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Author summary

Studies have found associations between depression and both cardiovascular disease risk
factors and worse cardiovascular disease prognosis. It is unknown if shared genetic factors
contribute to these associations. We applied novel statistical tools for polygenic architec-
tures to investigate if there are common genes for depression, coronary artery disease and
cardiovascular risk factors (body mass index, blood pressure, lipids, type 2 diabetes and c-
reactive protein). We used the statistical methods the bivariate causal mixture model
(MiXeR) and the conditional/conjunctional false discovery rate (pleioFDR) to quantify
genome-wide overlap and to identify shared genetic variants. We found extensive genetic
overlap. Depression shared 68% of genetic variants with body mass index and 14% and
with systolic blood pressure. We also identified 79 unique genomic variants associated
with depression and coronary artery disease or the risk factors. Variants associated with
increased risk for depression also increased the risk of coronary artery disease, some of
the lipids and c-reactive protein levels, while there was a mixed pattern of direction for the
other risk factors. Further analyses identified shared genetic variants found in metabolism
of alpha-linolenic pathway for type 2 diabetes.

Introduction

Depression is a leading cause of disability worldwide (WHO 2020), and the prevalence of
depressive disorder is over 264 million people worldwide (WHO 2017). The association
between depression and coronary artery disease (CAD) is well- established [1-8]. The preva-
lence of clinically significant symptoms of depression in patients with acute coronary syn-
dromes is as high as 30-45% whereas 20% meet the Diagnostic and Statistical manual of
Mental Disorder diagnostic criteria for major depression [9]. «Depression» in this paper refers
to both clinically significant symptoms as well as major depression and a diagnosis of major
depressive disorder. Meta-analyses from hospitals or community groups have reported depres-
sion rates of up to 45-51% in CAD patients [9]. This is far higher than that of 4.3% in the gen-
eral population (WHO 2017). Meta-analyses of depression as a risk factor for CAD in
individuals without previous CAD at baseline [6,10-15] reported a significant relative risk of
1.3-2.0 [6,10-15]. Other meta-analyses found depression to be associated with a relative risk
of 1.5-2.7 for future cardiac events and all-cause mortality in patients with established CAD
[6,12,16-19], and rate ratio of 2 for individuals with mood disorders for dying of circulatory
system diseases [20]. Thus, the American Heart Association Science Advisory recommend
routine screening of depression in all patients with CAD [21] and for coronary prevention
[22]. It is therefore crucial to gain new knowledge about the causes of this comorbidity.
Genetic discoveries may also provide important insights for drug development and risk
prediction.

While twin studies have found bidirectional associations between depression and CAD
[23,24], the specific genes linking depression and CAD are not known. Cause of their associa-
tion remain unclear (1). Hypothesized mechanisms underlying the association between
depression and CAD include subclinical inflammation, endothelial dysfunction, platelet
activation, hypothalamic-pituitary-adrenal (HPA) axis hyperactivity, autonomic dysfunction
and various behavioral factors such as smoking, obesity, lack of exercise, poor treatment com-
pliance due to depressive symptoms, or maybe related to common factors such as e.g. low edu-
cation [8,9,25].
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Several cardiovascular disease (CVD) risk factors are associated with depression. Epidemio-
logical studies showed that both high and low body mass index (BMI) have been associated
with depression [26]. Depression increased the risk of hypertension incidence (RR 1.42), while
pooled prevalence estimates of depression in hypertensive patients was 26.8% in a review
[27,28]. Evidence that triglyceride (TG) is causally associated with depressive symptoms have
been reported [29]. Observational studies have emphasized that higher levels of C-reactive pro-
tein (CRP), a general marker of inflammation, is associated with higher score of depressive
symptoms [30].

The resent decade’s revolution in genetics, with GWAS, in which several hundred thousand
to more than a million single nucleotide polymorphisms (SNPs) are assayed in thousands of
individuals, has now given new opportunities to assess if there is a shared genetic basis for
common psychiatric diseases and CAD risk factors and has motivated us to do this study.
Given the high number of traits in humans and the relative small number of genes (~20,000),
some genes have to affect multiple traits (genetic pleiotropy) (11). Also, given evidence that
depression is associated with ~14,000 variants, it is overly simplistic to reduce its genetic rela-
tionship with CVD to a single sum score (i.e. genetic correlation). Therefore we wanted to
apply mixer, which is able to uncover more complex genetic relationships which account for
both same and opposite genetic effects, as we have identified in several other similar trait.

Genetic risk factors influence both CVD risk factors and CAD as well as depression. Herita-
bility (h?) estimates are 37% for depression [31], 40-55% for CAD [32,33], 47-90% for BMI
[34], 15-40% for systolic blood pressure (SBP) and 15-30% for diastolic blood pressure (DBP)
[35-37]. GWAS have found 178 loci associated with depression [38], 307 loci associated with
CAD [39,40], 536 loci for BMI [41], and 505 independent loci associated with blood pressure
[42]. It has been hypothesized that the association between depression and CAD is partly
caused by genetic pleiotropy [9], but this has not been evaluated beyond genetic correlations
and PRS. While twin studies have found bidirectional associations between depression and
CAD [23,24], the specific genes linking depression and CAD are not known and the cause of
this association remain unclear (1). Mendelian randomization has indicated that the genetic
liability to depression is associated with higher CAD and myocardial infarction risks, partly
mediated by type 2 diabetes mellitus and smoking [43]. Furthermore, an increase in polygenic
score for depression was associated with CAD [44]. However, while mendelian randomization
might point to certain causative relationships [45], it does not identify specific genes underly-
ing the relationship. Genetic liability to depression has been associated with higher CAD and
myocardial infarction risks, partly mediated by type 2 diabetes mellitus and smoking [43].
While mendelian randomization might point to certain causative relationships [45], it does
not identify specific genes underlying the relationship. Increase in polygenic score for depres-
sion was associated with CAD [44]. Previous studies have found minimal genetic correlations
(rg 0.12 (p = 8.47 x 10~°) for CAD, r, = 0.13, (p = 3.43 x 10~"") for BML r, = 0.11, (p = .0001)
for T2D, 0.0108 (p = 0.897) for HDL, -0.189 (p 0.818) for TC and 0.176 (p 0.0203) for TG
[25,46]. However, Genetic correlation returns a single estimate of genetic overlap which aver-
ages the correlation of effect sizes across all SNPs, after controlling for LD. It is therefore possi-
ble for two traits to have a genetic correlation close to 0 despite regions with strong negative
and positive correlation. In brain-related traits including depression and intelligence mixed
genetic effects may be present [47-49].

In contrast, the bivariate causal mixture model (MiXeR) provides an estimate of the total
number of shared and unique variants influencing two traits [50]. Le. given evidence that
depression is associated with ~14,000 variants, it is overly simplistic to reduce its genetic rela-
tionship with CVD to a single sumscore (i.e. genetic correlation). Therefore we wanted to
apply mixer, which is able to uncover more complex genetic relationships which account for
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both same and opposite genetic effects, as we have identified in several other similar trait
[48,51,52].

The term “causal” in the bivariate mixture model refers to the cause of the statistical associa-
tion and not necessarily the biological cause of the conditions studied. This has enabled the
discovery of extensive genetic overlap between brain-related traits with non-significant genetic
correlation and mixture of variants with same and opposite effect directions [48,52-54]. This
is relevant since it may imply shared variance beyond genetic correlation [55]. Determining
genetic overlap at the individual locus level is also informative to obtain biological insights.
However standard cross-GWAS techniques rely on massive multiple testing, limiting statistical
power for discovery [55]. In contrast, the conditional/conjunctional false discovery rate
method (cond/conjFDR) leverages information from two GWAS to identify shared loci with
likely true effects, and thus increase yield from existing GWAS [47,53,54]. We have recently
identified 32 genetic loci shared between depression and BMI, with the majority with a positive
direction of effect [52].

We here apply MiXeR to investigate the shared polygenic architecture [50] beyond genetic
correlation. Further, we investigate if there are genetic loci jointly associated with depression
and CAD as well as a series of CVD risk factors using the cond/conj FDR method [47,53,54].
We applied summary statistics from GWAS of depression [56], CAD [40], body mass index
(BMI) [57], systolic blood pressure (SBP) [42], diastolic blood pressure (DBP) [42], high-den-
sity lipoprotein (HDL) [58], low-density lipoprotein (LDL) [58], triglycerides (TG) [58], total
cholesterol (TC) [58], (T2D) [59], c-reactive protein (CRP) [60].

Materials and methods
Ethics statement

We applied to the Regional committees for medical and health research ethics south east Nor-
way (REK) regarding our project, application number 2011/1980 D. As the aim of the project
was to test a new statistical model for analysis of anonymous genetic data, the project uses data
from already published GWAS of different patient groups, written informed consent already
exists for all data in the already published GWAS and that in the present study the data is only
treated at a group level REK decided further approval was not necessary. ALl GWAS used in
the present study were approved by the local ethics committees and all the participants gave
their written informed consent [40,42,56-60]. UK Biobank received ethical approval from the
Research Ethics Committee (REC reference 11/NW/0382). Participants from the 23andMe
sample provided informed consent and participated in the research online, under a protocol
approved by the external AAHRPP-accredited IRB, Ethical & Independent Review Services
(E&I Review) [61]. For more details, see the original publications [40,42,56-60].

Material

In the present study, GWAS summary statistics data were available on 450,619 individuals
(121,198 cases with depression), 329,421 controls without depression), from the psychiatric
genomics consortium PGC29 cohort, a GWAS mega-analysis of 29 samples and five additional
cohorts all with European-ancestry [56]. More information can be found in SI Text.

We used GWAS summary statistics results for depression (n = 450,619) [56], CAD
(n =502,713) [40], and 9 CVD risk factors; BMI [57], systolic blood pressure (SBP) [42], dia-
stolic blood pressure (DBP) [42], high-density lipoprotein (HDL) [58], low-density lipoprotein
(LDL) [58], triglycerides (TG) [58], total cholesterol (TC) [58], (T2D) [59], c-reactive protein
(CRP) [60] (n = 204,402-776,078). More information on the inclusion criteria for the different
GWAS is given in the original publications [40,42,56-60].
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Statistical analyses

We used MiXeR to quantify polygenic overlap between depression, BMI, SBP and DBP. This
method determines the number of trait-unique and shared causal variants between two traits,
and the results are presented as a Venn diagram. “Causal” refers to the cause of the statistical
association” and not necessarily the biological cause of the conditions studied. MiXeR calculates
the genetic correlation between the phenotypes and determines the proportion of shared vari-
ants with same effect direction on both phenotypes. The overall measure of polygenic overlap
on a 0-1 scale, is quantified by the Dice coefficient. Univariate and bivariate estimates and
standard errors are calculated by performing 20 iterations using 2 million randomly selected
SNPs for each iteration, and then random pruning at an LD threshold of r* = 0.8 is conducted.
Model fit was based on GWAS z-scores. The model fit for CAD and the other CVD risk factors
did not fulfill the criteria and could not provide reliable estimates for MiXeR [50].

We generated conditional Q-Q plots to visualize pleiotropic enrichment [62]. The condi-
tional Q-Q plots compare the association with one trait (e.g. depression) within SNPs strata
determined by the strength of association with a secondary trait (e.g. CAD). Pleiotropic
enrichment exists if the proportion of SNPs associated with a phenotype increases as a func-
tion of the strength of the association with a secondary phenotype, and is shown by a succes-
sively leftward deflection from the null line on the conditional Q-Q plot. This can be directly
interpreted in terms of the true discovery rate (1-FDR) [53,63,64].

To improve the discovery of genetic variants associated with depression, CAD and CVD
risk factors we used the condFDR method [54]. This statistical framework is an extension of
the standard FDR, and uses genetic association summary statistics from the primary trait of
interest together with those of a secondary phenotype (e.g. CAD). The method re-ranks the
test-statistics of the primary phenotype based on the strength of the association with a condi-
tional phenotype, e.g. CAD or a CVD risk factor. We thereby increase the power and incorpo-
rate useful information from a second trait into the analysis. Replacing the roles of primary
and secondary phenotypes gives the inverse condFDR value. P-values were corrected for infla-
tion using a genomic inflation control procedure [53].

The conjFDR method [53], an extension of the condFDR, was also applied to detect which
loci showed evidence of association with both depression and the secondary trait. The
conjFDR framework is defined by the maximum of the two condFDR values for a specific
SNP. It estimates the posterior probability that a SNP is not associated with either trait or both,
given that the P values for both phenotypes are equal to, or smaller, than the P-values for each
phenotype individually. We used a condFDR level of 0.01 and a conjFDR of 0.05 per pairwise
comparison. The aim of condFDR is to identify new loci, and so a low false positive rate is
prioritised. In contrast, the conjFDR analysis is used to identify shared mechanisms, and so a
higher false positive rate is tolerated in order to increase the number of true positives and pro-
vide greater insights into shared mechanisms. We did the cond/conjFDR analyses of all pheno-
types except for BMI, because BMI has recently been analysed by us with the cond/conjFDR
methods [52].

Manbhattan plots were constructed based on the conjFDR value to show the genetic risk loci
shared between depression and the secondary phenotypes. Before the conjFDR analyses SNPs
in the extended major histocompatibility complex and 8p23.1 region were excluded. For more
details, see the original [53] and subsequent publications [47,55,65,66].

Genomic loci definition and functional annotation

We defined a genomic locus according to the FUMA protocol (http://fuma.ctglab.nl/) [67], an
online platform for functional annotation of SNPs and genes, to define the independent
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genomic loci. SNPs with condFDR <0.01 and conjFDR < 0.05 and independent from each
other at r2< 0.6 were identified as independent significant SNPs. Lead SNPs were selected in
approximate linkage equilibrium with each other at r2< 0.1 To identify distinct genomic loci,
all physically overlapping lead SNPs were merged (LD blocks < 250 kb apart). The borders of
the genomic loci were determined by identifying all SNPs in LD (r* Z 0.6) with one of the
independent significant SNPs in the locus and with cond/conjFDR<0.1. The genomic region
containing all candidate SNPs was assessed as a single independent genomic locus. The 1000
Genomes Project reference panel [68] was used to calculate LD information. The directional
effects of the loci shared between depression and cardiovascular traits were evaluated by com-
paring the z-scores of their lead SNPs.

To predict the deleteriousness of SNPs on the proteins structure and function we applied
Combined Annotation Dependent Depletion [69]. Further, we used RegulomeDB [70] to predict
regulatory functions, and chromatin states to predict transcription and regulatory effects of
chromatin states at the SNP locus [71,72]. Candidate SNPs were aligned to genes using the fol-
lowing three strategies implemented in FUMA: Positional gene mapping to align SNPs to
genes based on physical proximity, expression quantitative trait locus (¢QTL) mapping SNPs
to the genes whose expression level is influenced by allelic variation at the SNP level and chro-
matin states using 3D DNA-DNA interactions to link SNPs to genes. Novelty checking was
performed using two strategies. We first identified all loci physically overlapping with the fol-
lowing GWAS and secondary analyses [52,73-78]. We subsequently used the NHGRI-EBI cat-
alog [79] to identify loci overlapping with previously reported GWAS associations. A locus
was deemed novel if it was not physically overlapping with any of the reported loci and did not
possess any candidate SNPs which have been reported in the GWAS catalogue. We used
FUMA [80] for gene-set enrichment for the genes nearest the identified shared loci repre-
sented by Gene Ontology [81] was based on this gene mapping strategies. The genotype
expression (GTEx) resource [82] were applied to place the likely regulatory lead SNPs in
potential biologic context.

Replication of condFDR and conjFDR significant loci in an independent
sample

We tested for evidence of consistent genetic effects in an independent major depression sam-
ple from FinnGen, following a similar procedure as described in [51]. The probability of repli-
cating individual loci at genome-wide significance is low due to weak genetic effects.
Therefore, we first tested for en masse sign concordance of effect direction in primary and rep-
lication samples, in line with previous literature [83-85]. There was significant concordance if
the lead SNP had concordant effect directions in the primary and replication depression sam-
ples. We used a one-sided exact binomial test of significance under the null hypothesis that sig-
nificant concordance was randomly distributed [51,83-85].

We then adjusted for smoking using mtCOJO analyses and rerun all the same analyses to
see how adjusting for smoking would affect the results.

Results
Polygenic overlap

MiXeR: The results show evidence of substantial polygenic overlap between depression and
BMI. Of 13.9K trait-variants influencing depression and 11K trait-variants influencing BMI,
9.5K (SD 1.0K) were shared. The Dice coefficient was 0.76 (SD 0.08) (Figs 1A and S1). Of 4.4K
trait-variants influencing SBP and 4.0K influencing DBP, 2.0K (SD 0.4 K) and 1.0K (SD 0.3K)
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44 9.5 L5 11.9 20 2.4 13.0 1.0 3.0
(1.1) (1.0) (1.0) (0.8) (0.4) (0.4) 0.7) (0.3) (0.4)
ry=0.13 rg=-0.02 ry=0.01

DEP & BMI DEP & SBP DEp & DBP

Fig 1. Venn diagrams of causal shared and unique variants. The polygenic overlap between a) depression (blue) and
BMI (green) b) depression (blue) and SBP (purple) and c) depression (blue) and DBP (orange). The numbers is the
quantity of causal variants with standard errors in parentheses (numbers in thousand). DEP; depression, BMI; body
mass index, SBP; systolic blood pressure, DBP; diastolic blood pressure, r,, genetic correlation.

https://doi.org/10.1371/journal.pgen.1010161.9001

were shared with depression, respectively. (Dice coefficient 0.22 (SD 0.04) and 0.11 (SD 0.04)
for SBP and DBP, respectively). (Figs 1, S2 and S3). The proportion of variants with concor-
dant effects on SBP and DBP was 24% and 42%, respectively. The model fit for CAD and the
other CVD risk factors were not good enough to provide reliable estimates for MiXeR (S1
Text, S4-510 Figs and S4-S5 Tables).

The MiXeR results of the smoking corrected analyses (mtCOJO) results for depression and
BMI were somewhat different from the original MiXeR results. Of 14.3K trait-variants influ-
encing depression and 6.6 K trait-variants influencing BMI, 5.5K (SD 0.9 K) were shared. The
Dice coefficient was 0.52 (SD 0.08) (S1 Data). The results of the smoking corrected analyses
for depression and SBP and DBP were similar to the results of the original analyses (S1 Data).
For more information, see the S1 Text.

Conditional Q-Q plots show polygenic enrichment for DEP|CAD and DEP|all of the risk
factors and for CAD|DEP and all of the risk factors|DEP. We observed a pronounced succes-
sive leftward deflection for DEP|SBP, DEP|DBP and SBP|DEP and DBP|DEP and for CRP|
DEP, TG|DEP, HDL|DEP, LDL|DEP and DEP|T2D. The enrichment pattern in conditional
Q-Q plot for DEP|CAD, CAD|DEP, DEP|TC and TC|DEP is less pronounced, but there is
clear trend for successive leftward deflection in the “polygenic” or middle region. Also the left-
ward deflection was less pronounced in DEP|CRP, DEP|LDL, DEP|HDL, DEP|TC, TC|DEP
and T2D|DEP. In Q-Q plot we are primarily interested in the behavior of the middle part
where the polygenic component resides and occasionally observed erratic trajectories of tails
are driven by a handful of variants which do not reflect trend en masse. CondFDR: After condi-
tioning on each of the secondary traits, we identified 76 loci associated with depression
(condFDR < 0.01 and conjFDR <0.05) (S6 Table). Several of these were common for more
than one secondary phenotype. CondFDR analysis identified 43 loci associated with depres-
sion conditional on CAD, 44 conditional on SBP and 51 conditional on DBP. (S6 Table). The
reversed condFDR analysis identified 131, 915 and 924 associated with CAD, SBP and DBP
respectively, conditionally on depression. (S7 Table). We also identified depression loci condi-
tional on TC, TG, T2D, LDL, HDL, CRP and vice versa (S6 and S7 Tables).

ConjFDR: To identify the genetic loci jointly associated with both depression and CVD risk
factors and CAD we used conjFDR. We found 79 unique genetic loci jointly associated with
depression and CAD or one or more of the CVD risk factors. Table 1, Figs 2 and 529-535 and
S8-510 Tables show distinct genomic loci jointly associated with depression and CAD and
CVD risk factors, the effect directions and the number of novel loci for depression. In Fig 2 the
Manbhattan plots for depression and CAD, SBP, LDL are shown as we consider these to be the
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Table 1. Number if distinct genomic loci jointly associated with depression and CAD and CVD risk factors, the effect directions and the number of novel loci for
depression. CAD; coronary artery disease, T2D; type 2 diabetes, CRP; c-reactive protein, HDL; high-density lipoprotein, LDL; low-density lipoprotein, TC; total choles-
terol, TG; triglycerides, DBP; diastolic blood pressure, SBP; systolic blood pressure.

CAD/Cardiovascular No of | Concordant effect Novel in No of loci overlapping with condFDR | No of loci overlapping with condFDR
associated trait loci (%) depression DEP|CVD (%) CVD|DEP (%)
CAD 6 83.33 1 4(67) 3 (50)
T2D 9 22.22 3 4 (44) 3(33)

CRP 8 75.00 4 3(37.5) 4 (50)
HDL 14 28.57 5 6 (43) 9 (64)
LDL 10 55.6 1 9 (90%) 5 (50)
TC 11 45.45 2 9 (82) 8(73)
TG 14 86.00 6 6 (43) 13 (93)
DBP 31 41.94 7 16 (52) 18 (58)
SBP 38 24.00 12 17 (45) 26 (68)

https://doi.org/10.1371/journal.pgen.1010161.t001

most clinically relevant. The Manhattan plots for the other phenotypes can be found in the S1
Text and S29-S35 Figs.

Several loci were common for depression and more than one secondary phenotype
(Table 2). Depression and CAD and 5 of the CVD risk factors (T2D, HDL, LDL, TC, TG and
DBP) were associated with largely overlapping regions on chromosome 11 with lead SNPs
being in strong LD (r2>>0.7). Fatty Acid Desaturase 2 (FADS2) gene was the nearest gene for
all these lead SNPs. Zoom plots centered on these lead SNPs for all the phenotypes can be
viewed in S35-540 Figs.

The distribution of the shared variants can be seen by conjFDR Manhattan plots, where all
SNPs without pruning are shown, and the independent significant lead SNPs are encircled in
black (Figs 2 and 529-S35).

We then replicated the results of the cond/conjFDR analyses in an independent dataset,
FinnGen (https://www.finngen.gitbook.io/documentation/). Applying a significance threshold
0f 0.05, all the condFDR results were highly significant, and 5 out of 9 conjFDR analyses were
significant. All four non-significant conjFDR analyses had a low number of shared loci discov-
ered (<10) which reduced the statistical power of the exact binomial test. Further details and
replication results are provided in the S1 Text and S2 Data.

Effect directions

For the six loci shared between depression and CAD (conjFDR<0.05), five (83%) of the lead
SNPs had concordant direction of effect, 12 loci (86%) for TG, 6 loci (60%) for LDL, 6 loci
(75%) for CRP which implies that CAD, higher TG, LDL and CRP increase the risk for depres-
sion. For depression and SBP, HDL and T2D only 9 (24%), 4 (28.6%) and 2 loci (22%) respec-
tively had concordant effect directions, suggesting that the depression risk was reduced with
increased T2D, higher SBP and higher HDL. For TC and DBP there were a mixed pattern of
effect direction with same direction of effect in 5 loci (45.5%) and 13 loci (42%), respectively.
This is in line with the earlier mentioned genetic correlations, except for T2D (r, = 0.11, (p =
.0001)) and HDL (rg = 0.0108 (p = 0.897)) which had positive genetic correlations.

Functional annotations of all SNPs having a conjFDR<0.05 for depression and CAD and
CVD risk factors are shown in S11 Table. The shared loci revealed variants associated to
metabolism of alpha-linolenic acid pathway for T2D (S12 Table). The analyses did not reveal
any pathways for the other phenotypes.
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Fig 2. ConjFDR Manhattan plot. Common genetic variants both associated with depression (n = 450,619) and a) CAD (n = 502,713),
b) SBP (n = 750,000) and c) LDL (n = 297,626) at conjunctional false discovery rate (conjFDR) < 0.05. Manhattan plot showing the-
log10 transformed conjFDR values for each SNP on the y axis and the chromosomal positions along the x axis. The dotted horizontal
line represents the threshold for significant shared associations (conjFDR < 0.01, i.e. -log10(conjFDR) > 2.0). Independent lead SNPs
are encircled in black, and labeled by its nearest gene. The significant shared signal in the major histocompatility complex region
(chr6:25119106-33854733) is represented by one independent lead SNP. Further details are available in S8 Table. Dep; depression, CAD;
coronary artery disease, SBP; systolic blood pressure, LDL; low-density lipoprotein.

https://doi.org/10.1371/journal.pgen.1010161.9002

Discussion

We identified a significant number of genomic loci jointly associated with depression and
both CVD risk factors and CAD, implicating overlapping biological pathways. There was a

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010161 May 13, 2022 9/25


https://doi.org/10.1371/journal.pgen.1010161.g002
https://doi.org/10.1371/journal.pgen.1010161

PLOS GENETICS

Shared loci for depression and risk of CAD

Table 2. Loci with common lead SNP for depression and more than one secondary phenotype. SNP; Single-Nucleotide Polymorphism, CHR; chromosome, MinBP;
minimum base position, MaxBP; maximum base position, Dep; depression, CAD; coronary artery disease, T2D; type 2 diabetes, CRP; c-reactive protein, HDL; high-den-

sity lipoprotein, LDL; low-density lipoprotein, T'C; total cholesterol, TG; triglycerides, DBP; diastolic blood pressure, SBP; systolic blood pressure.

LEAD SNPs shared for Depression and
more than one secondary phenotype at
conjFDR<0.05

CHR LEAD SNP MinBP |MaxBP | Nearest Gene Z score of the Locus Phenotype
SNP in Dep novel in
GWAS Dep
1 rs301805 8404093 | 8895448 | RERE -5,63 No DBP,SBP
2 rs71441095 | 27961614 | 28284633 | MRPL33:RBKS -4,05 Yes CRP,TC, TG
5 rs3806843 1,4E+08 | 1,4E+08 | PCDHA1:PCDHA2: -4,49 No DBP,SBP
PCDHA3:PCDHA4:
PCDHA5:PCDHAG6
7 rs10950398 | 12233848 | 12286050 | TMEM106B 4,70 No HDL, TG
162526892 | 91518135 | 91797902 | TMEM64 -4,87 Yes DBP,SBP
11 rs112181005 | 46708196 | 47367371 | Cllorf49 -4,30 Yes CRP,HDL, TG,
DBP,SBP
11 rs174594 61539020 | 61624181 | FADS2 4,47 No HDL,LDL,TC,
TG
11 rs4417256 28379460 | 28577867 | RP11-22P4.1 4,51 Yes DBP,SBP
11 rs7118275 16253187 | 16373664 | SOX6 4,69 Yes DBP,SBP
12 rs77741769 | 1,21E+08 | 1,21E+08 | RPL12P33 5,57 No LDL,TC,CRP
13 1s536966 27087872 | 27146921 | WASF3 4,71 Yes DBP,SBP
14 rs10149470 | 1,04E+08 | 1,04E+08 | RNU7-160P 5,53 No DBP,SBP
16 rs3812984 71991135 | 72849510 | PMFBP1 4,83 No LDL, TC
16 154616299 7657373 | 7673819 | RBFOX1 -4,88 No DBP, TG
17 rs11867618 | 65825248 | 65984537 | BPTF 4,39 Yes TG,SBP,HDL
17 rs9916772 9725091 | 9725888 | GLP2R 4,32 Yes DBP,SBP
18 rs10503002 | 53057188 | 53164693 | TCF4 4,29 No DBP,SBP
20 rs76410441 | 39613707 | 40269840 | CHD6 5,03 No DBP,SBP
22 rs9611525 41215672 | 42216326 | RANGAP1 4,96 No LDL,TC

CHR: Chromosome, MinBP: minimum base position, MaxBP: maximum base position. Locus novel in Dep: Locus novel for depression in our study.
Phenotype: Which phenotypes have the same LEAD SNP.
The build used to determine the base pair position was GRCh37/Hg19

https://doi.org/10.1371/journal.pgen.1010161.t002

large number of trait-influencing variants between depression and BMI and depression and
blood pressure, as revealed with the MiXeR analyses. Variants associated with increased risk
for depression were also associated with increased risk of CAD, and higher TG, LDL and CRP
levels, while there were an opposite or mixed pattern of effect direction for the other traits.
These findings provide new knowledge about the molecular genetic mechanisms shared
between depression, CAD and CVD risk.

MiXeR analyses found that depression and BMI shared a substantial number of variants. Of
13.9K trait-variants influencing depression and 11K trait-variants influencing BMI, 9.5K (SD
1.0K) were shared. The proportion of shared genetic variants is greater than what would be
expected based on the moderate genetic correlation between these traits (rg = 0.13 for BMI).
This may indicate shared genetic mechanisms with mixed effect directions. One possible
explanation for this is that BMI is strongly influenced by behaviour, and could thus to some
degree be considered a “behavioural/brain-related trait”. This may explain the large difference
in polygenicity when compared to SBP and DBP which could be considered “somatic traits”,
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and, by extension, the substantially larger number of shared variants (9.5k vs 1/2K). It is also
concordant with previous literature that identified odds ratios in the range of 1.0 to 2.0 for the
association between obesity and depression. [86]. The difference in the MiXeR results when
we corrected for smoking using mtCOJO analyses may further support this. However Mende-
lian randomization analyses have provided evidence for a 1.12-fold increase in depression per
s.d. of BMI which supports that BMI has a causal effect on depression. Here, we found a sub-
stantial shared genetic component between depression and BMI.

Of 13.9K trait-variants influencing depression and 4.4K trait-variants influencing SBP,
2.0K (SD0.4K) were shared. This equals almost 50% of the genomic variants influencing SBP.
Of 14K trait-variants influencing depression and 4.0K variants influencing DBP, 1.0K (SD
0.3K) were shared. A recent review and meta-analysis revealed common genes for depression
and blood pressure, CAD, HDL, LDL and TC [87]. We identified twice as many overlapping
variants with depression and SBP as with depression and DBP. DBP’s overlap is about the
same as we see for height (1.1 K (SD 0.5 K)), which we consider to be a “negative control” i.e.
representing non-specific genetic overlap [48]. The difference in overlap is interesting and in
line with an epidemiological study finding depression to be inversely related to SBP, while for
DBP the findings were weaker or non-significant [88].

Unfortunately, the model fit for MiXeR for the other phenotypes were not good enough.
This may be due to that all these traits (lipids, CAD, T2D and CRP) are very low-polygenic
(univariate polygenicities are shown in S2 Table) yet highly heritable, making sampling proce-
dure, which is used in bivariate optimization very “nosy”. Technically we could try to suppress
this “noise” by increasing the number of samples (default is 20K), but computation burden
will grow proportionally to the increment of samples potentially making actual calculation not
teasible. Therefore, specific details of current implementation (e.g. random sampling proce-
dure to find optimal parameters) limit application domain of MiXeR model to polygenic traits
with reasonable heritability.

The second aspect, suggesting why straightforward increase of samples in optimization is
not a good solution for this kind of low-polygenic (oligogenic) traits is that one will expect
some peculiar features of genetic architecture (e.g. few notable strong signals and fairly weak
“polygenic tail” or strong tendency of strong signals to be co-localized in the genome). These
peculiarities may strongly violate assumptions of MiXeR model (which assumes that statisti-
cally “causal” variants are uniformly distributed in the genome and all effect sizes are drawn
from the same normal distribution) making even seemingly stable estimates senseless.

In this study we identified a portion of the specific genetic loci underlying the shared herita-
bility suggested by LDSR and PRS using the conjFDR method, and increased the number of
loci due to the increased power of conditioning on secondary phenotypes.

Depression in our study is genetically associated with lower levels of HDL, as could be
expected because higher HDL is associated with lower CAD risk (55). A recent study reports
consistent evidence that TG is causally associated with depressive symptoms using Mendelian
Randomisation. TC and LDL did not show robust causal relationships with depression [29].
For HDL moderate evidence for causal associations with depression were observed [29]. The
same is the case for Mediation analyses showing that CRP mediated the relationship between a
PGS for depressive symptoms and somatic symptoms [89]. In our study, lead SNPs in loci
associated with depression and CRP had concordant direction of effects. Our finding of exten-
sive shared variants between depression and lipids and depression and CRP suggests there
may be a large numbers of variants which impact both phenotypes via pleiotropic mechanisms.
This is in direct contravention of one of the key assumptions in Mendelian Randomisation,
which may raise questions about its application.
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The effect direction was mostly negative for depression and SBP, DBP and T2D, which
implicates lower depression risk with higher SBP, DBP and T2D. This is in line with studies
finding an inverse association between depression and blood pressure [88,90].

Regarding depression and T2D, previous genetic studies have conflicting results, but have
not evaluated effect direction as we have here. Ji et al. have identified a total of 496 shared
SNPs associated with both T2D and depression at p-value < 1.0E-07. Functional enrichment
analysis showed that the enriched pathways pertained to immune responses (Fc gamma R-
mediated phagocytosis, T cell and B cell receptors signaling), cell signaling (MAPK, Wnt sig-
naling), lipid metabolism, and cancer associated pathways [91]. A cross-sectional study using
genetic score and LDSR do not support an association between T2D and depression at the
clinical and genetic level in a multiethnic population at risk for T2D [92]. Hayes et al (2018)
found no significant genetic correlation with T2D, but they identified pleiotropic genetic varia-
tions for depressive symptoms and T2D (in the IGF2BP2, CDKALI, CDKN2B-AS, and PLE-
KHAI genes [93].

In the original depression GWAS 44 loci were identified [56]. By combining the original
depression GWAS (n = 450,619) with the CAD (n = 502,713) and CVD risk factors (n = 204
402-750 000) GWAS, we identified 76 unique loci associated with depression. 33-93% of
conjFDR-discovered loci were identified by condFDR. Since conjFDR is the maximum of the
two condFDR values and the significance threshold was 0.05 for conjFDR and 0.01 for
condFDR, this proportion gives an indication of the strength of association between the set of
conjFDR lead SNPs and each phenotype. The current results of genetic pleiotropy for depres-
sion and CAD risk may help to reveal mechanistic insights into the shared genetic architecture.
Our results are in line with other GWAS findings reporting significant positive genetic correla-
tions between depression and CAD (0.12) and CVD risk factors (BMI, T2D) (0.0031-0.13)
[25,46] and a detailed review and analysis of CVD risk genes also associated with mood disor-
ders [87]. Our findings are in opposition to negative significant genetic correlations between
severe melancholic depression and CAD (-0.0289) and cardiometabolic traits (-0.00164-0.142)
[46], and PRS representing severe melancholic depression was associated with reduced cardio-
metabolic risk. Our results are also contrary to findings from a recent study that a genetic risk
score strongly associated with CAD risk was not associated with depression. However they
found that family history of heart disease was associated with a 20% increase in depression risk
[94].

The concordant effect direction we found in the present study between depression and
CAD, TG, LDL and CRP are in line with the earlier mentioned metabolic and inflammatory
mechanisms, endothelial dysfunction and unhealthy behavioral factors contributing in the
pathophysiology of both depression and CAD. Our finding of a locus with the same lead SNP
for depression and CAD, T2D, HDL, LDL, TC, TG and DBP further supports this. The nearest
gene- the Fatty Acid Desaturase 2 (FADS2) gene can be found in many tissues. The protein
encoded by this gene regulates unsaturation of fatty acids. We also found genes implicating the
metabolism of alpha-linolenic acid pathway for T2D. This is line with a recent study reporting
that plasma linolenic acid was inversely related to T2D risk [95].

These are important findings as an emerging field of research known as nutritional neuro-
science has been focusing on the relationship between diet and depression [96]. The brain is
rich in lipids, and dietary fatty acids act within specific brain regions to regulate processes
impacting emotional behavior [97]. In depressed patients, daily consumption of omega-3 fatty
acid has been shown to stimulate mood elevation [98]. Saturated fats have been suggested to
be associated with symptoms of depression in humans [99]. However, we must emphasize that
gene-set analyses are still quite unreliable and more research is needed to confirm which
mechanisms are underlying the development of depression and CAD.
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The mixed direction of effect for several phenotypes we have found here may suggest com-
plex mechanisms not fully elaborated as our pathway analyses suggests, and indicate non-iden-
tified subgroups of patients particularly vulnerable to developing both depression and CAD.
There may be subgroups of patients within depression, explaining the mixed effect direction
in several of the phenotypes in our results. It is well known that depression is associated with
both high and low BMI [26]. These patients may represent different subgroups of depressed
patients, with various associations to metabolic phenotypes such as BMI, lipids and T2D. Find-
ings from a recent study suggests that the associations with CAD and CVD risk factors varied
by depression subtypes [46]. Further research is needed to reveal if this is the case, and may
ultimately lay the foundation for more personalized treatment. Our finding of specific loci
underlying the comorbidity of depression and CAD may motivate researchers to investigate
the molecular mechanisms driving the statistical association identified. Furthermore,a more
detailed understanding of the shared genetic architecture may enable improved prediction or
identification of subgroups at high risk for both disorders in clinical practice.

Strengths of the present study includes a large number of individuals in each sample, and
the use of statistical tools that makes use of several samples to further increase statistical
power. Limitations includes that phenotypes are assessed by self-report on only one occasion.
Cases were either MDD, MD or self-reported cases of depression, and these may represent dif-
ferent subgroups of patients with different associations with CAD and CVD risk factors, possi-
bly explaining a mixed direction of effects.

In conclusions, the present study identified shared genetic architecture, beyond genetic cor-
relation, between depression and CAD and CVD risk factors, most strongly with BMI and blood
pressure. We also revealed 79 specific genetic loci underlying the shared molecular genetic archi-
tecture of these conditions suggesting that genetic factors cause some of the comorbidity.

Supporting information

S1 Fig. Mixer results for depression (DEP) and body mass index (BMI).
(TIF)

S2 Fig. Mixer results for depression (DEP) and systolic blood pressure (SBP).
(TIF)

S$3 Fig. Mixer results for depression (DEP) and diastolic blood pressure (DBP).
(TIF)

S4 Fig. Mixer results for depression (DEP) and coronary artery disease (CAD).
(TIF)

S5 Fig. Mixer results for depression (DEP) and c-reactive protein (CRP).
(TIF)

S6 Fig. Mixer results for depression (DEP) and high-density lipoprotein (HDL).
(TIF)

S7 Fig. Mixer results for depression (DEP) and low-density lipoprotein (LDL).
(TIF)

S8 Fig. Mixer results for depression (DEP) type 2 diabetes (T2D).
(TIF)

S9 Fig. Mixer results for depression (DEP) and total cholesterol (TC).
(TIF)
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S10 Fig. Mixer results for depression (DEP) and triglycerides (TG).
(TIF)

S11 Fig. Polygenic overlap between coronary artery disease (CAD) and depression (DEP)
(CAD|DEP). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (CAD) below the standard GWAS threshold of p < 5x 10-8 asa
function of significance of association with secondary trait at the level of p< =0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

S12 Fig. Polygenic overlap between depression (DEP) and coronary artery disease (CAD)
(DEP|CAD). Conditional g-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (DEP) below the standard GWAS threshold of p < 5x10-8 as a
function of significance of association with secondary trait at the level of p< =0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

$13 Fig. Polygenic overlap between systolic blood pressure (SBP) and depression (DEP)
(SBP|DEP). Conditional g-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (SBP) below the standard GWAS threshold of p < 5x 10-8 as a
function of significance of association with secondary trait at the level of p< =0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

S14 Fig. Polygenic overlap between depression (DEP) and systolic blood pressure (DEP)
(DEP|SBP). Conditional g-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (DEP) below the standard GWAS threshold of p < 5x 10-8 asa
function of significance of association with secondary trait at the level of p< = 0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

S15 Fig. Polygenic overlap between low-density lipoprotein and depression (LDL) (LDL|
DEP). Conditional g-q plot of nominal versus empirical-log 10p values (corrected for inflation)
in primary trait (LDL) below the standard GWAS threshold of p < 5 x 10-8 as a function of sig-
nificance of association with secondary trait at the level of p< = 0.1 p < =0.01 and p < =0.001,
respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothesis.

(TIF)

S16 Fig. Polygenic overlap between depression (DEP) and low-density lipoprotein (DEP)
(DEP|LDL). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (DEP) below the standard GWAS threshold of p < 5x 10-8 as a
function of significance of association with secondary trait at the level of p< = 0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

S17 Fig. Polygenic overlap between high-density lipoprotein (HDL) and depression (DEP)
(HDL|DEP). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for
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inflation) in primary trait (HDL) below the standard GWAS threshold of p < 5x 10-8 asa
function of significance of association with secondary trait at the level of p< = 0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

S18 Fig. Polygenic overlap between depression (DEP) and high-density lipoprotein (DEP)
(DEP|HDL). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (DEP) below the standard GWAS threshold of p < 5x 10-8 asa
function of significance of association with secondary trait at the level of p< = 0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

S$19 Fig. Polygenic overlap between total cholesterol () andTC depression (DEP) (TC]|
DEP). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for infla-
tion) in primary trait (TC) below the standard GWAS threshold of p < 5 x 10-8 as a function
of significance of association with secondary trait at the level of p< =0.1 p <=0.0land p < =
0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothe-
sis.

(TIF)

$20 Fig. Polygenic overlap between depression (DEP) and total cholesterol (DEP)(DEP|
TC). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for inflation)
in primary trait (DEP) below the standard GWAS threshold of p < 5 x 10-8 as a function of sig-
nificance of association with secondary trait at the level of p< = 0.1 p < =0.01 and p < = 0.001,
respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothesis.

(TIF)

S21 Fig. Polygenic overlap between triglycerides (TG) and depression (DEP) (TG|DEP).
Conditional q-q plot of nominal versus empirical-log 10p values (corrected for inflation) in
primary trait (TG) below the standard GWAS threshold of p < 5 x 10-8 as a function of signif-
icance of association with secondary trait at the level of p< = 0.1 p < =0.01 and p < = 0.001,
respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothesis.
(TIF)

S22 Fig. Polygenic overlap between depression (DEP) and triglycerides (DEP)(DEP|TG).
Conditional q-q plot of nominal versus empirical-log 10p values (corrected for inflation) in
primary trait (DEP) below the standard GWAS threshold of p < 5 x 10-8 as a function of sig-
nificance of association with secondary trait at the level of p<=0.1p <=0.0landp < =
0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothe-
sis.

(TIF)

$23 Fig. Polygenic overlap between type 2 diabetes (T2D) and depression (DEP) (T2D|
DEP). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for infla-
tion) in primary trait (DBP) below the standard GWAS threshold of p < 5 x 10-8 as a function
of significance of association with secondary trait at the level of p< =0.1p < =0.0landp < =
0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothe-
sis.

(TIF)
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S$24 Fig. Polygenic overlap between depression (DEP) and type 2 diabetes (DEP)(DEP|
T2D). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for infla-
tion) in primary trait (DEP) below the standard GWAS threshold of p < 5 x 10-8 as a function
of significance of association with secondary trait at the level of p< =0.1 p < =0.0land p < =
0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothe-
sis.

(TIF)

S$25 Fig. Polygenic overlap between c-reactive protein (CRP) and depression (DEP) (CRP|
DEP). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for infla-
tion) in primary trait (CRP) below the standard GWAS threshold of p < 5 x 10-8 as a function
of significance of association with secondary trait at the level of p< =0.1p <=0.0land p < =
0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothe-
sis.

(TIF)

S$26 Fig. Polygenic overlap between depression (DEP) sc-reactive protein (DEP)(DEP|
CRP). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for infla-
tion) in primary trait (DEP) below the standard GWAS threshold of p < 5 x 10-8 as a function
of significance of association with secondary trait at the level of p< =0.1p < =0.0land p < =
0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the null hypothe-
sis.

(TIF)

$27 Fig. Polygenic overlap between diastolic blood pressure (DBP) and depression (DEP)
(DBP|DEP). Conditional q-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (DBP) below the standard GWAS threshold of p < 5x 10-8 as a
function of significance of association with secondary trait at the level of p< =0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TIF)

$28 Fig. Polygenic overlap between depression (DEP) and systolic blood pressure (DEP)
(DEP|SBP). Conditional g-q plot of nominal versus empirical-log 10p values (corrected for
inflation) in primary trait (DEP) below the standard GWAS threshold of p < 5x 10-8 asa
function of significance of association with secondary trait at the level of p< =0.1 p < =0.01
and p < =0.001, respectively. The blue line indicates all SNPs. The dashed line indicate the
null hypothesis.

(TTF)

$29 Fig. ConjFDR Manhattan plot. Common genetic variants both associated with depres-
sion (DEP) and high-density lipoprotein (HDL) at conjunctional false discovery rate
(conjFDR) < 0.05. Manhattan plot showing the-log10 transformed conjFDR values for each
SNP on the y axis and the chromosomal positions along the x axis. The dotted horizontal line
represents the threshold for significant shared associations (conjFDR < 0.05, ie., -log10
(conjFDR) > 2.0). Independent lead SNPs are encircled in black. The significant shared signal
in the major histocompatibility complex region (chr6:25119106-33854733) is represented by
one independent lead SNP.

(TIF)

$30 Fig. ConjFDR Manbhattan plot. Common genetic variants both associated with depres-
sion (DEP) and high-density lipoprotein (HDL) at conjunctional false discovery rate

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010161 May 13, 2022 16/25


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010161.s024
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010161.s025
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010161.s026
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010161.s027
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010161.s028
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010161.s029
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010161.s030
https://doi.org/10.1371/journal.pgen.1010161

PLOS GENETICS

Shared loci for depression and risk of CAD

(conjFDR) < 0.05. Manhattan plot showing the-log10 transformed conjFDR values for each
SNP on the y axis and the chromosomal positions along the x axis. The dotted horizontal line
represents the threshold for significant shared associations (conjFDR < 0.05, ie., -log10
(conjFDR) > 2.0). Independent lead SNPs are encircled in black. The significant shared signal
in the major histocompatibility complex region (chr6:25119106-33854733) is represented by
one independent lead SNP.

(TIF)

$31 Fig. ConjFDR Manhattan plot. Common genetic variants both associated with depres-
sion (DEP) and high-density lipoprotein (HDL) at conjunctional false discovery rate
(conjFDR) < 0.05. Manhattan plot showing the-log10 transformed conjFDR values for each
SNP on the y axis and the chromosomal positions along the x axis. The dotted horizontal line
represents the threshold for significant shared associations (conjFDR < 0.05, ie., -log10
(conjFDR) > 2.0). Independent lead SNPs are encircled in black. The significant shared signal
in the major histocompatibility complex region (chr6:25119106-33854733) is represented by
one independent lead SNP.

(TTF)

$32 Fig. ConjFDR Manhattan plot. Common genetic variants both associated with depres-
sion (DEP) and high-density lipoprotein (HDL) at conjunctional false discovery rate
(conjFDR) < 0.05. Manhattan plot showing the-log10 transformed conjFDR values for each
SNP on the y axis and the chromosomal positions along the x axis. The dotted horizontal line
represents the threshold for significant shared associations (conjFDR < 0.05, ie., -log10
(conjFDR) > 2.0). Independent lead SNPs are encircled in black. The significant shared signal
in the major histocompatibility complex region (chr6:25119106-33854733) is represented by
one independent lead SNP.

(TIF)

$33 Fig. ConjFDR Manhattan plot. Common genetic variants both associated with depres-
sion (DEP) and high-density lipoprotein (HDL) at conjunctional false discovery rate
(conjFDR) < 0.05. Manhattan plot showing the-log10 transformed conjFDR values for each
SNP on the y axis and the chromosomal positions along the x axis. The dotted horizontal line
represents the threshold for significant shared associations (conjFDR < 0.05, ie., -log10
(conjFDR) > 2.0). Independent lead SNPs are encircled in black. The significant shared signal
in the major histocompatibility complex region (chr6:25119106-33854733) is represented by
one independent lead SNP.

(TIF)

$34 Fig. ConjFDR Manhattan plot. Common genetic variants both associated with depres-
sion (DEP) and high-density lipoprotein (HDL) at conjunctional false discovery rate
(conjFDR) < 0.05. Manhattan plot showing the-log10 transformed conjFDR values for each
SNP on the y axis and the chromosomal positions along the x axis. The dotted horizontal line
represents the threshold for significant shared associations (conjFDR < 0.05, ie., -log10
(conjFDR) > 2.0). Independent lead SNPs are encircled in black. The significant shared signal
in the major histocompatibility complex region (chr6:25119106-33854733) is represented by
one independent lead SNP.

(TIF)

$35 Fig. Zoom plot for DEP and CAD centered on the variant rs174541, close to the Fatty
Acid Desaturase 2 (FADS2) gene.
(TIF)
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$36 Fig. Zoom plot for DEP and DBP centered on the variant rs174576, close to the Fatty
Acid Desaturase 2 (FADS2) gene.
(TIF)

$37 Fig. Zoom plot for DEP and HDL centered on the variant rs174594, close to the Fatty
Acid Desaturase 2 (FADS2) gene. This leadSNP was in common for depression, HDL, LDL,
TCand TG.

(TIF)

$38 Fig. Zoom plot for DEP and LDL centered on the variant rs174594, close to the Fatty
Acid Desaturase 2 (FADS2) gene. This leadSNP was in common for depression, HDL, LDL,
TC and TG.

(TTF)

$39 Fig. Zoom plot for DEP and TC centered on the variant rs174594, close to the Fatty
Acid Desaturase 2 (FADS2) gene. This leadSNP was in common for depression, HDL, LDL,
TC and TG.

(TIF)

$40 Fig. Zoom plot for DEP and TG centered on the variant rs174541, close to the Fatty
Acid Desaturase 2 (FADS2) gene. This leadSNP was in common for depression, HDL, LDL,
TCand TG.

(TIF)

S1 Table. Description of the five additional cohorts.
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S2 Table. Replication of our results in FinnGen MDD sample. MDD: Major depressive dis-
order. P-value of binomial test of conjFDR and condFDR.
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$3 Table. Number of conjFDR loci at 0.05 in original analyses and after correcting for
smoking in mtCOJO analyses.
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