replicate the association between depressive symptoms and seven 

independent top SNPs. In an overall meta-analysis we tested whether any variation introduced 

by different instruments was offset by the increased power. In the replication effort, one SNP 

(Sq21 region) reached a P-value below 0.05, but did not pass this threshold when controlling for 

multiple testing. Another SNP in the Sq21 region, however, reached genome-wide significance 

when the association across discovery and replication studies was tested (N =51 258). The Sq21 

region resides in a gene desert with the closest gene, NUDT7 2, lying more than 1000 Kb away, 

and which has not been previously implicated in psychiatric disorders. 

Although we observed suggestive association ofthe Sq21 region with depressive symptoms, 

genome-wide significance was observed only after pooling the results of the discovery and 

replication studies. Also, we could not replicate associations with candidate genes that previ

ously have been reported to be associated with depression. Several explanations are plausible. 

A first explanation for these observations is that the top SNPs identified in this study are 

false-positive findings. However, the discovery set was large and although we did not find any 

genome-wide significant hits, true hits are expected to be found amongst the top findings. A 

pathway analysis on the results of the overall meta-analysis showed that biological processes 

that play a role in depression were overrepresented amongst our top hits. 



Second, the replication sample was smaller than the discovery sample and may be under

powered to detect true effects with moderate effect sizes which might have been overestimated 

in the discovery analysis (winner's curse). Indeed, we found suggestive evidence of association 

for only one of seven SNPs, but the direction of association was compatible for five out of seven 

SNPs. 

Third, lack of replication might be related to heterogeneity of the replication phenotype. 

In the replication approach, we combined the results of studies that measured depressive 

symptoms with different instruments. Instruments were also administered at different time

points across studies. However, the instruments have been reported to be highly correlated 

(correlations between 0.77 and 0.86) and relatively stable genetic determinants over the life 

span were observed in an Australian Twin study53• 54, 63, 65, 66. 

Several other factors can hinder the search for common variants associated with depressive 

symptoms. Population stratification for example, can result in false-positive findings. To avoid 

population-stratification, only individuals from European descent were included. Including 

only individuals from European descent also minimized measurement error caused by cultural 

differences in responses to the CES-067. Other possible explanations are the presence of genetic 

heterogeneity68, gene-gene interactions69, and gene-environment interactions. The interac

tion between candidate genes and life events has been repeatedly studied for depression70• 

However, to study this phenomenon in a genome-wide approach requires much larger data 

sets13• In addition, it is suggested that the gain of gene-environment interaction studies over 

studies of main effects for complex diseases like depression is minimal71 . The study described 

here focused on common genetic variation, but rare variants or copy number variations (CNVs) 

not tagged by SNPs might play a role in depression72• 73• Using a larger reference panel, like the 

haplotypes generated by the 1000 genomes project, would have improved the yield of rare 

variants. Harmonizing imputation reference and imputation tools might have further increased 

the power of the study to detect associations. Also, not single SNPs, but many SNPs collectively, 

each with a very small effect, may affect the susceptibility for depressive symptoms64. 

In conclusion, the efforts of a large collaboration to identify common variants associated 

with depressive symptoms yielded no genome-wide significant hit in the discovery sample. 

In the replication approach we found suggestive evidence for a SNP in the Sq21 region. When 

analyzing the discovery and replication samples, one genome-wide significant hit in this region 

was observed. Further investigation of the Sq21 region is necessary to verify the association 

with depressive symptoms and to pinpoint the possible functional variant. Such a future study 

of depressive symptoms could analyze this phenotype stratified by gender and incorporate 

longitudinal information with repeated measures of depressive symptoms to provide more 

power to our search for potential candidate genes. 



ACKNOWLEDGMENTS 

CHARGE: The authors acknowledge the essential role of the Cohorts for Heart and Aging 

Research in Genomic Epidemiology (CHARGE) Consortium in development and support of this 

manuscript. CHARGE members include the Netherland's Rotterdam Study (RS), the NHLBI's 

Framingham Heart Study (FHS), Cardiovascular Health Study (CHS), the NHLBI's Atherosclerosis 

Risk in Communities (ARIC) Study, and the NIA's Iceland Age, Gene/Environment Susceptibility 

(AGES) Study. AGES-RS: The Age, Gene/Environment Susceptibility Reykjavik Study has been 

funded by NIH contract N01-AG-121 00, the NIA Intramural Research Program, Hjartavernd (the 

Icelandic Heart Association), and the Althingi (the Icelandic Parliament). ARICThe Atherosclero

sis Risk in Communities Study: The research is carried out as a collaborative study supported by 

National Heart, Lung, and Blood Institute contracts N01-HC-55015, N01-HC-55016, 

N01-HC-55018, N01-HC-55019, N01-HC-55020, N01-HC-55021, N01-HC-55022, and grants 

R01-HL087641, R01-HL093029 and R01-HL70825; National Human Genome Research Institute 

contract U01-HG004402; and National Institutes of Health contract HHSN268200625226C. The 

authors thank the staff and participants of the ARIC study for their important contributions. 

Infrastructure was partly supported by Grant Number UL 1 RR025005, a component of the 

National Institutes of Health and NIH Road map for Medical Research. BLSA: This research was 

supported entirely by the Intramural Research Program of the NIH, National Institute on Aging. 

CHS: This CHS research was supported by NHLBI contracts N01-HC-85239, N01-HC-85079 

through N01-HC-85086; N01-HC-35129, N01 HC-151 03, N01 HC-55222, N01-HC-75150, 

N01-HC-45133 and NHLBI grants HL080295, HL075366, HL087652, HL105756 with additional 

contribution from NINDS. Additional support was provided through AG-023629, AG-15928, 

AG-20098, and AG-027058 from the NIA. See also http://www.chs-nhlbi.org/pi.htm. DNA han

dling and genotyping was supported in part by CTSI Grant UL 1 RR033176 to the Cedars-Sinai 

General Clinical Research Center Genotyping core, National Institute of Diabetes and Digestive 

and Kidney Diseases grant DK063491 to the Southern California Diabetes Endocrinology 

Research Center, and the Governors' Chair in Medical Genetics (JIR). ERF:This research was sup

ported through funds from The European Community's Seventh Framework Programme 

(FP7 /2007-2013), ENGAGE Consortium, grant agreement HEALTH-F4-2007- 201413. The gene

typing for the ERF study was supported by EUROSPAN (European Special Populations Research 

Network) and the European Commission FP6 STRP grant (018947; LSHG-CT-2006-01947). The 

ERF study was further supported by grants from the Netherlands Organisation for Scientific 

Research, Erasmus MC, the Centre for Medical Systems Biology (CMSB) and the Netherlands 

Brain Foundation (HersenStichting Nederland). We are grateful to all participating individuals 

and their relatives, general practitioners and neurologists for their contributions and to P. 

Veraart for her help in genealogy, Jeannette Vergeer for the supervision of the laboratory work 

and P. Snijders for his help in data collection. FHS:The phenotype-genotype association analy

ses were supported by R01-AG29451. "This research was conducted in part using data and 



resources from the Framingham Heart Study of the National Heart Lung and Blood Institute of 

the National Institutes of Health and Boston University School of Medicine. The analyses reflect 

intellectual input and resource development from the Framingham Heart Study investigators 

participating in the SNP Health Association Resource (SHARe) project. This work was partially 

supported by the National Heart, Lung and Blood Institute's Framingham Heart Study (Contract 

No. N01-HC-25195) and its contract with Affymetrix, Inc for genotyping services (Contract No. 

N02-HL-6-4278). A portion of this research utilized the Linux Cluster for Genetic Analysis (Lin GA

ll) funded by the Robert Dawson Evans Endowment of the Department of Medicine at Boston 

University School of Medicine and Boston Medical Center.A portion of this research was con

ducted using the Linux Cluster for Genetic Analysis (LinGA-11) funded by the Robert Dawson 

Evans Endowment of the Department of Medicine at Boston University School of Medicine and 

Boston Medical Center:' HBCS: Helsinki Birth Cohort Study has been supported by grants from 

the Academy of Finland, the Finnish Diabetes Research Society, Folkhalsan Research Founda

tion, Novo Nordisk Foundation, Finska Lakaresallskapet, Signe and Ane Gyllenberg Foundation, 

University of Helsinki, European Science Foundation (EUROSTRESS), Ministry of Education, 

Ahokas Foundation, Emil Aaltonen Foundation, Juho Vainio Foundation, and Wellcome Trust 

(grant number WT089062). We thank all study participants as well as everybody involved in the 

Helsinki Birth Cohort Study. Health ABC: Research was supported by NIA contracts N01 AG621 01, 

N01 AG621 03, and N01AG621 06. The genome-wide association study was funded by NIA grant 

1 R01 AG032098-01 A 1 to Wake Forest University Health Sciences and genotyping services were 

provided by the Center for Inherited Disease Research (CIDR). CIDR is fully funded through a 

federal contract from the National Institutes of Health to The Johns Hopkins University, contract 

number HHSN268200782096C. This research was supported in part by the Intramural Research 

Program of the NIH, National Institute on Aging. Dr. Yaffe is supported by NIH grant R01 

MH086498. lnCHIANTI:The lnvechhiare in Chianti (lnCHIANTI). The lnCHIANTI)Study was sup

ported as a "targeted project" (ICS 110.1 RS97.71) by the Italian Ministry of Health, by the U.S. 

National Institute on Aging (Contracts N01]AG]916413, N01]AG]821336, 263 MD 916413, and 

263 MD 821336) and in part by the Intramural Research Program, National Institute on Aging, 

National Institutes of Health, USA. MESA: The MESA SHARe project is conducted and supported 

by the National Heart, Lung, and Blood Institute (NHLBI) in collaboration with MESA investiga

tors. Support for MESA is provided by contracts N01-HC-95159 through N01-HC-95169 and 

UL 1-RR-024156. Funding for genotyping was provided by NHLBI Contract N02-HL-6-4278 and 

N01-HC-65226. Funding for this project was also provided by# ROl HL 101161. The MONICA/ 

KORA Augsburg studies were financed by the Helmholtz Zentrum Munchen, German Research 

Center for Environmental Health, Neuherberg, Germany, and supported by grants from the 

German Federal Ministry of Education and Research (BMBF). Furthermore, the research was 

supported within the Munich Center of Health Sciences (MC Health) as part of LMU. NHS: The 

Nurses' Health Studies are supported by NIH grants CA 65725, CA87969 (National Cancer Insti

tute), CA49449, CA67262, CA50385 and 5U01 CA098233. RS: The generation and management 



of GWAS genotype data for the Rotterdam Study is supported by the Netherlands Organisation 

of Scientific Research NWO Investments (nr. 175.010.2005.011, 911-03-012). This study is funded 

by the Research Institute for Diseases in the Elderly (014-93-015; RIDE2), the Netherlands 

Genomics Initiative (NGI)/Netherlands Organisation for Scientific Research (NWO) project nr. 

050-060-810. The Rotterdam Study is funded by Erasmus MC and Erasmus University, Rotter

dam, Netherlands Organization for the Health Research and Development (ZonMw), the Minis

try of Education, Culture and Science, the Ministry for Health, Welfare and Sports, the European 

Commission (DG XII), and the Municipality of Rotterdam. Henning Tiemeier was supported by 

the VIOl grant of ZonMw (2009-017.1 06.370). Karin Hek was supported by a grant from BavoEu

ropoort. The authors are grateful to the study participants, the staff from the Rotterdam Study 

and the participating general practitioners and pharmacists. We thank Pascal Arp, Mila Jhamai, 

Marijn Verkerk, Lizbeth Herrera and Marjolein Peters for their help in creating the GWAS data

base, and Karol Estrada and Maksim V. Struchalin for their support in creation and analysis of 

imputed data. We would like to thank Karol Estrada, Dr. Fernando Rivadeneira, Dr. Tobias A. 

Knoch, An is Abuseiris, Luc V. de Zeeuw, and Rob de Graaf (Erasmus MC Rotterdam, The Nether

lands), for their help in creating GRIMP, and BigGRID, MediGRID, and Services@MediGRID/0-

Grid, (funded by the German Bundesministerium fur Forschung und Technology; grants 01 AK 

803 A-H, 01 IG 07015 G) for access to their grid computing resources. RUSH: 

The Rush Memory and Aging Project is supported by NIA grants R01 AG15819, R01 AG 17917, 

and K08AG34290, and the Translational Genomics Research lnstitute.The Rush Religious Orders 

Study is supported by NIA grants P30AG10161, R01AG15819, R01AG30146, and K08AG34290 

and the Translational Genomics Research Institute. We thank the study participants and the 

staff of the Rush Alzheimer's Disease Center and Rush Alzheimer's Disease Center. SardiNIA: 

This research was supported in part by the Intramural Research Program of the NIH, National 

Institute on Aging. Funding was also provided through contract N01-AG-1-21 09 from the NIA

NIH. SHIP: SHIP is part of the Community Medicine Research net of the University of Greifswald, 

Germany, which is funded by the Federal Ministry of Education and Research (grants no. 

01 ZZ9603, 01 ZZ01 03, and 01ZZ0403), the Ministry of Cultural Affairs and the Social Ministry of 

the Federal State of Mecklenburg-West Pomerania. Genome-wide data have been supported 

by the Federal Ministry of Education and Research (grant no. 03ZIK012) and a joint grant from 

Siemens Healthcare, Erlangen, Germany and the Federal State of Mecklenburg-West Pomera

nia. The University of Greifswald is a member ofthe 'Center of Knowledge Interchange' program 

of the Siemens AG. This work was also funded by the German Research Foundation (DFG: GR 

1912/5-1 ); Federal Ministry of Education and Research Germany; the Humboldt Foundation, 

and the German Research Foundation. 



REFERENCES 

1. Farmer A, Harris T, Redman K, Sadler S, Mahmood A, McGuffin P. Cardiff depression study. A sib-pair 

study of life events and familiality in major depression. Br J Psychiatry. Feb 2000;176:150-155. 

2. Sullivan PF, Neale MC, Kendler KS. Genetic epidemiology of major depression: review and meta-analysis. 

AmJ Psychiatry. Oct 2000;157(1 0):1552-1562. 

3. Breen G, Webb BT, Butler AW, et al. A genome-wide significant linkage for severe depression on chro

mosome 3: the depression network study. Am J Psychiatry. Aug 2011 ;168(8):840-847. 

4. Pergadia ML, Glowinski AL, Wray NR, et al. A 3p26-3p25 genetic linkage finding for DSM-IV major 

depression in heavy smoking families. Am J Psychiatry. Aug 2011 ;168(8):848-852. 

5. Lopez Leon S, Crees EA, Sayed-Tabatabaei FA, Claes S, Van Broeckhoven C, van Duijn CM. The dopamine 

D4 receptor gene 48-base-pair-repeat polymorphism and mood disorders: a meta-analysis. Bioi Psy

chiatry. May 1 2005;57(9):999-1 003. 

6. Lopez-Leon S, Janssens AC, Gonzalez-Zuloeta Ladd AM, et al. Meta-analyses of genetic studies on 

major depressive disorder. Mol Psychiatry. Aug 2008;13(8):772-785. 

7. Sullivan PF, de Geus EJ, Willemsen G, et al. Genome-wide association for major depressive disorder: a 

possible role for the presynaptic protein piccolo. Mol Psychiatry. Apr 2009;14(4):359-375. 

8. Muglia P, Tozzi F, Galwey NW, et al. Genome-wide association study of recurrent major depressive 

disorder in two European case-control cohorts. Mol Psychiatry. Jun 201 0;15(6):589-601. 

9. Shyn 51, Shi J, Kraft JB, et al. Novel loci for major depression identified by genome-wide association 

study of Sequenced Treatment Alternatives to Relieve Depression and meta-analysis of three studies. 

Mol Psychiatry. Feb 2011;16(2):202-215. 

10. Shi J, Potash JB, Knowles JA, et al. Genome-wide association study of recurrent early-onset major 

depressive disorder. Mol Psychiatry. Feb 2 2011 ;16(2):193-201. 

11. Lewis CM, Ng MY, Butler AW, et al. Genome-wide association study of major recurrent depression in the 

U.K. population. Am J Psychiatry. Aug 201 0;167(8):949-957. 

12. Rietschel M, Mattheisen M, Frank J, et al. Genome-wide association-, replication-, and neuroimaging 

study implicates HOMER1 in the etiology of major depression. Bioi Psychiatry. Sep 1 S 201 0;68(6):578-

585. 

13. Wray NR, Pergadia ML, Blackwood DH, et al. Genome-wide association study of major depressive 

disorder: new results, meta-analysis, and lessons learned. Mol Psychiatry. Nov 2 201 0. 

14. Huang J, Perl is RH, Lee PH, et al. Cross-disorder genomewide analysis of schizophrenia, bipolar disorder, 

and depression. Am J Psychiatry. Oct 201 0;167(1 0):1254-1263. 

15. Kohli MA, Lucae S, Saemann PG, et al. The neuronal transporter gene SLC6A 15 confers risk to major 

depression. Neuron. Apr 28 2011 ;70(2):252-265. 

16. Bosker FJ, Hartman CA, Nolte IM, et al. Poor replication of candidate genes for major depressive disorder 

using genome-wide association data. Mol Psychiatry. May 2011 ;16(5):516-532. 

17. Ayuso-Mateos JL, Nuevo R, Verdes E, Naidoo N, Chatterji S. From depressive symptoms to depressive 

disorders: the relevance ofthresholds. Br J Psychiatry. May 201 0;196(5):365-371. 

18. Hettema JM, Neale MC, Myers JM, Prescott CA, Kendler KS. A population-based twin study of the rela

tionship between neuroticism and internalizing disorders. Am J Psychiatry. May 2006;163(5):857-864. 

19. Kendler KS, Gardner CO, Jr. Boundaries of major depression: an evaluation of DSM-IV criteria. Am J 

Psychiatry. Feb 1998;155(2):172-177. 

20. van der Sluis S, Posthuma D, Nivard MG, Verhage M, Dolan CV. Power in GWAS: lifting the curse of the 

clinical cut-off. Mol Psychiatry. May 22 2012. 



21. Terracciano A, Tanaka T, Sutin AR, et al. Genome-wide association scan of trait depression. Bioi Psychia

try. Nov 1 201 0;68(9):811-817. 

22. Beekman AT, Deeg DJ, Van Limbeek J, Braam AW, De Vries MZ, Van Til burg W. Criterion validity of the 

Center for Epidemiologic Studies Depression scale (CES-D): results from a community-based sample of 

older subjects in The Netherlands. Psycho/ Med. Jan 1997;27(1):231-235. 

23. Harlow SO, Goldberg EL, Comstock GW. A longitudinal study of risk factors for depressive symptom

atology in elderly widowed and married women. Am J Epidemiol. Sep 1 1991 ;134(5):526-538. 

24. Kuchibhatla MN, Fillenbaum GG, Hybels CF, Blazer DG. Trajectory classes of depressive symptoms in a 

community sample of older adults. Acta Psychiatr Scand. Nov 25 2011. 

25. Gump BB, Matthews KA, Eberly LE, Chang YF. Depressive symptoms and mortality in men: results from 

the Multiple Risk Factor Intervention Trial. Stroke. Jan 2005;36(1 ):98-1 02. 

26. Ariyo AA, Haan M, Tangen CM, et al. Depressive symptoms and risks of coronary heart disease and 

mortality in elderly Americans. Cardiovascular Health Study Collaborative Research Group. Circulation. 

Oct 10 2000;1 02(15):1773-1779. 

27. Carmelli D, Swan GE, Kelly-Hayes M, Wolf PA, Reed T, Miller B. Longitudinal changes in the contribution 

of genetic and environmental influences to symptoms of depression in older male twins. Psycho/ Aging. 

Sep 2000;15(3):505-51 0. 

28. Jansson M, Gatz M, Berg S, et al. Gender differences in heritability of depressive symptoms in the 

elderly. Psycho/ Med. Apr 2004;34(3):471-479. 

29. Choy WC, Lopez-Leon S, Aulchenko YS, et al. Role of shared genetic and environmental factors in 

symptoms of depression and body composition. Psychiatr Genet. Feb 2009;19(1 ):32-38. 

30. Psaty BM, O'Donnell U, Gudnason V, et al. Cohorts for Heart and Aging Research in Genomic Epide

miology (CHARGE) Consortium: Design of prospective meta-analyses of genome-wide association 

studies from 5 cohorts. Circ Cardiovasc Genet. Feb 2009;2(1 ):73-80. 

31. The Atherosclerosis Risk in Communities (ARIC) Study: design and objectives. The ARIC investigators. 

Am J Epidemiol. Apr 1989;129(4):687-702. 

32. Fried LP, Borhani NO, Enright P, et al. The Cardiovascular Health Study: design and rationale. Ann Epide

miol. Feb 1991;1{3):263-276. 

33. Feinleib M, Kannel WB, Garrison RJ, McNamara PM, Castelli WP. The Framingham Offspring Study. 

Design and preliminary data. Prev Med. Dec 1975;4(4):518-525. 

34. DawberTR, Meadors GF, Moore FE, Jr. Epidemiological approaches to heart disease: the Framingham 

Study. Am J Public Health Nations Health. Mar 1951 ;41 (3):279-281. 

35. Hofman A, van Duijn CM, Franco OH, et al. The Rotterdam Study: 2012 objectives and design update. 

Eur J Epidemiol. Aug 2011 ;26(8):657-686. 

36. Shock NW, Greulich, R.C., Costa, P.T., Andres, R., Lakatta, E.G., Arenberg, D., Tobin, J.D. Normal Human 

Aging: The Baltimore Study of Aging. Washington, DC: US Government Printing Office; 1984. 

37. Aulchenko YS, Heutink P, Mackay I, et al. Linkage disequilibrium in young genetically isolated Dutch 

population. Eur J Hum Genet. Jul 2004;12(7):527-534. 

38. Ferrucci L, Bandinelli S, Benvenuti E, et al. Subsystems contributing to the decline in ability to walk: 

bridging the gap between epidemiology and geriatric practice in the lnCHIANTI study. JAm Geriatr Soc. 

Dec 2000;48(12):1618-1625. 

39. Barker DJ, Osmond C, Forsen TJ, Kajantie E, Eriksson JG. Trajectories of growth among children who 

have coronary events as adults. N Eng! J Med. Oct 27 2005;353(17):1802-1809. 

40. Bild DE, Bluemke DA, Burke GL, et al. Multi-ethnic study of atherosclerosis: objectives and design. Am J 

Epidemiol. Nov 1 2002;156{9):871-881. 



41. Colditz GA, Hankinson SE. The Nurses' Health Study: lifestyle and health among women. Nat Rev Cancer. 

May 2005;5(5):388-396. 

42. Bennett DA, Schneider JA, Buchman AS, Mendes de Leon C, Bienias JL, Wilson RS. The Rush Memory 

and Aging Project: study design and baseline characteristics of the study cohort. Neuroepidemiology. 

2005;25(4):163-175. 

43. Bennett DA, Schneider JA, Arvanitakis Z, et al. Neuropathology of older persons without cognitive 

impairment from two community-based studies. Neurology. Jun 27 2006;66(12):1837-1844. 

44. Pili a G, Chen WM, Scuteri A, et al. Heritability of cardiovascular and personality traits in 6,148 Sardinians. 

PLoS Genet. Aug 25 2006;2(8):e 132. 

45. Kohout FJ, Berkman LF, Evans DA, Cornoni-Huntley J. Two shorter forms of the CES-D (Center for Epide

miological Studies Depression) depression symptoms index.J Aging Health. May 1993;5(2):179-193. 

46. Levy D, DeStefano AL, Larson MG, et al. Evidence for a gene influencing blood pressure on chromo

some 17. Genome scan linkage results for longitudinal blood pressure phenotypes in subjects from the 

framingham heart study. Hypertension. Oct 2000;36(4):477-483. 

47. Wilier CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genomewide association scans. 

Bioinformatics. Sep 1 201 0;26{17):2190-2191. 

48. Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-genome association and population

based linkage analyses. Am J Hum Genet. Sep 2007;81 (3):559-575. 

49. Harris TB, Launer LJ, Eiriksdottir G, et al. Age, Gene/Environment Susceptibility-Reykjavik Study: multi

disciplinary applied phenomics. Am J Epidemiol. May 1 2007;165(9):1 076-1 087. 

50. Holle R, Happich M, Lowe! H, Wichmann HE, Group MKS. KORA--a research platform for population 

based health research. Gesundheitswesen. Aug 2005;67 Suppll :Sl9-25. 

51. Volzke H, Alte D, Schmidt CO, et al. Cohort Profile: The Study of Health in Pomerania./nt J Epidemiol. Feb 

182010. 

52. John U, Greiner B, Hensel E, et al. Study of Health In Pomerania (SHIP): a health examination survey in 

an east German region: objectives and design. Soz Praventivmed. 2001 ;46(3):186-194. 

53. Milette K, Hudson M, Baron M, Thombs BD, Canadian Scleroderma Research G. Comparison of the 

PHQ-9 and CES-D depression scales in systemic sclerosis: internal consistency reliability, convergent 

validity and clinical correlates. Rheumatology (Oxford). Apr 201 0;49(4):789-796. 

54. Shean G, Baldwin G. Sensitivity and specificity of depression questionnaires in a college-age sample. J 

Genet Psycho/. Sep 2008;169(3):281-288. 

55. Kopp MS, Falger PR, Appels A, Szedmak S. Depressive symptomatology and vital exhaustion are 

differentially related to behavioral risk factors for coronary artery disease. Psychosom Med. Nov-Dec 

1998;60(6):752-758. 

56. Wojciechowski FL, Strik JJ, Falger P, Lousberg R, Honig A. The relationship between depressive and vital 

exhaustion symptomatology post-myocardial infarction. Acta Psychiatr Scand. Nov 2000;102(5):359-

365. 

57. Wattanakit K, Williams JE, Schreiner PJ, Hirsch AT, Folsom AR. Association of anger proneness, depres

sion and low social support with peripheral arterial disease: the Atherosclerosis Risk in Communities 

Study. Vase Med. Aug 2005;1 0(3):199-206. 

58. Thomas PD, Kejariwal A, Campbell MJ, et al. PANTHER: a browsable database of gene products orga

nized by biological function, using curated protein family and subfamily classification. Nucleic Acids 

Res. Jan 1 2003;31 (1):334-341.59. Hek K, Mulder CL, Luijendijk HJ, et al. The PCLO gene and depressive 

disorders: replication in a population-based study. Hum Mol Genet. Feb 15 201 0;19(4):731-734. 

60. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. Sep 6 

2003;327(7414):557-560. 



61. Breslau N. Depressive symptoms, major depression, and generalized anxiety: a comparison of self

reports on CES-D and results from diagnostic interviews. Psychiatry Res. Jul1985;15(3):219-229. 

62. Hettema JM. What is the genetic relationship between anxiety and depression? Am J Med Genet C Semin 

Med Genet. May 15 2008;148C(2):140-146. 

63. Gillespie NA, Kirk KM, Evans DM, Heath AC, Hickie IB, Martin NG. Do the genetic or environmental 

determinants of anxiety and depression change with age? A longitudinal study of Australian twins. 

Twin Res. Feb 2004;7(1 ):39-53. 

64. Demirkan A, Penninx BW, Hek K, et al. Genetic risk profiles for depression and anxiety in adult and 

elderly cohorts. Mol Psychiatry. Jul 2011 ;16(7):773-783. 

65. Shafer AB. Meta-analysis of the factor structures offour depression questionnaires: Beck, CES-D, Hamil

ton, and Zung. J Clin Psycho!. Jan 2006;62(1 ):123-146. 

66. Agrell B, Dehlin 0. Comparison of six depression rating scales in geriatric stroke patients. Stroke. Sep 

1989;20(9):1190-1194. 

67. Bernert S, Matschinger H, Alonso J, et al. Is it always the same? Variability of depressive symptoms 

across six European countries. Psychiatry Res. Jul 30 2009;168(2):137-144. 

68. McClellan J, King MC. Genomic analysis of mental illness: a changing landscape. Jama. Jun 23 

201 0;303(24):2523-2524. 

69. Zhang J, Chen Y, Zhang K, et al. A cis-phase interaction study of genetic variants within the MAOA gene 

in major depressive disorder. Bioi Psychiatry. Nov 1 201 0;68(9):795-800. 

70. Yang C, Xu Y, Sun N, et al. The combined effects of the BDNF and GSK3B genes modulate the relation

ship between negative life events and major depressive disorder. Brain Res. Oct 8 2010;1355:1-6. 

71. Zammit S, Owen MJ, Lewis G. Misconceptions about gene-environment interactions in psychiatry. Evid 

Based Ment Health. Aug 201 0;13(3):65-68. 

72. Glessner JT, Wang K, Sleiman PM, et al. Duplication of the SLIT3 locus on 5q35.1 predisposes to major 

depressive disorder. PLoS One. 201 0;5(12):e15463. 

73. Rucker JJ, Breen G, Pinto D, et al. Genome-wide association analysis of copy number variation in recur

rent depressive disorder. Mol Psychiatry. Nov 1 2011. 





ABSTRACT 

Diagnosis of major depressive disorder (MOD) is based on heterogeneous symptoms which can 

be classified into different domains such as somatic symptoms, negative affect, lack of positive 

affect, and interpersonal problems. Despite the moderate heritability of MOD, genome-wide 

association studies (GWAS) for MOD, as well as related continuous outcomes, conducted thus 

far have shown consistent results. Attempts to elucidate the genetic basis of MOD may be 

hindered by difficulties in diagnosis. The Centre for Epidemiological Studies Depression Scale 

(CES-D) provides a widely used tool for measuring depressive symptoms clustered in four 

different domains. We performed meta-analyses of GWAS of the CES-D symptom clusters. We 

recruited 10 cohorts with the 20 item CES-D for the discovery stage and 2 cohorts with the 1 0 

item CES-D for the replication stage (22 200 and 9900 persons, respectively). One SNP, located 

in the brain-expressed melatonin receptor (MTNR7A) gene, was associated with the somatic 

domain of depression symptoms, with genome-wide significance (P-value stagel&2 = 4.56 X1 0"8). 

The SNP was analyzed in an additional 8 cohorts for the third stage analysis (11 480 persons). 

However, the association was not consistent among the third stage samples (P-value stagel,2&3 = 
1.58 x1 o·5) with an evidence of heterogeneity (P-value het = 0.03) Despite the effort to harmo

nize the phenotypes across cohorts and participants, our study is still underpowered to detect 

consistent association for depression, even through symptom classification. 



INTRODUCTION 

Genetic factors play an important role in the susceptibility to depression. A meta-analysis of 

twin studies on Major Depressive Disorder (MDD) estimated a heritability between 31 and 

42%1• Despite this, the success of genome-wide association studies (GWAS) aiming to find 

genes underlying vulnerability for depression has been limited; the most promising findings 

to date are poorly replicated and explain only a small portion of this heritability2-4. This may 

be explained by the polygenic architecture of the trait5 as well as difficulties in diagnosis. A 

validated biomarker for depression does not exist and the diagnosis is based solely on symp

toms. These include psychological symptoms, such as depressed or sad moods, loss of interest 

in activities, feelings of worthlessness or inappropriate guilt, recurrent thoughts of death, and 

poor concentration, and somatic symptoms, such as changes in appetite, sleep patterns, fatigue 

or weight loss6, 7• The diverse clusters of complaints, which result in variations in measurements 

between people and populations, lead to problems for gene discovery. A focus on outcomes 

based on depressive symptoms and endophenotypes has been shown to increase power in 

association studies8, 9. Additionally, for these outcomes, the genetic architecture is complex and 

involves the additive effects of multiple common variants5. 

Depressive symptoms can be measured by questionnaires, such as the Centre for Epidemio

logical Studies Depression Scale (CES-D), which is known to be heritable (H2 = 0.22, P-value = 
0.001) 10. The original version of the CES-D scale consists of 20 items with scores ranging from 

0 to 60, and measures symptoms clustered in somatic, positive, negative and interpersonal 

domains, which is usually summed up to one single score11 . The subscales of the CES-D can 

also be analyzed separately in order to focus on the specific symptom clusters. We conducted 

a meta-analysis of GWAS of specific symptom clusters measured by CES-D across the CHARGE 

consortium cohorts, including a total of ~32 100 persons. The discovery set consisted of 10 

cohorts with the 20 item CES-D and the replication set consisted of 2 cohorts with the 10 item 

CES-D (22 200 and 9900 persons respectively) 

MATERIALS AND METHODS 

Table 1 summarizes the characteristics of the discovery and replication cohorts. The discovery 

sample consisted of the CHARGE cohorts with eligible 20 question CES-D information (CES-D 

20). These cohorts were the Baltimore Longitudinal Study of Aging (BLSA) 12, the Dortmund 

Health Study (DHS)13' 14, the Erasmus Rucphen Family Study (ERF) 15, 16, NHLBI's Framingham 

Heart Study (FHS)17-19, the Helsinki Birth Cohort Study (HBCS)20, European ancestry participants 

from the Health, Aging and Body Composition study (HEALTH ABC-Eur/Am)21, the Rotterdam 

Study HHII (RS Hl-111)22 and SardiNIA23• Two studies in which the symptoms of depression were 

measured with the short version of CES-D (CES-D 1 0), the Atherosclerosis Risk In Communities 

study (ARIC) and the Swedish Twin Registry (STR)24, were utilized for replication. FINRISK25, the 
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TABLE 1 Study sample characteristics of discovery and replication cohorts 

Somatic Negative Positive items Interpersonal Age (years) N Women% 
items items items 

BLSA 2.92 (2.81) 1.42(2.41) 10.31(2.45) 0.22(0.65) 71.6(13.8) 827 45.1 

DHS 2.92(3.18) 1.54(2.91) 7.03(3.25) 0.22(0.72) 52.4(13.7) 991 52.6 

ERF 3.78(3.76) 2.07(3.36) 8.43(3.40) 0.40(0.89) 55.0(10.1) 1107 55.2 

FHS 1.05(0.751) 0.61(0.75) 0.596( 0.739) 0.149(0.35) 56.1(10.5) 6636 51.8 

HBCS 3.79 (3.31) 2.00 (3.05) 9.22 (2.40) 0.37(0.79) 63.4(2.9) 1360 59.4 

HEALTH ABC (Eur) 1.68(2.13) 0.93(1.85) correct 0.13(0.49) 73.8(2.8) 1520 46.4 

RS I 1.52 (2.61) 1.24(2.65) 10.36(2.59) 0.09(0.42) 72.7(7 .2) 3709 58.1 

RSII 1.98(2.78) 1.34(2.66) 10.19(2.60} 0.15(0.53) 64.8(8.0) 1995 53.3 

RS Ill 2.66 (3.32) 1.17(2.58) 10.37(2.41) 0.18(0.58) 56.0(5.7) 1917 55.1 

SardiNIA 3.27(2.91) 2.51(3.08) 4.81(2.53) 0.48(0.85) 58.0(11.4) 2608 58.1 

A RIC 2.31(2.15) 1.19(1.72) 5.62{0.95) 0.21(0.65) 72.7(5.5) 384 42.1 

STR 1.10(1.60) 0.79(1.43) 1.22(1.27) 0.21(0.58) 57.7 (8.9) 9474 52.7 

3"'stagesample 

FIN RISK 10 Item 1.74(1.63) 53.1(13.4) 605 49.7 

HRStOitem 1.38(1.50) 69.3(5.5) 3753 58.1 

INCHIANTJlOitem 3.23(3.18) 66.0(15.0) 1019 47.0 

NHS (BC) 10 Item 1.91(1.56) 72.5 (6.4) 1537 100 

NHS (CHD) tO Item 1.97(1.58) 73.7 (6.4) 733 100 

NHS (T2DM) tO Item 1.94(1.59) 71.3 (6.7) 2397 100 

RUSH MAP101"m 0.50(0.80) 80.8(6.5) 721 71.7 

RUSH ROS 10 lem 0.57(0.82) 75.5(7.2) 715 65.9 

Mean; mean value of each scale, sd, Standard deviation of the mean, N; number of subjects included. 

BLSA;Baltimore Longitudinal Study of Aging, DHS; Dortmunt Health Study, ERF; Erasmus Rucphen Family 

Study, FHS;Framingham Heart Study, HBCS; Helsinki Birth Cohort Study, HEATLH ABC(Eur); Health, Aging 

and Body Composition study (of European ancestors), RS 1-11-111; Rotterdam study first, second and third 

waves, SardiNIA; SardiNIA study, ARIC; Atherosclerosis Risk in Communities study, STR; Sweedish Twin 

Registrym, RUSH MAP, RUSH Memory and Aging Project; RUSH ROS, RUSH Religious Orders Study, FIN RISK; 

National FIN RISK Study of Finland. 

Health and Retirement Study (HRS), INCHIANTI, the Nurses' Health Study (NHS)26 (breast cancer, 

type2 diabetes and cardiovascular disease sub-samples), and the Memory and Aging Project 

and Religious Order Study of Rush Alzheimer's Disease Centre (RUSH-ROS and RUSH-MAP)27• 28 

were used as 3rd stage replication samples (See SupplementaryText 1 for the study descriptions 

and Supplementary text 2 for the items of CES-D scale). 

GWA analyses were performed individually by the study centres, according to the same 

analysis plan; each study excluded dementia cases (MMSE score < 22), and anti-depressive 

medication users, since the effect of anti-depressive medication on the scales was not consistent 

across the studies. There was no restriction on age. Each study centre computed the subscales 



of the CES-D questionnaire that resulted in four separate scores for each individual, measuring 

different clusters of complaints. Each study implemented linear regression models, adjusted for 

age, age-square and sex, under the assumption of an additive genetic model, regressing each 

subscale on allele dosage and reported the summary statistics. The genotyping and imputa

tion methods for each study are given in Supplementary Table 1. Additional study site specific 

adjustments included linear mixed effect models to account for familial correlations in FHS and 

ERF, adjustment for disease status in NHS, adjustment for the top 3 eigenvectors in RUSH-MAP, 

RUSH-ROS, STR, NHS (T2DM) and NHS (CHD) and adjustment for the top 4 eigenvectors in NHS 

(BC) studies. 

Prior to meta-analysis, all SNP IDs were mapped to dbSNP Build 129. Possible measurement 

and scoring differences across different study centers were checked through extracting median 

standard error from the GWAS summary statistics of each study centre and plotting it towards 

the square-root of the sample size. Allele frequencies for all SNPs were compared to HapMap 

frequencies. Stratified Q-Q plots were generated for minor allele frequency and imputation 

quality strata to assess potential sources of inflation. Meta-analyses were performed using the 

fixed effects inverse variance method as implemented in the METAL software package29. The 

over-all meta analysis in which CES-D 20 item and CES-D 10 item cohorts were combined, were 

performed with sample size weighted method as implemented in METAL. We also performed 

sex stratified analyses. Meta-analysis of interpersonal domain, which consists of only two ques

tions, was not performed due to differences in the median standard errors across the cohorts. 

SNPs with a MAF less than 2.5% or an observed to expected variance ratio (imputation quality) 

less than 0.30 were excluded on a per-study basis. SNPs for which the total sample size was 

lower than 5000 were removed from further analysis. Genomic control correction was applied 

to each study's results30• 

RESULTS 

The inflation factors for the discovery GWAS of the three scales varied between 1.026 and 0.984. 

We did not observe any genome-wide significant findings for any of the scales in the discovery 

set. Table 2 shows the top findings (P-value < 1.00 x1 o·6) from each meta-analysis and their 

P-values in the replication set for the combined and sex-stratified analysis. Among the top find

ings, one SNP (rs713224) showed significant association in the same direction in the replication 

set and resulted in a genome-wide significant P-value (P-value stagel&2 = 4.56 x1 o-8) when the 

stage 1 and stage 2 samples were analysed together. The analysis of this particular SNP was 

further extended to a third stage, which included 11 480 persons from 8 study samples, as 

shown in Table 1. The analysis included 3 case-control studies of people with somatic diseases: 

cardiovascular, diabetes and cancer. Figure 1 shows the forest plots for rs713224 across all 19 

studies. The overall analysis yielded a non-significant result (P-value stagel,2&3 = 1.58 x1 o-s ). 
Testing for heterogeneity showed evidence for outliers (P-value het = 0.03) in the combined 
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FIGURE 1. Forest plots of all study sample for SNP rs713224. 
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analysis, compared the discovery phase (P-value het = 0.17). This was attributed to the cohorts 

that included case control samples (NHS) and RUSH. 

Lastly, we meta-analysed the GWAS of the stage 1 and stage 2 samples together (N = 321 00) 

to increase power. Q-Q plots and Manhattan plots of this analysis are presented in the Supple

mentary Figures 1 and 2. This analysis did not yield any significant results, with the exception of 

rs713224. (P-value stagel&2 = 4.56 x1 o-8) 

To see if any of our top hits provided evidence for association to MDD disease status, we per

formed a look up using the open access data from the Psychiatric Genetics Consortium (PGC) 

MDD mega-GWA91• The SNPs with P-value < 1.00 x1 0-4 and their status in the PGC-MDD GWAS 

are shown in the Supplementary Table 2. We did not find any overlap between our findings on 

symptom dimensions and results from the MDD GWAS. 

DISCUSSION 

We conducted a GWAS on dimensions of depressive symptoms in which we combined the 

results of 12 population-based studies with more than 32 000 individuals to find common vari

ants that increase the vulnerability to a particular symptom cluster (somatic symptoms, positive 



effect and negative effect). Of the 8 SNPs (P-value < 1.00 x1 o-6) we attempted to replicate, 

we found evidence for 2 neighboring SNPs in the MTNR1A gene. One of the SNPs, rs713224, 

reached genome-wide significance in the meta-analysis of the combined stage 1 and stage 2 

samples (P-value stagel&2 = 4.56 xl0-8). Rs713224 was further analyzed in 8 separate samples, 

which resulted in an increase of the overall P-value for this SNP (P-value stagel,2&3 = 1.58 x1 o-5). 

Our analysis yielded only one genome-wide significant SNP, for the combined analysis of 

the somatic complaints domain. Somatic symptoms are very common in depression and vital 

sense, fatigue, and changes in sleep and appetite are included as diagnostic criteria for MDD. 

These symptoms might be more easily measured than mood alterations because they are 

straightforward to recognize by patients32. This SNP was located in the MTNR1A gene, which 

encodes a melatonin receptor expressed in brain. The melatonin receptor pathway is known 

to be involved in depression33-38 and its relationship with somatic complaints, and vitality in 

general, makes it a biologically plausible gene. However, lack of replication in the 3rd stage 

sample both in the separate study results and the whole meta-analysis may imply that our 

finding for this SNP is maybe a false positive. There were important differences between stage 

1 &2 and the stage 3 samples. Individuals from population based studies of European descent 

also minimized measurement error caused by cultural differences in response to the CES-039• 

This was not true for the stage 3 sample. We observed increased heterogeneity when we 

included the 3'd stage samples in the analysis. Another problem with the stage 3 sample is 

that it includes patients of severe disease. For instance, the NHS study included only women 

and cardiovascular disease, breast cancer and type 2 diabetes cases, which may confound the 

association with somatic complaints even though the analysis were adjusted for case-control 

status. Also RUSH study reported very low mean values for the somatic items, included more 

women and older persons (Table 1 ). For these reasons, we additionally performed sensitivity 

analysis, excluding these studies separately and together. Excluding the case-control samples 

improved the P-value (P-value stagel,2&3 = 0.03) and yielding a non-significant P-value for hetero

geneity test (P-value het = 0.07), excluding both studies yielded a P-value stagel,2&3 = 4.96 x1 o-7 

and increased the P-value from the heterogeneity test (P-value het = 0.08). rs713224 is a G to C 

transition which may cause strand errors for this SNP. It is of note that PGC-MDD GWAS also 

showed association with rs4478239, located within 800 KB of MTNR1 A with recurrent depres

sion (P-value = 4.7 xl o-7) in a study including 6743 cases and 9519 controls31 . However, the 

proxy for our top SNP in that region (rs2375800) was not associated with MOD status in the 

PGC-MDD GWAS results (Supplementary Table 2). 

The difficulty in finding GWAS signals for major depression has been a common experience 

both for depressive symptoms and MDD. A previous study of depressive symptoms of the 

CHARGE Consortium (Hek, Ketal, unpublished) on a partially overlapping sample suggested a 

region on Sq21 in a combined analysis of more than 50 000 persons. A meta-analysis of eight 

GWAS of MDD status, of which the largest comprised ~6000 MDD cases and ~ 7000 controls, 



yielded only one genome-wide significant finding40, while the recent PGC mega-analysis 

pointed out one region on 3p21.1 that reached genome-wide significance. 

To conclude, our efforts in a large collaboration utilizing phenotypes defined by symptom 

clustering yielded no genome-wide significant hit in the discovery sample. The best result, a 

SNP associated with somatic complaints, reached genome-wide significance in the combined 

sample and suggested the involvement of MTNRJA in the melatonin signaling pathway, but 

was not further replicated. Our results suggest that GWAS for depression in large population 

based samples remains underpowered due to phenotypic and genetic heterogeneity. 

ACKNOWlEDGEMENTS 

ARIC: The research is carried out as a collaborative study supported by National Heart, Lung, 

and Blood Institute contracts N01-HC-55015, N01-HC-55016, N01-HC-55018, N01-HC-55019, 

N01-HC-55020, N01-HC-55021, N01-HC-55022, and grants R01-HL087641, R01-HL093029 

and R01-HL70825; National Human Genome Research Institute contract U01-HG004402; and 

National Institutes of Health contract HHSN268200625226C. The authors thank the staff and 

participants of the ARIC study for their important contributions. Infrastructure was partly 

supported by Grant Number UL 1 RR025005, a component of the National Institutes of Health 

and NIH Road map for Medical Research. BLSA: BLSA research was supported by the Intramural 

Research Program of the NIH, National Institute on Aging. Blood collection in the Dortmund 

Health Study was funded by the Institute of Epidemiology and Social Medicine University of 

Muenster and genotyping with the HumanOmni chip by the German Ministry of Research and 

Education (BMBF, 01 ER0816).The collection of socio-demographic and clinical data in the Dort

mund Health Study was supported by the German Migraine & Headache Society (DMKG) and 

by unrestricted grants of equal share from Almirall, Astra Zeneca, Berlin Chemie, Boehringer, 

Boots Health Care, Glaxo-Smith-Kiine, Janssen Cilag, McNeil Pharma, MSD Sharp & Doh me and 

Pfizer to the University of Muenster. ERF: The genotyping for the ERF study was supported by 

EUROSPAN (European Special Populations Research Network) and the European Commission 

FP6 STRP grant (018947; LSHG-CT-2006-01947). The ERF study was further supported by grants 

from the Netherlands Organisation for Scientific Research, Erasmus MC, the Centre for Medical 

Systems Biology (CMSB) and the Netherlands Brain Foundation (HersenStichting Nederland). 

We are grateful to all participating individuals and their relatives, general practitioners and neu

rologists for their contributions and to P. Veraart for her help in genealogy, Jeannette Vergeer 

for the supervision of the laboratory work and P. Snijders for his help in data collection. FHS: 

The phenotype-genotype association analyses IN FHS was supported by R01-AG29451. This 

research was conducted in part using data and resources from the Framingham Heart Study 

of the National Heart Lung and Blood Institute of the National Institutes of Health and Boston 

University School of Medicine. The analyses reflect intellectual input and resource development 

from the Framingham Heart Study investigators participating in the SNP Health Association 



Resource (SHARe) project. This work was partially supported by the National Heart, Lung and 

Blood Institute's Framingham Heart Study (Contract No. N01-HC-25195) and its contract with 

Affymetrix, Inc for genotyping services (Contract No. N02-HL-6-4278). A portion of this research 

utilized the Linux Cluster for Genetic Analysis (LinGA-11) funded by the Robert Dawson Evans 

Endowment of the Department of Medicine at Boston University School of Medicine and 

Boston Medical Center. FIN RISK :The Finrisk Study has been funded by Sigrid Juselius founda

tion, Jalmari and Rauha Ahokas foundation and Biomedicum Helsinki foundation. HABC: This 

research was supported by NIA contracts N01AG62101, N01AG62103, and N01AG62106. The 

genome-wide association study was funded by NIA grant 1 R01 AG032098-01 A 1 to Wake Forest 

University Health Sciences and genotyping services were provided by the Center for Inherited 

Disease Research (CIDR). CIDR is fully funded through a federal contract from the National Insti

tutes of Health to The Johns Hopkins University, contract number HHSN268200782096C. HBCS: 

We thank all study participants as well as everybody involved in the Helsinki Birth Cohort Study. 

Helsinki Birth Cohort Study has been supported by grants from the Academy of Finland, the 

Finnish Diabetes Research Society, Folkhalsan Research Foundation, Novo Nordisk Foundation, 

Finska Lakaresallskapet, Signe and Ane Gyllenberg Foundation, University of Helsinki, European 

Science Foundation (EUROSTRESS), Ministry of Education, Ahokas Foundation, Emil Aaltonen 

Foundation, Juho Vainio Foundation, and Wellcome Trust (grant numberWT089062). HRS:HRS is 

supported by the National Institute on Aging (NIA U01 AG009740). The genotyping was funded 

as a separate award from the National Institute on Aging (RC2 AG036495). Our genotyping was 

conducted by the NIH Centerfor Inherited Disease Research (CIDR) at Johns Hopkins University. 

Genotyping quality control and final preparation of the data were perfomed by the Genetics 

Coordinating Center at the University of Washington. INCHIANTI: The lnvechhiare in Chianti 

(lnCHIANTI). The lnCHIANTI)Study was supported as a "targeted project" (ICS 110.1 RS97.71) by 

the Italian Ministry of Health, by the U.S. National Institute on Aging (Contracts N01]AG]916413, 

N01]AG] 821336,263 MD 9164 13, and 263 MD 821336) and in part by the Intramural Research 

Program, National Institute on Aging, National Institutes of Health, USA. NHS: The Nurses' 

Health Studies are supported by NIH grants CA 65725, CA87969 (National Cancer Institute), 

CA49449, CA67262, CA50385 and 5U01 CA098233. RS: The generation and management 

of the genotype data for the RS are supported by the Netherlands Organization of Scientific 

Research Investments (#175.01 0.2005.011, 911-03-012). The Rotterdam Study is funded by 

Erasmus Medical Center and Erasmus University, Rotterdam; Netherlands Organization for the 

Health Research and Development (ZonMw); the Research Institute for Diseases in the Elderly 

(RIDE and RIDE2); the Ministry of Education, Culture and Science; the Ministry for Health, 

Welfare and Sports; the European Commission (DG XII); the Municipality of Rotterdam; and 

the Netherlands Genomics Initiative/Netherlands Organisation for Scientific Research project 

number 050-060-810. F.P. Velders is supported by the Sophia Foundation for Scientific Research 

(SKZ Foundation) (grant no. 491) and Netherlands Organization for the Health Research and 

Development (ZonMw) (grant no. 10.000.1 003). RUSH-ROS: The ROS study was supported by 



National Institute on Aging grants P30AG1 0161 and the Illinois Department of Public Health. 

RUSH-MAP: The MAP study was supported by National Institute on Aging grants R01 AG17917, 

R01AG15819, and the Illinois Department of Public Health. SARDINIA: SARDINIA research was 

supported by the Intramural Research Program of the NIH, National Institute on Aging. Funding 

was also provided through contract N01-AG-1-2109 from the NIA-NIH. TWINGENE: STR study 

was supported by The Ministry for Higher Education, the Swedish Research Council (M-2005-

1112), GenomEUtwin (EU/QLRT-2001-01254; QLG2-CT-2002-01254), NIH OK U01-066134, the 

Swedish Foundation for Strategic Research (SSF). Heart and Lung foundation no. 20070481. 



REFERENCES 

1. Sullivan PF, Neale MC, Kendler KS. Genetic epidemiology of major depression: review and meta-analysis. 

Am J Psychiatry. Oct 2000;157(1 0):1552-1562. 

2. Psychiatric GCCC, Cichon S, Craddock N, et al. Genomewide association studies: history, rationale, and 

prospects for psychiatric disorders. Am J Psychiatry. May 2009;166(5):540-556. 

3. Muglia P, Tozzi F, Galwey NW, et al. Genome-wide association study of recurrent major depressive 

disorder in two European case-control cohorts. Mol Psychiatry. Dec 23 2008. 

4. Sullivan PF, de Geus EJ, Willemsen G, et al. Genome-wide association for major depressive disorder: a 

possible role for the presynaptic protein piccolo. Mol Psychiatry. Apr 2009;14(4):359-375. 

5. Demirkan A, Penninx BW, Hek K, et al. Genetic risk profiles for depression and anxiety in adult and 

elderly cohorts. Mol Psychiatry. Jul;16(7):773-783. 

6. Association AP. Diagnostic and statistical manual of mental disorders 4th edition. 4 ed: APA; 1994 

7. NICE. NICE Draft Guidelines. Depression: the Management of Depression in Primary and Secondary Care. 

London: National institute for Clinical Excellence; December 2003. 

8. van der Sluis S, Posthuma D, Nivard MG, Verhage M, Dolan CV. Power in GWAS: lifting the curse of the 

clinical cut-off. Mol Psychiatry. May 22. 

9. Teslovich TM, Musunuru K, Smith AV, et al. Biological, clinical and population relevance of 95 loci for 

blood lipids. Nature. Aug 5 201 0;466(7307):707-713. 

10. Lopez-Leon S, Aulchenko YS, Tiemeier H, Oostra BA, van Duijn CM, Janssens AC. Shared genetic fac

tors in the co-occurrence of symptoms of depression and cardiovascular risk factors. J Affect Disord. 

May;122(3):247-252. 

11. Radloff. The CES-D scale: a self report depression scale for research in theb general population. App/ 

Pshycol Measurement. 1977;3:385-401. 

12. Sutin AR, Zonderman AB. Depressive symptoms are associated with weight gain among women. 

Psycho/ Med. Apr 5:1-10. 

13. Pfaffenrath V, Fendrich K, Vennemann M, et al. Regional variations in the prevalence of migraine and 

tension-type headache applying the new IHS criteria: the German DMKG Headache Study. Cephalalgia. 

Jan 2009;29(1 ):48-57. 

14. Vennemann MM, Hummel T, Berger K. The association between smoking and smell and taste impair

ment in the general population.) Neural. Aug 2008;255(8):1121-1126. 

15. Lopez-Leon S, Chi Choy W, Aulchenko YS, et al. Genetic Factors Influence the Clustering of Depression 

among Individuals with Lower Socioeconomic Status. PLoS ONE. 2009;4(3):e5069. 

16. Aulchenko YS, Heutink P, Mackay I, et al. Linkage disequilibrium in young genetically isolated Dutch 

population. Eur J Hum Genet. 2004;12(7):527-534. 

17. Feinleib M, Kannel WB, Garrison RJ, McNamara PM, Castelli WP. The Framingham Offspring Study. 

Design and preliminary data. Prev Med. Dec 1975;4(4):518-525. 

18. Splansky GL, Corey D, Yang Q, et ai.TheThird Generation Cohort of the National Heart, Lung, and Blood 

Institute's Framingham Heart Study: design, recruitment, and initial examination. Am J Epidemiol. Jun 1 

2007;165(11 ):1328-1335. 

19. DawberTR, Meadors GF, Moore FE, Jr. Epidemiological approaches to heart disease: the Framingham 

Study. Am J Public Health Nations Health. Mar 1951 ;41 (3):279-281. 

20. Barker DJ, Osmond C, Forsen TJ, Kajantie E, Eriksson JG. Trajectories of growth among children who 

have coronary events as adults. N Eng/ J Med. Oct 27 2005;353(17):1802-1809. 

21. Cesari M, Penninx BW, Newman AB, et al.lnflammatory markers and cardiovascular disease (The Health, 

Aging and Body Composition [Health ABC] Study). Am J Cordial. Sep 1 2003;92(5):522-528. 



22. Hofman A, van Duijn CM, Franco OH, et al. The Rotterdam Study: 2012 objectives and design update. 

Eur J Epidemiol. Aug;26(8):657-686. 

23. Pilia G, Chen WM, Scuteri A, et al. Heritability of cardiovascular and personality traits in 6,148 Sardinians. 

PLoS Genet. Aug 25 2006;2(8):e132. 

24. Rahman I, Bennet AM, Pedersen NL, de Faire U, Svensson P, Magnusson PK. Genetic dominance influ

ences blood biomarker levels in a sample of 12,000 Swedish elderly twins. Twin Res Hum Genet. Jun 

2009;12(3):286-294. 

25. Vartiainen E, Laatikainen T, Peltonen M, et al. Thirty-five-year trends in cardiovascular risk factors in 

Finland./ntJ Epidemiol. Apr;39(2):504-518. 

26. Colditz GA, Hankinson SE. The Nurses' Health Study: lifestyle and health among women. Nat Rev Cancer. 

May 2005;5(5):388-396. 

27. Bennett DA. Postmortem indices linking risk factors to cognition: results from the Religious Order Study 

and the Memory and Aging Project. Alzheimer Dis Assoc Disord. Jui-Sep 2006;20(3 Suppi2):S63-68. 

28. Bennett DA, Schneider JA, Buchman AS, Mendes de Leon C, Bienias JL, Wilson RS. The Rush Memory 

and Aging Project: study design and baseline characteristics of the study cohort. Neuroepidemio/ogy. 

2005;25(4):163-175. 

29. Wilier C, Li Y, Abecasis G. METAL: fast and efficient meta-analysis of genomewide association scans. 

Bioinformatics. Sep 1 201 0;26(17):2190-2191. 

30. Zheng G, Freidlin B, Li Z, Gastwirth JL. Genomic control for association studies under various genetic 

models. Biometrics. Mar 2005;61 (1 ):186-192. 

31. A mega-analysis of genome-wide association studies for major depressive disorder. Mol Psychiatry. Apr 

3. 

32. Kapfhammer HP. Somatic symptoms in depression. Dialogues Clin Neurosci. 2006;8(2):227-239. 

33. Wetterberg L, Beck-FriisJ, Kjellman BF, Ljunggren JG. Circadian rhythms in melatonin and cortisol secre

tion in depression. Adv Biochem Psychopharmacol. 1984;39:197-205. 

34. Goldstein JA. Melatonin as depression marker. Bioi Psychiatry. May 1985;20(5):585. 

35. Galecka E, Szemraj J, Florkowski A, et al. Single nucleotide polymorphisms and mRNA expression for 

melatonin MT(2) receptor in depression. Psychiatry Res. Oct 30;189(3):472-474. 

36. Carman JS, Post RM, Buswell R, Goodwin FK. Negative effects of melatonin on depression. Am J Psychia

try. Oct 1976;133(1 0):1181-1186. 

37. Bourin M, Prica C. Melatonin receptor agonist agomelatine: a new drug for treating unipolar depres

sion. Curr Pharm Des. 2009;15(14):1675-1682. 

38. Anderson G. The role of melatonin in post-partum psychosis and depression associated with bipolar 

disorder.) Peri nat Med. Nov;38(6):585-587. 

39. Bernert S, Matschinger H, Alonso J, et al. Is it always the same? Variability of depressive symptoms 

across six European countries. Psychiatry Res. Jul 30 2009;168(2):137-144. 

40. Kohli MA, Lucae S, Saemann PG, et al. The neuronal transporter gene SLC6A 15 confers risk to major 

depression. Neuron. Apr 28 2011 ;70(2):252-265. 











ABSTRACT 

Phospho- and sphingolipids are crucial cellular and intracellular compounds. These lipids 

are required for active transport, enzymatic processes, membrane formation and cell signal

ling. Disruption of their metabolism leads to diverse neurological, psychiatric, and metabolic 

consequences, as well as several rare and common diseases. We conducted linkage analyses 

in the Erasmus Rucphen Family Study (ERF), using mass spectrometry lipid measurements 

from 820 individuals in 91 families. Twenty-four sphingomyelins (SPM), 9 ceramides (CER), 57 

phosphatidylcholines (PC), 20 lysophosphatidylcholines (LPC), 27 phosphatidylethanolamines 

(PE) and 16 PE-based plasmalogens (PLPE), as well as their proportions in each major class, 

were analysed by variance component and two-point linkage methods. Heritability estimations 

were performed separately for each trait, as well as for their proportions among their own class. 

This effort uncovered 9 quantitative trait loci with LOD > 3.3: 1 p22.2 (LOD = 4.22), 1 p31.1 (LOD 

= 4.26), 1 p36.32 (LOD = 3.7), 18p11.21 (LOD = 3.77), 17q31 (LOD = 3.67), 19p12 (LOD = 3.42), 

6q16.3 (LOD = 3.35), 11q12.3 (LOD = 3.35), 11q21 (LOD = 3.35). Additionally, there were 330 

suggestive linkage findings with 1.9 < LOD < 3.3. Heritability estimates ranged from Oo/o to 55% 

and were generally higher for within class proportions than for plasma levels. LOD support 

intervals for several loci included previously known genes, such as FAD51-2-3 (o/o PC 36:4) and 

LPAR2 (o/o CER 18:0), but also novel regions containing plausible candidate genes such as PLCH2 

(PE 38:5), PRKACB (PLPE 18:1 I 22:6), and PKN2 (o/o PLPE 18:1 I 22:6) 



INTRODUCTION 

Phospho- and sphingolipids are key determinants of cell behaviour and function 1-3• Phospha

tidylcholines (PCs), phosphatidylethanolamines (PEs), lysophosphatidylcholines (LPCs) and 

PE-based plasmalogens (PLPE) take part in cell survival and inflammation4-6. Sphingolipids are 

believed to play critical roles in cell surface protection, protein and lipid transport, and cellular 

signalling cascades7• In plasma PC, SPM and PE are carried within HDL-C and LDL-C, as well as 

in platelets8-11 . In addition to their involvement in the pathology of common diseases such as 

type 2 diabetes and dementia8-14, disruption of their metabolism also causes rare monogenic 

diseases such as Niemann-Pick and Farber15• 

Recent genome wide association studies (GWAS) on the human lipidome identified many 

loci with strong statistical significance and uncovered common SNPs that explain up to 23% 

of the variance of particular lipid traits16-19• For many circulating phospho- and sphingolipids, 

however, a substantial proportion of their heritability remains unexplained. Some of this may 

be due to rare variants that GWAS do not have power to identify. These rare variants can be 

detected by linkage methods in family studies. In an effort to discover loci that may include rare 

variants responsible for determining phospho- and sphingolipid levels, we conducted the first 

linkage study on 147 plasma phospho- and sphingolipid species using a pedigree containing 

820 individuals. 

MATERIALS AND METHODS 

Study population 

The ERF study, which is a part of the Genetic Research in Isolated Populations (GRIP) Program, 

is a family-based study including over 3000 participants descendant from 22 couples living in 

the Rucphen region in the southwest Netherlands in the 19th century. All descendants of those 

couples were invited to visit the clinical research centre in the region where they were exam

ined in person and where fasting blood was drawn20• The Medical Ethical Committee of the 

Erasmus Medical Center Rotterdam approved the study and informed consent was obtained 

from all participants21 • 

Lipidomics analysis 

Lipid species were quantified by electrospray ionization tandem mass spectrometry (ESIMS/ 

MS) using methods validated and described previously22, 23.1n brief, samples were analyzed by 

direct flow injection using a precursor ion scan of m/z 184 specific for phosphocholine contain

ing lipids including PC, SPM23 and LPC22• A neutral loss scan of m/z 141 was used for PE 9 and 

PLPE and was analyzed according to the principles described by Zemski-Berry24• Fragment ions 

"0 
0: 
0 
3 
" 



of m/z 364, 380 and 382 were used for the PE p16:0, p18:1 and p18:0 species, respectively. 

Quantification was achieved by calibration lines generated by the addition of naturally occur

ring lipid species to plasma and internal standards belonging to the same lipid class (PC 14:0 

/14:0, PC 22:0/22:0, PE 14:0/14:0, PE 20:0/20:0, LPC 13:0, LPC 19:0). Calibration lines were 

generated for the following naturally occurring species: PC 34:1, 36:2, 38:4, 40:0 and PC 0 16:0 

/20:4; LPC 16:0, 18:1, 18:0; PE 34:1, 36:2, 38:4, 40:6 and PLPE 16:0 /20:4. Correction of isotopic 

overlap of lipid species, as well as data analysis, was performed by self programmed Excel 

macros for all lipid classes according to the principles described previously 23• Nomenclature 

of sphingomyelin species is based on the assumption that d18:1 (dihydroxy 18:1 sphingosine) 

is the main base of plasma SPM species, where the first number refers to the number of carbon 

atoms in the chain and the second number to the number of double bonds in the chain. The 

performed analysis does not always allow an exact assignment. In this case, an "0" is added 

to the subspecies name, e.g., PC 0 36:5 and PC 0 32:1. This denotes that the two species are 

most likely to be assigned to PC species containing an ether bond (alkyl) and may constitute 

plasmalogens. However, we cannot exclude the possibility that PC 0 36:5 may be assigned to 

PC 35:5, an unlikely odd carbon number species. Similarly, PC 0 32:1 may be assigned to PC31 :1. 

Genotyping and linkage analysis 

lllumina's HumanHap6k Genotyping BeadChip (6K lllumina Linkage IV Panels®) was used for 

genotyping. All genotyping procedures were performed according to the manufacturer's 

protocols. Only markers with MAF > 0.05 were selected for further analysisGenotyping errors 

leading to Mendelian inconsistencies were detected using PedCheck 25. Unlikely double 

recombination events were detected using MERLIN 26• All detected errors were eliminated from 

the data. A total of 5250 autosomal SNPs with call rate greater than 95% were included in the 

linkage analyses. 

ERF is a large pedigree with multiple loops including 23 612 people, spanning 23 genera

tions. Due to computational limitations, the complete pedigree was split into non-overlapping 

sub-pedigrees using the PedSTR program27• A total of 820 persons with genotype and phe

notype data were included in the initial analyses26• 28• Variance component multipoint linkage 

analysis was performed using the "vc" option in the MERLIN v.1.0.1 software, which calculates 

exact lBO sharing probabilities using the Lander-Green algorithm26• 

All traits were adjusted for sex and age and rank transformed prior to linkage analysis. For 

the traits with point-mass distributions, only "mass" phenotypes were included in the variance 

component multipoint linkage analysis. Sixteen sphingolipids with point-mass distributions 

were analyzed using the GADS software for parametric linkage analysis29• 

Regions of interest with LOD > 3.3 were selected for further evaluation. LOD score minus 1 

support intervals (LOD-1 51) around the linkage peaks were extracted using the "qtl" package 



implemented in R30. Genes encompassed by the LOD-1 51 were annotated using SCAN (SNP 

and CNV Annotation Database), available at http://www.scandb.org/newinterface/index.html 

Exome sequencing analysis 

Six hundred exomes from ERF pedigree are sequenced "in-house" (Center for Biomics of the 

Cell-biology department, Erasmus MC) using the Agilent version V4 capture kit on an Ilium ina 

Hiseq2000 sequencer using the TruSeq Version 3 protocol. The sequence reads were aligned 

to the human genome build 19 (hg19) using BWA and the NARWHAL pipeline31 • 32• Subse

quently, the aligned reads were processed further using the lndeiRealigner, MarkDuplicates 

andTableRecalibration tools from the Genome Analysis Toolkit (GATK) and Picard (http://picard. 

sourceforge.net) to remove systematic biases and to recalibrate the PH RED quality scores in the 

alignments. After processing, genetic variants were called using the Unified Genotyper tool 

from the GATK33. The effects of the called variants on the protein sequences were determined 

with a custom variant annotation script. For each sample, at least 4 Gigabases of sequence 

was aligned to the genome. Further for comparison and prediction of the functionality of the 

variants annotations were also performed using the dbNSFP (database of human non-synon

ymous SNPs and their functional predictions) and Seattle databases available at: http://snp. 

gs.washington.edu/SeattleSeqAnnotation 131/. These databases gave functional prediction 

results from four different programs including polyPhen2, SIFT, MutationTaster and LRT, apart 

from gene and variant annotations. About 1.2 million Single Nucleotide Variants (SNVs) were 

called. After removing the low quality variants (QUAL< 1 00) we retrieved about 700 000 high 

quality SNVs were included in the analysis in this study. Among the sequenced 600 individuals, 

251 had lipidomics measurements. Residual lipid levels, after adjusting for age and sex, were 

compared using aT-test contrasting mutation carriers and non-carriers. 

RESUlTS 

Descriptives of the ERF study population are provided in Table 1. Supplementary Table 1 shows 

the mean and standard deviations of the lipid species included in this study. The heritability 

estimates of the plasma phospho- and sphingolipids varied between 0 and 55% and are shown 

in Figure 1. The highest estimates in each class of lipids species were observed for Glu CER 16:0 

(55% for the proportion and 31 o/o for the absolute value), LPC 22:6 (46% for the proportion and 

35% for the absolute value), PC 40:3 (52% for the proportion and 44% for the absolute value), 

PE 40:6 (49% for the proportion and 43% for the absolute value), PLPE 18:0 I 22:6 (43% for the 

proportion and 31 o/o for the absolute value), SPM 24:0 (41 o/o for the proportion and 17% for 

the absolute value). In general, within class proportions yielded higher heritability estimates 

compared to the absolute plasma levels of the same species (in 101 out of 147 measurements). 

For instance, the heritability of the proportions of CER 16:0, LPC 20:0, PC 40:5, PE 42:6, PLPE 



TABLE 1. Descriptives of the ERF population (N= 800) 

Males Females 

Age, years 49.62 (15.66) 50.69 (16.44) 

BMI,kg/m2 27.28 (4.13) 26.67 (5.12) 

TC,mmol/1 5.48 (1.09) 5.62 (1.09) 

HDL-C, mmol/1 1.12 (0.30) 1.39 (0.36) 

LDL-C, mmol/1 3.73 (0.97) 3.71 (0.98) 

TG,mmol/1 1.49 (0.91) 1.23 (0.64) 

Total SPM, pM 498.2 (1 06.11) 554.41 (114.42) 

Total PC,pM 2129.2 (518.42) 2242.84 (447.59) 

Total PLPE, pM 53.2 (15.57) 52.50 (17.82) 

Total PE,pM 34.67 (18.07) 39.50 (17.24) 

Total LPC, pM 273.42 (67.18) 242.99 (64.67) 

Total CER, pM 8.66 (2.30) 8.36 (2.01) 

Means and standard deviations (sd) are given for the continuous measurements. BMI; body mass index, TC; 

total cholesterol, HDL-C, high density lipoprotein cholesterol, LDL-C; low density lipoprotein cholesterol, 

TG; triglycerides, SPM; sphingomyelin, PC; phosphatidylcholine, PLPE; phosphotidylethanolamine plas

malogen, PE; phosphatidylethanolamine, LPC; lysophosphatidylcholine, CER; ceramide. 

FIGURE 1. Heritability estimates of circulating phosho- sphingolipids in ERF population. 

X axis show the species studied, whereas y axis shows the heritability estimates. Absolute values are pre

sented in dark blue, and proportions are presented in turquoise. 



18:0/20:4 and SPM dih 24:0 were 2.1 to 9 times higher than the heritability of the absolute 

values of the same lipids. For a limited number of species the estimates were less than 5%; these 

were: PLPE 16:0/20:5, SPM 24:3, SPM dih 18:0, SPM dih 22:0, SPM 22:2, SPM dih 16:0, PC 0 38:1, 

PLPE 18:1/20:5, PE 34:0, SPM 24:3, SPM 17:0, PE 42:6, PC 36:0, PC 34:0 and PC 40:5. 

Linkage analysis 

Nine significant linkage signals (LOD > 3.3) were observed (see Supplementary Table 2 for the 

markers and genes annotated inside the LOD-1 51). Only two of them were identified earlier 

by GWAS: 11 q12 and 19p13 as shown in the regional association plots in Figure 234. 11 q12.3 

has a LOD score of 3.35 for o/o PC 36:4 and harbors genome-wide significant SNPs (rs1 02275, 

P-va/ue = 9.88 x 1 o-204) for the same lipid. The 19p13 region (LOD = 3.42) was similarly detected 

by GWAS for o/o CER 18:0 (rs2304130, P-value = 5.85 x 1 o-9). The influence of those two GWAS 

hits on the LOD scores were further assessed by including them as covariates in the linkage 

analysis. These conditional analyses yielded a non-significant LOD score of 0.03 for the marker 

rs1525064 on 11 q12.3, and also decreased in the heritability estimate of o/o PC 36:4 (29%). The 

LOD score on 19p13 for o/o CER 18:0 did not change when the GWAS SNP was included. For this 

region, rare coding variants in the exome sequencing data were examined as possible sources 

of the observed linkage. Within the LOD -1 support interval of the linkage peak, a total of 412 

damaging variations were observed (166 synonymous, 242 missense and 4 stop codons). We 

focused on the rare (1-5%) coding variants which were expected to be damaging by at least 2 

of the 3 prediction sohwares (Polyphen, LRT and Mutation taster). This selection yielded 1 stop 

and 7 missense mutations in the genes ATP13A1, ZNF254, C/LP2, CCNE1, SLC25A42, NR2C2AP 

FIGURE 2. Regional association plots of common variations inside 11 q12 and 19p12 linkage loci. 
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and YJEFN3. Different values for % CER 18:0 were not observed among the carriers of these 

mutations compared to the non-carriers. None of the other 8 loci (LOD -1 Sl) overlapped with 

the findings from our previous report. 

We next explored whether multiple lipids were linked to particular loci. A cluster of PE spe

cies provided significant evidence of linkage to 1 p36.32, the most remarkable was had LOD = 
3.7 for PE 38:5 and is among our nine significant regions. Analysis of PLPE 18:1122:6 resulted 

in two different peaks, on 1 p31.1 (LOD = 4.26, absolute level) and 1 p22.2 (LOD = 4.22, propor

tion). Two ether-Pes, PC 0 36:1 and PC 0 34:3 were linked to 18p11.21 and 17q31 (LOD = 3.77 

and 3.43 respectively). With respect to sphingolipids, two loci showed significant evidence of 

linkage: 6q16.3 (LOD = 3.35 for total poly-unsaturated SPMs) and 11 q21 (LOD = 3.35 for % of 

saturated SPMs). We did not observe any rare damaging variants in these regions that were 

associated with lipid levels. 

Figure 3 depicts the genome-wide linkage signals for the clusters of biologically related spe

cies linked to significant and suggestive loci for the chromosomes 1, 6, 11, 17, 18 and 19 (LOD 

> 1.9). Of those, the most obvious was the 1 p36.32 locus that was linked to several PE species, 

but also to total PE levels and % PLPE 16:0 I 22:5. Exact LOD scores are given in Supplementary 

Table 3. 

DISCUSSION 

Using quantitative linkage methods on human circulating lipidome, heritabilities for 147 

circulating species were estimated and 9 quantitative loci with LOD > 3.3 were identified. Two 

of these loci harboured previously known genes from association studies of phospho- and 

sphingolipids (FADS 7-2-3 and LPAR2). In addition, 330 loci with suggestive LOD scores (1.9 < 

LOD < 3.3) were identified. 

Using family-based methods, we estimated moderate to high heritability for most of the lipid 

species, although the heritability estimates were lower than 5% some of the traits, which makes 

them unsuitable for genetic association studies. Two of those lipids; PLPE 16:0 I 20:5 and PLPE 

18:1 I 20:5 are of particular interest because of their w-3 eicosapentaenoic acid (EPA) content. 

It is of note that EPA is an essential fatty acid which comes mainly from a sea-food diet, but can 

also be converted from a-linolenic acid (18:3, w-3) with an efficiency of only a few percent.35 On 

the other hand, for another EPA-PLPE, PLPE 18:0 I 20:5, the heritability was estimated as 38% for 

the absolute plasma level and 7% for the proportion. This finding points out different genetic 

and environmental mechanisms for accumulation of EPA, such as the variation in 16:0 and 18:1 

PLPEs might be due to non-genetic factors, mainly diet. 

Linkage analysis yielded 9 significant loci on 1p22.2, 1p31.1, 1p36.32, 6q16.3, llq12.3, 

11 q21, 17q31, 18p11.21, and 19p12. Ofthose, genes located on 11 q12.3 (FADS 7-2-3 region) and 

19p12 (LPAR2) are already known to harbour common variation associated with the same lipids 

(PC 36:4 and CER 18:0, respectively) 16. Our conditional analyses demonstrated that rs1 02275, 



FIGURE 3. Chromosomal locations of the linkage hits for biologically related species. 
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or variants in strong LD with it, may be responsible for the linkage signal in this region. As for 

the 19p12 region, the common variant did not explain the linkage peak in conditional analysis. 

A search for rare coding variants within this region did not provide additional information. One 

limitation here is the small sample size in the current exome data set which includes only 251 

phenotyped individuals. 

Some biologically plausible genes are located inside the LOD-1 51 of the significant linkage 

peaks; for instance, PKN2 (cardiolipin-activated protein kinase) is located under the 1 p22.2 peak 

and is known to be activated by lipids, particularly cardiolipin, and to a lesser extent by other 

acidic phospholipids and unsaturated fatty acids. Our analysis linked o/o PLPE 18:1 I 22:6 to this 

locus. The linkage peak for this lipid partially overlaps with the peak on 1 p31.1, where PRKACB 

(cAMP-dependent protein kinase catalytic subunit beta) is located. PRKACB is also known to be 

involved in the regulation of lipid and glucose metabolism and is a component of the signal 

transduction mechanism of certain G-protein couples receptors36. The 1 p36.32 locus that is 

linked to a number of PE species harbors PLCH2, which is a member of the PLC-11 family of 

the phosphoinositide-specific phospholipase C superfamily of enzymes that cleave phosphati

dylinositol to generate secondary messengers inositol1 ,4,5-trisphosphate and diacylglycerol37• 

We also observed three loci implicated in carcinogenesis: 6q16.3-21 (polyunsaturated SPMs), 

11 q21 (% Saturated SPMs) and 17q21.31 (PC 0 34:3). Of these, the 6q16.3-21 locus includes 

tumor suppressors HAC£7 and PRDM7 38• On 11q21, the linkage SNP rs483884 maps inside the 

MAML2 gene which is involved in the carcinogenesis pathway through co-activation of NOTCH 

proteins 39• Finally, the 17q21.31 locus includes BRCA 7, which is a well known risk gene for early 

onset breast cancer but has also been shown to influence fatty acid biosynthesis and lipogen

esis in normal cells40•41 , This locus also includes the tau protein gene MAPTwhich incorporates 

a well characterized copy number variant42• 

We additionally observed 330 suggestively linked loci. Some of those are worth mentioning, 

since they were linked to multiple biologically related traits: 1 q41-44, 2p25.3-p14, 3p14.2-q21.3, 

4p15, 5q11.2-q14.3, 6p15-q16, 8q13.1-24.12, and 19p13 were linked to clusters of SPMs. These 

loci are novel, except for 19p13, which harbors LASS4 that was previously uncovered by GWAS. 

14q23.1- 14q24.2, linked to PC 0 34:2, PC 0 36:2, PC 0 38:3 and PC 0 36:3, includes PLEKHH7, 

which was shown to associate with other alkyl-acyl PCs, PC 0 36:5 and PC 0 32:1, in our recent 

GWAS16• 

Genetic studies of complex disease conducted to date discovered common variants typically 

responsible for small effects. These variants explain a small part of the heritability, and some

times do not directly link to biologically plausible underlying pathways. Studying the circulating 

phospho- and sphingolipids as specific metabolic endophenotypes may provide better clues 

to the causal genes involved compared to studies on complex disease end points. However 

our exome analysis did not reveal any evidence for major mutations suggesting more complex 

mechanisms outside the coding regions. Taken together with increasing resources and interest 



on rare human genetic variation research, family-based studies on these endophenotypes will 

serve as reliable starting points for the upcoming sequencing era and personalized genomics. 
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ABSTRACT 

Phospho- and sphingolipids are crucial cellular and intracellular compounds. These lipids are 

required for active transport, a number of enzymatic processes, membrane formation and cell 

signalling. Disruption of their metabolism leads to several diseases, with diverse neurological, 

psychiatric, and metabolic consequences. A large number of phospholipid and sphingolipid 

species can be detected and measured in human plasma. We conducted a meta-analysis of 

five European family-based genome-wide association studies (N = 4034) on plasma levels of 24 

sphingomyelins (SPM), 9 ceramides (CER), 57 phosphatidylcholines (PC), 20 lysophosphatidyl

cholines (LPC), 27 phosphatidylethanolamines (PE) and 16 PE-based plasmalogens (PLPE), as 

well as their proportions in each major class. This effort yielded 25 genome-wide significant loci 

for phospholipids (smallest P-value = 9.88 x 1 o·204) and 10 loci for sphingolipids (smallest P-value 

= 3.10 x 1 o-57). After a correction for multiple comparisons (P-value < 2.2 x 1 o·9), we observed 

four novel loci significantly associated with phospholipids (PAQR9, AGPAT7, PKD2L1, PDXDC1 

) and two with sphingolipids (PLD2 and APOE) explaining up to 3.1 o/o of the variance. Further 

analysis of the top findings with respect to within class molar proportions uncovered three 

additional loci for phospholipids (PNLJPRP2, PCDH20 and ABDH3) suggesting their involvement 

in either fatty acid elongation/saturation processes or fatty acid specific turnover mechanisms. 

Among those, 141oci (KCNH7, AGPAT1, PNLIPRP2, SYT9, FADS1-2-3, DLG2, APOA 1, ELOVL2, CDK77, 

LJPC, PDXDC1, PLD2, LASS4, and APOE) mapped into the glycerophospholipid and 121oci (ILKAP, 

ITGA9, AGPAT7, FADS 1-2-3, APOA 1, PCDH20, LJPC, PDXDC1, SGPP 1, APOE, LAS 54, and PLD2) to the 

sphingolipid pathways. In large meta-analyses, associations between FADS7-2-3 and carotid 

intima media tickness, AGPAT7 and type 2 diabetes and APOA 1 and coronary artery disease 

were observed. In conclusion, our study identified nine novel phospho- and sphingolipid loci, 

substantially increasing our knowledge of the genetic basis for these traits. 



INTRODUCTION 

Phospho- and sphingolipids are present in all eukaryotic cell membranes and contribute to 

organelle structure and signalling events that influence cell behaviour and function 55-57• Phos

phatidylcholines (PCs), phosphatidylethanolamines (PEs), lysophosphatidylcholines (LPCs) and 

PE-based plasmalogens (PLPE) are major classes of phospholipids that play an important role in 

several key processes such as cell survival and inflammation58-60. Sphingolipids are also essential 

components of plasma membranes and endosomes and are believed to play critical roles in cell 

surface protection, protein and lipid transport and sorting, and cellular signalling cascades61 . 

In plasma, PC, PE and SPM are included in the structure of lipoproteins; they constitute more 

than two-thirds of the total phospholipid content in HDL-C and LDL-C, as well as in platelets62• 

63. Remarkable differences in plasma lipoprotein acceptor affinities for the phospholipids exist 

(LDL-C is the major acceptor for SPM, whereas HDL-C is the predominant acceptor for PC)63. 

Altered concentrations of circulating phospholipids have been implicated in the pathology of 

type 2 diabetes, dyslipidemia and cardiovascular disease64-69, as well as a wide range of other 

common diseases including dementia and depression70. 

Identifying genetic variants that influence phospho- and sphingolipid concentrations will be 

an important step towards understanding pathways contributing to common human disease. 

Earlier studies of these metabolites identified a number of genetic loci associated with their 

levels in blood71 -73• We conducted a meta-analysis of genome-wide association studies (GWAS) 

on plasma levels of 24 SPMs, 9 CERs, 57 PCs, 20 LPCs, 27 PEs and 16 PLPEs in five European 

populations: (1) the Erasmus Rucphen Family (ERF) study, conducted in the Netherlands, (2) the 

MICROS study from the Tyrol region in Italy, (3) the Northern Swedish Population Health Survey 

(NSPHS) in Norrbotten, Sweden, (4) the Orkney Complex Disease Study (ORCADES) in Scotland, 

and (5) the CROAS (CROATIA_ Vis) study conducted on Vis Island, Croatia. 

The top findings were further analysed by adjusting for plasma HDL-C, LDL-C, TG and TC 

levels. The influences of these top hits on within class lipid ratios were also assessed, to help 

elucidate potential mechanisms. Finally, the variants that were associated with plasma phos

pho- and sphingolipid levels were tested for association with carotid intima media thickness 

(IMT), type 2 diabetes (T2DM), and coronary-artery disease (CAD) using large consortia meta

analysis results. 

MATERIAlS AND METHODS 

All studies were approved by the local ethical committees. Detailed descriptions of the study 

populations that contributed to the meta-analysis, as well as detailed information on ethical 

statements, genotyping, lipid measurements and pathway analysis, are presented in the Text 

S 1. Briefly, lipid species were quantified by electrospray ionization tandem mass spectrometry 

(ESIMS/ MS) using methods validated and described previously 74• 75• For each lipid molecule, 
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we adopted the naming system where lipid side chain composition is abbreviated as Cx.y, 

where x denotes the number of carbons in the side chain andy the number of double bonds. 

For example, PC 34:4 denotes an acyl-acyl phosphatidylcholine with 34 carbons in the two fatty 

acid side chains and 4 double bonds in one of them. Lipid traits were analysed individually as 

well as aggregated into groups of species with similar characteristics (e.g. unsaturated cerami

des). These were then analyzed as both absolute concentrations (11M) and as molar percentages 

within lipid sub-classes (mol%) (calculated as the proportion of each lipid molecule among its 

own class (e.g. PC, PE, PE-pls, LPC)). The additive value of the analyses of molar proportions is 

that it may bring to light genes involved in the transition of one species to another, such as 

through fatty acid chain elongation or (de)saturation. We also performed single SNP associa

tion analyses for each novel locus and the ratio of the index lipid (for example, PC 34:1) to the 

other lipids in the same class (in the example, PC 34:1 /PC 36:1, PC 34:1 /PC 38:1) so that we 

could determine whether the SNP might be involved in elongation or (de)saturation. 

DNA samples were genotyped according to the manufacturer's instructions on lllumina 

lnfinium HumanHap300v2, HumanHap300v1 or HumanCNV370v1 SNP bead microarrays. 

Genotype data for these five populations were imputed using MACH 1.0 (v1.0.16)33• 76 using the 

HapMap CEU population (release 22, build 36). 

As all of the studies included related individuals, testing for association between lipid 

and allele dosage were performed using a mixed model approach as implemented with the 

'mmscore' option in the GenABEL software 43. Results from the five populations were combined 

using inverse variance weighted fixed-effects model meta-analyses using the METAL software 
77. To correct for multiple testing, we adopted a Bonferroni correction for the number of phe

notypes studied. Since most of the lipid values are correlated with each other, we used the 

number of principal components (n = 23) that accounted for 79% of the phenotypic variance 

for this correction and applied it to the classical genome-wide significance threshold (5 x 1 o·8). 

RESUlTS 

Table 1 provides an overview of the study populations. The mean age, gender ratio and mean 

values of major classes of phospho- and sphingolipids were comparable among the 5 popula

tions. Means for the individual species are presented in Table 51. Figures 1 A and 1 B show the 

combined Manhattan plot for the meta-analyses of the absolute values and proportions of all 

phospholipid traits, respectively; Figures 2A and 2B provide the same for the sphingolipids. 

Out of 357 meta-analyses performed, 202 outcomes yielded genome-wide significant findings, 

most of which were located around two genes, FADS and LIPC, which were identified previously 
71 • 73 as key lipid regulators and are associated with a large number of species (Tables 2 and 3). 

Q-Q plots for the lipid GWAS that yielded significant associations are provided in Supplemen

tary Figure 1. 



TABLE 1. Study population 

N=4034 800 1086 654 714 780 

o/oFemale(S6.4) 60.13 56.63 52.75 53.36 57.94 

Mean(sd) 

Age 49.65(1 5.20) 45.26(16.08) 46.98(20.70) 53.59(15.71) 56.55(1 5.36) 

TotaiSPM 532.21 (1 09.39) 587.03(114.19) 516.98(121.98) 468.25(96.4) 499.01 (1 05.26) 

Total PC 2198.55(444.36) 2527.88(457 .25) 2249.18(493.67) 1941.73(372.96) 2066.56(427.91) 

Total PE-pls 52.68(14.91) 58.21 (17.05) 62.28(24.28) 42.15(13.16) 55.60(15.39) 

TotaiPE 37 .22(16.69) 37.15(18.12) 20.58(7.25) 25.02(11.19) 34.34(14.55) 

TotaiCER 8.45(1.95) 9.26(2.12) 9.30(2.52) 7.12(1.83) 9.05(2.23) 

FIGURE 1 A. Genome-wide association results for the plasma levels of 115 phospholipid species. 
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cording to their position in the genome on the x axis (build 36). Novel genes are represented in red, while 

previously known loci are represented in black. 
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FIGURE 1 B. Genome-wide association results for the within-class percentages of 115 plasma phospholip

ids. 
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Manhattan plots show the combined association signals (-log 10 of p-value) on they axis versus SNPs ac

cording to their position in the genome on the x axis (build 36). Novel genes are represented in red, while 

previously known loci are represented in black. 

FIGURE 2A. Genome-wide association results for the plasma levels of 33 sphingolipid species. 

SPTLCJ 

PAPD7 

Manhattan plots show the combined association signals (-log 10 of p-value) on they axis versus SNPs ac

cording to their position in the genome on the x axis (build 36). Novel genes are represented in red, while 

previously known loci are represented in black. 



FIGURE 2B. Genome-wide association results for the within-class percentages of 33 sphingolipid species. 
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MANHATTAN PLOTS show the combined association signals (-log 1 0 of p-value) on they axis 

versus SNPs according to their position in the genome on the x axis (build 36). Novel genes are 

represented in red, while previously known loci are represented in black. 
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Phospholipids 

As shown in Table 2, 25 loci were nominally associated (P-value < 5 x 1 o-8) with absolute 

plasma levels and/or proportions of the phospholipid species. Among those loci, previously 

reported relationships between the FADS7, L/PC, PLEKHH7, GCKR, APOA7-5, and ELOVL2 loci 

and phospholipids were successfully replicated 71 • 73. Four novel genome-wide significant loci 

were also detected after a multiple testing correction to adjust for the approximate number of 

independent genotypes and phenotypes (n = 23) studied (P-value < 2.2 x 1 o-9). These included 

PAQR9 on 3q23 (associated with o/oPE 34:1 and o/oPE 36:1), AGPAT7 on 6p21.32 (associated with 

PC 32:0), PKD2L7 on 10q24.31 (LPC 16:1), and PDXDC7 on 16pl3.11 (LPC 20:3, PC 34:2, PC 36:3 

and PC 38:3). Fifteen additional regions provided suggestive evidence of association (2.2 x 1 o-9 

< P-value < 5 x 1 o-8) with phospholipids including the PNLIPRP2 locus, associated with o/oPC 

36:1; ZNF600 with PC/LPC ratio; ALG7 with PC 30:1; ABHD3 with o/oPC 32:2; KLF72 and DLG2, 

both associated with PC 0 42:5; /LKAP with PC 40:3 and o/oPC 40:3; /TGA9 with PLPE 18:0/22:6; 

ORB/2 with o/oPC 26:0; PCDH20 with PC 32:1; CDK1 7 and SYT9, both associated with PC 0 42:6; 

CDHB with the proportion of saturated LPC; KCNHl with o/oPC 0 36:5; and ALG74 with o/oLPC 

18:0. Regional association plots for all phospholipid loci are presented in Supplementary Figure 

2. 

Many of the genome-wide significant and suggestive loci in Table 2 were associated with 

the percentage of each lipid molecule within its own class (mol%) rather than to absolute 

values. Single SNP analysis of ratios showed that rs4500751 (PDXDC7) was strongly associated 

with PC 36:3/PC 34:2 (P-value = 4.37 x 1 o-25) and LPC 20:3/LPC 16:1 (P-value = 6.84 x 1 o-23) 

(Supplementary Table 2). Further, rs11662721 (ABHD3) was associated with the ratio of PC 32:2 

to PC 36:2 (P-value = 9.35 x 1 o-10), but also to PC 36:3 (P-value = 1.80 x 1 o-9) and PC 38:3 (P-value 

= 6.71 x 1 o-9). rs9437689 (ALG74) and rs603424 (PKD2L7) were associated with the ratios of LPC 

16:0 to LPC 18:0 (P-value = 2.70 x 10-8) and LPC 16:1 (P-value = 2.25 x 10-15), respectively. SNP 

rs1 0885997 (PNLIPRP2) was associated with PC 36:1/PC 34:1 (P-value= 3.28 x 1 o-10) and PC 36:1/ 

PC 34:3 (P-value = 1.15 x 1 o-9). SNP rs7337585 (PCDH20) was associated with the ratio of PC 

32:1 to several ether bound PC species (the strongest association was with PC 32:1/PC 0 32:0; 

P-value = 1.82 x 1 o-18) and, finally, rs2945816 (ORB/2) was associated with the ratio of PC26:0 

to several long chain PCs (the strongest association was with PC 26:0/PC 36:1; P-value = 2.93 x 

10-9). 

Sphingolipids 

Table 3 shows the 10 loci that were associated with either absolute plasma levels (panel A) or 

percentages (panel B) of sphingomyelin species or ceramides. Among those loci, 5 (ATP700, 

FADS7 -3, SGPP7, SPTLC3, LASS4) were previously described in genome-wide analyses 72• 73. These 

loci retained significance after adjustment for the number of genotypes and phenotypes tested. 
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In addition, five novel loci were identified at a nominal P-value of 5 x 1 o-8 (PAPD7, CNTNAP4, 

PLD2, LPAR2, and APOE). Two of these, APOE on 19q13.32 (associated with SPM 24:0 and SPM 

22:0) and PLD2 on 17p13.2 (associated with SPM 23:0), remained significant after correction for 

the number of phenotypes tested. The other three showed suggestive evidence of association 

(2.2 x 1 o-9 < P-value < 5 x 1 o-8) to either sphingomyelins or ceramides: PAPD7 on 5p15.31 (SPM 

17:0), the CNTNAP4 region on 16q23.1 (% Glu-CER 24:1, %Giu-CER) and LPAR2 on 19p13.11 (% C 

18:0). Regional association plots for the sphingolipid loci are presented in Figure 53. 

When studying the ratios of the index lipid to the other lipids within the same class, the 

strongest association for rs12051548 (PLD2) was found with the SPM 23:0/SPM 16:1 ratio 

(P-value = 2.43 x 1 o-10). SNP rs7259004 in the APOE locus was strongly associated with the ratio 

of SPM 24:0 to SPM 24:2 (P-value = 5.11 x 1 o-9) and SPM 16:1 (P-value = 4.79 x 1 o-8) but also with 

the ratio of SPM 22:0 to the same lipids (SPM 24:2: P-value = 2.91 x 1 o-8 and SPM 16:1: P-value 

=1.98x1o-8). 

HDL-C, LDL-C, TG andTC 

As a point of reference, the genome-wide significant findings (P-value < 5 x 1 o-8) from the 

GWAS of TC, LDL-C, HDL-C, and TG in these samples are provided in Supplementary Table 3. 

CETP was associated with HDL-C levels (P-value = 8.5 x 1 o-20), APOE was associated with LDL-C 

(P-value = 9.2 x 10-26) and TC levels (P-value = 4.6 x 10-11 ). APOA 7-5 (P-value = 1.6 x 10-8 ) and 

PDCD7 7 (P-value = 2.7 x 1 o-10 ) were associated with TG levels. Except for the PDCD7 7 locus, 

these associations have all been previously reported 14• 

To determine if the associations of the phospho- and sphingolipid loci were mediated by 

these major classes of plasma lipoproteins, conditional analyses were performed. Supplemen

tary Table 4 shows the effect size, standard error, and P-values for the genome-wide signifi

cant loci when adjusted for HDL-C, LDL-C, TG and TC. Only the association of the APOE locus 

(rs7259004) with SPMs was greatly affected by the incorporation of LDL-C and TC. No other 

major differences were observed in effect size or P-value. 

Pathway analyses 

Finally, we investigated whether the genes from the GWAS fit into previously known sphingo

lipid and glycerophospholipid pathways, which are available among the canonical pathways 

from various data bases provided by ConsensusPathDB 78• By testing for enrichment of known 

pathways, glycerolipid metabolism (P-value = 0.002; KEGG), chylomicron-mediated lipid 

transport (P-value = 0.003; Reactome), triglyceride biosynthesis (P-value = 0.006; Reactome), 

metabolism of lipids and lipoproteins (P-value = 0.002; Reactome) and biosynthesis of the 

N-glycan precursor (P-value = 0.005; Reactome) were found to be significantly enriched among 

the phospholipid related loci. Considering the sphingolipid associated loci, the same analysis 



implicated the sphingolipid metabolism (P-value =1.0 x 1 o-5; Reactome), metabolism of lipids 

and lipoproteins (P-value = 1.0 x 1 o-5; Reactome), and LPA receptor mediated events (P-value 

= 0.002; PID) pathways. These analyses suggested that, among genes from the same locus, 

SRDSA 1 is a more likely candidate than PAPD7 and LPAR2 is a more likely candidate than neigh

bouring ZNF1 01 and ATP13A 1 (Supplementary Tables 5 and 6). 

Supplementary Figure 4 places all of the nearest, or most likely, genes from genome-wide 

significant and suggestive loci in the Ingenuity glycerophospholipid metabolism pathway 29. 

Of the 25 loci associated with phospholipids at a nominal P-value < 5 x 1 o-8, 13 genes (KCNH7, 

AGPATT, PNL/PRP2, SYT9, FAD 52, DAGLA, DLG2, APOA 1, APOC3, ELOVL2, CDK17, LIPC and PLA2G 1 0) 

from 11 loci can be mapped to the glycerophospholipid metabolism pathway; among the 1 0 

loci associated with sphingomyelins or ceramides, 6 genes (FADS2, DAGLA, PLD2, LASS4, APOE, 

APOC2) from 4 loci can be mapped to the same pathway (Supplementary Figure 4). Supple

mentary Figure 5 maps the same genes onto the Ingenuity sphingolipid metabolism pathway. 

Of the 10 sphingomyelin or ceramide loci, 9 genes from 5loci (FADS1, FADS2, C11orf10, SGPP1, 

APOE, APOCT, APOC2, ,LASS4, and PLD2) can be placed in this pathway, as was the case for 12 

genes from 8 loci implicated in phospholipids (ILKAP, ITGA9, AGPATT, FADS1, FADS2, C11orf10, 

APOA 1, APOAS, APOC3, PCDH20, L/PC, and PDXDCT). 

Association with IMT, T2DM, and CAD risk 

The top 35 SNPs were assessed for association with IMT, T2DM, and CAD using the GWAS 

results from the CHARGE 79, DIAGRAM 80 and CARDioGRAM 81 consortia, respectively. For 

IMT, we observed a significant association (P-value = 7 x 1 0-<1) with the FADS1-2-3 locus SNP 

rs1 02275 (Supplementary Table 7). rs1 061808, located in the HLA region on chromosome 6, 

and two SNPs from the FADS1-2-3 region (rs174479 and rs1 02275) were associated with T2DM 

risk (nominal P-value < 0.05) (Supplementary Table 8). rs964184 from the APOA 1-5 region was 

previously reported to be associated with CAD risk (P-value = 8.02 x 10-10) by the CARDioGRAM 

meta-analysis study (Supplementary Table 9). For all three outcomes, the observed P-value 

distribution differed significantly from that expected under the null hypothesis (Kolmogorov 

Smirnov P-value::; 3.3 x 10·16;Supplementary Figure 6). 

DISCUSSION 

This genome-wide association study of 148 phospho- and sphingolipid measurements in 

five European populations yielded 25 loci associated with phospholipids and 10 loci associ

ated with sphingolipids using a nominal P-value of 5 x1 o-8• After correction for the number 

of independent phenotypes, the novel genome-wide significant loci included: PAQR9, AGPATT, 

PKD2L1, PDXDCT, APOE and PLD2. In addition, further analysis of suggestive SNPs with lipid 

ratios showed significant association for an additional 3 loci (ABDH3, PNL/PRP2, and PCDH20}. 
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The strongest association in the PAQR9 locus was observed between rs9832727 and the 

proportion of mono-unsaturated PEs, especially with the ratios PE 34:1 /PE 34:2 and PE 36:1 /PE 

36:2. The protein coded byPAQR9 is an integral membrane receptor and functions as receptor 

for the hormone adiponectin, suggesting a molecular link with obesity and T2DM 82• However, 

we did not observe an association between T2DM risk and this variant. 

In the AGPAT7 locus, rs1 061808 was associated with the proportion of PC 32:0, and, espe

cially, with the ratio of PC 32:0/PC 34:1. AGPAT7 is directly connected to phospholipid metabo

lism (Supplementary Figures 4 and 5), as the product of this gene converts lysophosphatidic 

acid (LPA) into phosphatidic acid (PA) 83. The locus lies 400 kb distant from the HLA-DRB7 gene 

which was previously associated with insulin secretion 84• A suggestive association between 

rs1 061808 and increased T2DM risk was observed in the DIAGRAM consortium meta-analysis 

results. 

We found two loci that strongly influence plasma LPC levels: PKD2L 7 and PDXDC7. An 

intronic variant, rs603424 in the PKD2L 7 gene, was strongly associated with LPC 16:1. Pathway 

analyses suggest that another gene in the same region, SCD (FADS-5), 25 kb away, may be a bet

ter candidate since it encodes the stearoyi-CoA desaturase (delta-9-desaturase) enzyme which 

is involved in fatty acid desaturation. Other members of the FADS family are the strongest 

genetic regulators of phospholipid metabolism identified to date. In the PDXDC7 locus, the 

strongest association was observed for intronic SNP rs4500751. This variant is 300 kb distant 

from PLA2G70, a gene that plays a major role in releasing arachidonic acid from cell membrane 

phospholipids 85 and the protein can be mapped to both the glycerophospholipid and the 

sphingolipid metabolism pathways by Ingenuity (Supplementary Figures 4 and 5). In our study, 

the variant was strongly associated with the ratios of 20:3 fatty acid carrying LPCs, as well as PEs, 

and PCs, but not with the others, suggesting a fatty-acid specific mechanism for this enzyme. 

Another index SNP (rs7259004), associated with SPMs, maps to the well known APOE locus, 

which also includes three other lipid genes (APOC7, APOC2 and APOC4). Results from the 

conditional analyses (Supplementary Table 4) suggest that the effect of this variant on SPM 

22:0 levels is dependent on plasma LDL-C levels and that SPM 22:0 and SPM 24:0 are likely be 

abundant in LDL-C particles, which can also be inferred from their high phenotypic correlations 

with LDL-C (r = 0.6, P-value = 2.8 x 1 o-68 for SPM 22:0 and r = 0.6, P-value = 2.8 x 1 o-66.for SPM 

24:0). 

A second locus associated with the SPMs is PLD2 (phospholipase 02). PLD2 catalyzes the 

hydrolysis of PC to produce phosphatidic acid and choline and the PLD2 signalling pathway 

is involved in the destabilization of ABCA 7 and, therefore, plays role in generation of plasma 

HDL-C particles 86. PL02-related processes may be responsible, in part, for determining the SPM 

content of HDL-C. Unexpectedly, we did not observe an association between PC levels and the 

PLD21ocus. 

The analysis of the ratios of the phospholipids uncovered three additional associations 

significant at the adjusted genome-wide threshold (P-value < 2.2 x 1 o-9): ABDH3, PNLIPRP2 and 



PCDH20. The exact function of the ABDH3 and PCDH20 proteins, and how they relate to phos

pholipid metabolism, has not been determined. PNLIPRP2 (pancreatic lipase-related protein 

2) fulfils a key function in dietary fat absorption by hydrolyzing triglycerides into diglycerides 

and, subsequently, into monoglycerides and free fatty acids (Supplementary Figure 4) 87. We 

found that a synonymous coding SNP (rs1 0885997) in PNLIPRP2 was associated with the ratios 

PC 36:1/PC 34:1 and PC 36:1/PC 34:3, suggesting a fatty-acid specific turnover between these 

lipids. 

A closer examination of the findings published by Illig et al., supports the association signals 

within 100 kb of loci PDXDC1 (same SNP, P-value = 2.8 x 1 o-7), AGPAT1 (P-value = 4.9 x 1 o-7), 

PNLIPRP2 (P-value = 2.7 x 10-7), KLF12 (P-value = 5.9x10-7), ALG1 (P-value = 4.7 x 10-3), CDHB 

(P-value = 7.6 X 1 o-7), PLD2 (P-value = 9.4 X 1 0-4) and ZNF600 (P-value = 3.3 X 1 o-7) for various 

phospho- and sphingolipid outcomes. SNP rs603424 in PKD2L 1 was previously associated with 

acylcarnitine C 16:1, although this result was not replicated 73. 

The significant hits from the current study were further studied for potential associations 

with IMT, T2DM, and CAD. For all three outcomes, the P-value distributions differed significantly 

from the expected null distribution even after exclusion of nominally significant SNPs, suggest

ing that some of these variants contribute to these outcomes even when they do not achieve 

statistical significance. 

Among our top hits, rs1 02275 from the FADS cluster was associated with IMT in the CHARGE 

meta-analysis results 79• This finding demonstrates the involvement of the FADS locus in the 

development of atherosclerosis. 

In addition, the top SNP from the APOA 1-Siocus was implicated in CAD risk in the CARDio

GRAM study 81 • This locus, previously associated with TG levels 14, influenced two ether bound 

PCs and the PC/SPM ratio in our study. APOA 1 and APOA2 are the predominant proteins in 

HDL-C particles, which also transport TG. The association between the phospholipids and 

rs964184 remained significant after adjustment for TG levels, suggesting that this signal is not 

due solely to TG mediated effects. APOA 1 is also a cofactor for lecithin cholesterol acyltrans

ferase (LCAT) which converts cholesterol and PC to cholesteryl esters and LPC on the surface 

of HDL-C 88 and it is possible that the association we observe here is due to LCAT mediated 

phospholipid cleavage. 

Mapping the findings into the glycerophospholipid and sphingolipid metabolism pathways 

uncovered several enzymes, kinases, peptidases and G-protein coupled receptors that may also 

be relevant for phospho- and sphingolipid metabolism. Among those involved in sphingolipid 

metabolism (Supplementary Figure 5), HNF4A (hepatocyte nuclear factor-4) appears to be a 

common interacting factor for several genes (PCDH20, APOC1, AGPAT1, ITGA9, PLD2, C11 ORF1 0, 

APOC2, GCKR, APOE, APOC3 and LIPC) from our GWAS.It is already known that the extinction of 

many hepatic functions and their expression are correlated with expression of HNF4A which is 

a candidate transcription factor for further research on lipidomics 89• 
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In conclusion, we identified 15 previously undescribed loci that were suggestively associated 

(2.2 X 1 o·9 < P-value < 5 X 1 o·8) with phospho- and sphingolipid levels. These included interest

ing candidate genes such as LPAR2. These loci will require follow-up to definitively establish 

their relationship with these phenotypes. We also identified nine novel loci below the corrected 

genome-wide significance threshold (P-va/ue < 2.2 x 1 o-9). These loci considerably expand our 

knowledge of genes/regions involved in the determination of phospho- and sphingolipid 

concentrations and provide interesting avenues for future research into this important topic. 
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ABSTRACT 

The central nervous system has the second highest concentration of lipids after adipose tis

sue. Alterations in neural membrane phospho- and sphingolipid composition can influence 

crucial intra- and intercellular signalling and alter the membrane's properties. Recently, the 

polyunsaturated fatty acids (PUFA) hypothesis for depression suggests that phospho- and 

sphingolipid metabolism includes potential pathways for the disease. In 742 people from a 

Dutch family-based study, we assessed the relationships between 148 different plasma phos

pho- and sphingolipid species and depression/anxiety symptoms as measured by the Hospital 

Anxiety and Depression Scales (HADS-A and HADS-D) and the Center for Epidemiological Stud

ies Depression Scale (CES-D). We observed significant differences in plasma sphingomyelins 

(SPM), particularly the SPM 23:1 I SPM 16:0 ratio, which was inversely correlated with depressive 

symptom scores. We observed a similar trend for plasma phosphatidylcholines (PC), particu

larly the molar proportion of PC 0 36:4 and its ratio to ceramide CER 20:0. Absolute levels of PC 

0 36:4 were also associated with depression symptoms in an independent replication. To our 

knowledge this is the first study on depressive symptoms that focuses on specific phospho

and sphingolipid molecules in plasma rather than total PUFA concentrations. The findings of 

this lipidomic study suggests that plasma sphingomyelins and ether phospholipids should be 

further studied for their potential as biomarkers and for a better understanding of the underly

ing mechanisms of this systemic disease. 

INTRODUCTION 

Lipids make up roughly 50% of the brain's dry weight, making it the organ with the second 

highest lipid content next to adipose tissue 1, 2• It is known that alterations in neural membrane 

lipid components can influence crucial intracellular and intercellular signalling and alter mem

brane physical properties such as fluidity, phase transition temperature, bilayer thickness, and 

lateral domains3. Several psychiatric disorders have been related to disturbed lipids metabo

lism in neuronal tissue, in particular fatty acid and phospho- and sphingolipid metabolism4· 9• 

Polyunsaturated fatty acids (PUFAs) comprise 30% of brain fatty acid mass and determine the 

properties of the phospholipid bilayer. Their synthesis in brain from shorter chain precursors is 

limited and some speculate that plasma is the PUFA source for brain 10• How PUFAs are trans

ported to brain and pass the blood brain barrier is unclear. Suggested mechanisms are most 

likely PUFA specific (e.g. w-3 or-w-6) and include diffusion offree fatty acids, fatty acid transport 

proteins, and, finally, by lipoproteins 10, 11 . 

The nervous system of mammals is also rich in species with ceramide backbones, including 

sphingomyelin (SPM) 12 and glycosphingolipids13• Sphingolipids naturally segregate later

ally within membranes and they form membrane microdomains (or lipid rafts) that are also 

enriched with cholesterol. The conversion of SPM to ceramide (CER) leads to the formation of 



ceramide-rich lipid rafts, thereby altering the membrane dynamics14-17. Plasma concentrations 

of these phospho- and sphingolipids may directly or indirectly relate to concentrations or 

turnover in brain 18. 

The evidence of association between PUFA (w-3 and-w-6) and depressive disorder in differ

ent sources (serum, plasma, serum phospholipids) is inconsistent. A recent meta-analysis dem

onstrated a significant decrease in total w-3, but not w-6, PUFAs among depressed patients 19. 

However, various PUFAs play roles in different cascades when incorporated in phospho- and 

sphingolipids. Further, these lipids are metabolized by different fatty acid specific enzymes 

raising the question whether specific plasma phospho- and sphingolipid species are implicated 

in depression20• Using a lipidomics approach examining 148 different plasma phospho- and 

sphingolipid species, we searched for association between these lipids and symptoms of 

depression and anxiety in the Erasmus Rucphen Family (ERF) study. 

MATERIAl & METHODS 

Study population 

ERF is a family-based study which includes over 3000 individuals descendant from 22 couples 

living in the Rucphen region in the southwest Netherlands in the 19th century21 . Symptoms of 

depression and anxiety were assessed using the Hospital Anxiety and Depression Scale (HADS

D for depression and HADS-A for symptoms of anxiety) and the Center for Epidemiological 

Studies Depression Scale (CES-D) questionnaires22•23. 

A broad range of phospho- and sphingolipid species (n = 148) were measured in 820 par

ticipants. Lipid species were quantified by electrospray ionization tandem mass spectrometry 

(ESIMS/ MS) using methods validated and described previously24-27. Correction of isotopic over

lap of lipid species as well as data analysis was performed by self-programmed Excel macros for 

all lipid classes according to the principles described previously26• Further details can be found 

in the supplementary methods. Additionally, in an independent sample of 1 000 ERF individu

als, targeted metabolite profiling by electrospray ionization (ESI) tandem mass spectrometry 

(MS/MS) was performed using a quantitative metabolomics platform (Biocrates Life Sciences AG, 

Austria). 753 individuals with both Biocrates measurements and depression questionnaire data 

served as a partial replication dataset for species measured in both platforms. 

In addition to the measured lipids, the proportions of each lipid in its own class, (for example, 

the proportion of SPM 23:1 among total SPM) were calculated. These proportions are valuable 

in assessing differences in concentrations that are related to within-class turnover. Partial corre

lation analysis, corrected for age and sex, were performed using R (http:Uwww.r-project.org/). 

Significant associations between the HADS-D, HADS-A and CES-D scales and lipids were further 

assessed with the SOLAR (Sequential Oligogenic Linkage Analysis Routines) 4.1.5 software 

package (Southwest Foundation for Biomedical Research, San Antonio, Texas, USA)28 using 



the "polygenic" option to adjust for relatedness. Due to computational limitations, the whole 

pedigree was split into non-overlapping sub pedigrees using the PedCut program29,30• Many 

of the lipid levels measured in our study are highly correlated with each other. For this reason, 

we used a data reduction strategy to estimate the number of independent observations. In 

total, 23 principal components accounted for 79% of the phenotypic variance of all lipids. As 

we studied 3 outcomes for depression and anxiety, we defined the threshold for statistical sig

nificance as 0.05 I (23 x 3), i.e. 7.25 x 104 for the single species and as 0.05 I (((23 x 23)- 23) 12); 

i.e. 6.59 x1 o-s for the lipid ratio matrix. Final stage meta-analysis ofthe discovery and replication 

set were performed using the correlation coefficients (r) and sample size, through Fisher's r to 

Z transformation31 . 

RESULTS 

Table 1 shows general characteristics of the study populations. In general, individuals in the 

discovery set were older, more likely to be women, had higher mean levels of depression scales 

and had lower education levels, which we think is a measure of socio-economic status. Phosho

and sphingolipids measured in the ERF discovery sample, and also their proportions in their 

own class, were tested for association with depression and anxiety symptoms, as measured 

by HADS-D, HADS-A and CES-D. This effort yielded correlations ranging between -0.14 and 

0.10 (see Supplementary Table 1 ). After correcting for the estimated number of independent 

associations tested, two lipids were significantly correlated (P-va/ue < 7.25 x 1 04 ), which are 

independent of each other when jointly entered into a regression model. The most significant 

correlation was observed with o/oSPM 23:1 (r = -0.14, P-va/ue = 1.3 x 1 04 , for the HADS-D scale). 

The same lipid was also suggestively associated, in the same direction, with HADS-A (r = -0.12, 

P-value = 7.6 x 1 04 ) and CES-D (r = -0.11, P-value = 2.2 x 1 o-3). The other significant association 

was observed with both the absolute value and percentage of PC 0 36:4. The percentage of 

this lipid in its class significantly correlates with HADS-A (r = -0.14, P-value = 1.7 x 1 04 ), but 

also suggestively in the same direction to the depression scales (r = -0.11, P-value = 3.4 x 10·3 

for HADS-D and r = -0.11, P-value = 2.7 x 1 o-3 for CES-D). Similar findings were also observed 

for absolute PC 0 36:4 levels (r = -0.13, P-value = 3.4 x 104 for HADS-A; r = -0.12, P-va/ue = 7.5 

x 104 for HADS-D; and r = -0.9, P-va/ue = 0.01 forCES-D). When adjusting for relatedness, all of 

these associations remained significant (Table 2). Results from all partial correlation tests are 

presented in SupplementaryTable 1. 

We additionally analyzed the lipid I lipid ratios, which may be informative for the molecular 

turnover between species. Figure 1 shows the lipid I lipid ratios as a function oftheir correlation 

with the HADS-D scale. Supplementary Table 2 shows the findings from lipid I lipid ratio cor

relation analyses with P-va/ue < 0.001. We observed that an increase in the SPM 23:1 I SPM 16:0 

ratio was associated with decreased depression symptoms, measured by HADS-D (r = -0.16, 

P-value = 1.04 x 1 o·5,Supplementary Figure 1 A), and also suggestively with the other scales (r = 



TABlE 1 Descriptives of the study population. 

HAD S-A 7.31 (4.66) 6.39 (4.21) <0.001 

HADS-D 6.68 (455) 5.69 (4.05) <0.001 

CES-D 11.65 (9.72) 9.96 (9.18) <0.001 

Age, years 53.09 (14.97) 48.13 (14.00) <0.007 

LDL-C, mmoi/L 3.78 (0.98) 3.70 (1.02) 0.09 

HDL-C, mmoi/L 1.28 (0.35) 1.26 (0.37) 0.27 

TG,mmoi/L 1.42 (0.86) 1.35 (0.81) 0.11 

TC,mmoi/L 5.66 (1.08) 5.55 (1.12) 0.03 

Women(%) 447(60) 392 (52) 0.002 

Anti-depressant use (%) 57(7.6) 49 (6.5) 0.43 

Education (%) 

Elementary 259 (36.7} 207 (28.6) <0.007 

Intermediate 422 (59.9) 468 (64.7) 

Higher 23 (3.2) 48 (6.6) 

Means and standard deviations (50) are given for the continuous measurements and percentage is given 

for gender. TC; total cholesterol, HDL-C. high density lipoprotein cholesterol, LDL-C; low density lipoprotein 

cholesterol, TG; triglycerides. *Independent samples t-test was used to test for the difference of means for 

continuous variables, Pearson's chi2 test was used for the categorical variables. 

TABlE 2. Lipids correlated with depression and anxiety symptoms 

P-value P-value* P-value P-value* P-value P-value* 

%SPM23:1 ·0.14 1.32 X 104 8.00X104 -0.11 2.20X 10"3 1.40x 10·3 -0.12 7.55 X 10-4 8.00x 10-4 

PC 0 36:4 -0.12 7.51 x10_. 3.27x 10·' -0.09 1.13x10"2 9.48x 10"3 -0.13 3.37 x104 1.12x10·3 

%PC036:4 -0.11 3.39x 10"3 2.04x 10·1 -0.11 2.65X 10"3 1.27 X 10"2 -0.14 1.69x 104 5.39x 10·3 

Significant findings after correction for multiple testing are shown in bold. r, correlation coefficient, P-value, 

nominal p-value, * P-value when adjusted for relatedness. 

-0.13, P-va!ue = 3.0 x 1 0-4for HADS-A, and r= -0.12, P-va!ue = 1.2 x 1 o-3 forCES-D). This finding is 

in line with the association with the %SPM 23:1 seen in Table 2. Similarly, the ratio of PC 0 36:4 

to CER 20:0 (r = -0.16, P-va!ue = 1.08 x 1 o-s, Supplementary Figure 1 B) inversely correlates with 

depression as measured by HADS-D and was also associated in the same direction with the 

HAD S-A and CES-D scales (P-va/ue < 0.01 ). 

In general, the ratios of some ether phospholipid species, especially those likely to carry 

arachidonic acid (such as PC 0 36:4, PC 0 36:5, PC 0 38:4, PC 0 38:5) and its precursor linoleic 

acid (PC 0 34:2, PC 0 36:3, PLPE 18:1 118:2) to some CERs, and acyl-acyl PUFA phospholipids 

(such as PE 40:4, PE 40:5, PE 40:6, PE 34, PE 36:2, PC 36:2), showed a trend of inverse correlation 

with depression (Figure 1 ). Among those ratios, SPM 23:1 I SPM 16:0, PC 0 36:4 I CER 20:0, PC 

0 36:4 I SPM 16:0, PC 0 36:4 I PE 40:4, PC 0 36:4 I CER 22:0, PC 0 38:5 I SPM 16:0 and PC 0 38:5 



FIGURE 1. Correlation between lipid/lipid ratios and HADS-D. 

In the figure, the names on they axis show the lipid in the numerator and the ones on the x axis show the 

denominator of each lipid fraction analyzed and plotted as a function of the correlation coefficient. 

I CER 20:0 for HADS-0 and PC 0 36:4/ PC 36:2 for HADS-A remained significant after correction 

for multiple testing (P-value < 6.59 x1 o-5), as shown in Supplementary Table 2. 

In a second, independent dataset drawn from the ERF population, plasma levels of PC 0 36:4 

also showed suggestive evidence of association with depression and anxiety complaints with 



the same direction of effect (r = -0.07, P-va/ue = 0.040, for CES-D, r = -0.07, P-va/ue = 0.052 for 

HADS-A), however, the significance with HADS-D did not reach the nominal cut-off of 0.05 (r = 

-0.03, P-va/ue = 0.38). Meta analysis of the two samples (n = 1495) suggested association with 

all three scales (P-value = 0.001 for CES-D, P-value = 9.8 x 1 o-s for HAD S-A and P-value = 0.002 

for HADS-D). Among the available lipid ratios in the replication sample (PC 0 36:4 I SPM 16:0, 

PC 0 38:51 SPM 16:0 and PC 0 36:4 I PC 36:2), PC 0 36:4 I SPM 16:0 was also associated with 

CES-D, but not with the other scales (r =-0.07 P-value = 0.048 for CES-D, r =-0.05 P-value = 0.19 

for HADS-D and r=-0.06 P-value = 0.09 for HADS-A). 

DISCUSSION 

These analyses showed that there is an inverse correlation between depression and anxiety 

symptoms and both PC 0 36:4 and SPM 23:1. In an independent sample, the absolute con

centrations of PC 0 36:4, and its ratio to CER 20:0, were also nominally associated with CES-D. 

Combining the two samples yielded a highly significant and consistent correlation with the 

depression and anxiety scale with the P-value for the HAD S-A scale improving (meta-analysis 

P-value = 9.8 x 10·5). 

PC 0 36:4 is an alkyl-acyl PC (ether phospholipid) and generally includes an ether bound 

16:0 fatty acid in the sn-1 position and an ester bound arachidonic acid (20:4) in the sn-2 posi

tion instead of ester bound fatty acids in both the sn-1 and sn-2 positions. Ether lipids constitute 

a very small fraction of the plasma phospholipids (-2% of total PC, predominantly PC 0 36:4), 

but they have higher proportions among the brain phospholipids, especially in the form of 

PLPEs6• 32• PC 0 36:4 is a potential target for phospholipases A2 (PLA2, EC 3.1.1.4), a superfamily 

of enzymes that specifically hydrolyze acyl (ester) bonds in the sn-2 position, producing free 

fatty acids and LPCs. Some PLA2 isoforms were also found to exhibit a selectivity for ether 

lipids in purified protein extracts33• In the case of PC 0 36:4, this fatty acid is arachidonic acid, 

which is then rapidly converted into inflammatory mediators, prostaglandins and leukotriens, 

but also directly modulates neural cell function by various mechanisms, such as altering the 

fluidity and polarization state of membranes, activating protein kinase C, stimulating calcium 

release, activating several other enzymes and regulating gene transcription34• Lithium, which 

is mostly used for bipolar depressive disorder (BPD) but is also used for treatment of unipolar 

depression35 is thought to inhibit the over-activity of arachidonic acid-specific PLA2 in the brain 

in vivo36• 37. Altered expression of PLA2 was already shown in the cortex of post-mortem BPD 

patients38• 

In addition to PC 0 36:4, we observed that the PC 0 36:4 I CER 20:0 ratio inversely correlates 

with depression scores. It has been shown that ceramide increases sPLA2 (secretory PLA2) 

activity and alters the fatty acid specificity towards the arachidonyl at the sn-2 position39. The 

PLA2 family includes vinyl ether phospholipid specific enzymes, specialized in arachidonic 

acid release from plasmalogens. However, the one responsible for the cleavage of alkyl-acyl 



PC remains unknown. PLA2, it has been suggested, works in concert with another enzyme, 

CoA-independent transacylase, resulting in platelet activating factor (PAF) 40• PAF is another 

tightly controlled potent inflammatory mediator and involved in neural cell migration, gene 

expression, calcium mobilization, and long-term potentiation in brain41 •42• 

We also observed a negative correlation between SPM 23:1 and depression scale scores, 

and, particularly, the ratio of SPM 23:1 to SPM 16:0. Previously, increased activity of the lipid 

metabolizing enzyme acid sphingomyelinase, which degragades SPM to phosphocholine 

and ceramide, was found among depressed patients, compared to healthy controls 4• It was 

also suggested that antidepressant drugs induce a dose dependent decrease in acid spingo

myelinase activity5• 43 . Our findings are independent of the use of anti-depressive medication. 

However, the number of persons taking medication is relatively small (7.6 %). Our analysis 

suggests a mechanism involving sphingomyelin degradation in a fatty acid specific way. Of 

note, we also observed that HDL-C is inversely correlated with the depression scales (r= -0.06, 

P-value = 0.003, for HADS-D, r = -0.04, P-value = 0.042 forCES-D), but not with the anxiety scale. 

PC 0 36:4 I CER 20:0 is strongly correlated with HDL-C levels (r= 0.30, P-value = 7.45.17), but SPM 

23:1 I SPM 16:0 is not. 

Human studies to date have noted the importance of essential w-3 fatty acids (20:5 w-3 and 

22:6 w-3) for several neuropsychiatric traits, including depression, and focused on the w-3/ w-6 

ratio in plasma, serum or brain tissue to understand their relationship with depressive pathol

ogy19·44. To our knowledge, there is no study with which to directly compare our lipidomics 

findings that examined a wide range of phospholipids in a hypothesis free approach. Our results 

show a disruption in the distribution of PUFAs among phospho- and sphingolipids, apparently 

affecting alkyl-acyl PCs and SPMs; SPM 23:1, PC 0 36:4, CER 20:0, SPM 16:0, PE 40:4, CER 22:0, PC 

0 38:5 and CER 20:0 in relation to depression pathogenesis. Of these phospholipids, the genetic 

origin of ether PUFA PCs is partly known45 (e.g. PLEKHH 1, a protein with unknown function but 

highly expressed in the brain and cortex) opening avenues for animal models and intervention 

studies. 

One limitation of the study is that the measurement of the lipid species can not give exact 

information on the fatty acid chains involved and, for PC species, can not exclude the pos

sibility that the annotation is not precise; in such case the mass of PC 0 36:4 also fits to PC 

35:4 (see Materials and Methods). Another general issue is the small difference in the baseline 

characteristics of the two study samples, such as age, education levels and depression scores, 

which may be due to random fluctuation but may have affected the power of our study. We did 

not observe a difference in the mean levels of PC 0 36:4; however that does not exclude the 

fact that lipidomics measurement platforms between the discovery and replication sets were 

different. 

The small changes we observe in human plasma might be a reflection of overactive ether 

lipid cleavage/turnover in brain and is likely to relate to the inflammatory path of depression 

pathogenesis, and may also provide a clue regarding the comorbidity of depression and 



cardiovascular disease. Our study is unique in terms of the specific phospho- and sphingolipid 

molecules we studied with respect to depression and our findings suggest that focusing on 

fatty acid turnover mechanisms in phospho- and sphingolipid metabolism may lead us to a 

better understanding of the aetiology of depressive disease. 
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This thesis applies a variety of methods for understanding the genetics of two complex 

phenotypes: lipids and depressive symptoms. The methods utilized include polygenic score, 

linkage and family- based association analysis, as well as next generation sequencing and 

meta-analysis of genome wide association studies (GWAS), depending on the study design. 

The main objective of this thesis was to discover genetic variants involved in depression and 

circulating lipids, and to explore if it is possible to discover new endophenotypes for depression 

using metabolomics data. In this chapter, the main findings are summarized and methodologi

cal issues are addressed. 

MEASUREMENT OF DEPRESSION BY SELF QUESTIONNAIRES 

Major depressive disorder (MDD) is an outcome of clinical and social interest, with a substantial 

burden of pathology to society in terms of medication and therapy costs and a diminished 

work force. In psychiatric research, there is increasing interest in quantitative phenotypes, as 

the dichotomization of affected and normal is artificial. Throughout this thesis, we used quan

titative phenotypes, such as self reported questionnaires, rather than depression diagnoses. 

These outcomes are available in various epidemiological studies. Studying depression at the 

population level offers the opportunity to explore large data sets, and, additionally, the possibil

ity to include subclinical persons with a liability to depression. 

Using self-questionnaires also poses disadvantages compared to the MDD diagnosis. For 

instance, in terms of specificity, scoring high on these questionnaires could, by definition, be 

an indicator of various psychiatric conditions. The questionnaires only take into account a 

limited period in time (approximately two weeks), which means that they only measure current 

depressive symptoms and do not give any information about the age of onset or recurrence. 

A further limitation is that persons with bipolar depression can also score high for depressive 

symptoms depending on their episode, which could be either depressive or manic. Another 

problem is that individuals on anti-depressive medication because of their MDD diagnosis 

may score lower than expected and may, therefore, be classified as having less symptoms for 

depression or as not-depressed. This implies that we have to adjust, either by imputation or 

by exclusion of patients. The latter will result in a reduction of power as these are the most 

informative subjects. However, imputation is trivial and until now it has not been used widely. 

In summary, using endophenotypes for gene discovery to increase power can be a useful 

approach and may help us discover new candidate genetic variations associated with depres

sive symptoms. However, the endophenotypes also come with a price and have limitations. 

Ultimately, new candidates can be tested in case-control studies of MDD to study their impact 

on the clinical phenotype. 



UPIDOMICS MEASUREMENTS 

The measurement issues in lipidomics research are different. The lipidomics traits studied in 

chapters 4.1, 4.2 and 5 were measured by electrospray ionization tandem mass spectrometry 

(ESIMS/ MS) using validated previous methods 1-4. Although more exact than the measurement 

of depressive symptoms, there are two limitations of these measurements. First, for species 

containing double fatty acid chains, it is not possible to determine exactly the fatty acids 

involved. For instance, PC 36:4 can be assigned to PC 16:0/20:4, but also to PC 18:0/18:4 or PC 

18:1/18:3. We know that the dominant fatty acid in plasma in the sn-1 position ofPCs is 16:0, fol

lowed by 18:0 and 20:4 in the sn-2 position but we have to accept that the traits measured with 

this method are fractions rather than single molecules. Another imitation of the measurement 

of lipid traits is the possible ambiguity of the ether bond containing species. The performed 

analysis does not always allow an exact assignment. In our study, an "O"is added to the subspe

cies name, e.g. PC 0 36:5 and PC 0 32:1. This denotes that the two species are most likely to 

be assigned to PC species containing an ether bond (alkyl) and may constitute plasmalogens. 

However, we cannot exclude the possibility that PC 0 36:5 may be assigned to PC 35:5, an 

unlikely odd carbon number species. Similarly, PC 0 32:1 may be assigned to PC 31:1. 

In chapter 5, for replicating our findings with depressive symptoms, we used an indepen

dent sample from the same population, measured with a different quantitative metabolomics 

platform (Biocrates Life Sciences AG, Austria). Sixty-two lipid traits overlapped between our 

initiallipidomics dataset and the Biocrates platform, clustered in PCs, LPCs and SPMs. In order 

to check the consistency between the two measurements, 30 people were measured by both 

methods from the same blood samples. We observed high correlations for 34 species (r > 0.7) 

and unexpectedly low correlations for 6 species (r < 0.1) species. Our lipids of interest, PC 0 36:4 

and PC 36:4, are dominant species in their classes and they showed high correlations (r= 0.845 

and r= 0.847, respectively) between platforms. For PC 0 36:4, we think the ambiguity is limited 

and the measurements are consistent. 

HUMAN GENETIC VARIATION 

We have used 3 approaches to characterize the genome: (1) lllumina linkage panel, (2) !!lumina 

318K, Ilium ina 370K and Affymetrix 250K SNP panels, and (3) exome sequencing. The linkage 

panel we used for the studies in this thesis is based on 6000 SNPs. This coverage is sufficient for 

linkage in families as relatives share large segments of DNA. On the other hand, the GWAS and 

meta-analysis presented here are based on imputed genotypes, according to the HapMapll 

CEU reference panel of 60 individuals. Imputation with this panel yields 2.5 million SNPs, which 

is much denser compared to our genome-wide linkage panel. Such density is needed for 

genome-wide studies in populations. 



GWAS are designed to assess the common SNPs in the human genome. Thus, studies with 

these genotypes naturally uncover associations with common SNPs (frequencies larger than 

1 %). The estimated effect sizes of these common SNPs have been sometimes disappointing. 

However, according to Fisher this is fully expected5. His multifactorial model states that: (1) 

several, but not an unlimited number, of loci are involved in the expression of the trait, (2) there 

is no dominance or recessivity at each of these loci, but rather a co-dominant effect, (3) the loci 

act in concert in an additive fashion, each adding or detracting a small amount from the phe

notype, and (4) the environment interacts with the genotype to produce the final phenotype. 

Genome wide association is not facing its limits. There are still many more common variants 

that have not been discovered by GWAS, because their effect sizes are too small and need 

larger samples to be identified. A question is whether enlarging sample size will uncover genes 

for depression. Remarkably, the genomic architecture of the human lipidome shows loci with 

larger effects. The re-discovery of the FADS 7-2-3 locus for polyunsaturated fatty acid metabo

lism shows a single common SNP that explains up to 23% of the variation (chapter 4.2). This 

corresponds to 54% of the narrow sense heritability. This finding highlights the fact that the 

lipidome is under strong genetic control. Studies ofthese endophenotypes may uncover genes 

relevant for clinical phenotypes such as cardiovascular, endocrinal (diabetes) and neurological 

(Alzheimer and MDD) diseases. 

GWAS provide preliminary genetic information that is available for additional analysis. 

The variants identified by GWAS are often located in intergenic regions, since only 1 o/o of the 

genome codes for proteins. They may not be the causal variant and the association may be due 

to another variant which is in incomplete LD with the GWAS hit. Alternatively, these SNPs may 

be involved in regulating genes either in close proximity (cis) or more distantly (trans). Dense 

genotyping of a candidate locus can be useful to identify the real variant. Due to the stringent 

P-values for association (P-value < 1 o·7 or P-value < 5 x1 o·8) many causal variants do not meet 

this criteria. Pathway enrichment analysis, for particular pathways can be used to evaluate this 

evidence of non-significant genes, as was mentioned in chapter 3.2. 

A major problem encountered in linkage is the large regions identified, making it difficult 

to pinpoint the causal gene. We overcame this problem by combining linkage and association 

analysis in the ERF study (chapters 31. and 4.1). Dense numbers of SNPs in GWAS panels can 

be used to fine-map the linkage regions, and may help to find better proxies for the real causal 

variation. 

Today, large scale sequencing is becoming more feasible and it is expected to be a common 

option in the future. Rare coding variants, which will be seen in only a small fraction of the 

affected individuals or in individuals with high values of the quantitative phenotype, will provide 

important information for the genetic etiology. On one hand, sequencing can be used to find 

novel loci. On the other hand, this technique opens opportunities to investigate many regions 

of interest identified by GWAS 6. However, if we want to follow a hypothesis free approach, 

as has been done in GWAS, one of the most important limitations of rare variant analysis will 



be the insufficient power to detect rare variations. Collapsing methods that combine multiple 

rare variants in a particular gene or genomic location are being developed for this reason. 

Discovery of rare variants with these methods also requires severe multiple testing corrections, 

for instance a genome-wide P-value threshold of 2.4 x1 o-6 when taking into account 20 712 

genes tested together. Until now, the exome data we have derived has been useful in families 

with major diseases. Exomes are much more difficult to interpret in the general population. The 

first sequence data from humans showed that not all rare variants are damaging and even stop 

codons can occur in healthy individuals. 

MAIN FINDINGS 

Genetic architecture 

In Chapter 2.1, we sought to investigate the genetic architecture of depression and the potential 

overlap in genetic risk factors with anxiety. First, we showed the evidence for a genome-wide 

signature using genetic risk scores for depression and anxiety. This genome-wide signature 

was constructed of many common variants with small effects. One interesting finding in this 

study was that up to 2.1 o/o of the anxiety phenotype was explained by the additive genetic 

score derived from the GAIN-MOD GWAS7, suggesting a shared background between these 

two disorders. 

In the study described in chapter 2.2, we employed the same methodology for the serum 

lipoproteins. This time, we used the ENGAGE lipid GWAS8 as the discovery set. We could explain 

up to 4.8% of the variance in HDL-C, 2.6% in LDL -c, 3.8% in TG and 2.7% in TC, comparable to 

previous studies9, 10, however lower than the 12.4% (TC), 12.2% (LDL-C), 12.1 o/o (HDL-C), and 

9.6% (TG) of the variance estimated in the Framingham Heart Study sample11 using data from 

the GLGC GWAS12• We think this is due to the fact that increases in sample size lead to better 

estimation of the effect sizes of the SNPs and the GLGC had a sample size 5 times larger than 

the ENGAGE sample. For all ofthe studied traits, we found the highest explained variance when 

the polygenic score was based on SNPs with low P-values (5 x 10·8 for HDL-C, 1 x 10·7 forTG, 1 

x 1 Q-6 for LDL-C and 1 x 1 o-s for TC) which led us to conclude that, for circulating lipids, GWAS 

has succeed the discovery of common variants and new studies with increased sample sizes 

are promising to dissect the true positive signals from common variants above the threshold. 

On the other hand, apart from those variants with considerable effect sizes, we also showed a 

residual polygenic component which was visible after adjusting for the top significant effects. 

We conclude that for classical lipids, there are also variants with very small effects, which we 

may be underpowered to discover. 



Gene discovery studies for depressive symptoms 

Chapter 3 mainly focuses on the genetics of depression as measured by depressive symptoms. 

In Chapter 3.1, we employed a linkage approach for gene discovery for depressive complaints, 

as measured by the CES-D and HADS-D scales. We identified 3 significant (9q21, 13q33, 16q21) 

and 6 suggestive regions (1 p36, 3p 14, 5q34, 9q32, 1 Oq22, 22q 11) either for CES-D or HADS

D scales. Both CES-D and HADS-D are used for scanning in the general population, but the 

latter does not contain questions on somatic complaints, which means that it also useful for 

hospital screenings. This difference is also reflected in our results; even though the LOD scores 

are correlated, the significance does not emerge in the same locus. Our search for common 

variation inside the linkage regions combined with brain eQTL data suggests that PRUN£2, 

C160RF80 and NDRG4 may be involved in the pathogenesis of depression. Using exome 

sequence data, we also identified a damaging mutation inside the coding sequence of the 

ATP708 (5q34) gene, which relates to higher depression complaints among the carriers in a 

single large pedigree. ATP7 08 is brain expressed and encodes a phospholipid flippase protein 

and may be involved in neuronal signalling, but it was not our candidate gene inside the 5q34 

region which also included gamma-amino butyric acid (GABA) receptors. GABA is the major 

inhibitory neurotransmitter in the mammalian brain and GABA receptors have been implicated 

in several neurologic and psychiatric outcomes13· 18. Parologs of ATP708, ATP70A and ATP700, 

also cluster together with GABA receptor subunit genes on 15q12 and 4p12 which relate to 

Angelman Syndrome, recurrent MOD and alcohol dependencel4. 19.21 • A study of childhood 

onset schizophrenia also reported uniparental isodysomie of the 5q32-qter which also includes 

our candidate region of interest22. All taken together, 3 regions on human genome (4p12, 5q34 

and 15q12) show sequence and functional homology, as well as association with psychiatric 

phenotypes, and two of them (15q12 and 5q34) show evidence for non-Mendelian inheritance 

(genomic imprinting). We think these regions are interesting candidate regions for psychiatric 

and/or neurologic research, but also suggest a functional link between phospholipid mem

brane dynamics and ion channels. 

Chapter 3.2 describes the largest meta-analysis of depressive symptoms to date, which we 

performed within the CHARGE Consortium. In this GWAS of depressive symptoms, we com

bined the results of 17 population-based studies with 34 549 individuals to find common vari

ants for depressive symptoms. Including the 5 replication cohorts, this effort comprised data 

from 51 258 independent individuals. One SNP in the Sq21 region showed suggestive evidence 

for association with depressive symptoms in the replication set and reached genome wide 

significance when tested over all cohorts. We could not replicate associations with candidate 

genes that were previously reported to be associated with depression. However, our pathway 

analysis on the results of the overall meta-analysis showed that biological processes that play a 

role in depression, such as neurotransmitter secretion, vitamin transport and synaptic transmis-



sion, were overrepresented amongst our top hits, but variants in these genes did not reach the 

genome-wide significance threshold. 

The recent study presented in chapter 3.3 is conducted within a partially overlapping 

sample with the study in chapter 3.2, from the CHARGE Consortium. For this study, we per

formed GWAS on dimensions of depressive symptoms to find common variants that increase 

the vulnerability to a particular symptom cluster: somatic symptoms, positive effect and 

negative effect. rs713224, in the MTNR7A gene, showed genome-wide significant association 

in the meta-analysis of the combined sample. However, the association with rs713224 was not 

replicated in the additional 8 separate samples, with evidence for heterogeneity. 

Gene discovery studies for the circulating human lipidome 

Chapter 4 shows two different studies of gene discovery for circulating lipids based on the mass 

spectrometry data of 148 species of phospholipids and sphingolipids. In our study described 

in chapter 4.1, we performed quantitative linkage methods on the ERF pedigree. We also, for 

the first time, estimated the heritability of these traits. We determined that for PLPE 16:0/20:5, 

SPM 24:3, SPM dih 18:0, SPM dih 22:0, SPM 22:2, SPM dih 16:0, PC 0 38:1, PLPE 18:1/20:5, PE 

34:0, SPM, 24:3, SPM 17:0, PE 42:6, PC 36:0, PC 34:0 and PC 40:5, the heritability was estimated 

less than 5%, which makes them less suitable for genetic research. Two out of our top 9 link

age loci, were previously uncovered through association by both us and others (FADS 1-2-3 on 

11 q23 and LPAR2 on 19p12). Among the suggestive linkage loci, 14q23.1- 14q24.2 was linked 

to PC 0 34:2, PC 0 36:2, PC 0 38:3 and PC 0 36:3. This locus harbors PLEKHH1, which we previ

ously showed was associated with other alkyl-acyl PCs, PC 0 36:5 and PC 0 32:1, in our recent 

GWAS23, as described in chapter 4.2. Three linkage loci are interesting since literature search 

revealed evidence for their involvement in carcinogenesis. The 17q21.31 locus includes BRCA 1, 

which is a well known risk gene for early onset breast cancer, but has also been shown to influ

ence fatty acid biosynthesis and lipogenesis in normal cells24, 25• The 6q16.3-21 locus includes 

tumor suppressors HACE1 and PRDM1. Finally on 11q21, the linkage SNP rs483884 maps to 

the MAML2 gene, which is involved in the carcinogenesis pathway through co-activation of 

NOTCH proteins26. The phenotypic relationship between the lipid traits we studied and cancer 

is unknown, but knowing the involvement of the phospho- and sphingolipids in cell signalling, 

a causal relationship is not unlikely. 

Chapter 4.2 summarizes our genome wide meta-analysis within the EUROSPAN Consortium. 

GWAS of targeted metabolomics data of related traits has been performed before, however 

with smaller sample sizes27, 28. Considering the overlapping metabolic species in our study and 

previous studies, we were directly able to observe the increased in power in our results, possi

bly due to the increased sample size. We replicated the previously known loci for particular lipid 

traits, such as FAD 57, LIPC, PLEKHH1, GCKR, APOA 7-5, and ELOVU with smaller P-values. We also 

showed association for the first time with PAQR9 on 3q23 (associated with %PE 34:1 and %PE 



36:1 ), AGPATI on 6p21.32 (associated with PC 32:0), PKD2L I on 1 Oq24.31 (LPC 16:1 ), PDXDC7 

on 16pl3.11 (LPC 20:3, PC 34:2, PC 36:3 and PC 38:3), APOE on 19q13.32 (associated with SPM 

24:0 and SPM 22:0), PLD2 on 17p13.2 (associated with SPM 23:0). Eighteen additional regions 

provided suggestive evidence of association (2.2 x 1 o-9 < P-value < 5 x 1 o-8) including the 

PNLIPRP2, ZNF600, ALGI, ABHD3, KLF12, DLG2, ILKAP, ITGA9, PLPE, ORB/2, PCDH20, CDKil, SYT9, 

CDHB, KCNHl, ALGI4, PAPDl, CNTNAP4 and LPAR2 regions. With a closer look of the findings 

published by Illig et al., we can see the association signals within 1 00 kb of the loci containing 

PDXDC7 (same SNP, P-value = 2.8 x 1 o-7), AGPAT1 (P-value = 4.9 x 1 o-7), PNLIPRP2 (P-value = 2.7 

x 1 o-7), KLF12 (P-value = 5.9x1 o-7), ALGI (P-value = 4.7 x 1 o-3), CDHB (P-value = 7.6 x 1 o-7), PLD2 

(P-value = 9.4 x 1 0-4) and ZNF600 (P-value = 3.3 x 1 o-7) for various phospho- and sphingolipid 

outcomes. Some of the phospho- and sphingolipid loci were also associated with disease end 

points in other studies. For instance, our top SNP in the FADS cluster (rs1 02275) was associated 

with IMT in the CHARGE meta-analysis results29. This SNP is considered to be the major control

ler of fatty acid desaturation and the path to the disease is supposed to be through an excess 

of saturated circulating lipids, as compared to the unsaturated ones. For some of the loci, it is 

difficult to determine the causal gene, for instance one SNP, rs1 061808 in the AGPAT11ocus on 

6p21, also lies 400 kb distant from the HLA-DRBI gene, which was previously associated with 

insulin secretion30. We observed a suggestive association between rs1061808 and increased 

T2DM risk in the DIAGRAM consortium meta-analysis31 • However, the causal paths of these 

associations have not been proven thus far and can be proven by Mendelian randomisation. 

We also observed an association with the well-known APOE locus, which also relates to LDL-C 

and HDL-C. For this locus, we showed that the effect of the SNP on a particular sphingomyelin 

level is dependent on its effect on LDL-C. In addition, another SNP from the APOA 1-5 locus 

was implicated in CAD risk in the CARDioGRAM study32. APOA I and APOA2 are the predomi

nant proteins in HDL-C particles, which also transport TG. For this locus, we observed that the 

association was not explained byTG levels, and we hypothesized that might be due to lecithin 

cholesterol acyltransferase (LCAT), which converts cholesterol and PC to cholesteryl esters and 

LPC on the surface ofHDL-C33• 

The circulating !ipidome: new biomarkers for depression? 

In Chapter 5, we moved our search one step further and studied the phenotypic relationship 

between our two topics of interest, depression and anxiety symptoms and circulating lipids. 

The benefits of unsaturated fatty acids, especially fish oil, for the brain and circulation system 

are well-accepted knowledge in the 2l't century. However, the causal relationship between 

types of PUFA (w-3 and-w-6) and depressive disorder in different sources (serum, plasma, serum 

phospholipids) has been difficult to understand, mainly due to the fact that both are essen

tial for a healthy functioning brain. Our analyses showed that there is an inverse correlation 

between depression and anxiety symptoms and PC 0 36:4 and SPM 23:1. PC 0 36:4 was also 



measured in an independent sample. Combining the two samples yielded a highly significant 

and consistent correlation with the depression and anxiety scale with the P-va/uefor the HAD S

A scale improving (meta-analysis P-value == 9.8 x 10·5). However, even though the discovery 

and replication samples were randomly selected, we observed differences between them. The 

discovery sample had lower education, was older, and reported more complaints of depression. 

Another difference was the measurement platforms: in-house versus custom array. Ether lipids 

are known to be predominant in brain 34, 35 . We suggest that an enzymatic hyperactivity towards 

hydrolysis of PC 0 36:4 may lead to increased release of arachidonic acid, which is then rapidly 

converted into inflammatory mediators36• The enzyme involved in this path remains unknown 

but some phospholipases are known to relate to bipolar depression 37-4°. CoA-independent 

transacylase is also one of the candidates, since the product of its reaction on ether lipids 

result is platelet activating factor (PAF)41 • PAF is another tightly controlled potent inflamma

tory mediator in brain and other tissues42, 43• We also observed a negative correlation between 

SPM 23:1 and depression scores. This may be due to acid sphingomyelinase activity, which was 

previously found to be increased in depressed patients, compared to healthy controls, and also 

shown to be blocked by antidepressant drugs44A5, 46. 

Future research 

This thesis shows that lipids and depression are associated, but are likely to have different 

genetic architecture. For both lipids and depression, huge efforts have been performed by large 

international consortia to uncover the genes involved in these phenotypes. Following the first 

meta-analysis of lipids by the ENGAGE consortium (N = 23 000), which uncovered a total of 22 

loci, the GLGC (N == 100 000) uncovered 95 loci below the genome-wide significance threshold. 

Now, this number is being further increased by the latest study from the same consortium, 

recruiting more individuals genotyped in depth with the "metabo-array" and reporting more 

novel loci12• There is no evidence that association using arrays has reached its limits for lipids 

and, therefore, enlarging datasets will bring to light new loci. On the other hand, the GWAS 

on depression continued to report lack of genome-wide significance, and lack of replication, 

despite the large consortia effort for both diagnosis and symptom measurement tools (Hek, et 

a/, unpublished)14, 47• Apparently, when searching for genes for depression through GWAS, we 

are still underpowered with 50 000 subjects to detect an association: the effect sizes for the 

common variants are too small. In line with our findings, the difficulty of finding and replicating 

signals in GWAS of depression has been a common experience both for depressive symptoms 

and MOD. 

Enlarging the sample size is an avenue that may, in the end, bring success. Alternatively, our 

work suggests that we may have to live with the fact that many loci with (too) small effects are 

too difficult to identify. In that case, the full genome may be better at predicting MOD, and gene 

discovery efforts may be better focused on searching for loci with large effects in families with 



multiple affected individuals. We have shown that lipidomics studies are more powerful to find 

new loci and this is a new approach. 

Since the first GWAS of MDD was published in 2009, we still have not discovered any major 

genetic variation that would enlighten our knowledge on its etiology or epidemiology. Next 

generation sequencing in the general population may be an alternative, but also require enor

mous number of subjects to study in order to reach adequate power for gene discovery. The 

situation we experienced so far shows that we are still quite underpowered for hypothesis free 

association testing for depressive symptoms. The same experience has also been encountered 

by the Psychiatric Genetics Consortium 14• One solution for that can be focusing on markers of 

causal pathways such as circulating lipids or brain imaging. Our first studies suggest that we 

may be able to use specific circulating lipids as endophenotypes. Our finding that PC 0 36:4 

levels in blood were associated with depressive symptoms suggests that genes determining 

these lipids may also be involved. Our findings on the ATP7 08 gene suggest that the phospho

lipid distribution in the cell membrane may be important. Further studies on the metabolom 

of patients may uncover further links and possible biomarkers. The work in this thesis was a 

first step towards linking lipidomics and depressive symptoms. Further studies involving the 

lipidome and metabolome may be helpful in unraveling the genetics of depression. 
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SUMMARY 

The main aim of this thesis was to find candidate genes and pathways for depression while 

investigating its association with circulating lipids as potential endophenotypes (in addi

tion to depressive symptoms). Chapter 1 includes a general introduction. In Chapter 2.1 we 

investigated the genetic architecture of depression and the potential overlap in genetic risk 

factors with anxiety. In two independent target samples, either diagnosed according to the 

DSM-IV or measured with the CES-D or HADS-D, we could explain up to -1 o/o of the variance for 

depression and 2.1 o/o for anxiety. With this study, we directly showed a polygenic component 

influencing the susceptibility for a psychiatric disorder, as well as an overlap in genetic risk fac

tors for another psychiatric condition (anxiety). 

In the study described in chapter 2.2, we utilized the same methodology as in chapter 2.1 

to study the serum lipoproteins. Using the ENGAGE lipid GWAS as the discovery set, we could 

explain up to 4.8% of the variance in HDL-C, 2.6% in LDL-C, 3.8% in TG and 2.7% in TC. For all 

of the studied traits, we found the highest explained variance when the polygenic score was 

based on SNPs with low P-values (5 x 1 o·s for HDL-C 1 x 1 o·7 for TG, 1 x 1 o·6 for LDL-C and 1 x 

1 o·5 for TC), which led us to conclude that, for circulating lipids, GWAS has succeeded in the 

discovery of common variants. 

Chapter 3.1 shows the results of an integrated approach in which we combined linkage, 

association and exome sequencing. For this study, we performed linkage analysis in the ERF 

population for depressive complaints, as measured by the CES-D and HADS-D scales. We identi

fied three significant (9q21, 13q33, 16q21) and 6 suggestive (1p36, 3p14, 5q34, 9q32, 10q22, 

22q11) loci for either the CES-D or HADS-D scales. To have a closer look at the genes in these 

loci, we narrowed down the regions using association methods with common variants. We 

identified 2 common SNPs related to the genes PRUN£2, C760RF80, which are partially respon

sible for the linkage signals. Additionally, using exome sequence data, we identified a missense 

mutation inside the coding sequence of the ATP708 (5q34) gene, which is related to higher 

depression complaints among the carriers from a single large pedigree. 

Chapter 3.2 describes the largest meta-analysis of depressive symptoms to date, which we 

performed within the CHARGE Consortium. In this study, we combined the GWAS results from 

17 population-based studies, totaling 34 549 individuals, to find common variants associated 

with CES-D scale. Our top hits were further investigated in 5 replication cohorts in which 

symptoms of depression were measured by different instruments, yielding a combined dataset 

of 51 258 independent individuals. Only one SNP in the 5q21 region reached genome wide 

significance with depressive symptoms when tested over all cohorts, but we also showed that 

our top results are enriched by neurotransmission related genes. 

The study described in chapter 3.3 was also conducted within the CHARGE Consortium. 

For this study, we performed a GWAS on dimensions of depressive symptoms to find common 

variants that increase the vulnerability to a particular symptom cluster: somatic symptoms, 



positive effect and negative effect. rs713224, in the MTNR1A gene, showed genome-wide 

significant association in the meta-analysis of the combined sample. However, the associa

tion with rs713224 was not replicated in an additional 8 separate samples, with evidence for 

heterogeneity. 

In the study described in chapter 4.1, we applied quantitative linkage methods to the lipido

mics data in the ERF pedigree. We showed significant linkage to nine loci. Two of these nine had 

been previously detected through association by us and others and (FADS 1-2-3 on 11 q23 and 

LPAR2 on 19p12). For FADS, we showed that the same common variation (rs1 02275), or variants 

in strong LD with it, was responsible for the linkage peak. We also, for the first time, estimated 

the heritability of these traits. We saw that, for PLPE 16:0/20:5, SPM 24:3, SPM dih 18:0, SPM dih 

22:0, SPM 22:2, SPM dih 16:0, PC 0 38:1, PLPE 18:1/20:5, PE 34:0, SPM, 24:3, SPM 17:0, PE 42:6, PC 

36:0, PC 34:0 and PC 40:5, the heritability was estimated to be less than 5%, which makes them 

less suitable for genetic research. 

Chapter 4.2 summarizes our genome wide a meta-analysis within the EUROSPAN Consor

tium. We replicated the previously known loci for these lipid traits, such as FADS1, LIPC, PLEKHH1, 

GCKR, APOA 1-5, and ELOVL2, with smaller P-values. We also found novel associations with PAQR9 

on 3q23 (associated with %PE 34:1 and %PE 36:1 ),AGPAT1 on 6p21.32 (associated with PC 32:0), 

PKD2L1 on 10q24.31 (LPC 16:1), PDXDC1 on 16pl3.11 (LPC 20:3, PC 34:2, PC 36:3 and PC 38:3), 

APOE on 19q13.32 (associated with SPM 24:0 and SPM 22:0), and PLD2 on 17p13.2 (associated 

with SPM 23:0). We also found eighteen additional regions suggestively associated (2.2 x 1 o-9 

< P-value < 5 x 10·8) including PNL/PRP2, ZNF600, ALG7, ABHD3, KLF12, DLG2, ILKAP, ITGA9, PLPE, 

ORB/2, PCDH20, CDK77, SYT9, CDHB, KCNH7, ALG14, PAPD7, CNTNAP4 and LPAR2. Our top SNP 

in the FADS cluster (rs1 02275) was associated with IMT in the CHARGE meta-analysis results. 

This SNP is thought to be the major controller of fatty acid desaturation and the path to the 

atherosclerotic disease is supposed to be through an excess of saturated circulating lipids, as 

compared to unsaturated ones. 

In Chapter 5.1, we moved our search one step further and studied the phenotypic rela

tionship between our two topics of interest: depression and anxiety symptoms and circulating 

lipids. In our study, we analysed 148 phospho- and sphingolipid species, rather than the total 

fatty acid concentration or serum lipoproteins. Our analyses showed that there is an inverse 

correlation between depression and anxiety symptoms and PC 0 36:4 and SPM 23:1. PC 0 36:4 

was also measured in an independent sample. Combining the two samples yielded a highly 

significant and consistent correlation with the depression and anxiety symptoms. The associa

tion may be due to increased PLA2 or sphingomyelinase activity and genes coding for these 

enzymes are potential candidates for depressive symptoms research. 

This thesis shows that the genetic architecture of two related outcomes (lipids and depres

sion) is different. While the genetics of lipids involved genes with large effects, for depression 

we failed to find any. In chapter 6 (general discussion), we discuss the steps to further uncover 

the genetic aetiology of these traits and their relationship to each other. 



SAMENVATTING 

Het belangrijkste doel van dit proefschrift was het achterhalen van kandidaatgenen en bio

logische paden met betrekking tot depressie door de associatie met circulerende lipide als 

mogelijke endophenotypes (naast depressie symptomen) te onderzoeken. Hoofdstuk 1 bevat 

de algemene inleiding. In hoofdstuk 2.1 onderzoeken we de genetische architectuur van 

depressie als ook de potentiele overlap qua genetische risicofactoren met angstigheid. In twee 

onafhankelijke studies, of gediagnosticeerd met de DSM-IV criteria of gemeten met de CES-D 

of HADS-D vragenlijst, konden we maximaal ongeveer 1 o/o van de variabiliteit van depressie 

en 2.1 o/o van angstigheid verklaren. Met deze stu die hebben we een poly-gen component 

gevonden die de vatbaarheid voor psychiatrische ziektes beTnvloedt, als ook een overlap in 

genetische risico-factoren voor andere een psychriatische eigenschap (angstigheid). 

In de studie beschreven in hoofdstuk 2.2 gebruikten we dezelfde methodologie als in 

hoofdstuk 2.1 om de serum lipoproteTnen te onderzoeken. Door de ENGAGE vet GWAS als de 

ontdekkingsset te gebruiken konden we tot 4.8% van de variabiliteit in HDL-cholesterol, 2.6% 

in LDL-cholesterol, 3.8% in triglyceriden and 2.7% in totaal cholesterol verklaren. Voor al de 

onderzochten eigenschappen von den we de grootste verklaarbare variabiliteit als de poly-gen 

score gebaseerd was op SNPs met lag en P-waardes (5 x 1 o·8 voor HDL-cholesterol, 1 x 1 o-7 voor 

triglyceriden, 1 x 1 o·6 voor LDL-cholesterol and 1 x 1 o-5 voor totaal cholesterol), wat ons doet 

concluderen dat, voor circulerende vetten, GWAS succesvol is geweest voor de ontdekking van 

veelvoorkomende varianten. 

Hoofdstuk 3.1 toont de resultaten voor een geTntegreerde benadering waarin we linkage, 

associatie en exome sequencing combineren. Voor deze studie gebruikten we linkage analyse 

in de ERF populatie voor depressieve symptomen, zoals gemeten bij de CES-D en HADS

Dschalen. We hebben drie significante (9q21, 13q33, 16q21) en zes suggestieve regie's (1 p36, 

3p14, 5q34, 9q32, 10q22, 22q11) gevonden voor CES-D of HADS-D. Om een beter inzicht te 

krijgen in deze gebieden hebben we de gebieden verkleind door gebruik te maken van asso

ciatie methodes met veelvoorkomende varianten. We hebben twee veelvoorkomende SNPs 

gerelateerd a an de genen PRUN£2 en C160RF80 gevonden, welke gedeeltelijk verantwoordelijk 

zijn voor de linkage signa len. Boevendien hebben we door middel van exome sequentie data, 

een mis-sense mutatie gevonden in de coderende sequentie van het ATP7 08 (5q34) gen, welke 

gerelateerd is aan hogere depressie klachten bij de dragers in een grote stamboom. 

Hoofdstuk 3.2 beschrijft de grootste meta-analyse van depressieve symptomen tot nu toe 

die we hebben uitgevoerd in het CHARGE Consortium. In deze studie hebben we de GWAS 

resultaten van 17 populatie gebaseerde studies gecombineerd, met een totaal van 34.549 

deelnemers, om veelvoorkomende varianten te associeren met de CES-D schaal. Onze top 

resultaten werden verder onderzocht in vijf replicatiecohorten waarin de symptomen van 

depressie met andere instrumenten gemeten waren, hetgeen een gecombineerde dataset 

van 51.258 onafhankelijke deelnemers opleverde. Slechts een SNP in de 5q21 regio haalde 



genoomwijde significantie met depressieve symptomen wanneer we aile cohorten bekeken, 

maar we toonden ook dat onze top resultaten verrijkt zijn met genen die betrokken zijn bij 

neurotransmissie. 

De studie beschreven in hoofdstuk 3.3 is ook uitgevoerd in het CHARGE consortium. Voor 

deze stu die voerden we een GWAS uit op as pecten van depressieve symptom en om veelvoor

komende varianten te identificeren die de ontvankelijkheid voor een specifieke symptomen 

cluster verhogen: somatische symptomen, positief en negatief effect. De SNP rs713224, in 

het MTNR7A gen, toonde een genoomwijde significante associatie in de meta-analyse in de 

gecombineerde dataset. Echter, de associatie van rs713224 werd niet gerepliceerd in een extra 

acht onafhankelijke studies met bewijs voor heterogeniteit. 

In de studie beschreven in hoofdstuk 4.1 hebben we kwantitatieve linkage methoden 

gebruikt om de lipidomics data in de ERF stamboom te analyseren. We von den significante link

age voor neg en regie's. Twee van deze neg en regie's werden eerder gevonden door middel van 

associatie door ons en anderen (FADS 7-2-3 op 11 q23 en LPAR2 op 19p 12). Voor FADS vonden 

we dat dezelfde veelvoorkomende variant (rs1 02275), of varianten in sterke LD met deze SNP, 

verantwoordelijk was voor de linkage piek. We hebben ook, voor de eerste keer, de erfelijkheid 

van deze eigenschappen bepaalt. We zagen dat voor PLPE 16:0/20:5, SPM 24:3, SPM dih 18:0, 

SPM dih 22:0, SPM 22:2, SPM dih 16:0, PC 0 38:1, PLPE 18:1/20:5, PE 34:0, SPM, 24:3, SPM 17:0, PE 

42:6, PC 36:0, PC 34:0 en PC 40:5, de erfelijkheid a is minder dan So/a werd geschat, hetgeen ze 

minder geschikt maakt voor genetisch onderzoek. 

Hoofdstuk 4.2 resumeert onze GWAS binnen het EUROSPAN consortium. We repliceerde 

de eerder beschreven regie's voor deze vet eigenschappen zoals FADS7, LIPC, PLEKHH7, GCKR, 

APOA 7-5, en ELOVL2, met klein ere P-waardes. We vonden ook een nieuwe associatie met PAQR9 

op 3q23 (geassocieerd met o/oPE 34:1 en o/oPE 36:1 ), AGPAT7 op 6p21.32 (geassocieerd met PC 

32:0), PKD2L1 op 1 Oq24.31 (LPC 16:1), PDXDC7 op 16p13.11 (LPC 20:3, PC 34:2, PC 36:3 en PC 

38:3), APOE op 19q13.32 (SPM 24:0 en SPM 22:0), en PLD2 op 17p13.2 (SPM 23:0). We hebben 

nog eens achttien suggestieve regie's ge"identificeerd (2.2 x 1 o-9 < P-waarde < 5 x 1 o-8) inclusief 

PNLIPRP2, ZNF600, ALG 7, ABHD3, KLF7 2, DLG2, ILKAP, /TGA9, PLPE, ORB/2, PCDH20, CDK7 7, SYT9, 

CDHB, KCNH7, ALG74, PAPD7, CNTNAP4 en LPAR2. Onze top SNP in het FADS cluster (rs1 02275) 

werd geassocieerd met IMT in de CHARGE meta-analyse resultaten. Deze SNP is waarschijnlijk 

een belangrijke regelaar van vetzuur desaturatie en verantwoordelijk voor een overschot van 

verzadigde circulerende vetten, in plaats van een gezonde overschot aan onverzadigde vetten 

en daardoor waarschijnlijk een belangrijke stap naar atherosclerose plaques. 

In hoofdstuk 5.1 gingen we een stap verder en onderzochten we de phenotypische relatie 

tussen onze twee onderwerpen: depressieve en angstigheids symptomen enerzijds en circu

lerende vetten anderzijds. In onze stu die analyseerde we 148 phospho- en sphingovetsoorten, 

in plaats van de totale vetzuur concentraties in serum veteiwitten. Onze analyses toonden aan 

dater een inverse correlatie bestaat tussen depressieve en angstigheids symptomen en PC 0 

36:4 en SPM 23:1 .In een onafhankelijke stu die is PC 0 36:4 ook gemeten. Wanneer we de twee 



studies combineerden kregen we sterke significantie en een consistente correlatie met depres

sieve en angstigheids symptomen. De associatie kan misschien verklaard worden door meer 

PLA2 of sphingomyelinaseactiviteit en genen die coderen voor deze enzymen zijn potentiele 

kandidaten voor onderzoek naar depressieve symptomen . 

Dit Proefschrift toont aan dat de genetische architectuur van de twee gerelateerde uit

komsten (vetten en depressie) verschillend is. Terwijl de genetica van vetten door genen met 

grote effecten wordt gekarakteriseerd, konden we voor depressie geen enkel gen vinden. In 

hoofdstuk 6 (algemene discussie) bespreken we de stappen die genomen moeten worden om 

de genetische oorzaak van deze eigenschappen en hun onderlinge relatie verder te ontrafelen. 

OZET 

Bu tezin amaCI depresyon ic;:in aday genler ve yolaklar bulmak ve depresif semptomlara ek 

potansiyel endofenotipler olan lipitler ve depresyon ili?kisini ara?t1rmakt1r. B610m 1 gene! bir 

tan1t1m ic;:erir. B610m 2.1 'de depresyonun genetik mimarisini ve anksiyete ile potansiyel olarak 

c;:akl?an genetik risk faktorlerini ara?tmldl. Bag1ms1z iki hedef ornekte ya DSM-IV 'e gore tan1s1 

koyulan ya da CES-D veya HADS-D ile olc;:Oien depresyon ic;:in varyansm -%1 kadanm, anksiyete 

ic;:in ise % 2. 1 'ini ac;:1klanabildi. Bu c;:ah?ma ile psikiyatrik bir hastahk ic;:in yatkmhg1 degi?tiren 

poligenik bir bile?en dogrudan gosterildi, ek olarak bir ba?ka psikiyatrik durum (anksiyete) ic;:in 

genetik risk faktorlerindeki c;:ak1?ma gosterilmis oldu. 

B610m 2.2'de serum lipoproteinlerine odaklanan cahsmada b610m 2.1 ile aym metodolo

jiden faydalamld1. Bulgu seti olarak ENGAGE lipid GWAS kullanarak HDL-Cde %4.8, LDL-Cde 

%2.6, TG'de %2.7 maksimum varyans ac;:1kland1. Cah?lian tOm fenotipler ic;:in ac;:1klanan en yuksek 

varyans poligenik skorlar dO~Ok P-degeri olan SNP'Ierden hesapland1gmda (HDL-C ic;:in 5 x 1 o-8 

,TG ic;:in 1 X 1 o-7 ' LDL-C ic;:in 1 X 1 o-6 ve TC ic;:in 1 X 1 Q-6) gosterilebildi. Bu sonuclar dola~lmda yer 

alan lipitler ic;:in GWAS'm aile! frekans1 yuksek varyantlan bulmakta ba~anh oldugunu dusundur

mektedir. 

Bolum 3.1, baglant1, ili?kilendirme ve ekzom dizilemeyi birle~tirdigimiz entegre bir yakla

~lmm sonuc;:lanm gostermektedir. Bu c;:al1~ma icin ERF populasyonunda CES-D veya HADS-D 

olc;:ekleriyle olc;:Oimus olan depresif ~ikayetler baglant1 analizi ile arastirildi. Baglant1 analizleri 

sonucunda CES-D veya HADS-D olc;:ekleri ic;:in toplamda uc;: tane anlamh (9q21, 13q33, 16q21) ve 

6 tane onemli (1 p36, 3p14, Sq34, 9q32, 1 Oq22, 22q11) lokus tammland1. Bu lokuslardaki genlere 

daha yakmdan bakmak Ozere ortak allel frekans1 yuksek SNPier ic;:in ili?kilendirme metotlan 

kullamlarak detayh haritalama denendi. Bu analizler sonucunda PRUN£2, C760RFBO genleriyle 

ili~kili olan ve baglant1 sinyallerinden k1smen sorumlu olan 2 yuksekfrekansh SNP tan1mland1. Ek 

olarak ekzom dizileme datasm1 kullanarak ATP1 08 (Sq34) geninin kodlayan dizisinin ic;:inde bir 

yanh? an lam mutasyonu tammland1. Bu mutasyon tek bir buyuk soyagacmdan gel en ta~ly1cliar 

arasmda yuksek depresyon ~ikayetleri ile ili?kilidir. 



Solum 3.2 depresif semptomlar uzerine bugune kadar yapilm1s en geni~ meta-analizi goster

mektedir. Su projeyi CHARGE konsorsiyumu ic;:inde gerc;:ekle~tirdik. Su c;:ah~mada toplamda 34 

549 bireyden olu~an 17 GWAS sonucunu birle~tirerek CES-D olc;:egi ile iliskili varyantlar bulmak 

hedeflendi. En kuvvetli aday SNPier 5 replikasyon kohortu ic;:inde ileri duzeyde analiz edildi. 

Depresyon semptomlannm degi~ik cihazlarla olc;:uldugu 5 calismanm daha ilavesiyle 51 258 

bag1ms1z bireye ait birle~tirilmi~ veri seti elde edildi. Tum kohortlar test edildiginde yalmzca 

5q21 bolgesindeki bir SNP genom c;:apmda anlamhhga ula~t1 ancak, P-degeri en anlamh olan 

SNPlerin yolak analizleri norotransmisyon ile ili~kili genlerin listenin list s1ralannda zengince 

temsil edildigini de gosterilmis oldu. 

Solum 3.3'de ac;:1klanan c;:ah~ma da CHARGE Konsorsiyumu ic;:inde yurutuldu. Su c;:al1~mada 

depresif semptomlann boyutlanna GWAS uygulay1p belirli bir semptom kumesinde hassasiyeti 

art1ran ortak varyantlan bulmay1 amac;:lad1k. Su semptom kumesi somatik semptomlar, pozitif 

etki ve negatif etkiden olu~maktad1r. Birle~tirilen ornegin meta-analizinde MTNR7A geni ic;:inde 

rs713224 genom c;:apmda anlamh ili~ki gosterdi. Oysa rs713224 ile ili~ki ilave 8 ayn ornekte 

tekrarlanmad1, ancak anlamh de recede heterojenite de gozlendi. 

Bolum 4.1 'de ac;:1klanan c;:ah~ma da, ERF soyagacma a it lipidomik olcumlere kantitatif bag

lantl analizi metodlan uyguland1. 9 lokustaki anlami11 baglant1 gosterildi. Bunlardan ikisinin 

(FADS 7-2-3 on 11 q23 and LPAR2 on 19p12) ili~kisi baska arastme~lar ve taraf1m1zdan daha once 

gosterilmisti. Bu cahsmam1zda buna ek olarak FADS ic;:in aym varyasyonun ya da onunla s1k1 bir 

BD (baglant1 dengesizligi) ic;:indeki ba~ka bir varyasyonun bu pikten sorumlu oldugu gosterildi. 

Aynca ilk olarak bu ozelliklerin kaht1msal gec;:i~leri de tahmin edilmi~tir. PLPE 16:0/20:5, SPM 

24:3, SPM dih 18:0, SPM dih 22:0, SPM 22:2, SPM dih 16:0, PC 0 38:1, PLPE 18:1/20:5, PE 34:0, 

SPM, 24:3, SPM 17:0, PE 42:6, PC 36:0, PC 34:0 ve PC 40:5 ic;:in kaht1msal gec;:i~ler %5'den daha az 

oldugu ic;:in genetik ara~t1rmalar ic;:in elverisli olmadi§i goruldu. 

Boli.im 4.2'de EUROSPAN Konsorsiyumundaki genom boyu meta analizimiz ozetlenmektedir. 

Bu lipid ozellikleri ic;:in onceden belirlenmi~ FADS7, LIPC, PLEKHH7, GCKR, APOA 7-5, ve ELOVL2 

gibi lokuslann daha kuc;:uk P-degerleri ile replikasyonu yap1ld1. Aynca 3q23'deki PAQR9 (%PE 

34:1 ve %PE 36:1 ile ili~kili), 6p21.32'dekiAGPAT7 (PC 32:0 ile il~ikili), 10q24.31 'deki PKD2L7 (LPC 

16:1), 16p13.11'deki PDXDC7 (LPC 20:3, PC 34:2, PC 36:3 ve PC 38:3), 19q13.32'deki APOE (SPM 

24:0 ve SPM 22:0 ile ili~kili), 17p13.2'deki PLD2'de (SPM 23:0 ile ili~kili) yeni ili~kiler bulundu. 

Aynca PNLIPRP2, ZNF600, ALG 7, ABHD3, KLF7 2, DLG2, ILKAP, ITGA9, PLPE, ORB/2, PCDH20, CDK7 7, 

SYT9, CDHB, KCNH7, ALG74, PAPDl, CNTNAP4 ve LPAR2 olmak uzere 18 ek bolge onemli olarak 

ili~kili bulundu. FADS kumesindeki en yuksek derecedeki SNP (rsl 02275) CHARGE meta ana liz 

sonuc;:lannda IMT ile ili~kili bulunmu~tur. Aterosklerotik hastahklann doymam1~ lipidlerin 

aksine doymu~ lipidlerin sirki.ilasyonundaki art1~ ile oldugu bilinmekte, bu SNP'in de yag asidi 

desati.irasyonunun temel duzenleyicisi oldugu du~unulmektedir 

Solum 5.1'de ara~t1rmam1z1 bir ad1m daha ileri goti.irup ilgilendigimiz iki konu arasmdaki 

fenotipik ili~ki incelenmi~tir: depresyon ve anksiyete belirtileri ile dola~1mda bulunan lipitler. 

~ah~mam1zda toplam yag asidi konsantrasyonu veya serum lipoproteinlerinden ziyade 148 



adet fosfolipit ve sfingolipit ti.iri.i analiz edildi. Yapt1g1m1z analizler depresyon ve anksiyete 

belirtileri ve PC 0 36:4 ve SPM 23:1 arasmda ters korelasyonun oldugunu gostermi~tir. PC 0 

36:4 aynca bag1mS1Z 6rneklerde de 61<;:i.ilmi.i~ti.ir. iki 6rnek birle~tirilerek depresyon ve anksiyete 

belirtileri ile son derece anlamh ve tutarh bir ili~ki bulunmu~tur. Bu il~iki artm1~ PLA2 ya da 

sfingomiyelinaz aktivitesine bagh olabilecegi gibi bu enzimleri kodlayan genler de depresif 

semptom ara~t1rmalan i<;:in potansiyel adaylard1r. 

Bu tez, bulunan iki il~kili sonucun (lipidler ve depresyon) genetik mimarisinin farkl1 oldu

gunu gostermektedir. Lipidlerin genetiginde bi.iyi.ik etkileri olan genler bulunurken depresyon 

i<;:in bunlar bulunamam1~t1r. 6. B61i.imde (genel tart1~ma) bu fenotiplerin genetik etiyolojisini ve 

birbiriyle alan ili~kilerini ortaya <;:1karmak i<;:in gerekli alan ad1mlar tartl~ilm1~t1r. 









Detailed supplementary information regarding the published articles of this thesis can be 

found in the jounal pages: 

Chapter 2.2: European Journal of Human Genetics (2011) 19, 813-819; 

http://www.nature.com/ejhg/journal/v19/n7 /suppinfo/ejhg201121 s1.html?url=/ejhg/journal! 

v19/n7/full/ejhg201121 a.html 

Chapter 4.2: February 2012 Issue of PLOS Genetics: 

http:/ /www.plosgenetics.org/article/info%3Adoi%2F1 0.1371 %2Fjournal.pgen.1 002490#s5 

CHAPTER3.1 

lp36 rs1555024 42.87 rs6426747 rs536766 0.59 2.86 

3p14 rs1490265 92.83 rs783512 rs1388276 1.3 2.4 

5q34 rs923467 165 rs949602 rs878953 2.47 0.82 

9q21 rs927632 72.97 rs2031197 rs722642 0.05 3.68 

9q32 rs726657 121.5 rs14419 rs230146 1.03 2.26 

10q22 rs877783 92.03 rs736594 rs1892498 3.18 0.95 

13q33 rs981900 106.5 rs4476030 rs2039120 3.8 0.39 

16q21 rs1982395 74.24 rs1946155 rs37358 1.35 3.36 

22q11 rs374225 9.33 rs387399 rs6003823 0.5 2.05 

TABLE 52. Association to common SNPs within the linkage intervals 

ERF 

1p36 rs311452 0.25 RUNX3 95 1.64x10-6 2.09x 10'3 0.82 0.92 

3p14 rs4428187 0.36 FRMD4B lntronic 1.29 X 10-4 0.10 0.78 0.92 

5q34 rs2272600 0.14 GABRG2 lntronic 2.86x 10·5 0.02 0.11 0.29 

9q21 rs7034735 0.13 PRUNE2 lntronic 1.42 X 10'5 7.76 X 10'3 0.09 0.61 

9q32 rs1989775 0:11 PAPPA 262 3.20.X 10·5 0.02 0.81 0.03 

10q22 rs2812541 0.37 C100RF35 68 2.20 X 10-4 0.06 0.70 0.14 

13q33 rs954580 0.35 DAOA 10 4.40 X 10-4 0.09 0.90 0.66 

16q21 rs9937047 0.31 C160RF80 2 8.08x 10'7 5.93 X 10-4 0.01 0.89 

22q11 rs6005346 0.16 SLC7A4 10 1.30 X 10-4 0.06 0.18 na 



TA
B

LE
 5

3,
 C

H
A

R
G

E
 C

E
S

-D
 m

et
a-

G
W

A
S

 C
oh

or
ts

 D
ep

re
ss

iv
e 

sy
m

pt
om

 sc
or

e 
In

te
rn

at
io

na
l S

ta
nd

ar
d 

C
la

ss
ifi

ca
tio

n 
of

 E
du

ca
tio

n*
* 

AR
IC

1 
CE

S-
01

1 
39

3 
3.

80
 

(3
.57

) 
3 

(0
-1

8)
 

9.
92

 
14

.0
 

72
.7

 
(5

.46
) 

59
.5 

19
.6

 
2.0

 
8.1

 
35

.4
 

7.
9 

46
.6

 

AR
IC

2 
CE

S-D
 2

0 
61

4 
8.

52
 

(7
.41

) 
6 

(0
-3

4)
 

16
.1 

11
.1 

71
.0

 
(5

.60
) 

49
.7 

19
.7 

3.1
 

8.
3 

34
.7 

11
.7 

42
.2 

BL
SA

 
CE

S-
02

0 
76

4 
6.

90
 

(6
.5)

 
5 

(0
-5

5)
 

8.5
1 

NA
 

71
.6

 
(1

3.
8)

 
44

.6
 

3.
0 

0.
4 

1.5
 

11
.0

 
12

.4
 

74
.8

 

CH
S 

CE
S-D

 1
0 

31
55

 
4.2

7 
(4

.29
) 

3 
(0

-2
6)

 
11

.3 
3.1

1 
72

.2
 

(5
.29

) 
61

.2
 

11
.0 

2.5
 

12
.3 

38
.6

 
9.3

 
37

.2
 

ER
F 

CE
S-

02
0 

12
97

 
12

.7
 

(1
0.

9)
 

10
 

(0
-5

9)
 

27
.1 

8.
20

 
55

.9
 

{1
0.1

) 
56

.7
 

43
.2 

40
.4

 
42

.5 
13

.6
 

NA
 

3.
5 

FH
S 

CE
S-D

 20
 

49
56

 
7.

25
 

(8
.21

) 
4 

(0
-5

3)
 

10
.3 

10
.4

 
56

.1 
(1

0.5
) 

53
.3

 
14

.7 
0.5

 
3.1

 
32

.2 
24

.9 
39

.2
 

HA
BC

 
CE

S-
02

0 
16

54
 

4.9
3 

(5
.7

8)
 

3 
(0

-4
3)

 
4.

70
 

3.
60

 
73

.8
 

(2
.80

) 
47

.1 
6.

4 
11

.9
 

NA
 

34
.4

 
53

.6
 

NA
 

lnC
HI

AN
TI

 
CE

S-D
 2

0 
94

2 
11

.8
 

(8
.24

) 
10

 
(0

-4
6)

 
24

.6 
3.

40
 

70
.4

 
(9

.85
) 

52
.8

 
18

.5 
73

.5 
11

.2
 

7.3
 

4.
6 

3.
4 

RS
I 

CE
S-

02
0 

37
91

 
4.8

6 
(7

.3
5)

 
2 

(0
-5

2)
 

7.
30

 
3.

80
 

72
.7

 
(7

.21
) 

58
.5

 
16

.4
 

31
.4

 
29

.0
 

29
.8 

NA
 

9.
8 

RS
II 

CE
S-D

 2
0 

20
93

 
5.8

1 
(7

.90
) 

3 
(0

-4
8)

 
9.

70
 

5.
00

 
64

.8
 

(8
.03

) 
54

.5 
19

.6
 

21
.6 

35
.6

 
27

.1 
NA

 
15

.7
 

HB
CS

 
CE

S-
02

0 
13

86
 

9.
58

 
(8

.68
) 

7 
(0

-5
3)

 
19

.4
 

4.
70

 
63

.4
 

(2
.86

) 
59

.7
 

23
.0 

33
.0

 
18

.4
 

26
.0 

NA
 

22
.5 

ME
SA

 
CE

S-D
 2

0 
24

23
 

6.9
3 

(6
.87

) 
5 

(0
-5

0)
 

10
.0

 
12

.2
 

62
.7

 
(1

0.2
) 

52
.2 

11
.4

 
1.6

 
3.

4 
16

.5 
28

.4 
50

.1 

NH
S 

CE
S-

0 1
0 

58
91

 
6.

36
 

(4
.5

0)
 

6 
(0

-2
6)

 
15

.9
 

13
.3

 
71

.7
 

(6
.7

0)
 

10
0 

5.5
 

0 
0 

0 
72

.6
 

27
.4

 

RS
III 

CE
S-D

 2
0 

20
41

 
6.

32
 

(8
.22

) 
3 

(0
-5

3)
 

9.
90

 
6.

90
 

56
.0

 
(5

.67
) 

56
.1 

22
.4 

9.8
 

35
.0

 
28

.4 
NA

 
26

.8 

RU
SH

 M
AP

 
CE

S-
01

0 
82

5 
1.

38
 

(1
.7

5)
 

1 
(0

-8
) 

20
.1 

13
.6

 
80

.8
 

{6
.53

) 
73

.0
 

2.4
 

1.7
 

27
.4

 
19

.9
 

42
.8

 
8.

2 

RU
SH

 R
OS

 
CE

S-D
 1

0 
77

8 
1.

10
 

(1
.51

) 
1 

(0
-8

) 
13

.9
 

9.
00

 
75

.5 
(7

.24
) 

66
.5 

2.1
 

1.3
 

5.
4 

3.1
 

46
.0

 
44

.2
 

Sa
rd

iN
IA

 
CE

S-
02

0 
14

38
 

11
.9

 
(8

.20
) 

10
 

(0
-5

3)
 

25
.2 

3.
00

 
58

.0
 

(1
1.4

) 
59

.5 
NA

 
28

.9 
50

.3
 

16
.1 

NA
 

4.
8 



TABLE 54. Selected damaging variants in the coding regions 

Gl 
ro 

" ro 
el. 

23845566 0.08 0.21 -4.22 0.67 5.43E-03 10 E2F2 ~ 
23885662 -0.01 0.21 0.70 2.34 7.46E-01 5 rs61749352 103 ~ 
24192072 -0.05 0.21 4.12 2.24 3.65E-02 FUCA1 

Ci' 

" 
24406673 -0.01 011 0.61 0.88 6.61E-01 12 MYOM3 

25628113 -0.04 0.21 4.44 2.09 3.97E-02 RHD 

26110236 -0.05 0.21 2.81 2.18 6.48E-02 10 rs79507311 MAN1C1 )> 
'0 
'0 

26189517 -0.01 011 0.60 2.01 7.43E-01 7 rs6689014 PAQR7 ro 

" c.. 

26288532 0.00 011 -0.08 1.77 9.61E-01 PAFAH2 
r;· 
iJ: 

26303228 -0.04 0.21 3.85 1.08 7.50E-()2 PAFAH2 

26384907 0.05 0.21 -2.79 1.21 8.23E-02 rs61749355 TRIM63 

26620806 0.03 0.21 -0.76 1.18 4.96E-01 18 rs56039743 UBXN11 

26784304 0.02 0.21 -1.16 1.56 4.97E-01 DHDDS 

27223967 0.05 0.21 -3.10 1.34 6.93E-02 rs35243557 GPATCH3 

27690792 -0.09 0.21 3.59 133 6.90E-03 13 rs41291098 MAP3K6 

28477192 -0.03 0.21 2.97 1.11 1.70E-01 PTAFR 

28806965 0.04 011 -1.05 0.90 3.12E-01 21 rs72661785 PHACTR4 

29010147 -0.03 0.21 2.33 1.80 2.01E-01 GMEBl 

29342245 0.01 011 -0.56 1.60 6.63E-01 14 EPB41 

31658150 0.02 0.21 -1.83 2.03 3.15E-01 NKAIN1 

31898185 0.02 011 -1.03 1.26 5.46E-01 SERINQ 

32145693 0.03 0.21 -2.39 1.67 1.90E-01 rs41263969 COL16A1 

32257833 0.01 0.21 -0.84 2.19 7.00E-01 5 SPOCD1 

32667609 0.03 0.21 -1.22 1.37 3.79E-01 12 rs1407134 CCDC28B 

32682947 -0.01 0.21 0.52 1.65 6.85E-01 14 rs79700000 TMEM234 

33832933 -0.05 0.21 0.95 1.11 2.88E-01 28 rs10914692 PHC2 

33836164 -0.04 012 0.70 0.81 4.45E-01 27 rs41265897 PHQ 

34066567 0.02 0.21 -1.72 1.63 3.45E-01 rs114879806 C5MD2 

34164425 -0.03 011 2.52 3.00 2.01E-01 C5MD2 

34166210 -0.02 0.21 1.05 1.32 5.38E-01 C5MD2 

160016684 0.03 0.49 -1.03 3.60 7.29E-01 14 ATP10B 

160042903 0.00 0.49 0.01 4.35 9.97E-01 rs61734665 ATP10B 

5 160059137 0.00 0.49 -0.13 3.80 9.66E-01 13 rs56340994 ATP10B 

160061565 0.15 0.49 -4.95 2.47 7.31E-02 16 ATP10B 

160113242 -0.24 0.48 14.27 4.43 1.10E-04 ATP10B 

161116672 0.02 0.49 -0.75 2.15 7.78E-()1 17 rs3811993 GABRA6 

162868905 -0.01 0.50 0.19 2.06 9.25E·01 29 rs2069352 CCNG1 

116811629 -0.05 0.21 2.75 1.56 8.67E-02 ZNF618 



TABLE 54. Selected damaging variants in the coding regions (continued) 

116832007 0.03 012 -0.65 0.84 5.01E-01 24 AMBP 

117165140 -O.Q3 0.21 1.91 1.99 2.96E-01 DFNB31 

117803271 0.00 011 0.00 1.72 9.99E-01 14 rs2274750 TNC 

117808721 0.02 0.21 -1.13 1.66 4.80E-01 9 rs61734387 TNC 

117848668 -0.01 0.21 0.39 2.05 8.31E-01 7 TNC 

119028233 -O.Q3 0.21 1.07 1.61 4.03E-01 14 rs117124330 PAPPA 

119976883 -0,03 0.21 3.33 2.87 1.24E-01 5 ASTN2 



FIGURE 51. Association with common variants under the linkage regions. 
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FIGURE 52. Depression scores among carriers of damaging deleterious coding variants under the linkage 

regions. 
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FIGURE 54. Clustering of ATP class V and GABA receptor subunit coding proteins together on chromo· 

somes 4, 5 and 15. 
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TABLE 52: Additional top SNP information 

rs13137117 24 0.91 

rs161645 0 24 0.97 

rs357282 12 13 0.93 

rs40465 23 0.93 

rs4594522 9 16 0.97 

rs4653635 1 24 0.99 

rs8020095 9 14 0.91 

rs8038316 0 24 0.98 

*Number of cohorts that genotyped this SNP 

**Number of cohorts that did not genotype this SNP 

***Observed versus expected variance ratio (measure of imputation quality) r2 is based on SNPs that had 

not been genotyped. 

FIGURE 51: Genome-wide association study results for depressive symptoms in the discovery sample. 

00 Plot CES-D metil-llnal~ln (n..:W 549) 

Quantile-Quantile (A) and Manhattan (B) plot of total depressive symptoms score meta-analysis of discov

ery samples (N = 34 549) 



rs40465 0.652 49820 -5.459 4.78E-08 ---+-1--+- 0.601 

rs161645 0.337 49820 5.359 8.39E-o8 ++++++++++++-++-+?+++-+ 0.752 

rs6421926 0.338 49820 5.327 9.96E-08 ++++++++++++-++-+1+++-+ 0.739 

rs6o271 0.339 51258 5.155 2.54E-o7 ++++++++++++-++-+-+++-+ 0.652 Gl 
ro 
::J 

rs1383605 0.206 51258 4.766 1.88E-06 +-+++++++-+++++-++++++ 0.723 ro 
?1. 

rs10279132 0.715 51256 4.735 2.19E-06 ++++++++++++- 0.514 c. 
v;· 
n 

++++++++++ § 
rs2242277 0.793 51258 -4.727 2.28E-06 -+-+-----++--- 0.732 6' 

::J 

rs12679544 0.793 51258 -4.685 2.80E-06 -+---+-++- 0.688 

rs8020095 0.161 40902 4.668 3.o4E-o6 +++-+++++++-+++-+?-?-+ 33.5 0.069 

rs71520o1 0.839 40902 -4.665 3.o8E-o6 -+----+--+-1+1++- 33.1 0.072 )> 
"0 

rs11914750 0.671 51258 -4.542 5.58E-06 --++-+---+- 0.527 "0 
ro 
::J 

rs1008813 0.519 51255 4.535 5.77E-06 ++++-+++-++++++- 15.1 0.256 
c. 
r;· 

+++++++ ~ 

rs1008812 0.482 51257 -4.534 5.80E-o6 --+--+-----+--- 15.5 0.250 

rs1976423 0.502 47397 -4.533 5.82E-06 -+-+1-+-+·1-+- 10.6 0.321 

rs17026230 0.330 51258 4.531 5.86E-06 +++-+-+++++++++++++-++ 0.495 

rs1873213 0.969 45537 -4.525 6.05E-06 +-l?-?-1+1-+---+? 25.1 0.165 

rs8072065 0.829 51257 -4.523 6.10E-06 --+++---- 0.679 

rs1008814 0.519 51257 4.521 6.16E-06 ++++-+++-++++++- 15.3 0153 

+++++++ 
rs8000066 0.519 51257 4.506 6.60E-06 ++++-+++-++++++- 14.5 0.263 

+++++++ 
rs7587554 0.474 51258 4.498 6.85E-06 +++--++++-++-+++++++++ 0.9 0.447 

rs10958604 0.786 51258 -4.497 6.88E-06 -+---+--++-- 0.736 

rs7339176 0.518 51257 4.493 7.01E-o6 ++++-+++-++++++- 15 0157 

+++++++ 
rs12452091 0.830 51257 -4.492 7.07E-06 ---+++-- 0.677 

rs12451111 0.169 51257 4.473 7.72E-06 ++++++++-+-+++++++++· 0.750 

++ 
rs12793618 0.043 41709 -4.469 7.86E-06 ??--+-+---?-+-+ 0.883 

rs9900677 0.830 51257 -4.467 7.94E-06 --+++--- 0.694 

rs17488749 0.145 49818 -4.461 8.16E-06 -+---++--?--- 39 0.033 

rs17488784 0.145 49818 -4.458 8.28E-o6 -+--++--?- 38.9 0.033 

rs9468252 0.969 45537 -4.454 8.42E-06 +--??-?-?+?-+--+? 18.7 0.235 

rs11784532 0.785 51258 -4.45 8.58E-06 -+--+--++-- 0.656 

rs12451588 0.832 51257 -4.44 8.98E-o6 ---+-+---+- 0.753 

rs8038316 0.050 48103 -4.425 9.64E-06 -1---1---+---+ 19.4 0.204 

rs1592757 0.364 51258 4.406 1.05E-05 ++++++-++-+-++-+-+++-- 28.7 0.099 

rs15o3389 0.931 48099 4.405 1.o6E-05 +?+++-++-++-+++-+++++++ 0.631 

rs12452510 0.166 51257 4.402 1.07E-o5 ++++++++-+- 0.813 

++++++++++++ 
rs10091355 0.846 51258 -4.386 1.16E-05 -+---+-++-- 0.679 

rs6900413 0.031 47317 4.382 1.18E-05 -++??+++1++--1+-+++++-? 23 0.182 



TABLE S3: SNPs with a P-value <10-4 from the overall meta-analysis (discovery+ replication. N=51 258). (continued) 

rs12449501 

rs2409064 

rs16966168 

rs7485858 

rs1411669 

rs2168312 

rs7978337 

rs2139680 

rs2447838 

rs9535050 

rs2312971 
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rs10101533 

rs4942783 

rs4754128 

rs7004479 

rs6493686 

rs8033074 

rs7107383 

rs937055 

rs254035 

rs12453488 

rs2447832 

rs323105 

rs2312971 

rs1520550 

rs7833452 

rs10785027 

rs20n781 

rs33817 

rs8030855 

rs16870152 

rs2276203 

rs7182991 

rs4636213 

rs7181611 

rs185260 

rs4489949 

rs2414196 

rs1356893 

0.167 

0.932 

0.150 

51253 

48103 

50250 

0.369 50251 

0.628 51258 

0.261 51258 

0.369 50250 

0.369 50251 

0.436 51258 

0.478 51257 

0516 51257 

0.261 51258 

0.151 51258 

0522 51257 

0.932 48101 

0.154 

0.950 

0.950 

0.072 

0.919 

0.437 

51258 

48103 

48103 

48103 

51258 

51258 

0.173 51254 

0.437 51258 

0.965 43679 

0521 51257 

0.631 51258 

0.847 51258 

0.369 51258 

0.261 51258 

0.437 51258 

0.056 51258 

0.843 51256 

0.261 51258 

0.055 51258 

0.200 51258 

0.055 51258 

0563 

0.944 

0.738 

51258 

51258 

51258 

0.605 51258 

4.371 

4.36 

4.359 

-4.349 

-4.334 

4.333 

-4.329 

-4.316 

4.311 

4.299 

-4.293 

4.293 

4.292 

-4.282 

4.282 

4.28 

4.278 

4.276 

-4.276 

-4.267 

4.264 

4.162 

4.259 

-4.247 

-4.245 

4.24 

-4136 

-4.134 

4.228 

4.226 

4.221 

4.119 

4.214 

4.208 

4.207 

4.2 

-4.197 

-4.194 

4.191 

4.185 

1.24E-05 

1.30E-05 

1.31E-05 

++++++++-+
++++++++++++ 

+?+++-++-++-+++-+++++++ 

+++??++-+++++-+-+++++++ 

1.37E-05 +-??----+ 

1.47E-05 --+-++-+-+-+--+- 28.8 

1.47E-05 ++++-++-++-+++++-+++-+ 11.1 

150E-05 +--??-----+ 

1.59E-05 +-??----+ 

1.63E-05 +++++++-+++++++-+-+++- 29.3 

1.71E-05 +++--+-+++++-+-++++++-

1.76E-05 --++-+---++-+----+ 

1.77E-05 +-++-++-++-+++++--+++-+ 13.4 

1.77E-05 +-+++++++-+++++--++++++ 

1.85E-05 --++-+----+++---+ 

1.86E-05 +?+++-++-++-++--+++++++ 

1.87E-05 

1.89E-05 

1.90E-05 

1.91E-05 

1.99E-05 

2.01E-05 

+-+++++++-+++++--++++++ 

+1+++++++++-1-+-+-++++

+1+++++++++-++-1--++++-

-?-+--+-+--+--

----+++-+--+--+-+ 

++++++++++++++-+-+++-

2.02E-05 ++++++++-+-+++++++++-
++ 

22.6 

22.4 

11.9 

31.1 

2.05E-05 +++++++-+++++++-+-+++-· 30.9 

2.17E-05 -?--?++--???+-++- 27.4 

2.18E-05 -++-+--++-+-+ 

2.23E-05 -I-+--+++++++++++++++++-

2.27E·05 -+--+--++---

2.30E-05 +-++-----+ 

2.36E-05 +-++-++-+++++++--+++-+ 11.9 

2.38E-05 +++++++-+++++++-+-+++-- 27.1 

2.43E-05 +++++-+++++++-+-++++++ 

2.46E-05 ++++++-++++-+- 31.7 
+++++++++ 

251 E-05 +++-++-++-+++++-+++·+ 12.7 

158E-05 +++++-+++++++-+-++++-++ 

259E-05 ++++-+--+++++-+++++++++ 

2.67E-05 ++++++++++++-+++++-++ 

2.71E-05 

1.74E-05 

2.78E-05 

--+-----+-+--++ 26.7 

-+---+-·+--+--

+-++++++++++++-+++++- 35.7 

l.85E-05 ·++-++·++++++++++++++-

0.815 

0.640 

0.551 

0.728 

0.098 

0.309 

0.730 

0.722 

0.094 

0.827 

0.683 

0.278 

0.691 

0.836 

0.617 

0.670 

0.167 

0.169 

0.730 

0.298 

0.079 

0.670 

0.080 

0.136 

0.845 

0.762 

0.702 

0.757 

0.298 

0.115 

0599 

0.074 

0.288 

0.684 

0.966 

0.679 

0.118 

0.605 

0.047 

0.603 



rs254025 

rs7177816 

rs11664693 

rs12667152 

rs4941210 

rs254020 

rs1073839 

rs1353416 

rs2414195 

rs11927424 

rs9596054 

rs3111816 

rs40736~5 

rs1397164 

rs7170422 

rs10851526 

rs11977246 

rs254023 

rs2919955 

rs7641985 

rs13155692 

rs9554349 

rs11147450 

rs2125659 

rs10505424 

rs17750582 

rs17553281 

rs1442111 

rs10879604 

rs1587150 

rs12955929 

rs8026763 

rs7308693 

rs1011947 

rs10785028 

rs7137885 

rs2161097 

rs7555997 

rs2447828 

rs11927001 

rs2125657 

rs2112163 

rs6551366 

0.563 51258 

0.054 51258 

0.262 51258 

0.156 49818 

0.262 51258 

0.438 51258 

0.850 51257 

0.355 51258 

0.738 51258 

0.644 51258 

0.478 51257 

0.352 51239 

0.873 51258 

0.637 49820 

0.945 51258 

0.261 51258 

0.844 49818 

0.563 51258 

0.352 51257 

0.644 51258 

0.748 49820 

0.033 38528 

0.521 51257 

0.946 51258 

0.199 51258 

0.055 51258 

0.822 51257 

0.352 51258 

0.374 50251 

0.355 51258 

0.958 46834 

0.262 51239 

0.631 51258 

. 0.262 51258 

0.631 51258 

0.368 51258 

0.438 51258 

0.101 50232 

0.438 51258 

0.869 51258 

0.054 51258 

0.438 51258 

0.355 51258 

-4.184 

4.183 

4.183 

-4.182 

4.179 

4.178 

-4.176 

4.176 

4.175 

-4.172 

4.17 

-4.17 

-4.169 

4.168 

-4.167 

-4.167 

4.166 

-4.166 

4.165 

-4.163 

-4.161 

4.16 

-4.16 

-4.158 

4.156 

4.155 

-4.155 

4.155 

-4.155 

4.154 

-4.153 

-4.152 

4.149 

4.148 

4.147 

·4.144 

4.143 

-4.141 

4.138 

4.131 

4.131 

4.13 

4.128 

2.87E·05 -+--+-+-++ 27.8 

2.88E-05 ++++++++++++-+++++-++ 

2.88E·05 +-++++-++-+++++-++++ 6.7 

2.88E·05 -+--+-+--?- 37.3 

2.92E·05 +-++-++-++-+++++-+++-+ 8.5 

2.94E-05 ++++++++++++++++++- 27.6 

296E-Il5 -++-+--+-+-

2.97E·05 +++-+-+++++++++++++++ 0 

2.98E·05 +++++++++++++-+++++- 36.9 

3.02E-05 --++-+----+-

3.04E·05 +++-+-+++++-+-++++++-
3.04E·05 --+----+ 

3.05E-05 --+++--+·- 26.1 

3.08E-05 ++++-++++++++?++-++ 22.3 

3.08E·05 -+---++-+- 0 

3.09E-05 -+--+----+---++ 35.1 

3.10E-Il5 ++++++-++++++++?+++++ 37.4 

3.11E-05 ---+--++-·++ 27.6 

3.12E·05 ++++++++-+++++++++-+ 
3.14E·05 -++-+---+-
3.18E-05 ·-·--++-+-?-+-+ 17.1 

3.18E·05 +?+++-++++++++++??+??+ 
3.18E·05 -++-+-+++-+ 
3.21E-05 -+--+-+-+-

3.24E-Il5 ++++-+-+++++·+++++++++ 
3.25E-05 +++++-+++++++·+++++-++ 
3.25E·05 -++-+-·+-+-+ 23.5 

3.26E-05 ++++++-++-++++++-++++ 
3.26E-05 +-??-+-----+ 

3.27E-05 +++-++++++++++++++++ 
3.28E..()5 --?++-???+-++· 16 

3.30E·05 -+-·+---+-++ 35.5 

3.33E·05 ++-++++++++++++-++++-
3.36E·05 +-++-++-++-+++++-++++-+ 

3.38E-Il5 ++-++++++++++++-++++-
3.42E·05 +-++--+--+ 
3.43E·05 +++++++-+++++++-+-+++- 29.4 

3.46E·05 --??-+--1,....-.1--

3.51E·05 +++++++-+++++++-+-+++- 29.9 

3.62E-05 ·++-++++++-++-+++++++ 27.2 

3.62£..()5 +++++-+++++++-+-++++++ 
3.62E·05 +++++++-+++++++-+·+++- 30.2 

3.66E-05 +++--+-+++++++++++++++ 

0.107 

0.679 

0.369 

0.041 

0.346 

0.110 

0.613 

0.480 

0.040 

0.522 

0.768 

0.964 

0.124 

0.170 

0.664 

0.050 

0.041 

0.109 

0.660 

0.476 

0.233 

0.517 

0.795 

0.698 

0.977 

0.659 

0.152 

0.721 

0.670 

0.481 

0158 

0.048 

0.724 

0.393 

0.723 

0.735 

0.093 

0.808 

0.088 

0.113 

0.695 

0.086 

0.487 

G) 
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TABLE 53: SNPs with a P-value <10-4 from the overall meta-analysis (discovery+ replication. N=Sl 258). (continued) 

rs1522116 

rs920623 

rs7205464 

rs7295470 

rs1426134 

rs16893023 

rs12050204 

rs9903859 

rs1045301 

rs2337127 

rs1687128 

rs9303295 

rs4776080 

rs10879605 

rs2414218 

rs325501 

rs2414217 

rs325481 

rs1583953 

rs988542 

rs1106420 

rs8079016 

rs7953276 

rs12955292 

rs768792 

rs1687119 

rs9535127 

rs10748226 

rs4760780 

rs6445194 

rs12441046 

rs13177473 

rs1542727 

rs2203976 

rs6582151 

rs2139675 

rs13250310 

rs1394309 

rs139265 

rs16955611 

0.441 

0.352 

0.097 

0.372 

0.353 

0.194 

0.080 

0.160 

0.082 

0.946 

0.081 

0.850 

0.269 

0.374 

0176 

0587 

0176 

0.586 

0.353 

0.628 

0.318 

51257 

51258 

51256 

51258 

51258 

51258 

51252 

51257 

51258 

51258 

51258 

51257 

51258 

51258 

51257 

51258 

51258 

51258 

51258 

51258 

51258 

0.161 51257 

0.377 51258 

0.036 46834 

0.647 51258 

0.919 51258 

0.481 51257 

0.628 51258 

0.629 51258 

0.489 51258 

0.724 51258 

0.647 

0.174 

0.628 

0.371 

0.628 

51258 

51258 

51258 

51258 

51258 

0.732 48103 

0.932 48437 

0.833 51256 

0.949 51258 

4.126 

4.125 

4.122 

-4.122 

-4.12 

4.119 

-4.119 

4.118 

-4.111 

-4.11 

4.105 

-4.103 

-4.101 

-4.1 

-4.1 

-4.097 

-4.093 

-4.092 

4.087 

4.086 

-4.086 

4.086 

-4.084 

4.083 

-4.083 

-4.08 

4.076 

4.075 

4.075 

-4.075 

4.072 

-4.068 

4.065 

4.062 

-4.06 

4.059 

-4.056 

-4.053 

-4.049 

-4.044 

3.69E-05 

3.71E-05 

3.75£-05 

3.75E-05 

3.78E-05 

3.80E-05 

3.81E-05 

3.82E-05 

3.94E-05 

3.95E-05 

4.05E-05 

4.09E-05 

4.12E-05 

4.13E-05 

4.13E-05 

4.19E-05 

416£-05 

4.27E-05 

4.37E-05 

4.39E-05 

4.39E-05 

++++++!--+++-+++-++++
++++++-++-++++++-+++-+ 
++++++++-+++++++-++++ 

+-++--------+ 
---------+-----+ 

++++-+--+++++-+++++++++ 
--+---+-++---+

++++++++-+-+++++++++
++ 

--+--+-++----+-
--+-+-+--+--

++++++-+-++-++++-+-!--+
-++-+--+-+-

-+-++----++ 
+-++--+------+ 
-+--+---++ 
--+---+--++ 
-+--+-----++ 
--+-----+--++ 

++++++-++-++++++-+++-+ 
-++-++-++++++++++++++

++---+-+-+-----+-+--
4.40E-05 ++++++++-+-+++++++++-

++ 
4.43E-05 --+·+---1----+ 

34.6 

31.8 

17.3 

30.6 

19.4 

1.4 

4.44E-05 +++++++++?+-++???-+-+ 22.3 

4.45E-05 ---+--++---+--+-

4.51E-05 ---+-++-+-+--+-+ 8.9 

459E-05 +++-++-+++++--+-++++++-
4.60E-05 -++--+++++++++++++++++-
4.60E-05 -++-++-++++++++++++++-
4.61E-05 -+-+-+-+-+-- 5.9 

4.65£-05 +-+++++-+++++++++++++- 30.9 

4.75E-05 

4.81E-05 

4.87E-05 

4.91E-05 

4.93E-05 

4.99E-05 

5.05E-05 

5.15E-05 

5.25E-05 

-----+--++---+--+

+++++-+++-++-++++++++-+ 
-++-++-++++++++++++++-

+- +-+ 

-++--++-++++++++++++++-
+?-·++-+---+-

---+----l+++-++l-++
+-+---+-1---1--+ 
-+---+-+-+--

8.7 

38.6 

0.4 

0.791 

0.649 

0.945 

0.723 

0.915 

0.952 

0.759 

0.495 

0.810 

0.698 

0.339 

0.654 

0.053 

0.744 

O.Q73 

0.227 

0.083 

0.200 

0.858 

0.759 

0.442 

0.494 

0.868 

0.184 

0.868 

0.339 

0.864 

0.778 

0.740 

0.381 

0.080 

0.852 

0.536 

0.738 

0.728 

0.737 

0.344 

0.038 

0.454 

0.773 



TABLE 53: SNPs with a P-value <10-4 from the overall meta-analysis (discovery+ replication. N=51258). (continued) 

rs7S99547 

rs2028526 

rs9645898 

rs3922857 

rs2363065 

rs7976937 

rs325485 

rs6964185 

rs2836021 

rs11179680 

rs10984257 

rs11683777 

rs12824659 

rs4889796 

rs11611073 

rs508760 

rs7975033 

rs6875442 

rs9365900 

rs2211846 

rs10742719 

rs2043475 

rs2995807 

rs7964705 

rs7199995 

rs2836012 

rs2296561 

rs2084919 

rs1915293 

rs12367407 

rs10942087 

rs323097 

rs2047268 

rs13157155 

rs2148473 

rs11917572 

rs4627955 

rs12654558 

rs2836014 

rs1472763 

rs12657561 

rs109S4272 

0.360 51258 

0.648 51251 

0.706 50250 

0.097 51256 

0.628 51258 

0.361 51258 

0.388 51257 

0.126 

0.836 

51256 

51256 

0.362 51258 

0.869 51258 

0.151 44606 

0.333 51258 

0.781 49819 

0.362 51258 

0.070 48103 

0.372 51258 

0.625 

0.071 

51258 

40276 

0.165 50250 

0.525 50249 

0.168 51257 

0.140 51256 

0.629 51258 

0.140 51256 

0.165 

0.879 

0.515 

0.629 

51255 

49820 

51258 

51258 

0.637 51258 

0.637 51258 

0.959 46834 

0.363 51258 

0.626 51258 

0.869 51258 

0.959 

0.625 

0.636 

0.165 

0.318 

0.364 

47020 

51258 

51258 

51257 

50246 

51258 

0.870 51258 

4.043 

-4.042 

-4.041 

4.039 

4.039 

-4.039 

4.037 

-4.032 

4.03 

-4.027 

-4.024 

4.022 

-4.021 

4.02 

-4.018 

-4.018 

-4.015 

4.012 

4.011 

-4.01 

·4.008 

4.007 

-4.007 

4.006 

4.005 

-4.005 

-4.005 

4.004 

4.004 

4.002 

4 

-4 

-3.999 

3.998 

-3.998 

3.997 

3.996 

3.996 

-3.995 

3.994 

·3.992 

-3.991 

517E-05 +·++++++++-++
+++++++++ 

5.31E-05 +--+-
5.33E-05 -??-+-+--

5.36E-05 ++++++++-+++++++--++++ 
5.37E-05 -++--++-++++++++++++++-
5.38E-05 +---+-+-----+ 

5.42E·05 +++++++-++·+-++++-+++- 12.8 

5.53E-05 

5.59E-05 

-+-+-+--+-++++

+-+-++++++++-++-+++-++ 
5.64E-05 +--+--+--------+ 
5.72E-05 ----+---++-+-- 37.6 

5.77E-05 ?++++++++-+-++++++++-? 
5.79E-05 --+----+ 
5.83E-05 -+-++++++++++-++-?+++++ 26.8 

5.86E-05 +--+-+----+ 
5.87E-05 

5.94E-05 

6.01E-05 

6.05E-05 

6.08E-05 

6.13E·05 

6.14E-05 

-?--+----+++-+-

+--++-+-------+-+ 
+++++++-+++-+-+++-+++++ 

??+-+-+++++++-+++?-+?++ 
-+-??---+---+--

-+-??-+---+-+---+· 

++++++++++-++++++
++-++ 

6.15E-05 +------+-+-

6.17E-05 -++--++-+++++++++-++++-
6.20E·05 ++++++++-++++++-+-++++ 

-+-++------+--+-

23.5 

6.21E-05 

612E·05 

6.23E-05 

614E·05 

---+-+-?++-+- 32.9 

+-+++-+-+-+++-++++++--+ 1.6 

-++-++-+++++++++-++++- 0 

6.27E-05 -+++·++-++++++++++++++-

6.33E-05 +++++-+-+++++-+++-+++++ 
6.33E-05 ---?-++-???+-++- 13.7 

6.36E-05 -+-+-+--+---

6.38E-05 +++++++-+++-+-+++-+++++ 
6.39E-OS -+--++-+--+---- 39.2 

6.42E-05 

6.43E-05 

6.45E-05 

6.48E-05 

6.49E-05 

6.55E-05 

6.57E-05 

+++++-+-+?+-+-+++?+-+-

+++++++-+++-+-+++-+++++ 
+++++-+-+++++-+++-+++++ 

-+-++--+--!--·+-

+++??++++-++-++++-++++ 
.........;-..+---+-+-· 

--+--+-+--+--- 40.5 

0.918 

0.748 

0.784 

0.921 

0.744 

0.862 

0187 

0.675 

0.788 

0.864 

0.037 

0.823 

0.954 

0.121 

0.865 

0.631 

0.704 

0.958 

0.171 

0.769 

0.590 

0.604 

0.948 

0.6Q7 

0.964 

0.833 

0.069 

0.439 

0.699 

0.858 

0.832 

0186 

0.826 

0.958 

0.029 

0.605 

0.955 

0.830 

0.806 

0.684 

0.831 

0.024 



rs10984285 

rs9516233 

rs1443737 

rs13013073 

rs7825010 

rs11179697 

rs13163964 

rs325506 

rs6551361 

rs11038193 

rs9524069 

rs13339086 

rs995431 

rs9949310 

rs4072224 

rs139263 

rs10413178 

rs11179681 

rs13181679 

rs1443738 

rs7467375 

rs7177989 

rs973303 

rs6881764 

rs8008773 

rs12541821 

rs12134580 

rs12368237 

rs6421241 

rs1443742 

rs4297682 

rs2049103 

rs11923274 

rs10180695 

rs4971723 

rs11783005 

rs2414188 

rs11618590 

rs1545292 

rs4412846 

rs7974278 

rs12521551 

rs7651475 

0.124 51258 

0.648 51257 

0.363 51258 

0.388 

0.842 

0.363 

0.625 

0.433 

0.645 

0.529 

0.648 

0.097 

0.637 

0.959 

0.903 

43950 

51258 

51258 

51258 

49820 

51258 

50250 

51257 

51256 

51258 

46834 

51256 

0.166 51256 

0.094 51258 

0.638 

0.352 

0.363 

0.125 

0.726 

0.353 

0.482 

0.873 

0.139 

0.971 

0.375 

0.609 

0.362 

0.904 

0.958 

0.958 

0.424 

0.435 

51258 

51258 

51258 

51258 

51258 

51257 

51258 

51258 

51258 

35673 

51258 

51258 

51258 

51256 

47020 

47020 

51258 

51258 

0.284 48103 

01.67 51258 

0.837 51257 

0.625 51258 

0.353 

0.624 

51257 

51258 

0.364 51258 

0.042 47020 

3.99 

3.987 

-3.987 

-3.986 

-3.985 

-3.985 

3.983 

3.983 

-3.981 

-3.979 

3.978 

3.977 

3.976 

-3.976 

-3.975 

3.972 

-3.972 

3.972 

3.971 

-3.97 

3.97 

3.968 

-3.966 

3.961 

-3.96 

3.96 

-3.959 

-3.956 

3.955 

-3.955 

-3.955 

3.954 

3.953 

3.951 

3.951 

3.951 

-3.951 

-3.95 

3.95 

-3.949 

3.948 

-3.947 

-3.947 

6.61E-05 +++-!-+++-+-+++++++-++ 39.9 

6.69E-05 +++++-+++-+--++-+++++ 31.1 

6.70E-05 +-+-+----+ 
6.73E-05 

6.74E-05 

6.74E-05 

6.80£-05 

6.81E-05 

6.87£-05 

6.91E-05 

6.94E-05 

6.99E-05 

7.00£-05 

7.02E-05 

7.05£-05 

7.13E-05 

7.14£..05 

7.14E-05 

7.15E-05 

7.18£-05 

7.20£..()5 

7.26E-05 

7.31£-05 

7.48E-05 

7.48E-05 

7.51£-05 

7.52E-05 

7.61E-05 

7.65£-05 

7.66£-05 

7.67£-05 

7.68£-05 

7.73£-05 

7.78£-05 

7.79£..()5 

-?-?-+-+--+-?--++ 

-+--++--++---
+---+-+-----+ 

+++++++-+++-+-+++-+++++ 
+++++++-+-+++++-+?+++

-++-+--+--+--
-+-??-+--+---+-+-+-

+++++-+++-+-++-+++++ 
++++++++-+++++++---++++ 
+++++-+-+++++-++++++++ 

--?-++-???+-++ 
--+--+++-

-++-+++++++++-+-++-+++-
---+--+-+--

-+++-++-++++++++++++++-
++++++-++-++++++-+++-+ 

+-+- + 

+++++++-+++-+++++-++ 
+-+++++++++++++++++++ 

-+-+-++++-+-· 
+++++++-+-+-++-+-+++

--+--+-+++++
+-++++++++-++++-++++++ 

-??+?-?????-???-+
+--+-+--- -+ 

-++-++-++++++++++++++
+--+-+----+ 
--+---+++--

+++++-+-+l+-+-++++1+-+-
+++++-+-+1+-+-+++1+-+

++++++-+++++-+++-+++-++ 
++++++-++++++++-+++-++ 

7.79£-05 +1++-+-++++++++--++++ 
7.80£-05 -+--++---++ 
7.81£-05 --+++-+---t-
7.83£-05 -+++-++-++++++++++++++-
7.84£-05 

7.87£-05 

7.90£-05 

7.93£-05 

--+--+-++++-+-
-+++-++-++++++++++++++-

---+-+--+--+---

-+-+-1-+-++--?-+-+ 

10.5 

0.6 

31.5 

13.4 

39.7 

36.2 

29.5 

22.7 

46.6 

50.7 

10.3 

n7 

30 

0 

0.026 

O.D78 

0.860 

0.552 

0.689 

0.851 

0.953 

0.320 

0.541 

0.450 

0,075 

0.930 

0.831 

0.291 

0.860 

0.465 

0.921 

0.867 

0.896 

0.863 

0.027 

0.044 

0.092 

0.161 

0.008 

0.573 

0.022 

0.856 

0.740 

0.863 

0.867 

0.687 

0.656 

0.940 

0.904 

0.322 

0.059 

0.613 

0.855 

0.088 

0.855 

0.831 

0.664 



rs2881577 

rs4738700 

rs1373834 

rs13162928 

rs1363179 

rs6582152 

rs8091788 

rs7628116 

rs1421908 

rs7907283 

rs3787851 

rs12452350 

rs10769092 

rs6895949 

rs10101647 

rs731428 

rs4077278 

rs7317531 

rs12519063 

rs2111380 

rs7822661 

rs12209628 

rs1530303 

rs7620638 

rs12205387 

rs1501192 

rs9898999 

rs13248919 

rs10742718 

rs10742725 

rs926300 

rs6545190 

rs7631883 

rs2352545 

rs7930681 

rs2139686 

rs2163946 

rs1738819 

rs4901754 

rs1395268 

rs2836007 

rs7713437 

rs2762089 

0.958 47020 

0.662 51258 

0.648 51257 

0.648 51258 

0.583 51258 

0368 51258 

0.829 51258 

0.042 47020 

0.417 51258 

0.087 51258 

0.165 51257 

0.833 51257 

0.497 51258 

0.279 51258 

0.160 51258 

0.936 49819 

0.475 51257 

0.457 51256 

0.637 51258 

0.435 51258 

0.140 51258 

0.800 51258 

0.350 51258 

0.958 47020 

0.200 51258 

0.701 51258 

0.167 51257 

0.264 48103 

0.525 51258 

0.475 50243 

0.828 51258 

0.564 51258 

0.042 47020 

0.565 51258 

0.498 51258 

0.957 47020 

0.529 48818 

0.133 51258 

0.654 51257 

0.173 51258 

0.165 51257 

0.720 51258 

0.355 51257 

3.946 

-3.945 

3.944 

-3.943 

-3.943 

-3.941 

-3.94 

-3.938 

3.937 

3.936 

-3.935 

-3.932 

-3.932 

3.93 

3.93 

-3.929 

-3.928 

-3.927 

3.926 

3.926 

3.925 

-3.925 

3.925 

3.924 

3.924 

-3.924 

3.922 

3.918 

-3.916 

3.914 

3.913 

-3.91 

-3.909 

-3.908 

3.904 

3.902 

-3.901 

3.901 

-3.9 

3.899 

-3.899 

-3.898 

-3.898 

7.94E-05 

7.98E-05 

+++++-+-+?+-+-+++?+-+-
--+-+--+--++ 16.2 

8.01E-05 +++++-++++---++-+++++ 33.1 

8.04E-05 -+-++-+-+-
8.05E-05 -+-+-+--+-+--+-+ 30.4 

8.11E-05 +--++-+--+--+ 
8.14E-05 -+-+-+----+----

813E-05 ---+-+-1-+-+--l-+-+ 

8.25E-05 ++++-+-+++-++-+-++++-+- 30.8 

8.30E-05 +++++++-+-+-+++++++++ 19.3 

8.32E-05 -+-++------+-+--+-
8.41E-05 --+--+-+-
8.42E-05 -+-+--+--+--+-+--+-

8.50E-05 +++-+++++-++++-++++-+- 27.2 

8.51 E-05 +-++++++--+++++--++++++ 
8.53E-05 ? + 
8.56E-05 -----+-+--+-+-
8.59E-05 -+---+-+--

8.64E-05 +++++-+-+++++-+++-+++++ 
8.65E-05 ++++++-+++++-+++-+++-++ 
8.66E-05 +-++++++-++-++++-++++++ 
8.67E-05 -+--+++-+++-

8.68E-05 ++++++++-+++++++++-+ 
8.70E-05 +++++-+-+l+-+-+++l+-+-

8.72E-05 ++++-++--++--+-+++++++ 
8.72E-05 ----+--+++--+ 

8.80E-05 ++++++++-+-++++++-++-++ 
8.92E-05 -?++--+-++-+++++-+++++ 6.7 

9.00E-05 -+--+-+---+-+--+- 0.3 

9.07E-05 +-+??++-+++++++-+-+++-+ 
9.12E-05 

915E-05 

9.27E-05 

9.33E-05 

9.45E-05 

9.53E-05 

++++++++++++++++-+
+++-

--+--+-+-+-
----+-+-?-+-+---?-++ 

---+--+-+-+-

+-++-++-+++-+-+-+-+++-+ 
++++++-+?++-+++?+-+-

9.57E-Q5 -+-??-+---+--+-+--?+-

9.57E-05 -+++++-+-+++-+++++++++ 
9.62E-05 ++---+---+-----++-

9.66E-05 +-++++-++++-+++++++++ 
9.68E-05 

9.68E-05 

9.69E-05 

-+-++------+----+--

---++-+-+--+-+ 
---+---+-++++-+----

9.6 

25 

31.2 

0.664 

0.241 

0.064 

0.894 

0.085 

0.667 

0.585 

0.699 

0.081 

0.202 

0.791 

D.601 

0.555 

0.114 

0.662 

0.560 

0.939 

0.804 

0.836 

0.908 

0.595 

0.970 

0.924 

0.661 

0.971 

0.478 

0.598 

0.371 

0.456 

0.574 

0.703 

0.915 

0.657 

0.912 

0.330 

0.673 

0.464 

0.738 

0.581 

0.588 

0.834 

0.136 

0.078 



rs11179688 0.377 51258 -3.898 9.70E-05 +---+-+-----+ 0.846 

rs11746102 0.363 51258 -3.897 9.74E-05 -+-+-+-+-- 0.837 

rs11179690 0.623 51258 3.897 9.75E-05 -+++-++-++++++++++++++- 0.843 

rs7316126 0.624 51258 3.893 9.88E-05 -+++-++-++++++++++++++- 0.834 

rs4736893 0.231 51258 -3.893 9.91E-05 ---+---+-+----+- 0.942 

rs7728789 0.637 51258 3.891 9.97E-05 +++++-+-+++++-+++-+++++ 0.835 

TABLE 54. Replication oftop SNPs (P-value <1 0-5) from previous GWASs. 

Original study Current study- Current study-

Sullivan2009 rs2522833* 7 
(1738 ca, 1802 co) 

Wray 201 0(5763 rs11579964 
ca,6901 co)** 

rs7647854 3 

rs12446956 16 

rs12457996 18 

Terracciano 2010 rs12912233 15 
(n=4811)*** 

rs8070473 17 

rs349475 5 

rs12420464 11 

rs1927745 13 

rs10514585 16 

rs11009175 10 

rs17864092 7 

rs1449984 2 

rs1924397 13 

rs10744304 12 

rs2017305 10 

c + 1.2e-06 

T 4.4e-06 

G + 4.6e-o6 

c + 1.1e-06 

c 5.7e-06 

T + 6.3e·07 

T 1.5e·06 

T + 2.4e-06 

T 3.3e-06 

A 4.7e-06 

A + 4.9e-06 

A + 5.4e-06 

T 5.5e·06 

A 6.6e·06 

A + 7.6e-06 

A 8.7e-06 

A 9.0e-06 

Discovery set 
(N=34549) 

+ 026 

+ 0.19 

+ 0.61 

+ 0.94 

0.79 

0.85 

+ 0.94 

+ 0.72 

+ 0.17 

0.69 

0.053 

0.067 

0.60 

+ 0.90 

+ 0.66 

+ 0.31 

0.99 

*This SNP was tested for association in the current study as it was replicated previously 

** Largest meta-analysis of MDD 

***Meta-analysis of trait depression, only independent top SNPs were tested here 

overall meta

analysis 
(N=51258) 

+ 0.83 

+ 0.19 

+ 0.57 

0.77 

+ 0.68 

0.37 

+ 0.26 

+ 0.28 

+ 0.51 

+ 0.78 

0.011 

0.17 

0.33 

0.76 

+ 021 

0.80 

0.63 



CHAPTER3.3 

Text S1. Study descriptions 

BLSA (Baltimore Longitudinal Study of Aging):The Baltimore Longitudinal Study of Aging is an 

ongoing multidisciplinary study of community-dwelling volunteers 1. 

DHS (Dortmund Health Study): The DHS is a population based cohort, randomly recruited 

in 2003/4 in the city of Dortmund, Germany. 1312 participated in person and completed a 

physical examination, blood collection and medical interview, providing several phenotypes. 

Additionally 979 individuals participated through a mailed questionnaire. Genetic analyses are 

restricted to 1050 of those with a blood sample. The study was approved by the Ethic Board of 

the University of Muenster and all participants provided written informed consent2' 3• 

ERF (Erasmus Rucphen Family Study): The Erasmus Rucphen Family study is part of the Genetic 

Research in Isolated Population program. The study population essentially consists of one 

extended family of descendents from 20 related couples who lived in the isolate between 

1850 and 1900 and had at least 6 children baptized in the community church. The detailed 

information about ERF isolate can be found elsewhere 4' 5. The Medical Ethical Committee of the 

Erasmus Medical Center, Rotterdam approved the study and informed consent was obtained 

from all participants. The ERF study was approved by the Erasmus institutional medical-ethics 

committee in Rotterdam, The Netherlands. 

FHS (NHLBI's Framingham Heart Study): For nearly 60 years, the Framingham Heart Study has 

examined the natural history, risk factors, and prognosis of cardiovascular, lung, and other 

diseases. Recruitment of the Original Cohort began in 1948. Twenty-three years later, 3548 chil

dren of the Original Cohort, along with 1576 of their spouses, enrolled in the Offspring Cohort. 

Beginning in 2002, 4095 adults having at least one parent in the Offspring Cohort enrolled in 

the Third Generation Cohort, along with 103 parents of Third Generation Cohort participants 

who were not previously enrolled in the Offspring Cohort. The objective of new recruitment 

was to complement phenotypic and genotypic information obtained from prior generations, 

with priority assigned to larger families. From a pool of 6553 eligible individuals, 1912 men and 

2183 women consented and attended the first examination (mean age: 40 (standard deviation: 

9) years; range: 19-72 years). The examination included clinical and laboratory assessments 

of vascular risk factors and imaging for subclinical atherosclerosis, as well as assessment of 

cardiac structure and function. The comparison ofThird Generation Cohort data with measures 

previously collected from the first two generations will facilitate investigations of genetic and 

environmental risk factors for subclinical and overt diseases, with a focus on cardiovascular and 

lung disorders6·8. 



FINRISK:Finrisk07 belongs to the National FINRISK Study. The study has been conducted 

once in 5 years since 1972. Its focus is on studying chronic disease risk factors but includes 

also measures of mental health. The individuals were 25-74 years of age and came from the 

Eastern Finland, Turku, and Loimaa regions in Southwestern Finland, the metropolitan areas of 

the cities of Helsinki and Vantaa, and the province of Oulu in Northwestern Finland. The study 

was approved by the internal review board and received permission from the Uusimaa health 

region ethical committee. The participants provided informed written consent9. 

HEALTH ABC (Health, Aging and Body Composition study): The Health ABC study is a prospec

tive cohort study investigating the associations between body composition, weight-related 

health conditions, and incident functional limitation in older adults. Health ABC enrolled 

well-functioning, community-dwelling African-American (n=1281) and white (n=1794) men 

and women aged 70-79 years between April1997 and June 1998. Participants were recruited 

from a random sample of all Medicare eligible residents in the Pittsburgh, PA, and Memphis, TN, 

metropolitan areas. Eligibility requirements included no difficulty with activities of daily living, 

walking a quarter of a mile, or climbing 10 steps without resting. Participants have undergone 

annual exams and semi-annual phone interviews. CES-D questionairres and DNA extraction 

were carried out at baseline10• 

HBCS (The Helsinki Birth Cohort Study): HBCS is composed of 8760 individuals born between 

the years 1934-44 in one of the two main maternity hospitals in Helsinki, Finland. Between 2001 

and 2003, a randomly selected sample of928 males and 1075 females participated in a clinical 

follow-up study with a focus on cardiovascular, metabolic and reproductive health, cognitive 

function and depressive symptoms. In 2004, various psychological phenotypes were assessed, 

including the CESD. After exclusions, there were 1360 subjects with both valid phenotype and 

genotype data (59.1% women). The mean age ofthe subjects was 63.4 (SD=2.86). The mean 

age of the men was 63.3 (SD=2.68) and ofthe women was 63.6 (SD=3.00). Research plan of the 

HBCS was approved by the Institutional Review Board of the National Public Health Institute 

and all participants have signed an informed consent 11 . 

HRS (Health and Retirement Study): The Health and Retirement Study (HRS) is a longitudinal 

survey of a representative sample of Americans over the age of 50. The current sample is 

over 26 000 persons in 17 000 households. The study interviews respondents every two years 

about income and wealth, health and use of health services, work and retirement, and family 

connections. DNA was extracted from saliva collected during a face-to-face interview in the 

respondents' homes. These data represent respondents who provided DNA samples and 

signed consent forms in 2006 and 2008. 

RUSH-ROS (The Religious Order Study of Rush Alzheimer's Disease Center): The Religious Orders 

Study (ROS), started in 1994, enrolled older Catholic priests, nuns and brothers from about 40 



groups in 12 states of the United States. Since January 1994, more than 1,100 participants com

pleted their baseline evaluation. The follow-up rate of survivors exceeds 90%. All participants 

were free of known dementia at enrollment and agreed to annual clinical evaluations including 

a medical history, cognitive function testing, neuropsychological examination, blood specimen 

collection, and brain donation at time-of-death. The study was approved by the Institutional 

Review Board of Rush University Medical Center. Informed consent and a signed anatomical 

gift act were obtained from each participant following a detailed presentation of the risks and 

benefits associated with participation 12. 

RUSH-MAP (The Memory and Aging Project of Rush Alzheimer's Disease Center): The Rush 

Memory and Aging Project (MAP), started in 1997, enrolled older men and women from assisted 

living facilities in the Chicagoland area with no evidence on dementia at baseline. Since Octo

ber 1997, more than 1,400 participants completed their baseline evaluation and the follow-up 

rate of survivors exceeds 90%. All participants agreed to annual clinical evaluations including a 

medical history, cognitive function testing, neuropsychological examination, blood specimen 

collection, and brain donation at time-of-death. The study was approved by the Institutional 

Review Board of Rush University Medical Center. Informed consent and a signed anatomical 

gift act were obtained from each participant following a detailed presentation of the risks and 

benefits associated with participation 13• 

RS (Rotterdam Study I-ll-Ill): The RS is an ongoing population-based cohort on risk factors for 

chronic diseases in the elderly which includes approximately 15,000 participants who live in 

Rotterdam. Detailed information on design, objectives and methods has been presented else

where. The Medical Ethics Committee of the Erasmus Medical Center approved the Rotterdam 

Study and written informed consent was obtained from all participants.14 

SARDINIA: The SardiNIA is a family-based study includes over 6000 related individuals from four 

towns in the Ogliastra province of Sardinia, ltaly1 5. 

STR (Sweedish Twin Registry): The TwinGene project of the STR, conducted between 2004 and 

2008, is a population-based Swedish study of twins born between 1911 and 1958. The study 

participants have previously participated in a telephone interview called Screening Across 

the Lifespan of Twins cohort. To be included in TwinGene, both twins within a pair had to be 

alive. The zygosity of the twins was based on self-reported childhood resemblance, or by using 

DNA markers (for 18% of the total sample). A total of 9617 individuals who donated blood and 

answered questionnaires about life style and health, also passed the genotypic QC. The study 

was approved by the local ethics committee at Karolinska lnstitutet and all participants gave 

informed consent16. 
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Text 52. Items of CES-D subscales. * Indicates the item is also available in CES-D 

10. 

Positive items of the CES-0-20 questionnaire 

4. I felt I was just as good as others 

8. I felt hopeful about the future 

12. I was happy* 

16. I enjoyed life* 

Negative items of the CES-0-20 questionnaire 

3. I felt that I could not shake off the blues, even with help from my family and friends. 

6. I felt depressed.* 

9. I thought my life was a failure. 

10. I felt fearful. 

14. I felt lonely* 

17. I had crying spells. 

18. I felt sad. * 

·Somatic complaints in the CES-0-20 questionnaire 

1. I was bothered by things that usually do not bother me. 

2. I did not feel like eating: my appetite was poor. 

5. I had trouble keeping my mind on what I was doing. 

7. I felt that everything I did was an effort.* 

11. My sleep was restless.* 

13. I talked less than usual. 

20. I could not get going.* 

Interpersonal problems 

15. People were unfriendly.* 

19. I felt that people disliked me.* 



FIGURE 51. Q-Q plots of the over all meta-GWAS 
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A. Somatic items scale, combined analysis; B. Positive items scale, combined analysis; C. Negative items 

scale, D. Somatic items women-only analysis; E. Positive items women-only analysis; F. Negative items 

women-only analysis; G. Somatic items men-only analysis; H. Positive items men-only analysis; I. Negative 

items men-only analysis. 



FIGURE 52. Manhattan plots of the over all meta-GWAS 
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A. Somatic items scale, combined analysis; B. Positive items scale, combined analysis; C. Negative items 

scale, D. Somatic items women-only analysis; E. Positive items women-only analysis; F. Negative items 

women-only analysis; G. Somatic items men-only analysis; H. Positive items men-only analysis; I. Negative 

items men-only analysis 
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Table S2. Top Meta-GWAS SNPs and their P-values in the PGC-MDD GWAS 

Discovery CES-D SUBSCALES GWAS PGCMDDGWAS 

SNPID Coded allele Z-score P-value Coded allele OR SE P-value 

rs2375800 A 5.42 6.15E-08 A 0.96 0.03 9.87E-02 

rs2375799 T -531 1.09E-07 T 1.05 0.03 9.32E-02 
G) 
ro 
::> 

rs453359 A -4.95 7.44E-07 A 1.00 0.03 9.54E-01 ~ 
rs1564630 T 4.88 1.05E-06 T 1.00 0.03 9.93E-01 

c. 
~-

rs12141569 T 4.76 1.97E-06 T 1.00 0.02 8.87E-01 ~ a· 
rs12224700 T 4.71 2.48E·06 T 0.98 0.02 3.30E-01 

::> 

rs10889125 A 4.62 3.88E-06 A 0.99 0.03 8.16E-01 

rs2764928 T -4.61 4.07E-06 T 1.01 0.03 7.48E-01 

rs7563359 A -4.54 5.72E-06 A 
l> 

0.98 0.05 635E-01 '0 
'0 
ro 

rs1849785 T 4.52 6.15E-06 T 1.00 0.02 9.71 E-01 ::> 
c. 
r;· 

rs2213180 T 4.52 6.20E-06 T 1.04 0.03 2.45E-01 !); 

rs4293597 T 4.50 6.90E-06 T 1.03 0.05 6.13E-01 

rs1167078 T -4.48 7.43E-06 T 1.00 0.02 8.84E-01 

rs7127737 T 4.47 7.87E-06 T 1.00 0.03 8.76E·01 

rs12022410 A -4.47 7.94E-06 A 1.01 0.02 S.OOE-01 

rs7S86242 T -4.46 8.07E-06 T 1.08 0.05 1.47E-01 

rs885813 T -4.46 8.38E-06 T 1.00 0.02 8.36E-01 

rs1656533 A -4.45 8.4SE-06 A 1.00 0.02 8.97E-01 

rs7844381 A 4.45 8.53E-06 A 1.03 0.03 2.32E-01 

rs1167096 T 4.44 8.88E-06 T 1.00 0.02 9.45E-01 

rs1167080 A 4.44 8.88E-06 A 1.00 0.02 9.14E-01 

rs1795939 T 4.44 8.92E-06 T 1.00 0.02 8.82E-01 

rs2716122 A 4.44 9.02E-06 A 0.99 0.03 7.80E-01 

rs1344828 A -4.43 9.25E·06 A 1.00 0.02 8.97E-01 

rs1167079 A -4.43 9.52E-06 A 1.00 0.02 9.01E-01 

rs1167103 A -4.42 9.68E·06 A 1.00 0.02 9.29E-01 

rs1167130 A -4.42 9.79E-06 A 1.00 0.02 8.96E-01 

rs2706326 A -4.42 9.89E-06 A 1.00 0.02 9.01E·01 

rs1167094 A -4.42 9.92E-06 A 1.00 0.02 9.12E-01 

rs10790965 A -4.42 1.01E-05 A 1.01 0.03 8.66E-01 

rs1167132 T 4.40 1.06E-05 T 1.00 0.02 8.99E-01 

rs1167065 A 4.40 1.07E·OS A 1.00 0.02 9.97E-01 

rs1185221 T -4.40 1.10E-05 T 1.00 0.02 9.60E-01 

rs10748349 A 439 1.14E·05 A 1.00 0.02 8.82E·01 

rs877474 A 4.39 1.16E-05 A 0.96 0.09 6.37E-01 

rs1204056 A -4.38 1.17E·OS A 1.00 0.02 9.46E-01 

rs4278783 A -4.37 1.22E-05 A 1.10 0.06 1.02E-01 

rs13278740 A -4.37 1.26E~05 A 1.04 0.09 6.69E-01 

rs1629029 T -4.36 0.02 9.06E-01 

rs6699576 T -4.35 0.03 8.85E-01 
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0.02 

0.02 

0.10 

0.04 

0.06 

0.08 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.06 

0.03 

0.02 

0.02 

0.03 

0.02 

0.03 

8.79E-01 

9.84E-01 

S.60E-01 

3.07E-01 

7.69E-03 

9.55E-01 

2.53E-01 

8.23E-01 

2.SOE-01 

7.83E-01 

8.94E-01 

3.13E-01 

3.52E-01 

9.42E-01 

8.38E-01 

1.11E-01 

9.65E-01 

2.55E-01 

S.SSE-01 

7.67E-01 

1.9SE-01 

6.73E-01 

6.82E-01 

6.67E-01 

3.88E-01 

9.46E-01 

3.22E-01 

9.52E-01 

7.88E-01 

8.16E-02 

9.79E-01 

9.24E-01 

9.58E-01 

4.10E-01 

9.52E-01 

3.46E-01 

4.38E-01 

S.16E-01 

4.74E-01 

1.37E-01 

8.53E-01 

3.57E-01 

1.4SE-01 

9.96E-01 



rs4738613 A -3.92 9.02E-OS A 0.97 0.02 1.18E-01 

rs7508195 A -3.92 9.05E-05 A 1.01 0.08 9.43E-01 

rs13255034 T 3.91 9.26E-05 T 1.03 0.02 1.14E-01 

rs11223955 T c3.91 9.36E-05 T 1.02 0.03 3.97E-01 

rs1034911 A 3.91 9.41 E-05 A 1.02 0.03 4.48E-01 

rs16878481 T 3.90 9.52E-05 T 1.04 0.04 3.61 E-01 
G) 
f1) 

:::> 

rs6777846 T -3.90 9.81E-05 T 1.00 0.02 
f1) 

9.29E-01 ~ 

rs887990 A -3.90 9.82E-05 A 1.03 0.03 2.33E-01 
a. 
~· 

rs7148151 c -3.90 9.83E-05 c 0.98 0.02 4.14E-01 ~ a· 
rs7547128 A 3.90 9.83E-05 A 0.99 0.02 6.46E-01 

:::> 

rs10281994 T 3.89 9.84E-05 T 1.00 0.03 8.98E-01 

rs17506599 T 3.89 9.90E-05 T 1.02 0.03 4.45E-01 
)> 
"C 
"C 

f1) 

:::> 
a. 
r;· 

Discovery CES-D SUBSCALES GWAS PGCMDDGWAS Cl 

SNPID Coded allele Z..score P-value Coded allele OR SE P-value 

rs2810747 A 4.78 1.74E-06 A 0.98 0.02 4.29E-01 

rs2585667 A 4.68 2.87E-06 A 0.98 0.02 4.46E-01 

rs2810745 A -4.60 4.27E-06 A 1.02 0.02 3.66E-01 

rs2585668 T -4.60 4.33E-06 T 1.02 0.02 3.82E-01 

rs238516 T -4.56 5.15E-06 T 0.98 0.02 2.60E-01 

rs454214 T 4.42 9.86E-06 T 0.97 0.02 1.56E-01 

rs10947531 T -4.36 1.29E-05 T 0.97 0.02 2.14E-01 

rs9296129 c 4.34 1.40E-05 c 1.03 0.02 2.07E-01 

rs34316 A -4.34 1.44E-05 A 1.03 0.02 1.70E-01 

rs7739771 A -4.34 1.45E-05 A 0.97 0.02 1.98E-01 

rs7955793 A '-4.33 1.49E-05 A 1.00 0.03 9.12E-01 

rs9469886 T -4.31 1.67E-05 T 0.97 0.02 1.86E-01 

rs9469914 A 4.30 1.69E-OS A 1.03 0.02 2.01E-01 

rs7774697 A 4.30 1.73E-05 A 1.03 0.02 1.78E-01 

rs1998702 A 4.30 1.73E-05 A 1.03 0.02 1.85E-01 

rs3734264 A -4.28 1.86E-05 A 0.97 0.02 2.59E-01 

rs1 1875511 A 4.28 1.86E-05 A 0.98 0.02 2.61 E-01 

rs9462015 T 4.27 1.92E-05 T 1.03 0.02 1.82E-01 

rs6457792 A 4.27 1.96E-OS A 1.02 0.02 3.57E-01 

rs9462027 A -4.26 2.09E-05 A 0.98 0.02 3.65E-01 

rs11759151 T -4.26 2.09E-05 T 0.97 0.02 2.01E-01 

rs10118655 A -4.23 2.37E·OS A 1.02 0.02 3.44E-01 

rs11147763 T 4.22 2.41 E-05 T 0.99 0.02 7.14E-01 

rs9469917 A -4.22 2.48E-05 A 0.97 0.02 2.24E-01 

rs2269720 T 4.22 2.50E-05 T 1.03 0.02 2.36E-01 

rs17163886 A -4.21 2.52E-05 A 0.97 0:03 3.49&01 

rs921453 T -4.21 2.58E-05 T 0.98 0.03 5.24E-01 

rs10829613 T -4.21 2.61E-05 T 0.99 0.02 7.14E-01 
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1.03 
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0.95 

1.01 

0.97 

0.02 3.94E-01 

0.08 4.49&01 

0.02 2.03E-01 

0.03 9.57E-01 

0.03 7.87E-01 

0.02 2.08&01 

0.02 2.00E-01 

0.02 1.98E-01 

0.02 4.36E-01 

0.03 6.79E-01 

0.02 3.57E-02 

0.02 9.29E-01 

0.02 2.08E-01 

0.02 3.79E-01 

0.02 5.93E-01 

0.02 4.86E-02 

0.02 1.93E-01 

O.Q3 5.14E-01 

0.03 3.25E-01 

0.02 1.94E-01 

0.02 3.80E-0 1 

0.02 1.75E-01 

0.02 1.92E-01 

0.03 4.98E-01 

0.25 9.75E-01 

0.03 5.97E-01 

0.03 6.1 OE-01 

0.02 1.21E-01 

0.02 4.27E-02 

0.02 1.82E-01 

0.02 1.80E-01 

0.02 7.08E-02 

0.03 1.14E-01 

0.02 1.99E-01 

0.02 1.46E-01 

0.03 8.03E-01 

0.02 2.13E-02 

0.02 1.95E-01 

0.02 9.84E-01 

0.05 5.99&01 

0.02 3.37E-01 

0.06 4.58E-01 

0.03 6.81 E-01 

0.02 1.67E-01 



rs6776500 T -4.03 5.68E-05 T 1.00 0.02 9.84E-01 

rs10804612 A -4.02 5.76E-05 A 1.00 0.02 9.62E-01 

rs1407947 c 4.02 5.88E-05 c 0.96 0.02 6.96E-02 

rs34320 T -4.02 5.91 E-05 T 1.03 0.02 1.71 E-01 

rs6737675 A -4.01 6.01 E-05 A 0.95 0.02 1.01 E-02 

rs13101939 A 4.01 6.02E-05 A 1.03 0.02 2.23E-01 Gl 
(l) 
:::> 

rs2814945 A -4.01 6.08E-05 A 0.97 0.02 2.26E-01 
(l) 

?1. 
rs9644396 A -4.01 6.12E-05 A 0.97 0.05 5.99E·01 

c. 
~· 

rs11205596 T 4.00 6.36E-05 T 1.02 0.08 8.04E-01 ~ c;· 
rs1378807 c -4.00 6.44E-Q5 c 1.00 0.02 9.26E-D1 

:::> 

rs8084815 c 3.99 6.53E-05 c 1.02 0.03 6.16E-01 

rs579270 A 3.99 6.54E-05 A 0.99 0.02 5.65E-01 

A 6.58E-05 0.97 0.02 1.72E-01 
)> 

rs34318 3.99 A '0 
'0 
(l) 

rs809538 A -3.99 6.60E-05 A 0.98 0.04 6.70E-01 :::> 
c. 
r;· 

rs1926262 T -3.98 6.91E-05 T 0.99 0.05 8.90E-01 ~ 

rs2825324 T -3.98 6.94E·05 T 1.02 0.02 4.57E-01 

rs503764 T -3.98 6.95E-05 T 0.99 0.02 6.53E-01 

rs7722746 T -3.98 7.03E-05 T 1.00 0.02 8.55E-01 

rs105154 A -3.97 7.14E-05 A 0.84 0.09 5.69E-02 

rs7708977 T -3.97 7.21E-05 T 0.96 0,04 3.19E-01 

rs2810729 T -3.97 7.24E-05 T 1.00 0.02 9.94E-01 

rs2814981 A -3.96 7.43E-05 A 0.97 0.02 1.89E-01 

rs2814992 A 3.96 7.53E-05 A 1.03 0.02 2.23E-01 

rs216250 A -3.96 7.62E-05 A 1.00 0.02 8.31 E-01 

rs17085784 A 3.95 7.68E-05 A 0.95 0.02 2.29E-02 

rs16968087 A -3.95 7.69E-05 A 0.97 0.03 3.94E-01 

rs8086052 A -3.95 7.77E-05 A 0.97 0.03 3.92E-01 

rs941095 A 3.95 7.79E-05 A 1.01 0.03 8.10E·01 

rs2512574 c 3.95 7.83E-05 c 0.99 0.02 6.10E-01 

rs2644253 A 3.95 7.83E-05 A 1.01 0.03 6.41 E-01 

rs10885329 A 3.95 7.85E-05 A 1.03 0.02 1.24E-01 

rs205484 T -3.95 7.86E-05 T 1.00 0.05 9.99E-01 

rs216244 T 3.95 7.88E-05 T 1.00 0.02 9.72E-01 

rs11660710 A -3.95 7.96E-05 A 0.98 0.03 5.94E-01 

rs10872500 T -3.94 8.16E-05 T 1.00 0.02 9.92E-01 

rs1926562 A 3.94 8.17E-05 A 1.03 0.02 1.31 E-01 

rs2048472 T -3.94 8.22E-05 T 1.03 0.03 2.98E-01 

rs990462 A 3.93 8.35E-05 A 1.02 0.03 6.36E·01 

rs7645254 A 3.93 8.37E-05 A 0.85 0.15 2.74E-01 

rs755448 A -3.93 8.47E-05 A 1.01 0.03 6.77E·01 

rs11853808 A -3.93 8.49E-05 A 0.97 0.07 6.07E-01 

rs11164935 A -3.93 8.50E·05 A 1.04 0.05 3.61E-01 

rs2744949 T -3.93 8.56E-05 T 0.97 0.02 2.08E-01 

rs949681 A -3.93 8.58E-05 A 1.04 0.09 6.35E-01 



rs2235569 

rs7841009 

rs2814953 

rs1565976 

rs963911 

rs1955513 
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P-value 
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Table 51. Mean and standard deviations (SD) for the lipid species included in this study. 

G) 
ro 

" ro 
~ 
c. 

CER 18:0 0.236 0.061 0.028 0.006 
~· 

~ 
CER20:0 0.207 0.049 0.025 0.005 c;· 

" 
CER22:0 1.213 0.330 0.143 0.013 

CER23:0 0.959 0.258 0.114 0.014 

CER24:1 1.441 0.365 0.172 0.027 )> 
"0 

CER24:0 3.403 0.931 0.401 0.039 "0 
ro 

" 
Glu-CER 16:0 0.452 0.055 

c. 
0.118 0.013 c;· 

~ 
Glu-CER 24:1 0575 0.168 0.070 0.022 

LPC 15:0 1.165 0.352 0.005 0.001 

LPC 16:0 133.052 34.628 0.523 0.038 

LPC 16:1 2.476 0.866 0.010 0.002 

LPC 18:0 46.685 14.720 0.182 0.025 

LPC 18:1 21.200 6.969 0.083 0.012 

LPC 18:2 32.088 11.630 0.125 0.028 

LPC 18:3 0.637 0.263 0.002 0.001 

LPC20:0 0.375 0.111 0.002 0.000 

LPC 20:3 2.545 0.990 0.010 0.003 

LPC20:4 9.564 4.825 0.038 0.015 

LPC20:5 0.890 0.499 0.003 0.002 

LPC22:4 0.593 0.304 0.002 0.001 

LPC22:5 0.852 0.481 0.003 0.001 

LPC22:6 2.018 0.977 0.008 0.003 

PC26:0 0.691 0.467 0.000 0.000 

PC30:0 4.297 2.020 0.002 0.001 

PC30:1 0.746 1.193 0.000 0.001 

PC32:0 16.295 3.777 0.007 0.001 

PC32:1 18.658 9.447 0.008 0.003 

PC32:2 4.935 2.110 0.002 0.001 

PC34:0 3.595 1.839 0.002 0.001 

PC 34:1 246.240 68.305 0.112 0.018 

PC34:2 562.224 131.337 0.256 0.032 

PC 34:3 18.313 6.432 0.008 0.002 

PC34:4 1.906 0.848 0.001 0.000 

PC36:0 2.964 1.372 0.001 0.001 

PC36:1 42.455 13.723 0.019 0.004 

PC 36:2 292.093 72.008 0.133 0.017 



Mean so Mean so 
PC36:3 154.868 39.970 0.070 0.009 

PC36:4 217.312 57.647 0.099 0.016 

PC36:5 24.007 10.912 0.011 0.004 

PC38:0 6.960 2.709 0.003 0.001 

PC38:1 9.890 5.235 0.004 0.002 

PC38:2 5.815 2.872 0.003 0.001 

PC38:3 46.673 15.146 0.021 0.005 

PC38:4 132.768 38.692 0.060 0.013 

PC 38:5 64.080 17.734 0.029 0.005 

PC38:6 90.872 28.265 0.041 0.011 

PC38:7 2.484 1.010 0.001 0.000 

PC40:0 1.400 0.704 0.001 0.000 

PC40:1 5.199 2.879 0.002 0.001 

PC40:2 2.838 1.545 0.001 0.001 

PC40:3 3.814 2.153 0.002 0.001 

PC40:4 4.446 1.555 0.002 0.001 

PC40:5 11.864 4.014 0.005 0.001 

PC40:6 31.109 11.038 0.014 0.004 

PC40:7 7.233 2.253 0.003 0.001 

PC42:4 0.981 0.648 0.000 0.000 

PC42:5 1.493 0.851 0.001 0.000 

!'CO 32:0 3.675 1.038 0.002 0.000 

PC032:1 2.721 0.830 0.001 0.000 

PC034:0 1.466 0.576 0.001 0.000 

PC034:1 9.756 2.373 0.004 0.001 

PC034:2 12.199 3377 0.006 0.001 

PC034:3 7.585 2.512 0.003 0.001 

PC036:0 0.986 0.511 0.000 0.000 

PC036:1 8.465 2.096 0.004 0.001 

PC036:2 13.766 3.482 0.006 0.001 

PCO 36:3 8.104 2.192 0.004 0.001 

PC036:4 17.940 4.597 0.008 0.002 

PC036:5 11.076 3.169 0.005 0.001 

PCO 38:1 1.041 0.854 0.000 0.000 

PC038:2 2.024 0.971 0.001 0.000 

PC038:3 4.265 1.223 0.002 0.000 

PC038:4 12.489 2.913 0.006 0.001 

PC038:5 17.637 4.173 0.008 0.002 

PC040:4 2.381 0.727 0.001 0.000 

PC040:5 3.477 0.972 0.002 0.000 

PC040:6 4.240 1.265 0.002 0.000 



Mean SD Mean SD 

PC042:5 1.548 0.529 0.001 0.000 

PC042:6 1.190 0.462 0.001 0.000 

PE32:0 0.130 0.056 0.004 0.002 
Gl 

"' ::J 

PE32:1 0.328 0.194 0.009 0.003 & 
PE32:2 0.130 0.052 

c. 
0.004 0.002 ~-

PE34:0 0.125 0.079 0.004 0.002 ~ 
6' 

PE 34:1 2.835 1.591 0.074 oms ::J 

PE34:2 5.634 2.977 0.149 0.025 

PE34:3 0.411 0.206 0m1 0.003 

PE36:1 
)> 

1.233 0.609 0.033 0.008 '0 
'0 

"' PE36:2 6.715 3.197 0.181 0.028 ::J 
c. 
c;· 

PE 36:3 2.002 1.042 0.053 0.013 ~ 

PE36:4 2.987 1.430 0.080 0.011 

PE 36:5 0.299 0.129 0.008 0.003 

PE38:1 0.193 0.060 0.006 0.002 

PE38:2 0.154 0.049 0.005 0.002 

PE38:3 0.561 0.289 oms 0.003 

PE38:4 4.926 2.222 0.134 0.023 

PE 38:5 1.577 0.729 0.043 0.008 

PE 38:6 2.967 1.615 0.079 0.022 

PE40:3 0.047 0.025 0.001 0.001 

PE40:4 0.175 0.093 0.005 0.001 

PE40:5 0.511 0.276 0.014 0.003 

PE40:6 2.047 1.112 0.055 0.017 

PE42:5 0.034 0.019 0.001 0.001 

PE42:6 0.038 0.019 0.001 0.001 

PE42:7 0.057 0.026 0.002 0.001 

PEO 38:7 0.181 0.067 0.006 0.003 

PE040:3 0.739 0.267 0.021 0.005 

PLPE 16:0/18:1 0.846 0.251 0.016 0.004 

PLPE 16:0/18:2 2.381 0.835 0.045 0.010 

PLPE 16:0/20:4 5.847 2.071 0.111 0.019 

PLPE 16:0/20:5 0.692 0.365 0.013 0.005 

PLPE 16:0/22:5 1.650 0.517 0.032 0.007 

PLPE 16:0/22:6 3.637 1.120 0.070 0.016 

PLPE 18:0/18:1 1.053 0.353 0.020 0.004 

PLPE 18:0/18:2 3.945 1.394 0.075 0.017 

PLPE 18:0/20:4 9.597 3.444 0.180 0.027 

PLPE 18:0/20:5 1.265 0.856 0.023 0.011 

PLPE 18:0/22:6 3.386 1.198 0.064 0.013 

PLPE 18:1/18:1 0.790 0.238 oms 0.003 



Mean SD Mean SD 

PLPE 18:1/18:2 1.939 0.678 0.037 0.009 

PLPE 18:1/20:4 5.256 1.913 0.099 0.017 

PLPE 18:1/20:5 0.662 0.358 0.012 0.005 

PLPE 18:1/22:6 2.048 0.683 0.039 0.009 

SPM 14:0 12.878 3.595 0.024 0.005 

SPM 15:0 6.728 1.933 0.013 0.003 

SPM 16:0 146.601 30.203 0.044 0.005 

SPM 16:1 23545 5.355 0.002 0.002 

SPM 17:0 4.186 1.278 0.011 0.003 

SPM 18:0 28.980 7.351 0.030 0.005 

SPM 18:1 16.037 4.546 0.003 0.001 

SPM 18:2 1.384 0.601 0.008 0.002 

SPM20:0 18.428 7.019 0.034 0.011 

SPM20:1 8.583 4.413 0.016 0.007 

SPM22:0 39.580 10.853 0.064 0.008 

SPM22:1 34.008 8.766 0.005 0.005 

SPM22:2 2.790 2.654 0.003 0.004 

SPM23:0 17.029 4.615 0.028 0.004 

SPM23:1 14.771 4.000 0.003 0.003 

SPM24:0 27.731 7.733 0.152 O.Q15 

SPM24:1 80.996 18.934 0.069 0.010 

SPM 24:2 36.661 9.486 0.008 0.004 

SPM24:3 4.029 2.177 0.002 0.001 

SPM dih 16:0 5.762 1.823 0.276 0.021 

SPMdih 18:0 1.466 1.089 0.003 0.002 

SPMdih22:0 1.598 1.488 0.074 0.012 

SPM dih 23:0 0.878 0.670 0.032 0.005 

SPMdih24:0 0.853 0.802 0.052 0.009 
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%PE38:2 rs2477703 2458154 2.02 

PE38:4 rs2606418 2894007 2.21 

PE 38:3 rs2606418 2894007 2.02 

PE34:2 rs2606418 2894007 2.7 

Total PE rs2606418 2894007 3.21 

PE40:5 rs2027262 2949536 2.51 

PE 36:4 rs2027262 2949536 2.67 

%PE038:7 rs2027262 2949536 2.86 

%PLPE 16:0/22:5 rs2821039 3430164 1.92 

Monounsaturated PE rs878063 3496085 2.24 

PE 36:2 rs4654522 3910010 2.42 

%PE38:1 rs4654522 3910010 3.06 

PE 36:3 rs2035453 4615328 2.24 

PE36:1 rs2035453 4615328 2.87 

%PE42:6 rs2035453 4615328 1.99 

PLPE 18:1/18:1 rs1555024 23531509 2.04 

PC032:0 rs6619 37699789 2.49 

o/oPC038:4 rs1934405 48962059 2.26 

o/oPLPE 16:0/22:6 rs2075630 86664622 2.52 

PCO 36:1 rs698274 90956198 2.01 

%PLPE 18:1/20:4 rs834984 99835359 1.93 

PC40:7 rs2065188 104310593 2.09 

PC036:4 rs2031504 106770393 1.99 

o/oSPM 14:0 rs1020812 108196674 1.99 

%SPM dih 24:0 rs968853 161878230 2.116 * 
PC036:4 , rs761076 164351640 2.21 

CER24:0 rs2040427 172052589 1.89 

SPM dih 18:0 rs716760 176981817 2.285 * 
%PC036:4 rs1020782 178010159 2.32 

SPMdih23:0 rs1020782 178010159 2.353 * 
%PC38:0 rs2039759 190335126 2.02 

SPM dih 23:0 rs417774 211221820 1.918 * 
%SPM 18:2 rs653891 228798772 2.007 

PE32:1 rs717227 236208640 2.14 

%SPM dih 24:0 rs1341446 237867929 2.027 * 
PLPE 16:0/18:1 rs1025599 238623917 1.9 

SPM 20:1 rs3127479 240827510 2.121 * 
%5PM20:1 rs3102460 240902758 2.292 

SPMdih 18:0 rs6548222 2 286812 1.909 * 
5PM23:0 rs1370548 2 11932342 2.35 

SPM20:1 rs956596 2 12978258 2.127 * 
o/oSPM 18:2 rs952275 2 21133051 2.165 * 



PC40:3 rs2048983 2 35827779 2.2 

PC38:0 rs1504 2 36977669 2.48 

PLPE 18:1/22:6 rs1014454 2 45530624 2.62 

Monounsaturated SPM rs992214 2 63398080 2.01 
Gl 
ro 
::> 

Total SPM rs992214 2 63398080 1.91 ~ 
a. 

Poly-unsaturated SPM rs1050676 2 65222482 1.95 ~· 

%PC032:0 rs1015117 2 86652521 2.22 ~ a· 
%PE40:4 rs880721 2 128869534 2.45 

::> 

SPM20:1 rs113906 2 137492332 2.32 

%SPM dih 24:0 rs892874 2 137734986 2.003 * 
)> 

SPMdih 18:0 rs1424937 2 169391691 1.936 -o 
-o ro 

PC26:0 rs71 1814 2 176794848 1.93 ::> 
a. ;;· 

PC30:1 rs1882395 2 191510509 2.06 ~ 

PC38:5 rs1840947 2 193766027 1.98 

% Polyunsaturated PE rs796283 2 208836633 2.44 

%PC38:4 rs291335 2 239884101 2.01 

%PC36:2 rs1483844 3 25401283 2 

PC36:1 rs1348979 3 27002501 2.35 

%PC34:1 rs1406568 3 34414318 2.19 

%PC42:4 rs536036 3 57301923 2.42 

SPM dih 23:0 rs1472653 3 59560632 2.434 

%SPM dih 23:0 rs1472653 3 59560632 2.105 * 
%SPM dih 22:0 rs1562499 3 76685084 2.847 

%SPM20:1 rs1470569 3 77614616 2.279 * 
%SPM dih 22:0 rs1913081 3 78524925 2.36 

%SPM dih 22:0 rs1352463 3 95702121 2.165 

%SPM dih 22:0 rs1519159 3 96650302 2.055 

%SPM dih 22:0 rs1567058 3 98969929 2.421 * 
%SPM dih 22:0 rs591728 3 101916282 2.743 

SPMdih22:0 rs1 147696 3 121602169 2.084 * 
SPM dih 22:0 rs2053820 3 127978004 2.506 

SPMdih22:0 rs730257 3 128119054 2.617 .. 
%PC38:1 rs1398775 3 147030054 2.31 

PE32:2 rs482314 3 162947581 2.37 

%PC38:0 rs1996489 3 167561367 2.22 

%PE38:2 rs1996489 3 167561367 1.93 

%PC32:1 rs953834 3 169305526 1.99 

SPM20:0 rs1468924 3 180465671 2.27 

PC/ LPC rs823515 3 196746841 2.24 

SPMdih22:0 rs2686085 3 198711008 2.855 

PE40:6 rs1981635 4 10279286 2.07 

%PC34:2 rs1325107 4 17722768 2.31 



SPM20:1 rs216113 4 23196799 2.328 * 
%SPM 18:2 rs216113 4 23196799 1.9 * 
PC32:2 rs902659 4 32011211 1.92 

PC38:1 rs725292 4 36965713 2.22 

SPM20:1 rs992832 4 85013466 2.021 

PC38:1 rs732299 4 99352567 2.19 

o/oPE 38:3 rs713455 4 102504823 2.45 

%PE38:3 rs1548484 4 106107661 2.68 

%PC38:1 rs721412 4 111305082 2.43 

o/oPE 38:3 rs814397 4 117357176 2.19 

%LPC22:5 rs1157308 4 128040359 2.88 

%SPM24:2 rs1425566 4 134640602 2.44 

o/oGiu-CER 16:0 rs6840033 4 141586466 2.43 

o/oSPM 18:2 rs1014381 4 176923931 1.977 * 
CER23:0 rs12649669 4 178681057 2.03 

Total CER rs1510629 4 179686414 2.14 

o/oSPM 18:2 rs2044868 4 180296648 2.043 * 
o/oSPM 17:0 rs158958 5 57992021 2.73 

o/oSPM dih 24:0 rs264739 5 64401809 2.615 * 
SPMdih 18:0 rs1047530 5 75947155 2.194 * 
SPMdih 18:0 rs173686 5 82847256 2.147 * 
SPM22:2 rs877826 5 138646696 1.918 * 
PC40:6 rs270664 5 158489316 2.03 

Mono-unsaturated SPM rs1299Q48 5 162160289 2.26 

PC040:6 rs1030154 5 164983908 2.19 

PLPE 16:0/22:6 rs1030154 5 164983908 1.99 

Glu-CER rs1445716 5 165352084 1.98 

o/oPC38:3 rs1445716 5 165352084 2.16 

SPM-dih rs1422528 5 166738569 1.93 

o/o Polyunsaturated PC rs1054998 5 169548076 1.91 

PLPE 18:0/18:2 rs719065 6 110632 2.62 

PLPE 18:0/20:4 rs719065 6 110632 1.99 

o/oPLPE 18:0/22:6 rs2815155 6 8010229 1.95 

PC/SPM rs1150613 6 13288350 2.1 

SPM 20:0 rs1150613 6 13288350 2.08 

PC034:2 rs1259078 6 15123286 1.95 

o/o PLPE 16:0 rs6900454 6 16653636 2.68 

PC034:3 rs6901750 6 17127405 2.37 

SPM 24:2 rs1355460 6 23999853 2.53 

o/oSPM24:2 rs13161 6 26222681 2.24 

o/o CER 16:0 rs1537638 6 43204177 2.82 

o/o PC38:1 rs1293467 6 44877182 2.11 



% SPM dih 24:0 rs1925156 6 56215224 1.942 

SPM 16:1 rs1179900 6 90377879 2.25 

Mono-unsaturated SPM rs1979797 6 92549591 2.53 

TotaiSPM rs1979797 6 92549.591 2.4 
Gl 
ro 
::> 

SPM22:1 rs1498252 6 92706956 2.97 ~ 
%SPM 15:0 rs491112 6 

c. 
94226368 2.03 ~· 

o/oSPM20:1 rs2894891 6 100316628 2.332 ~ a· 
PC38:1 rs239189 6 101235508 2.22 

::> 

PC040:6 rs2040431 6 106177944 2.59 

o/o PE 36:5 rs1665914 6 107436099 2.17 

PC40:3 
)> 

rs1415428 6 114798204 2.1 "0 
"0 
ro 

PC38:0 rs1321807 6 117791685 2.14 ::> 
c. 
r;· 

o/o PC38:0 rs210617 6 117966751 1.9 :J; 

o/o PLPE 16:0/22:6 rs1569741 6 126425169 3.21 

PE40:6 rs969282 6 134246785 2.08 

o/oSPM20:1 rs736784 6 144113703 2.314 * 
o/oSPM dih 24:0 rs4131485 6 149041429 2.799 

SPMdih 18:0 rs409359 6 159915407 2.08 * 
SPMdih 22:0 rs875591 6 166039736 2.671 

o/o PC32:0 rs1362136 7 2278808 2.78 

o/o PLPE 18:1/18:1 rs6463843 7 8611957 2.13 

o/o PE42:7 rs2024046 7 20510506 2.44 

o/o PLPE 18:1/22:6 rs678798 7 70633763 1.91 

PC42:4 rs3135677 7 73099782 1.97 

o/o PC 36:4 rs740158 7 76700487 2.68 

PC036:4 rs1799003 7 78210331 1.96 

o/o PC32:1 rs9008 7 91147058 1.92 

SPMdih23:0 rs12217 7 121308604 1.909 * 
o/o PC40:1 rs322812 7 127338738 2.32 

o/o Poly-unsaturated SPM rs691183 7 128698220 2.3 

o/oPC036:1 rs1862083 7 130745104 2 

o/o Ether-PC rs4728251 7 131285591 2.2 

o/o Mono-unsaturated PE rs1468974 7 132036949 2.08 

o/o Poly-unsaturated PE rs889826 7 133053126 2.3 

PC/SPM rs757723 7 148884802 1.97 

PC38:4 rs3112 8 2941755 2.41 

PC036:5 rs922798 8 3469026 2.22 

PC038:4 rs922798 8 3469026 2.21 

PC40:4 rs922798 8 3469026 2.46 

Ether-PC rs922798 8 3469026 2.54 

SPM20:1 rs2442475 8 6344345 2.049 * 
Ether-PC rs310319 8 23746576 2.18 



SPM24:2 rs879958 8 25026922 2.88 

%$PM 18:0 rs1000236 8 38593641 2.23 

o/oSPM 24:3 rs1108 8 67543417 2.053 * 
o/oSPM 14:0 rs906998 8 78693270 2.42 

% PC36:4 rs20571 8 86539249 2.49 

o/o SPM dih 22:0 rs1902866 8 87922048 2.306 * 
SPM22:2 rs2034843 8 121412955 1.946 * 
o/oSPM 22:2 rs2034843 8 121412955 1.969 * 
SPM22:2 rs2034844 8 121413208 1.969 

%SPM22:2 rs2034844 8 121413208 1.946 .. 
o/o PLPE 18:1/20:5 rs7386971 8 144387314 2.76 

o/oPC042:6 rs1475656 9 30901514 1.95 

o/oSPM dih 23:0 rs735741 9 37934489 1.929 

%SPM dih 23:0 rs1138374 9 37964743 1.907 * 
pep_poly rs927632 9 76389547 2.35 

o/oPLPE 18:0/18:1 rs2378592 9 81724781 2.47 

SPM24:1 rs1048510 9 94400682 2.76 

PC036:5 rs1338121 9 100094573 2.26 

%PLPE 16:0/20:4 rs1329088 9 100960039 2.28 

o/oPLPE 18:0/18:2 rs363717 9 104624255 2.88 

o/o CER 18:0 rs6477450 9 105518992 2.52 

CER24:0 rs1405 9 116034178 2.12 

LPC 18:3 rs913932 9 122029298 2.05 

SPM 23:0 rs1054879 9 130075322 2.16 

SPM 18:0 rs705670 9 135694529 2.14 

o/oLPC20:0 rs3814595 10 3191679 2.41 

PE 38:5 rs1993181 10 4881168 2.42 

%PC038:4 rs1041226 10 6683857 2.59 

PE40:5 rs942434 10 7277013 2.29 

%PC38:4 rs1623807 10 9116302 2.45 

o/oPC36:4 rs913375 10 10780754 2.33 

o/oPE40:4 rs1001201 10 14083458 1.94 

o/oPC032:0 rs927099 10 33565842 3.11 

%SPM20:1 rs1345561 10 35810628 1.921 * 
o/oSPM 16:0 rs1208789 10 37762478 1.97 

spmp_pol rs722317 11 15880138 2.11 

SPM22:2 rs1499511 11 36044429 2.315 

o/oPLPE 18:0/18:1 rs4755782 11 44124572 1.93 

Glu-CER rs612415 11 60616462 2.12 

PC36:2 rs591804 11 73040858 2.04 

%PE36:2 rs591804 11 73040858 2.36 

o/oSPM dih 18:0 rs1247726 11 79644830 2.407 * 



o/oPLPE 18:0/20:4 rs1459937 11 81203361 1.94 

o/oSPM 22:2 rs586699 11 91929382 2.168 * 
o/oSPM24:2 rs1785872 11 104474890 3.22 

PC30:0 rs609177 11 116275727 2.44 
G) 

"' :;, 

pcBYipc rs1073636 11 119477658 2.38 & 
a. 

LPC 16:0 rs575030 11 120597608 2.22 ~· 

PC36:5 rs1894078 11 122104161 3.08 ~ ,,. 
o/oPC 36:5 rs1894078 11 122104161 2.14 

:;, 

PC 38:6 rs2001625 11 130103423 2.55 

o/oPC38:0 rs2001625 11 130103423 2.01 
)> 

o/oPLPE 18:0/18:2 rs1005394 12 1311398 2.37 "0 
"0 

"' 
o/oPLPE 16:0/18:2 rs1420725 12 2621844 2.12 

:;, 
a. 
r;· 

o/oPC40:1 rs2365567 12 6714108 1.97 m 

o/oPC40:6 rs1560011 12 9714219 2.91 

PC40:6 rs306657 12 27585118 2.02 

o/oPC40:6 rs306657 12 27585118 2.31 

o/oPE040:3 rs1705772 12 34066023 2.32 

o/oE40:6 rs965125 12 44008489 2.82 

o/oPLPE 18:0/22:6 rs1542707 12 46921444 2.03 

PLPE 18:0/22:6 rs1471998 12 46998269 1.92 

o/oPC38:1 rs1867299 12 52616242 2.61 

o/oPE38:2 rs1240267 12 68570395 1.97 

PC30:1 rs1433251 12 71362298 2.18 

PC38:7 rs2037581 12 75302109 2.31 

o/oPC38:5 rs2061589 12 86796951 1.99 

o/oLPC 16:0 rs1470106 12 95309585 2.62 

lpcp_sat rs1470106 12 95309585 2.51 

%18_0 rsl544921 12 100613641 1.91 

o/oLPC 18:2 rs1863527 12 106711018 1.98 

PE 36:5 rs1642031 12 108Q24955 1.91 

SPM 16:0 rs7295288 12 117318533 2.44 

spm_sat rs7295288 12 117318533 2.27 

o/o18_1 rs977655 13 25202569 2.22 

PC042:6 rs1544295 13 42396689 1.91 

o/oPC042:6 rs299344 13 43161589 2.07 

SPMdih24:0 rsl3.82461 13 54063651 2.48 

PC034:2 rs1545963 13 63751543 1.91 

PC040:6 rs1372177 13 78469870 2.99 

o/oPC040:6 rs2042766 13 87635854 2.27 

SPMdih23:0 rs1925.121 13 95736781 2.279 * 
o/oPC38:3 rs536863 13 101627600 2.02 

LPC22:4 rs1959344 14 19764442 1.91 



%PC36:2 rs2378944 14 31272229 1.96 

PC034:2 rs311848 14 58270833 2.33 

PC036:2 rs311848 14 58270833 2.25 

PC038:3 rs229670 14 64353254 1.92 

%PC036:3 rs1015023 14 67431984 2.95 

%PC038:3 rs6574106 14 72455419 2.16 

SPM dih 23:0 rs1125221 14 73982583 2.018 * 
%CER23:0 rs178384 14 79252594 2.13 

SPM dih 23:0 rs1846362 15 22119999 1.966 * 
PC40:7 rs969860 15 23262304 2.07 

SPM dih 18:0 rs1055356 15 32935394 1.904 

%SPM24:1 rs1989223 15 33914398 2.44 

SPM 24:1 rs1075456 15 61421458 2.55 

%PE42:6 rs2001597 15 68208915 2.74 

LPC 16:1 rs1553650 15 78899504 2.1 

%PC38:5 rs1007328 15 94504377 2.4 

%SPM22:2 rs7168512 15 99004156 2.186 

PC032:1 rs1203974 16 217459 1.91 

%PE36:5 rs3178656 16 1653514 3 

PE36:5 rs879416 16 2856655 2.02 

%PE40:5 rs11228 16 3212392 2.79 

5PMdih22:0 rs1012259 16 5892910 2.051 * 
%PC036:3 rs1035564 16 6050548 2.65 

pep_alky rs1035564 16 6050548 1.96 

%SPM dih 23:0 rs933478 16 6224150 2.18 

%PC32:1 rs1507038 16 7975776 1.95 

SPMdih22:0 rs1646129 16 29048189 2.139 

SPM20:1 rs837529 16 54043795 2.301 

PC38:1 rs41383 16 55668503 1.96 

%PC34:1 rs247041 16 56435141 2.38 

pcp_mono rs247041 16 56435141 2.21 

lpc_sat rs153672 16 61559144 2.03 

%PC34:1 rs153672 16 61559144 2.39 

%LPC22:4 rs328384 16 72397297 2.42 

%PE34:3 rs877375 16 73292368 2.03 

SPMdih23:0 rs1424234 16 78240204 2.509 * 
PE40:6 rs2059280 16 79891932 2.04 

%LPC 18:2 rs725514 16 81412395 2.21 

%PLPE 18:0/22:6 rs922450 16 82990535 2.14 

o/oPLPE 16:0/22:5 rs454087 16 83089803 3.09 

%PC040:6 rs2076962 16 85717982 2.5 

PE36:3 rs3794668 16 86301992 2 



%PE38:6 rs1984749 17 2196654 2.39 

%PLPE 16:0/22:5 rs178815 17 16033654 3.13 

PE36:1 rs2017167 17 29554828 2.29 

%PE038:7 rs2017167 17 29554828 2.02 
G) 
ro 

" ro 
pe_mono rs758299 17 30162722 2.37 ?1. 
%PE40:4 "-

rs1526601 17 36088662 1.94 u;· 

" 
PE 38:2 rs1019977 18 17257904 2.15 ~ 

i5" 
PE38:2 rs291781 18 17258111 2.15 " 
%SPM dih 22:0 rs1878677 18 38984443 1.905 

%PC034:0 rs1822459 18 46628125 1.94 
)> 

%SPM 18:2 rs732982 18 52878457 1.986 -c 
-c 
ro 

PCO 36:3 rs757528 19 1733798 2.05 " "-.,. 
SPM dih 18:0 rs1529729 19 11024562 2.078 [); 

%CER24:0 rs1015902 19 14883931 2.07 

SPM dih 18:0 rs1075403 19 18245950 2.169 * 
o/o5PM20:1 rs1973371 19 23515487 1.967 * 
%SPM dih 23:0 rs450542 19 23834737 2.159 

o/oSPM dih 23:0 rs251746 19 23841888 2.144 * 
o/oSPM dih 23:0 rs251743 19 23848208 2.243 * 
%5PM20:1 rs718066 19 45013680 2.755 * 
%PC40:3 rs725660 19 50954126 3.09 

%PC034:0 rs1045764 19 58303285 1.96 

PE42:5 rs36633 19 59338102 2.06 

%PC036:3 rs382592 19 62051612 2.76 

PC038:3 rs1469781 20 118642 3.24 

%PE42:5 rs4816023 20 780763 1.97 

LPC 22:5 rs1010310 20 44268451 2.04 

SPM20:1 rs511145 20 56337304 1.949 * 

%PE34:0 rs12034 21 17864094 2.02 

SPM22:2 rs2830252 21 26776572 1.924 * 

o/oPLPE 18:0/20:4 rs2831032 21 27917072 1.94 

PE38:3 rs1044195 21 33743677 2.21 

%PE40:5 rs2839576 21 43013026 1.93 

%PE36:2 rs2838325 21 43838712 2.31 

PC040:6 rs2839377 21 46902240 2.04 

LPC20:4 rs761793 22 47288589 2.59 

*Indicates that the results obtained by 2-point linkage analysis of traits with point-mass distribution. 



CHAPTERS 

Text 51. Supplementary methods 

Study population 

ERF is a family-based study which includes over 3000 individuals descendant from 22 couples 

living in the Rucphen region in the southwest Netherlands in the 19th century. All participants 

were invited to visit the clinical research centre in the region where they completed extensive 

physical examinations, questionnaires, and interviews and where fasting blood samples were 

drawn 1• Symptoms of depression and anxiety were assessed using the Hospital Anxiety and 

Depression Scale (HADS-D for depression and HAD S-A for symptoms of anxiety) and the Center 

for Epidemiological Studies Depression Scale (CES-D) questionnaires 2, 3• The ERF study was 

approved by the Medical Ethics Review Committee of the Erasmus University Medical Centre in 

Rotterdam, the Netherlands and all participants provided written informed consent. 

Lipidomics 

A broad range of phospho- and sphingolipid species (n = 148) were measured in 820 par

ticipants. Lipid species were quantified by electrospray ionization tandem mass spectrometry 

(ESIMS/ MS) using methods validated and described previously 4' 5.1n brief, samples were ana

lyzed by direct flow injection using a precursor ion scan of m/z 184 specific for phosphocholine 

containing lipids including phosphatidylcholine (PC), SPM 5 and lysophosphatidylcholine (LPC) 
4• A neutral loss scan of m/z 141 was used for phosphatidylethanolamine (PE) 6 and PE-based 

plasmalogens (PLPE) and was analyzed according to the principles described by Zemski-Berry 
7• In brief, fragment ions of m/z 364, 380 and 382 were used for PE p16:0, p18:1 and p18:0 spe

cies, respectively. Quantification was achieved by calibration lines generated by the addition of 

naturally occurring lipid species to plasma and internal standards belonging to the same lipid 

class (PC 14:0 /14:0, PC 22:0 /22:0, PE 14:0 /14:0, PE 20:0 /20:0, LPC 13:0, LPC 19:0). Calibration 

lines were generated for the following naturally occurring species: PC 34:1, 36:2, 38:4, 40:0 and 

PC 0 16:0 /20:4; LPC 16:0, 18:1, 18:0; PE 34:1, 36:2, 38:4, 40:6 and PLPE 16:0/20:4. Correction of 

isotopic overlap of lipid species as well as data analysis was performed by self-programmed 

Excel macros for all lipid classes according to the principles described previously 5• Nomencla

ture of SPM species is based on the assumption that d18:1 (dihydroxy 18:1 sphingosine) is the 

main base of plasma SPM, where the first number refers to the number of carbon atoms in the 

chain and the second number to the number of double bonds in the chain. Further details can 

be found in the supplementary table. The performed analysis does not always allow an exact 

assignment. In this case, an "0" is added to the subspecies name, e.g., PC 0 36:5 and PC 0 32:1. 

This denotes that the two species are most likely be assigned to PC species containing an ether 

bond (alkyl) and may constitute plasmalogens. However, we cannot exclude the possibility that 



PC 0 36:5 might be assigned to PC 35:5, an unlikely odd carbon number species. Similarly, PC 0 

32:1 could be assigned to PC 31:1. 

Additionally, in an independent sample of 1000 ERF individuals, targeted metabolite profiling 

by electrospray ionization (ESI) tandem mass spectrometry (MS/MS) was performed using a 

quantitative metabolomics platform (Biocrates Life Sciences AG, Austria). 753 individuals with 

both Biocrates measurements and depression questionnaire data served as a partial replication 

dataset for species measured in both platforms. 

Statistical analysis 

In addition to the measured lipids, the proportions of each lipid in its own class, (for example, 

the proportion of SPM 23:1 among total SPM) were calculated. These proportions are valuable 

in assessing differences in concentrations that are related to within-class turnover. Partial corre

lation analysis, corrected for age and sex, were performed using R (http://www.r-project.orgl). 

Significant associations between the HADS-D, HADS-A and CES-D scales and lipids were further 

assessed with the SOLAR (Sequential Oligogenic Linkage Analysis Routines) 4.1.5 software 

package (Southwest Foundation for Biomedical Research, San Antonio, Texas, USA) 8 using the 

"polygenic" option to adjust for relatedness. Due to computational limitations whole pedigree 

was split in non-overlapping s:ub pedigrees using PedCut program 9 10• Many ofthe lipid levels 

measured in our study are highly correlated to each other. For this reason, we used a data 

reduction strategy to estimate the number of independent observations. In total 23 principal 

components accounted for 79% of the phenotypic variance of all lipids. As we he have studied 

3 outcomes for depression and anxiety, we defined the threshold for statistical significance as 

0.05/(23 x 3), i.e. 7.25 x 1 0-4 for the single species. For the lipid ratio matrix, it was estimated as 

0.05/(((23 x 23)- 23) /2); 6.59 xl0-5• Final stage meta-analysis of the discovery and replication 

set were performed using the correlation coefficients (r) and sample size, through Fisher's r to 

Z transformation 11 • 
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TABLE 51 Correlation between plasma phospho-sphingolipids and depression and anxiety symptoms. 

A. Sphingomyelins 

SPM 14:0 

SPM 15:0 

SPM16:1 

SPM 16:0 

SPM dih 16:0 

SPM 16:1-0H 

-0.04 0.24 

-0.06 0.08 

0.01 0.78 

0.04 0.31 

0.02 0.64 

-0.03 0.47 

SPM 18:2 0.01 0.76 

SPM 18:1 0.00 0.90 

SPM 18:0 0.01 0.82 

SPM dih 18:0 -0.01 0.69 

SPM 20:1 0.04 0.29 

SPM 20:0 -0.04 029 

SPM 22:2 -o.05 0.20 

SPM 22:1 .-0.03 0.43 

SPM 22:0 -0.03 0.36 

SPMdih22:0 -0.05 0.18 

SPM 23:1 -0.08 0.03 

SPM23:0 -0.06 0.13 

SPM dih 23:0 -0.02 0.65 

SPM 24:3 -0.04 0.31 

SPM 24:2 -0.01 0.83 

SPM 24:1 0.02 0.63 

SPM 24:0 ..0.02 0.67 

SPM dih 24:0 0.00 0.99 

Saturated SPM 0.00 0.97 

Monounsaturated SPM 0.00 0.99 

Poly-unsaturated SPM -0.02 0.64 

Unsaturated SPM -0.01 0.88 

Dihydroxylated SPM -0.03 0.45 

TOTAL SPM -0.01 0.89 

-0.04 0.27 -o.o5 0.22 

-0.06 0.12 ·O.o? 0.07 

0.01 0.69 -0.03 0.40 

-0.01 0.85 0.01 0.84 

-0.01 0.85 0.00 0.92 

·0.03 0.36 -0.08 0.04 

0.00 0.93 -0.05 021 

0.02 0.51 -0.04 0.33 

0.00 0.92 -o.03 0.37 

0.00 0.95 -0.04 025 

0.02 0.62 0.02 0.52 

-0.03 0.49 O.Ql 0.84 

-0.04 0.27 -0.08 0.04 

-0.04 0.34 -0.04 0.30 

-0.03 0.36 -0.01 0.78 

0.01 0.85 0.04 026 

-0.07 0.05 -0.08 0.03 

-0.06 0.08 -0.05 0.21 

-0.03 0.40 -0.02 0.51 

-0.04 013 -0.05 0.20 

-0.01 0.84 0.00 0.91 

0.00 0.90 0.01 0.76 

-0.02 0.65 0.00 0.92 

-0.02 0.53 -0.02 0.52 

-0.02 0.53 -0.01 0.88 

..0.01 0.80 ..0.02 0.65 

-0.02 0.64 -0.03 0.36 

-0.01 0.78 -0.02 0.57 

-0.01 0.73 0.02 0.56 

-0.02 0.60 -0.01 

-0.04 0.31 -0.02 0.55 -0.03 0.48 

-o.09 0.02 -0.06 0.09 -0.07 0.07 

0.03 0.41 0.05 0.18 -0.02 0.56 

0.10 0.01 0.06 0.12 0.07 0.06 

0.02 0.55 0.00 0.99 0.00 0.96 

-0.02 0.50 -0.02 0.51 -0.08 0.02 

0.03 0.46 0.01 0.71 -0.04 0.28 

0.01 0.83 0.04 0.27 ,o.os 0.17 

0.02 0.64 0.03 0.47 -0.04 0.26 

-0.01 0.85 0.01 0.87 -0.04 0.31 

0.06 0.08 0.06 0.12 0.05 0.17 

-0.04 0.26 -0.01 0.86 0.03 0.40 

-0.05 0.18 -0.05 0.21 -0.08 0.03 

-o.o5 0.20 -o.os o.17 -0.05 0.14 

-0.04 0.33 ..0.01 0.78 0.02 0.58 

-0.05 0.15 0.01 0.79 0.05 0.18 

-0.14 0.00 -0.11 0.00 -0.12 0.00 

-0.08 0.02 -0.08 0.03 -0.05 0.16 

-0.02 0.67 -0.03 0.35 -0.03 0.45 

-0.04 0.31 -0.05 0.22 -0.04 0.28 

-Q.Ql 0.75 0.00 0.92 0.00 0.98 

0.04 0.30 0.02 0.68 0.04 0.27 

-0.03 0.42 -0.01 0.69 0.02 0.59 

0.01 0.76 -0.01 0.72 -0.01 0.69 

0.01 0.79 0.00 0.96 O.D4 0.28 

0.00 0.96 0.00 0.97 -0.03 0.45 

-0.05 012 -0.03 0.40 -0.06 0.10 

-0.01 0.79 o,oo 0.96 -0.04 0.28 

-0.02 0.57 0.00 0.90 0.03 0.35 
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B. Phosphotidylcholines 

PC26:0 

PC30:1 

PC30:0 

PCO 32:1 

PCO 32:0 

PC32:2 

PC32:1 

PC32:0 

PC034:3 

PCO 34:2 

PC034:1 

PC034:0 

PC34:4 

PC34:3 

PC34:2 

PC34:1 

PC34:0 

PC 0 36:5 

PC036:4 

PC 0 36:3 

PC036:2 

PCO 36:1 

PC036:0 

PC36:5 

PC36:4 

PC36:3 

PC36:2 

PC36:1 

PC36:0 

PC038:5 

PC038:4 

PC 0 38:3 

PC038:2 

ABSOLUTE VALUES PROPORTIONS 

P-value r P-value r P-value r P-value r P-value r P-value 

0.08 

0.67 

0.94 

-O.Q4 0.24 -0.04 0.22 -0.07 0.04 -0.03 0.37 -0.05 0.18 -0.06 

-0.01 0.86 0.04 0.26 -0.02 0.66 -0.01 0.85 0.04 0.25 -0.02 

0.03 036 0.00 0.93 0.00 0.91 0.05 0.16 0.00 0.97 0.00 

0.01 0.75 -0.01 0.88 

0.00 0.97 -0.03 037 

-0.02 0.59 -0.01 0.82 

0.00 0.94 0.02 0.54 

0.01 0.87 0.01 0.71 

-0.07 0.06 -0.06 0.09 

-0.11 0.003 -0.10 0.01 

-0.01 0.82 -0.01 0.86 

0.00 1.00 0.01 0.83 

-o.o3 o.48 :o.o2 o.s5 

0.01 

-0.01 

0.01 

-0.04 

0.87 0.03 0.46 

0.57 

0.54 

0.69 

0.03 

0.01 

0.12 

0.29 

0.35 

0.89 

0.71 0.02 

0.79 0.02 

0.25 -0.01 

-0.09 0.01 -0.08 

-0.12 0.0007 -0.09 

-0.09 0.01 -0.06 

-0.03 0.35 -0.04 

-0.06 0.13 -0.03 

-0.03 037 -0.01 

-0.04 0.23 ·0.04 031 

-0.06 0.13 -0.02 0.56 

-0.01 0.80 0.03 0.41 

0.02 0.54 0.04 0.30 

0.05 0.15 O.Q4 0.27 

0.00 0.99 -0.02 0.59 

-0.10 0.01 -0.09 0.01 

-0.08 0.03 ·0.07 0.06 

0.00 0.92 0.01 0.87 

0.05 0.21 0.03 0.43 

0.00 0.91 0.04 0.30 0.00 1.00 0.00 0.97 

-0.03 0.35 0.02 0.68 -0.04 0.28 -0.04 0.30 

-0.02 0.67 -0.01 0.76 -0.01 0.70 -0.02 0.64 

0.02 0.68 0.01 0.74 0.03 0.49 0.01 0.71 

-0.01 0.79 0.04 0.34 0.00 0.96 -0.01 0.69 

-0,07 0.04 -0.06 0.10 -0.07 0.06 -0.07 0.05 

-0.09 0.02 -0.07 0.08 -0.09 0.02 -0.07 0.08 

-0.04 0.24 0.03 0.44 -0.01 0.80 -0.05 0.16 

0.04 032 0.02 0.62 0.00 0.90 0.04 0.28 

-0.05 0.20 -0.02 0.60 -0.04 0.25 -0.Q7 0.07 

0.01 

0.03 

0.02 

-0.02 

0.69 0.04 0.34 0.02 0.56 0.01 0.84 

0.22 

0.37 

0.29 

0.01 

0.0001 

0.43 

0.72 

0.05 

0.58 

0.45 0.02 0.51 0.03 0.41 0.04 

0.66 0.05 0.16 0.03 0.39 0.03 

0.53 -0.05 0.20 -O.OZ 0.51 -0.04 

-0.08 0.03 -0.08 0.03 -0.09 0.01 ·0.09 

-0.13 0.0003 -0.11 0.003 -0.11 0.002 -0.14 

-0.04 0.33 -0.07 0.06 -0.06 0.12 -0.03 

-0.02 0.59 0.01 0.78 -0.03 0.46 -0.01 

-0.05 0.17 -0.03 0.40 -0.03 0.39 -0.07 

-0.03 0.48 -0.01 0.81 0.01 0.87 ·0.02 

-0.03 0.49 -0.04 0.24 -0.06 0.08 -0.03 0.36 

-0.04 0.33 -0.06 0.09 -0.06 0.12 -0.07 0.07 

0.02 0.55 0.00 0.99 0.01 0.75 0.03 0.47 

0.06 0.13 0.08 0.03 0.05 0.19 0.09 0.02 

0.04 0.27 0.10 0.01 0.05 0.20 0.05 0.14 

-0.03 0.43 0.02 0.59 -O.OZ 0.57 -0.03 0.48 

-0.11 0.009 -0.08 0.02 -0.11 0.002 -0.12 0.001 

-0.10 0.01 -0.06 0.08 ·0.08 0.02 -0.09 0.01 

-0.01 0.69 0.03 0.39 0.00 0.95 -0.02 0.51 

0.05 0.18 0.07 0.08 0.03 0.49 0.05 0.17 



B. Phosphotidylcholines (continues) 

P-value r P-value r P-value r P-value r P-value r P-value 

017 

0.28 

0.11 

015 

0.22 

PC038:1 

PC 38:7 

PC38:6 

PC38:5 

PC38:4 

PC38:3 

PC38:2 

PC38:1 

PC38:0 

0.06 0.11 0.07 0.05 0.04 0.23 0.06 0.09 0.07 0.05 0.04 

-0.04 033 -0.01 0.69 -0.04 0.34 -0.03 0.40 -0.02 0.53 -0.04 

-0.07 0.04 -0.03 0.49 -0.05 0.19 -0.07 0.04 -0.05 0:19 -0.06 

-0.04 019 0.00 0.96 -0.02 0.50 -0.03 0.45 -0.02 0.54 -0.04 

-0.04 0.29 -O.Q1 0.77 -0.03 0.35 -0.01 0.68 -0.01 0.69 -0.05 

-0.01 0.84 0.02 0.67 -0.01 0.73 0.00 0.99 0.00 0.90 -0.02 0.64 

0.01 0.87 0.03 0.40 0.02 0.59 0.02 0.51 0.04 0.30 0.02 0.56 

-0.04 0.32 0.03 0.41 0.02 0.52 -0.03 0.46 0.02 0.50 0.03 0.48 

-0.06 0.11 0.00 0.92 -0.04 0.32 -0.04 013 0.00 0.99 -0.04 0.23 

PC 0 40:6 -0.09 0.02 -0.04 0.31 -0.07 0.05 -0.05 0.16 -0.03 038 -0.07 0.05 

PC 0 40:5 0.01 0.76 0.02 0.53 0.00 0.97 0.04 0.30 0.02 0.67 0.00 0.97 

PC 0 40:4 -0.08 0.03 -0.06 0.11 -0.05 0.14 -0.07 0.07 -0.07 0.06 -0.06 0.09 

PC40:7 -0.04 0.27 0.01 0.82 -0.02 0.58 -0.02 0.63 0.01 0.87 -0.02 0.61 

PC 40:6 -0.04 0.27 0.00 0.98 -0.02 0.50 -0.03 0.45 0.00 0.97 -0.02 0.62 

PC 40:5 0.00 0.97 0.02 0.59 0.01 0.75 0.02 0.53 0.03 0.35 0.02 0.65 

PC 40:4 -0.01 0.68 0.00 0.89 0.00 0.92 0.01 0.74 0.00 0.96 0.01 0.82 

PC 40:3 -0.06 0.1 1 0.00 0.94 -0.04 0.32 -0.05 0.14 -0.01 0.87 -0.04 0.25 

PC 40:2 0.00 0.99 0.05 0.19 0.01 0.80 0.02 0.67 0.05 0.18 0.01 0.82 

PC40:1 -0.03 0.46 O.D4 017 0.01 0.81 -0.01 0.73 0.04 032 0.01 0.75 

PC 40:0 -0.04 0.31 -0.02 0.63 -0.02 0.55 -0.03 0.36 -0.03 0.42 -0.02 0.62 

PC 0 42:6 -0.05 0.15 -0.02 0.51 -0.03 037 co.04 018 -0.02 0.59 -0.03 0.43 

PC 0 42:5 0.01 0.78 -0.02 0.50 0.00 1.00 0.02 0.61 -0.04 0.31 0.00 0.93 

PC42:5 -0.04 0.31 0.02 0.64 0.00 0.96 -0.04 0.25 0.01 0.80 0.00 1.00 

PC 42:4 -0.04 0.26 -0.02 0.54 -0.04 0.24 -0.04 0.34 -0.04 0.32 -0.05 0.16 

Saturated PC -0.02 0.54 -0.01 0.85 -0.03 0.45 -0.02 0.63 -0.04 0.32 -0.06 0.11 

Mono-unsaturated PC 0.01 0.74 0.03 0.44 0.02 0.51 0.06 0.11 0.04 0.28 0.04 018 

Poly-unsaturated PC -0.02 0.54 0.02 0.65 0.01 0.76 -0.02 0.68 0.01 0.76 0.00 0.92 

Unsaturated PC -0.01 0.71 0.02 0.50 0.02 0.60 0.06 0.09 0.09 0.02 0.09 0.01 

Ether PC* -0.09 M1 -0.08 0.04 -0.08 0.02 -0.07 O.o7 -0.09 0.01 -0.09 0.02 

Total PC -0.02 0.57 0.02 0.63 0.01 0.75 



C. Phosphotidylethanolamines 

ABSOLUTE VALUES PROPORTIONS 

P-value 

0.40 

0.08 

0.16 

0.05 

0.04 

0.38 

0.26 

0.39 

0.19 

0.10 

0.04 

0.30 

0.15 

0.21 

0.17 

0.17 

0.16 

0.07 

P-value r P-value r P-value r P-value r P-value 

PE 32:2 

PE32:1 

PE32:0 

PE34:3 

PE34:2 

PE34:1 

PE34:0 

PE36:5 

PE36:4 

PE36:3 

PE36:2 

PE36:1 

PE 0 38:7 

PE38:6 

PE 38:5 

PE38:4 

PE38:3 

PE38:2 

PE38:1 

PE040:3 

PE40:6 

PE40:5 

PE40:4 

0.03 

0.06 

0.05 

0.07 

0.07 

0.03 

0.04 

0.03 

0.05 

0.06 

0.07 

0.04 

·0.05 

0.05 

0.05 

0.05 

0.05 

0.07 

-0.03 

0.03 

0.05 

0.08 

0.09 

PE40:3 0.02 

PE42:7 0.01 

PE42:6 0.09 

PE42:5 0.03 

Saturated PE 0.05 

Mono-unsaturated PE 0.03 

Poly-unsaturated PE 0.06 

Unsaturated PE 0.06 

Ether PE 0.01 

Total PE 0.06 

0 .. 41 

0.40 

0.20 

0.03 

0.02 

0.56 

0.70 

0.01 

0.39 

0.19 

0.38 

0.08 

0.10 

0.73 

0.10 

0.00 0.98 

O.Q7 0.05 

0.02 0.58 

0.06 0.11 

0.07 0.05 

0.04 0.24 

0.00 0.94 

0.04 0.31 

0.05 0.16 

0.06 0.09 

0.08 0.02 

0.06 0.11 

-0.04 0.22 

0.07 0.07 

0.06 0.11 

0.06 0.09 

0.05 0.15 

0.04 0.23 

-0.05 0.16 

0.04 0.23 

0.08 0.02 

0.07 0.04 

0.07 0.06 

-0.02 0.68 

0.01 0.79 

0.04 0.28 

0.02 ().65 

0.01 0.88 

0.05 0.21 

O.Q7 0.05 

0.07 0.06 

0.03 0.41 

0.07 0.07 

-0.04 0.33 

0.03 0.40 

-0.01 0.82 

0.02 0.51 

0.05 0.15 

0.01 0.79 

-0.03 0.47 

0.01 0.88 

0.02 0.60 

0.05 0.21 

0.06 0.09 

0.02 0.59 

-0.05 0.17 

0.04 0.29 

0.04 0.23 

0.04 0.31 

0,04 0.33 

0.03 0.40 

-0.01 0.71 

0.03 0.49 

Q.()4 0.30 

0.03 0.34 

0.02 0.50 

-0,04 0.22 

-0.02 0.64 

0.02 0.66 

-0.01 o.n 
-0.03 0.38 

0.01 0.73 

0.05 0.21 

0.04 0.24 

0.01 0.78 

0.04 0.26 

-0.04 0.30 -0.08 0.02 -0.08 0.03 

0.00 0.98 0.00 0.96 -O.Q1 0.71 

-om 0.10 -0.06 0.11 -0.05 0.20 

0.04 0.24 -0.01 0.88 -O.D1 0.77 

0.06 0.09 0.05 0.16 0.05 0.19 

-0.05 0.22 -0.03 0.44 -0.06 0.11 

-0.01 0.76 -0.05 0.15 -0.05 0.14 

-0.06 0.09 -0.07 o.os -0.05 0.15 

-0.63 0.49 -0.02 0.66 -0.05 0.16 

0.01 0.80 0.01 0.72 0.02 0.53 

0.04 0.27 Q.()4 0.24 0.05 0.17 

-0.03 0.36 -0.03 0.49 -0.05 0.16 

-0.10 0.01 -0.10 0.01 -0.06 0.09 

-0.02 0.65 0.00 0.94 0.00 0.92 

-0.01 0.87 0.00 0.90 0.02 0.66 

0.01 0.73 0.00 0.90 0.01 0.89 

-0.02 0.50 -0.04 0.25 ;0.03 0.39 

-0.03 0.48 -0.04 0.27 -0.02 0.65 

-0.09 0.01 -0.12 0.001 -0.06 0.09 

-0.08 0.02 -0.09 0.01 -0.07 0.05 

-o.o1 o.n 0.03 0.37 0.01 0.79 

0.06 0.09 0.04 0.25 0.01 0.71 

o.os 0.14 0.02 0.59 -0.03 0.41 

-0.04 0.30 -0.08 0.03 -0.07 0.07 

-0.05 0.16 -0.08 0.04 -0.07 0.04 

O.Q1 0.70 -0.05 0.19 -0.03 0.45 

-0.03 0.37 -0.06 0.09 -0.06 0.10 

-0.02 0.58 -0.07 0.07 -0.06 0.08 

-O.o7 0.06 -0.05 0.16 -0.07 0.04 

0.10 0.01 0.10 0.01 0.10 0.004 

0.08 0.03 0.10 0.01 0.08 0.02 

-0.10 0.01 -0.10 0.004 -0.07 O.G4 



D. Phosphotidylethanolamine-plasmologens 

P-value P-value r P-value r P-value r P-value r P-value 

PLPE 16:0/18:2 0.00 1.00 0.00 0.89 -0.01 0.80 0.06 0.10 0.05 0.20 0.06 0.13 Gl 

"' :J 

PlPE 18:0/20:5 0.02 0.67 0.00 0.94 0.00 1.00 0.06 0.10 0.04 0.27 0.06 0.12 "' ?1. 
PLPE 16:0/20:4 -0.05 0.18 -0.03 0.35 -0.04 0.29 -0.04 0.25 -0.03 0.43 -0.01 0.74 

c.. 
~· 

PlPE 16:0/22:6 -0.06 0.09 -0.05 0.16 -0.09 0.01 -0.06 0.11 -0.05 0.21 -0.08 0.03 § 
o· 

PlPE 18:1/18:1 -0.07 o.os -0.05 0.15 -0.09 0.01 -0.07 0.04 -0.04 014 -0.08 0.03 :J 

PlPE 18:1/22:6 -0.01 0.70 -0.02 0.64 -0.06 0.09 0.03 0.45 0.01 0.87 -0.04 0.34 

PlPE 16:0/20:5 -0.02 053 -0.01 0.83 0.02 0.60 0.03 0.43 0.03 0.49 0.11 0.003 

PlPE 18:0/22:6 0.01 0.83 0.01 0.77 0.00 1.00 0.06 0.13 0.05 0.19 0.07 0.06 
)> 

"C 
"C 

"' PlPE 18:0/18:1 -0.05 0.22 -0.05 0.14 -0.01 0.86 -o.04 0.30 -O.o7 0.07 0.02 0.57 :J 
c.. ;;· 

PlPE 18:1/18:2 -0.09 0.01 -O.Q7 0.06 -0.08 0.03 -0.10 0.01 -0.07 0.05 -0.05 0.21 Cl 

PlPE 18:1/20:4 -0.06 0.11 -0.02 052 -0.04 0.32 -0.05 0.17 -0.01 0.84 -0.01 0.84 

PlPE 16:0/18:1 0.02 0.53 0.02 0.59 0.02 0.64 0.10 0.004 0.08 0.02 0.10 0.004 

PLPE 18:0/20:4 0.01 0.86 0.00 0.94 0.00 0.93 0.04 0.23 0.03 0.47 0.06 0.08 

PlPE 18:0/18:2 -0.02 054 -O.Q4 0.31 -0.02 0.51 -0.02 0.68 -0.05 0.19 0.00 0.90 

PlPE 16:0/22:5 -0.05 0.19 -0.04 0.25 -0.07 0.05 -0.02 0.59 0.00 0.98 -0.02 0.63 

PlPE 18:1/20:5 -0.05 0.16 -0.02 0.56 -0.04 0.25 -0.03 0.40 0.01 0.72 0.00 0.96 

Tota116:0 PlPE -0.04 013 -0.04 0.26 -0.08 0.03 ·0.02 0.65 -0.02 0.52 -0.06 0.10 

Total18:1 PlPE -0.06 0.10 -0.05 0.19 -0.05 0.15 -0.07 0.08 -0.05 0.22 0.01 0.89 

Total 18:0 PLPE -0.03 0.45 -0.03 0.43 -0.05 0.19 .0.08 0.03 0.06 0.08 0.08 0.04 

Total PlPE -0.04 0.24 -0.04 0.25 -0.06 0.08 



E. lysophosphotidylcholines 

P-value P-value r P-value r P-value r P-value r P-value 

LPC15:0 -0,03 0.36 -0.05 0.20 -.0.04 0.29 0.00 0.96 -0.04 0.32 -0.08 0.04 

LPC16:1 -0.01 0.74 0.02 0.67 0.01 0.82 -0.02 0.67 0.04 0.33 0.00 0.92 

LPC16:0 0.00 0.94 0.00 0.98 -0.01 0.89 0.04 0.27 0.06 0.13 -0.01 0.83 

LPC 18:3 0.00 1.00 -0.01 0.78 0.01 0.89 0.00 0.92 -0.01 0.86 -0.02 0.61 

LPC18:2 -0.05 0.15 :.0.06 0.12 o.oo 0.92 -0.06 0.12 :.0.06 0.12 -0.02 0.50 

LPC18:1 -O.Q1 0.86 -0.01 0.87 0.02 0.60 0.01 0.75 0.00 0.93 0.04 0.34 

LPC 18:0 0.00 0.99 0.00 0.92 0.01 0.86 0.05 0.19 0.02 0.57 0.02 0.50 

LPC20:5 -0.05 0.17 -0.08 0.04 -0.03 0.48 -0.06 0.10 -0.08 0.02 -0.03 0.46 

LPC20:4 -0.05 0.14 -0.07 0.07 -0.04 0.29 -0.06 0.10 -0.06 0.08 -0.05 0.17 

LPC20:3 -0.04 0.26 -0.04 0.34 -0.02 0.65 -0.06 0.13 -0.04 0.26 -O.D4 0.28 

LPC20:0 0.02 0.61 0.01 0.88 0.04 0:27 0.04 017 0.03 0.48 0.04 0.31 

LPC22:6 -0.05 0.18 -0.05 0.19 -0.03 0.48 -0.05 0.17 -0.04 0.29 :.0.04 0.31 

LPC22:5 0.00 0.95 -0.02 0.60 0.01 0.77 -0.01 0.86 -O.D1 0.70 0.00 0.98 

LPC 22:4 -0.04 0.24 -0.05 0.19 0.00 0.98 :.0.03 0.44 -0.03 0.49 0.00 0.95 

LPC22:0 O.Q1 0.73 0.00 0.93 0:02 0.61 O.Q1 0.82 :.0.01 0.85 0.00 0.96 

Saturated LPC 0.00 0.95 0.00 0.98 0.00 0.97 0.07 0.06 0.07 0.06 0.02 0.50 

Mono-unsaturated LPC -O.Ol 0.86 0.00 0.96 0.02 0.56 0.01 OJ6 0.01 0.81 O:o3 0.37 

Poly-unsaturated LPC :.0.06 0.09 -0.07 0.07 -0.01 0.81 -o.o8 0.03 -0.08 0.03 -0.04 0.31 

Unsaturated.LPC -0.05 0.20 -o.os 0.18 0.00 0.98. ~om 0.06 -O.Q7 0.06 -0.02 0.50 

Total LPC -0.01 0.71 -0.01 0.71 0.00 0.93 



F. Ceramides 

P-value P-value r P-value r P-value P-value r P-value 

CER 16:0 0.06 0.10 0.03 0.38 -0.01 0.81 0.03 0.46 0.01 0.83 0.01 0.89 Gl 

"' " CER 18:0* 0.06 0.09 0.08 0.04 ..0.02 0.68 0.01 0.75 0.05 0.15 0.00 0.99 "' ~ 
CER 20:0* 0.09 0.02 0.05 0.14 0.00 0.94 0.02 0.51 0.00 0.90 -O:o2 0.68 a. v;· 

n 

CER 22:0 0.06 0.09 0.05 0.21 0.00 0.93 0.05 0.20 0.05 0.18 0.03 0.43 § 
c;· 

CER23:0 0.01 o.n 0.00 0.99 -0.04 0.27 -0.05 0.15 ..().05 0.14 -O.Q7 0.05 " 
CER 24:1 0.05 0.16 O.Q3 0.48 -0.03 0.49 0.02 0.67 0.00 0.98 -0.02 0.51 

CER24:0 0.02 0.57 0.01 0.72 0.00 0.99 -0.04 0.24 ..0.03 0.40 0.02 0.59 

Glu CER 16:0 0.04 0.23 0.04 0.34 0.00 0.97 0.01 0.86 0.01 0.84 0.00 0.95 
)> 
'C 
'C 

"' GluCER24:1 0.02 0.62 0.02 0.64 -0.02 0.67 -0.01 0.70 0.00 0.98 0.00 0.95 " a. 
c;· 

Saturated CER 0.04 0.27 0.02 0.50 -O.Q1 0.86 -0.02 0.67 0.00 0.98 0.02 0.51 ~ 

Unsaturated CER 0.05 0.16 0.03 0.48 -0.03 0.49 0.02 0.67 0.00 0.98 -0.02 0.51 

Glu-CER 0.03 0.43 0.02 0.55 -O.Q1 0.76 -0.01 0.87 0.00 0.90 0.00 0.89 

Total CER 0.05 011 0.03 0.44 ..0.01 0.81 

Supplementary Table 1 shows the age and sex adjusted correlation between the plasma phosphor-sphin-

golipids and complaints of depression and anxiety. Correlation results with P-values less than 0.05 was 

shown in bold. 



Lipid 1 

SPM23:1 

PC036:4 

PC036:4 

PC036:4 

PC036:4 

PC 0 38:5 

PC038:5 

PLPE 18:1/20:4 

PC036:4 

PC036:4 

PC034:2 

PC36:4 

PC034:2 

PC034:2 

PC036:4 

PC036:4 

PCO 38:5 

PC 0 36:4 

PC036:4 

PC 0 36:4 

PC 0 36:5 

PC 0 36:4 

PCO 36:5 

PC34:4 

PLPE 16:0/20:4 

PLPE 18:1/20:4 

PC040:6 

PLPE 16:0/22:6 

PC036:4 

PLPE 16:0/22:6 

PC038:5 

PC 36:4 

SPM23:1 

PC034:2 

PC038:4 

PCO 36:4 

PC036:5 

PC 0 36:5 

PC36:5 

PC 0 36:3 
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Lipid 2 

SPM 16:0 

CER 20:0 

SPM 16:0 

PE40:4 

CER22:0 

SPM 16:0 

CER20:0 

PE40:4 

CER 16:0 

SPM 16:1 
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PE40:4 

CER 20:0 
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CER 18:0 
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PE40:4 

PE42:6 
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PE38:2 
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PE40:4 
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PE40:5 

CER20:0 

CER 22:0 

(20:0 

PC36:1 

PE40:5 

SPM 24:1 

PE40:4 

CER20:0 

PE42:6 

·0.16 

·0.16 

·0.16 

-0.15 

·0.15 

·0.15 

·0.15 

-0.14 

-0.14 

-0.14 

-0.14 

..().14 

·0.14 

-0.14 

-0.14 

-0.14 

-0.14 

-0.14 

-0.14 

-0.14 

-0.14 

-0.13 

-0.13 

-0.13 

-0.13 

-0.13 

-0.13 

-0.13 

..0.13 

-0.13 

-0.13 

-0.13 

·0.13 

-0.13 

-0.13 

-0.13 

-0.13 

-0.13 

·0.13 

-0.13 

·0.13 

P-value 

1.04£-05 

1.08£·05 

1.12E·05 

3.60£-05 

3.83£·05 

5.36£-05 

6.06E·05 

7.34E-05 

8.00&05 

8.71E-05 

9.85E-05 

1.02E-04 

1.07&04 

1.20E-04 

1.35£-04 

1.41E-04 

1.44E·04 

1.44E-04 

1.73E..04 

1.75E-04 

1.84&04 

2.18E-04 

2.25E-04 

2.26E-04 

2.34E·04 

2.41E-04 

2.42E..04 

2.56E-04 

2.69E-04 

2.88E-04 

2.97&04 

3.02E-04 

3.18E-04 

3.38E..04 

3.686-04 

3.76E-04 

3.73E..04 

3.77E-04 

3.78E-04 

3.83E-04 

3.93E-04 

-0.12 

-0.12 

-0.09 

-0.12 

-0.11 

-0.11 

-0.12 

-0.11 

·0.10 

-0.12 

-0.11 

-0.12 

·0.10 

-0.10 

-0.10 

-0.11 

·0.12 

-0.13 

-0.10 

-0.12 

·0.09 

-0.10 

..().11 

-0.11 

-0.11 

-0.07 

-0.08 

-0.10 

-Q.Q7 

-0.10 

·0.11 

-0.11 

-0.10 

-0.11 

..0.11 

-0.10 

..().12 

-0.10 

-0.11 

-0.08 

-0.05 

P-value 

1.21E-03 

1.60E-03 

9.68E-03 

1.03E-03 

2.01E..03 

3.60E-03 

1.32E·03 

220E-03 

5.77E-03 

7.14E-04 

3.51E·03 

1.64E-03 

4.88E-03 

5.82E-03 

4.22E-03 

2.21E..Q3 

6.78E-04 

2.92E-04 

8.47E-03 

1.08E-03 

1.16E·02 

4.44E-03 

1.90E-03 

1.99E-03 

2.21E-03 

6.12E-02 

2.84E-02 

8.41E-03 

4.91E·02 

5.96E-03 

1.96E-03 

1.74E-03 

6.85E-03 

4.10E-03 

4.04E..Q3 

7.22E-03 

1.61E·03 

9.10E-03 

1.76E·03 

3.08E-02 

1.39E-01 

·0.13 

-0.10 

-0.13 

-0.09 

·0.11 

-0.14 

-0.09 

-0.07 

-0.10 

-0.10 

-0.07 

-0.06 

-0.06 

-0.09 

-0.10 

-0.13 

·0.13 

-0.09 

·0.12 

-0.10 

-0.11 

-0.11 

-0.07 

-0.09 

·0.08 

-0.06 

·0.06 

-0.13 

..0.08 

-0.07 

-0.10 

-0.08 

·0.07 

-0.07 

-0.08 

-0.13 

-0.08 

-0.10 

-0.05 

-0.02 

·0.05 

P-value 

2.68E-04 

8.84E-03 

2.38E-04 

1.76E-02 

3.21E-03 

2.04E-04 

1.48E·02 

6.81E-02 

8.39E-03 

6.76E-03 

6.94E-02 

8.63E-02 

1.05£..01 

1.18E-02 

7.38E·03 

5.81E-04 

2.80E..Q4 

1.93E-02 

1.28E-03 

7.95E-03 

3.98E·03 

2.03E-03 

6.35E-02 

1.88E-02 

2.91E-02 

7.89E-02 

9.68&02 

3.35E-04 

2.65E-02 

4.47E-02 

6.43E-03 

2.95E-02 

6.28E-02 

5.62E-02 

3.51E-02 

3.13E-04 

2.55E-02 

8.48E-03 

1.88E·01 

5.65E-01 

1.50E·01 



TABLE 52. Correlation between lipid-lipid ratios and depression/ anxiety scales (continued) 

SPM23:1 SPM24:1 ·0.13 4.01E·04 -0.10 8.84E-03 ·0.12 1.28E·03 

PLPE 16:0722:6 PE42:6 -0.13 4.25E·04 ·0.06 9.27E-02 ·0.08 2.89E·02 

PC 0 36:5 CER 22:0 ·0.13 4.27E·04 -0.11 3.65E-03 -0.08 2.92E-02 

PC034:2 CER24:1 ·0.13 4.32E·04 -0.09 1.35E-02 -0.06 1.15E-01 
G) 

"' ::> 

PE038:7 PE 42:6 -0.13 4.68E-04 -0.07 7.10E-02 -0.06 1.33E-01 ~ 
PC038:5 CER 16:0 ·0.13 4.74E-04 -0.10 

0.. 

7.11E·03 -0.09 1A2E-02 ~-

PC38:4 PE40:4 -0.13 4.95E-04 -0.10 6.93E-03 -0.06 1.00E-01 ~ 
i5' 

PC036:5 CER 16:0 -0.13 5.14E-04 -0.10 9.35E·03 -0.07 4.28£-02 
::> 

PLPE 18:1/20:4 PE40:5 -0.13 5.21E-04 -0.10 4.23E-03 -0.08 3.33E-02 

PC034:2 PE42:6 -0.13 5.22E-04 -0.08 3.58E-02 -0.06 1.22E-01 
)> 

PC036:4 PC36:2 -0.13 5.33E-04 -0.11 3.35E-03 -0.15 2.14E-05 'C 
'C 

"' PC 0 38:5 PE40:4 -0.13 5.63E-04 ·0.11 2.89E-03 -0.07 6.07E·02 ::> 
0.. 
c;· 

PC 0 36:3 SPM 16:0 -0.13 5.64E-04 -0.06 1.09E-01 -0.04 2.24E-01 ffi 

PLPE 16:0/22:6 CER 20:0 -0.13 5.66E-04 -0.08 2.67E·02 ·0.09 1.78E-02 

PLPE 16:0/20:5 PE42:6 -0.13 5.67E-04 -0.06 1.02E-01 -0.05 1.46E-01 

PC038:5 CER24:1 ·0.13 5.86E-04 -0.11 2.90E-03 -0.09 1.32E·02 

PC040:6 SPM24:1 -0.13 5.91E-04 -0.06 1.29E-01 -0.10 5.10E-03 

PC036:5 PE38:2 -0.13 5.91E·04 -0.11 3.84E-03 ·0.10 5.13E-03 

PC 0 36:3 CER 16:0 -0.13 5.91E-04 -0.08 4.04E-02 -0.03 3.73E-01 

PC 0 38:5 PE38:2 -0.13 6.10E-04 -0.11 1.88E-03 -0.12 1.46E-03 

PC 0 36:5 CER 20:0 -0.12 6.23E-04 -0.10 6.92E-03 -0.07 6.05E-02 

PC38:5 PE40:4 ·0.12 6.39E-04 -0.09 1.22E-02 -0.05 1.70E-01 

SPM 23:1 CER 22:0 -0.12 6.37E-04 -0.11 3.93E-03 -0.07 4.76E-02 

SPM 15:0 SPM 16:0 -0.12 6.59E-04 -0.08 2.84E-02 -0.09 1.06E·02 

PLPE 18:1/20:4 PE 38:2 -0.12 6.98E-04 -0.10 8.58E-03 -0.09 1.00E-02 

PC34:4 PE40:5 -0.12 7.18E-04 -0.11 2.72£-03 ·0.10 5.69E·03 

SPM23:1 SPM 16:1 -0.12 7.33E-04 -0.11 2.18E-03 -0.09 1.67E-02 

PC038:4 PE40:4 -0.12 7.32E-04 -0.11 2.94E-03 ·0.07 6.79E-02 

PC 0 36:5 PE42:6 -0.12 7.34E-04 -0.07 6.67E-02 -0.07 5.32E-02 

PCO 38:5 GluCER 16:0 ·0.12 7.37E-04 -0.11 2.38E·03 -0.11 3.36E-03 

PC38:6 PE40:4 -0.12 7.44E-04 -0.09 2.04E-02 -0.05 1.76E-01 

PC040:6 CER22:0 -0.12 7.38E-04 -0.07 4.21E-02 -0.07 6.42E·02 

PC 0 36:4 PE34:2 -0.12 7.43E-04 -0.11 1.79E-03 -0.11 3.65E-03 

PC 0 36:5 SPM16:1 -0.12 7.50E-04 -0.12 1.64E·03 -0.07 5.83E-02 

PLPE 18:1/22:6 PE38:2 -0.12 7.66E-04 -0.08 4.03E-02 -0.08 2.28E-02 

PC 0 38:5 CER 18:0 -0.12 7.80E-04 -0.14 1.55E-04 -0.08 2.60E·02 

PC 0 36:5 CER24:1 -0.12 8.00E-04 -0.10 5.52E-03 -0.07 4.92E-02 

PLPE 16:0/22:6 PE40:5 -0.12 8.32E·04 ·0.10 5.11E-03 -0.09 1.45E-02 

PCO 34:2 PE40:4 -0.12 8.53E-04 -0.10 4.21E-03 -0.05 1.83E-01 

PC040:6 CER 18:0 -0.12 8.59E-04 -0.10 5.52E-03 -0.06 9.04E-02 

PC 0 34:2 Glu CER 16:0 -0.12 8.69E-04 -0.11 4.01E-03 -0.07 4.36E-02 

PC040:6 CER 16:0 -0.12 8.72E-04 -0.06 1.01E-01 -0.05 1.37E·01 



PC036:4 PE36:2 -0.12 8.84E-04 -0.12 1.11E-03 -0.11 1.83E-03 

PC036:4 PE 38:4 -0.12 8.86E-04 -0.12 1.06E-03 -0.11 3.67E-03 

PCO 34:2 PE 38:2 -0.12 8.99E-04 -0.11 2.03E-03 -0.08 2.46E-02 

LPC20:3 PE40:4 -0.12 932E-04 -0.10 5.33E-03 -0.04 2.47E-01 

PLPE 16:0/22:6 PE36:2 -0.12 9.39E-04 -0.12 1.27E-03 -0.11 2.60E-03 

PLPE 18:1/20:4 CER20:0 -0.12 9.43E-04 -0.08 311E-02 -0.06 1.29E-01 

SPM 15:0 CER22:0 -0.12 9.56E-04 -0.11 2.06E-03 -0.08 3.10E-02 

PC36:5 PE40:5 -0.12 9S7E-04 -Q.11 3.53E-03 -o.06 1.20E-01 

PC32:2 PE40:4 -Q.12 9.66E-04 -0.09 1.87E-02 -o.o5 2.00E-01 

SPM23:1 Glu CER 16:0 -0.12 9.60E-04 -0.12 1.04E-Q3 -0.09 1.42E-02 

PC 0 38:5 PE42:6 -0.12 9.61E-04 -Q.08 3.63E-02 -0.08 2.90E-02 

PC 0 36:3 CER22:0 -0.12 9.68E-04 -0.08 2.67E-02 -0.03 3.83E-01 

PC036:4 SPM 18:0 -0.12 9.79E-04 -0.09 1.16E-02 -0.07 5.52E-02 

PLPE 18:1/20:4 PLPE 18:1/18:1 -0.12 9.72E-04 -Q.08 2.08E-02 -0.09 1.07E-02 

PC040:6 SPM 16:0 -0.12 9.82E-04 -0.05 2.06E-01 -0.09 1.34E-02 

Age and sex adjusted correlation analysis between depression scales and lipid-lipid ratios. Results shown 

only for the ratios that have P-values less than 0.001 for the HADS-D scale. Lipid ratios with significant 

P-values are shown in bold. Only results with P-value <0.001 are shown. 



FIGURE 51 .Correlation plots of lipid I lipid ratios and HADS-D. 
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