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Replication has been poor for previously reported candidate genes

involved inMajorDepressiveDisorder (MDD).Onepossible reason

is phenotypic and genetic heterogeneity. The present study repli-

catedgeneticassociationswithMDDasdefined inDSM-IVandwith

a more narrowly defined MDD subtype with a chronic and severe

course.Wefirst conductedasystematic reviewofgenetic association

studies onMDDpublished between September 2007 and June 2012

to identify all reported candidate genes. Genetic associations were

then tested for all identified single nucleotide polymorphisms

(SNPs) and the entire genes using data from the GAIN genome-

wide association study (MDD: n¼ 1,352; chronicMDD subsample:

n¼ 225;controls:n¼ 1,649).The1,000Genomesdatabasewasused

as reference for imputation. From 157 studies identified in the

literature, 81 studies reported significant associations with MDD,

involving 245polymorphisms in97 candidate genes, fromwhichwe

were able to investigate 185 SNPs in 89 genes. We replicated nine

candidate SNPs in eight genes for MDD and six in five genes for

chronic MDD. However, these were not more than expected by

chance. At gene level, we replicated 18 genes forMDD and 17 genes

for chronicMDD, both significantlymore than expected by chance.

We showed that replication rates were improved for MDD com-

pared to a previous, highly similar, replication study based on

studies published before 2007. Effect sizes of the SNPs and replica-

tion rates of the candidate genes were improved in the chronic

subsample compared to the full sample. Nonetheless, replication

rates were still poor. � 2015 Wiley Periodicals, Inc.

Key words: major depressive disorder; candidate genes;

genome-wide association study; chronic depression; severe

depression; replication
2015 Wiley Periodicals, Inc.
INTRODUCTION

Major depressive disorder (MDD) is one of the leading causes of

disability [Vos et al., 2013]. Key characteristics are a persistently

depressed mood or an inability to experience pleasure [American
215
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Psychiatric Association, 1994]. Genetic factors substantially con-

tribute to MDD. A meta-analysis of twin studies showed that the

heritability of MDD averages 37% [Sullivan et al., 2000]. However,

results from linkage studies have been inconsistent [Holmans et al.,

2004; McGuffin et al., 2007] and almost all large-scale genome-

wide association studies (GWAS) forMDD failed to detect genes at

genome-wide significance level [Lewis et al., 2010; Muglia et al.,

2010; Rietschel et al., 2010; Shi et al., 2011]. Moreover, candidate

gene studies have been only marginally successful. A large-sample

replication study by Bosker et al. [2011] based on studies published

before September 2007 replicated only a small fraction of previ-

ously reported candidate genes for MDD (7% of genes; 3–4% of

single nucleotide polymorphisms (SNPs)). Based on the same

samples (i.e., the Netherlands Study of Depression and Anxiety

(NESDA) and the Netherlands Twin Registry (NTR)) [Boomsma

et al., 2008], the current study extends the replication study of

Bosker et al. in several ways. First, we aimed to identify and test

candidate genes reported to be associated with MDD since

September 1st, 2007, which was the end date of the literature

search in Bosker et al. [2011]. Candidate genes that have emerged in

the 5 years since then would likely provide additional insights on

genes and SNPs involved in MDD and need to be replicated in an

independent sample. Second, by using the 1,000 Genomes data as

reference datasets for imputation [Marchini et al., 2007; 1000

Genomes Project Consortium, 2010], we expected to be able to

test more candidate SNPs than before. Bosker et al. was unable to

test one third of the 93 polymorphisms that had been reported to be

associatedwithMDDbecause the informationwas not available for

these polymorphisms from the genotyping chip or HapMap CEU

data used for imputation [Bosker et al., 2011].

Besides incorporating additional candidate genes of MDD and

enlarging the SNP dataset using the 1,000 Genome reference set,

our aim was to not only study genetic associations with MDD as

defined in DSM-IV, but also with a more narrowly defined MDD

phenotype based on a chronic and severe course. Poor replication

rates reported in the literature [Bosker et al., 2011] may partly be

due to the imprecision and subjectivity inherent to the MDD

diagnosis. This yields measurement error diluting the relationship

between genotype and phenotype [Kendler et al., 1993]. The use of

repeated assessments of MDD has been shown to reduce measure-

ment error in the phenotype, resulting in higher heritability

estimates compared to single diagnosis [Foley et al., 1998]. But,

when retrospectively reporting on previous MDD episodes, recall

bias and mood-congruence effects may add to measurement error

[Bromet et al., 1986]. Therefore, the chronic MDD phenotype in

the present study was defined on the basis of the longitudinal

course of MDD symptoms that have been repeatedly rather than

retrospectively assessed. Another reason for the inconsistent find-

ings on genes for MDD is the heterogeneity of MDD itself [Cohen-

Woods et al., 2013]. For example, the diverging estimates on the

heritability of MDD from twin studies [ranging from 17% to 80%;

Foley et al., 1998; Sullivan et al., 2000]may be partly due to diversity

of MDD patients across studies. Hence, focusing on more pheno-

typically homogeneous subtypes may help identify genes that

contribute consistently to MDD [Flint and Kendler, 2014]. One

such subtype could be recurrent or chronic MDD, which is

suggested to be more heritable [Sullivan et al., 2000; Kendler
et al., 2007]. Refining the MDD phenotype according to chronicity

reduces phenotypic and most likely also genetic heterogeneity, and

will increase chances to replicate the underlying genes. Therefore,

in this study we expected stronger associations and a higher

replication rate of candidate genes with chronic MDD than with

DSM-IV defined MDD.
MATERIALS AND METHODS

Literature Selection
We conducted a systematic literature search to update genetic

case-control association studies on MDD, with those published

between September 1st, 2007, the end search date in Bosker et al.

[2011], and June 10th, 2012 using MEDLINE1 via PUBMED.

Search terms, study inclusion and exclusion criteria, and infor-

mation regarding how studies were rated can be found in the

Supplementary Information (SI), Appendix A. Briefly, we se-

lected studies that fulfilled the following criteria: (i) the patients

had a primary diagnosis of major depressive disorder; (ii) the

study examined the association between a candidate gene (a SNP,

a microsatellite marker, or a haplotype) and MDD; (iii) the study

was a case-control association study; (iv) the sample of the study

included at least 30 patients and 30 healthy controls. Two

independent raters (XL and NS) selected studies based on the

abstracts, and then read full-texts of each potential study to verify

eligibility. In case of disagreement on study selection, consensus

was reached with the help of a third investigator (CAH). Figure 1

shows how studies were selected. A description of the data

extracted from these studies is provided in the SI, Appendix

B. Briefly, we extracted information for author(s), year of publi-

cation, sample sizes for cases and controls, study design, genes,

SNPs/haplotypes, raw P-values, and odds ratios (ORs) for gen-

otypes and/or allele frequencies and the corrected results if the

study had applied corrections for multiple testing.

Sample
Cases. Cases were selected if they: (i) had a lifetime MDD

according to DSM-IV criteria (Diagnostic and Statistical Manual,

Fourth Edition [American Psychiatric Association, 1994]; (ii)

assessed with the Composite International Diagnostic Interview

(CIDI), assessed at baseline (T1) [Kessler and Ustun, 2004]; (iii)

were between 18 and 65 years old, and; (iv) were of western

European ancestry. Individuals who were not fluent in Dutch or

did not have a primary diagnosis of MDD were excluded. There

were 1,738 cases fulfilling the criteria after the genotyping quality

check (for additional information, see quality control section

below and Bosker et al. [2011]). Unlike the Bosker et al. [2011],

participants with an MDD diagnosis from NTR (n¼ 136) were

excluded as depressive symptoms were not studied longitudinally

in NTR, leaving 1,602 MDD patients from NESDA included.

Participants from NESDA filled in the IDS-SR (Inventory of

Depressive Symptomatology, self-report version) [Rush et al.,

1996]) at four measurement waves (i.e., baseline (T1), 1-year

follow-up (T2), 2-year follow-up (T3), and 4-year follow-up

(T4)) and received diagnostic interviews at waves 1, 3, and 4.

From these 1,602 patients, 121 developed a bipolar disorder (104



FIG. 1. Flowchart showing how the studies were selected from

the literature search. �Seventy papers reported significant

genetic associations with MDD in primary analysis; the other 11

papers did not find significant associations in their primary

analyses but in their subgroup analyses. ��The 76 articles

included seven GWAS studies, none of which had genome-wide

significant results (P< 5� 10-8). [Color figure can be seen in

the online version of this article, available at http://

wileyonlinelibrary.com/journal/ajmgb].
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diagnosed at wave 3 (T3); 17 at wave 4 (T4)) and were excluded. In

addition, six controls from the NESDA cohort developed at least

one major depressive episode in the follow-up period and thus,

were included in the final MDD sample, leaving a total of 1,487

cases. Finally, 135 cases were excluded because they had missing

values on the IDS-SR on three or four measurement waves, leaving

a sample of 1,352 cases for this study (see SI AppendixC formissing

value analysis for case selection). See the flowchart depicted in SI,

Figure S1 for an overview.

Identification of caseswith chronic and severe depression. We

used Latent Class GrowthAnalysis (LCGA) to identify the subgroup

of MDD patients with a chronic and severe course. LCGA was

applied to the scores on the IDS-SR from four measurement waves

to cluster individuals with similar trajectories of MDD severity over

time. The results indicated that five trajectories best summarized the

variation in course of depressive symptoms over time (Details on

the methodology and results are in SI, Appendix D). Individuals in

the first and the second trajectories with consistently high scores

across time (on average a score >30 on the IDS at all waves) were
selected as the chronic, MDD subsample (n¼ 225). Selected indi-

viduals were older, had less years of education, and had more co-

morbidity with anxiety disorders compared to the less severe groups

(SI, Appendix D, Table S3).

Controls. In brief, the NTR included assessments of depressive

symptoms (with multiple instruments such as the Beck Depression

Inventory [Beck et al., 1961]), anxiety symptoms and neuroticism.

Inclusion criteria for controls were further: (i) participants did not

report a history of MDD or were not diagnosed with MDD in any

measurement wave; (ii) participants had never scored high

(�1 s.d.) on a repeatedlymeasured combined score of neuroticism,

anxiety, and depressive symptoms; (iii) participants and their

parents were born in the Netherlands or Western Europe. Only

one control participant per family was selected. After quality

control check, 1,802 controls were included initially in the sample.

However, unlike the Bosker et al. [2011], we excluded controls

from NESDA (n¼ 153). They were not screened for low neuroti-

cism as was done in NTR, and a small percentage of NESDA

controls came from a high risk cohort, from which six people

developed MDD during the follow-up and were included as cases.

Therefore, the control group in the subsequent genetic analyses

consisted of 1,649 individuals.
Genetic Analyses
Genotyping and quality control. Genotyping was performed

according to strict standard operating procedures by Perlegen

Science. DNA samples from cases and controls were randomly

assigned to plates, shipped to Perlegen and identified only by

barcode. High-density oligonucleotide arrays were used yielding

599,164 SNPs, from which 435,291 passed all quality control tests.

Further details have been described elsewhere [Boomsma et al.,

2008]. Briefly, in terms of quality control for subjects, genotypes

were delivered for 3,761 samples of the 3,820 Dutch samples sent to

Perlegen (excluding the 20 HapMap internal control samples). A

total of 59 samples did not have GWAS data: 39 samples with

uncertain linkage between genotype and phenotype records, seven

samples with evidence of contamination, six samples that failed

genotyping, and seven miscellaneous failures (two of these were

excluded as chrX and chrY genotyping data were consistent with the

presence of XO and XXY sex chromosome status). After further

analysis, eight subjects were removed for excessivemissing genotype

data (>25%), one case for high genome-wide homozygosity

(�75%), 38 subjects whose genome-wide IBS estimates were con-

sistent with first- or second-degree relationships and 57 additional

subjects whose ancestry diverged from the remainder of the sample.

After these exclusions (n¼ 104) and removing duplicated, and trio

quality control samples, there were 3,540 subjects in the analysis

data set including 1,738 cases and 1,802 controls (from which we

further excluded cases and controls for reasons described above).

In terms of quality control for SNPs, the unfiltered data set

obtained from dbGaP contained 599,156 unique SNPs. The Perle-

gen genotyping algorithm yielded a quality score for each indi-

vidual genotype, and a more stringent quality score cutoff (�10)

than that used by Perlegen was applied. The SNP quality control

process is described in detail elsewhere [Bosker et al., 2011]. Briefly,

to be included in the final analysis data set, SNPs were required not

http://wileyonlinelibrary.com/journal/ajmgb
http://wileyonlinelibrary.com/journal/ajmgb
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to have any of the following features: gross mapping problem, �2

genotype disagreements in 40 duplicated samples, �2 Mendelian

inheritance errors in 38 complete trio samples, minor allele

frequency <0.01 or >0.05 missing genotypes in either cases or

controls. A Hardy–Weinberg filter was not used as lack of fit to

Hardy–Weinberg expectations can occur for valid reasons (for

example, a true association) and given that 95.6% (¼ 51,592/

53,994) of SNPs with P< 0.00001 from an exact test of

Hardy–Weinberg equilibrium in controls were already flagged

for exclusion. A total of 435,291 SNPs met these criteria and

were included in the final analysis data set. A total of 13 controls

were genotyped in a different study using the Illumina 317K

platform and, of the 82,636 SNPs common to both platforms,

the genotype agreement was 99.94%.

Imputation. The genotype data were imputed using data from

the 1,000 Genomes database (March 2012 release, global popula-

tion; http://www.1000genomes.org/) as the reference [1000

Genomes Project Consortium, 2010]. Imputationswere performed

by IMPUTE version 2.1.2 [Howie et al., 2009]. In this way, we

extended the genome-wide SNP data set to about 30M SNPs or

insertion–deletion polymorphisms (in/dels). We selected all var-

iants located within 5 kb of the selected MDD genes (n¼ 120,815)

and excluded those with a low imputation quality (n¼ 35,019)

(proper_info <0.5), leaving 86,421 variants for the analysis.

Statistical analysis. We conducted two association studies, in

the full and the severe sample, adjusting for sex and the uncertainty

of the genotypes that were imputed. We set a significance level of

0.05 for the full sample, given hypothesis driven testing derived

from findings in the literature. However, the chronic and severe

MDD cases are a subset of the full MDD sample and hence, it could

be that the association with MDD extends to either this subset or

the complementary subsample of the less severe or less chronic

cases. Therefore, the significance for the subset needs to be cor-

rected for two tests. For the chronic and severe subsample, a

significance level of 0.025 (¼ 0.05/2) was chosen to adjust for

multiple testing due to subsampling. This was done both at

candidate SNP and candidate gene level. Associations between

MDD and the SNPs or in/dels were tested using a frequentist

case–control test assuming an additive model provided in the

software package SNPTEST version 2.2.0 [Marchini et al.,

2007]. For the two-marker haplotypes of the SNPs rs4251417

and rs2020934 that tag the 5HTTLPR polymorphism [Wray

et al., 2009] we applied an Expectation Maximization algorithm

to estimate the number of CA haplotypes inMDD cases, severe and

chronic cases, and controls. These numbers were next compared

using a chi-square test to determine association of the CA haplo-

type and hence, the short allele of 5HTTLPR with MDD in general

and chronic and severe MDD.

At candidate SNP level, we examined the original SNPs derived

fromthe literaturewithoutcorrecting formultiple testingas these tests

canbeseenashypothesisdriven.However,weadditionally tested if the

numberof replicated associationswere larger thanexpectedby chance

to examine if replicated SNPs are likely to be false positives.

At the candidate gene level, we tested all SNPs or in/dels located

within and <5 kb from the boundaries of the gene and used a

permutation procedure to determine significance in order to

correct for multiple testing. We calculated three P-values by
permutation following the procedures in Bosker et al.: (i) a

gene-wide significance in which the significance of a SNP or in/

dels is corrected for all SNPs and in/dels in the gene; (ii) an overall

significance corrected for all SNPs and in/dels in all selected genes;

and (iii) the significance of the number of nominal significant SNPs

or in/dels (P< 0.05) within a candidate gene. In the permutation

procedure, case and control statuses were randomly assigned to

each of the individuals leaving the dependency structure between

the SNPs or in/dels intact and hence, the resulting three P-values

are corrected for linkage disequilibrium (LD) between SNPs or in/

dels. The former two significances were computed as the fraction of

permutations in which any SNP or in/del within the gene or any of

the SNPs or in/del, respectively, was more significant than the SNP

in the original (unpermuted) dataset. For the latter significance, the

fraction of permutations with a higher number of nominal signifi-

cant SNPs or in/dels than originally observed determined

the significance of the number of significant SNPs of that candidate

gene. The number of permutations was 10,000. Formore details see

Bosker et al.. Finally, in addition to these permutation tests,

we determined if the total number of replicated genes identified

at the candidate gene level were larger than expected by chance.

Odds ratios (ORs) and 95% confidence intervals (CIs) were

calculated for the significant candidate SNPs comparing allele

frequencies using counted numbers of genotyped or imputed

SNPs, respectively. In the latter case allele frequencies determined

from expected genotype counts are used, meaning that genotype

probabilities, which account for uncertainties due to imputation,

are summed across all individuals in the sample. Note that the

difference inprocedure to calculate theOR(using allele frequencies)

as compared to the additivemodelused fordetermining significance

may cause the CI of the OR to contain 1, even though SNPTEST

assigned a significant P-value to the SNP. Finally, to establish true

replication,we additionally checkedwhether the effectwas found for

the same allele and in the samedirection as reported in the literature.

RESULTS

Literature Search
Our systematic search yielded 157 articles investigating candidate

gene associations with MDD, from which 81 articles reported

nominal significant associations (P< .05). These 81 articles

reported significant results for 245 polymorphisms, including

201 SNPs, 37 haplotypes, and 7 microsatellite markers, in 97

candidate genes (Table I). Among these, one single SNP and

four SNPs in five haplotypes could not be mapped. For the

5HTTLPR polymorphism, the two-marker haplotype CA of the

SNPs rs4251417 and rs2020934 tag the short allele (r2¼ 0.72;Wray

et al. [2009]). For the remaining six microsatellite markers, no

information on LD with SNPs could be found. Hence, these

polymorphisms were not analyzed.

Replication of Candidate SNPs Reported in the
Literature
For the SNPs that could be mapped, 185 SNPs in 89 genes were

present on the chip or could be imputed.We examinedwhether the

associationswithMDD for these SNPswere replicated based on our

http://www.1000genomes.org/
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data. For complete results see SI, Appendix E; see also Appendix G

for current re-analysis of SNPs identified in the Bosker et al. [2011].

In the full sample, 13 SNPs in 12 genes showed significant

associations withMDD (Table II). Associations of three SNPs were

in the opposite direction than in the original studies. In addition,

the direction for one SNP could not be determined from the

original study. Hence, we replicated nine candidate SNPs in eight

genes (PSMB4, ADK, POMC, HTR1A, PCLO, CDC42SE2, SIRT1,

SLC29A3) in the full sample. In the subsample, seven SNPs in six

genes were significantly associated with severe and chronic MDD.

The direction of effects for one SNP in the chronic sample was

inconsistent with the literature. Therefore, we replicated six SNPs

in five genes (PSMB4, ADK, POMC, HTR1A, PDE4B) in the

subsample. Four SNPs (rs2296840 in PSMB4, rs7924176 in

ADK, rs1800044 in HTR1A, and rs2118404 in POMC) overlapped

for the full sample and the subsample. The two-marker haplotype

that tagged the 5HTTLPR polymorphism showed no association

with either MDD in the full sample or chronic and severe MDD.

We next examined if the number of replicated candidate SNPs

was higher than expected by chance (i.e., at a¼ 5% for the full

sample and a¼ 2.5% for the chronic sample). According to the

binomial distribution, neither the number of SNPs replicated in the

full sample [9/179; P¼ 0.41] nor the number in the chronic

subsample [6/179; P¼ 0.16] was more than expected by chance

(The total number of SNPs tested was 185-6¼ 179, because the

direction of effect for six SNPs could not be retrieved from the

literature).
Comparing Replications of Candidate SNPs in
the Full Sample With Replications in the Chronic
Subsample
Wecompared the effects of all 185 SNPs in the full samplewith their

effects in the chronic sub-dataset by plotting the odds ratios of

SNPs in both samples (Fig. 2). Overall, the effects in the chronic

subsample were larger than those in the full sample (slope >1). In

addition, we also applied a binomial sign test to compare the overall

effects of SNPs in the full sample versus the overall effects in the

subsample. This test can be used to determine if the number of

SNPs with a larger effect in the subsample was significantly higher

than the number of SNPs with a larger effect in the full sample. For

111 of the 185 SNPs, the effect sizes were larger in the subsample,

whereas for 57 SNPs the effect sizes were larger in the full sample.

For the remaining 17 SNPs, the directions of the effects were

inconsistent between the full sample and the subsample (effects

of five SNPs in the full sample were consistent with the literature,

whereas effects of six SNPs in the chronic sample were consistent

with the literature), or could not retrieved from the literature (for

six SNPs). Therefore, in total, for 117 (111þ 6) SNPs, the effect

sizes were larger in the subsample than in the full sample, whereas

for 62 (57þ 5) SNPs the effect sizes were larger in the full sample.

The result of the binomial sign test indicated that, under the null

hypothesis of no differences between the two samples, the proba-

bility that 117 SNPs out of 179 SNPs had a larger effect in the

expected direction in the subsample than in the full sample is

associated with a P-value <0.00005 (one sided). Thus, effect sizes



TABLE II. Candidate SNPs That are Significantly Associated With MDD and With Chronic MDDa

Gene SNP (rs-id) Coding allele P_allb OR_all 95%CI P_severe OR_severe 95%CI

PSMB4 rs2296840 T 0.044� 2.64 (0.89–7.81) 1.80E-07� 7.20 (2.00–25.88)

ADK rs7924176 G 0.016� 0.89 (0.80–0.98) 0.0061� 0.77 (0.63–0.94)

POMC rs2118404 T 0.012� 1.17 (1.03–1.32) 0.013� 1.32 (1.06–1.66)

HTR1A rs1800044 A 0.018� 2.41 (1.09–5.34) 0.022� 3.33 (1.05–10.68)

PCLO rs2522833 C 8.19E-05� 1.24 (1.12–1.37) 0.32 1.11 (0.91–1.35)

EMP1
��

rs7315725 A 0.00023� 0.80 (0.71–0.90) 0.25 0.88 (0.70–1.10)

CDC42SE2 rs798412 A 0.0079� 1.18 (1.04–1.34) 0.30 1.13 (0.89–1.44)

CDC42SE2 rs798416 C 0.0079� 1.18 (1.04–1.34) 0.30 1.13 (0.89–1.44)

SIRT1 rs10997875 C 0.026� 0.88 (0.79–0.98) 0.60 0.95 (0.77–1.16)

NR1D1
���

rs2071427 T 0.034� 1.11 (0.99–1.24)c 0.14 1.14 (0.92–1.42)

CRHBP
��

rs1053989 A 0.039� 1.08 (0.98–1.20) 0.53 1.05 (0.86–1.28)

SLC29A3 rs2487067 A 0.043� 0.90 (0.81–1.00) 0.99 1.00 (0.82–1.22)

FKBP5
��

rs1360780 C 0.045� 1.11 (0.99–1.24) 0.58 1.06 (0.85–1.31)

MYT1L
��

rs7592630 G 0.24 1.07 (0.96–1.19) 0.010� 1.30 (1.06–1.59)

PDE4B rs1040716 T 0.39 1.04 (0.94–1.16) 0.012� 1.28 (1.05–1.56)

PDE4B rs472952 G 0.15 1.08 (0.97–1.19) 0.016� 1.29 (1.05–1.58)

aThis table shows results for SNPs that are from the current literature search and are significantly associated with MDD or with chronic MDD in our replication.
bP_all and P_severe: P-values of the MDD association in the full sample and in the chronic and severe subsample comparing allele frequencies under an additive model. OR_all and OR_severe: odds ratios of
alleles for MDD and for severe and chronic MDD, respectively based on expected genotype frequencies (i.e., the sum of genotype probabilities).
cSome confidence intervals of odds ratios of significantly associated SNPs contain 1, because of differences of model used for calculating P-values (additive model, i.e., using genotype frequencies) and
odds ratios (allele B versus allele A using allele frequencies).
�
Indicates P< 0.05 for the full sample, or P< 0.025 for the chronic subset.

��
Indicates that the directions of effects for these SNPs were not consistent with directions reported in the literature.

���
Indicates that the direction of effects for this SNP could not be determined from the original literature.
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for candidate SNPs were generally larger in the chronic subsample

than in the full sample.
Replication of Candidate Genes Reported in the
Literature at Gene-Wide Level

In the full sample, 50 SNPs or in/dels in eight genes were significant

from a total of 86,421 SNPs in 127 genes (89 from the current study,

38 genes from Bosker et al. [2011]) when corrected at gene-wide

level. Forty three SNPs or in/dels were located in the PCLO gene (all

in high LD) and the remaining seven SNPs or in/dels were from

seven other genes, i.e., ARNTL, CREB1, HTR2C, NR1D1, PDE2A,

SLC6A2, and TSNAX (results summarized in Table III; details see

SI, Appendix F, Table S6). Thirteen genes had significantly higher

numbers of significant SNPs or in/dels than expected by chance (SI,

Table S7). Thus, 18 genes in total were significantly associated with

MDD at gene level using these two approaches (three genes over-

lapped). The replication rate for the full sample was 14% (18/127).

Note that when we corrected for all SNPs or in/dels in all genes that

were tested, none of the 50 SNPs significant at gene-wide level

remained significant.

In the chronic MDD subsample, 13 SNPs or in/dels in 11 genes

were significant at gene-wide level. Two SNPs were located in

PSMB4 (in high LD), two in POMC (also in high LD), whereas the

remaining nine SNPs came from nine genes, i.e., ARNTL2,

AVPR1B, BCR, COMT, CTLA4, KCNK2, MAOA, PDE5A, and

PLD1 (results summarized in Table III; details see SI,

Table S8). Seven genes, POMC, MYT1L, PDE11A, MTHFR,

PDE4B, MY03A, and ADK, had significantly higher numbers of
significant SNPs than expected by chance in the chronic and severe

MDD subsample (SI, Table S9). Thus, 17 genes in total were

significantly associated with chronic and severe MDD (one gene

overlapped) resulting in a replication rate of 13% (17/127).None of

the 13 SNPs significant at gene-wide level were significant after

correction for multiple testing for all SNPs and in/dels in all genes.

We examined if the number of replicated genes was higher than

expected by chance. As we replicated genes using two tests at gene-

based level, a gene can be significant by chance at a¼ 0.05 with a

probability of 0.05þ 0.95� 0.05¼ 0.0975 (0.025þ 0.975� 0.025

¼ 0.0494 for the chronic subsample), which means that we expect

almost 10%of genes in the full sample (about 5% in the subsample)

to be significant for either gene-based test by chance. According to

the binomial distribution, the number of genes replicated were

significantly more than expected both in the full sample (P¼ 0.04)

and in the chronic subsample (P< 0.0001).

Comparing Our Replication Results With the
Previous Replication Study
We compared replication rates in our full sample with those

reported by Bosker et al. to explore whether replication rates

have increased in our study from last large replication study

(detailed analyses comparing the two studies see SI, Appendix

G). We could do so also because our study extended the Bosker

et al. [2011] based on a similar sample and included their set of

genes at gene level analyses, yet used a different reference for

imputation (i.e., 1,000 Genomes rather than HapMap CEU

data). In brief, the replication rates were higher in our study,

especially for genes examined only in our study (i.e., genes



FIG. 2. Relationships between the effects of SNPs in general MDD

and chronic MDD. #Note: Figure 2 described the relationships

between the odds ratios (ORs) of SNPs in the full sample and the

ORs of the same SNPs in the subsample for chronic MDD. The

X-axis is the Log transformation of ORs of each SNP in the full

sample, the Y-axis is the Log transformation of ORs of each SNP

in the chronic, severe subsample. To visualize the effects we

applied log transformation of the odds ratios, we plotted the ORs

for the 185 SNPs that were reported having associations with

MDD in the literature. Some extreme ORs were not shown in this

graph (i.e., OR >2). The blue line is a reference line with

slope¼ 1, indicating the same effects in the full sample and in

the chronic subsample; the red line is the best-fitting line based

on the data (slope¼ 1.55); This suggests that the effects of

SNPs in the chronic subsample were larger than those in the full

sample. [Color figure can be seen in the online version of this

article, available at http://wileyonlinelibrary.com/journal/ajmgb].
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originally reported after 2007). Specifically, the replication rate at

gene level was 4% (2/55) in the previous Bosker et al. study, whereas

in the present study it was 8% (3/38) for genes that were only

reported in the previous study, 6% (1/17) for genes that were

reported in both studies (combined 7% ((3þ 1)/(38þ 17)¼ 4/55)

for all genes studied by Bosker et al. [2011]), and 19% (14/72) for

genes that were examined only in our study.

DISCUSSION

The present study provided a comprehensive review on candidate

genes for MDD reported from 2007 to 2012, and replicated

identified candidate SNPs and genes for DSM-IV defined MDD

as well as for chronic and severe MDD. At candidate SNP level, the

numbers of original SNPs successfully replicated in both samples

were not more than expected. However, the overall effects of all

original SNPs were larger with chronic and severe MDD than with

the broad MDD phenotype. At candidate gene level, we replicated

significant associations for 18 genes for DSM-IV definedMDD and
17 genes for chronic and severe MDD (four overlapped), both of

which were significantly more than expected by chance. The

replication rate with DSM-IV defined MDD at gene-wide level

was also higher in the present study (14%) than in the previous

replication study (4%, Bosker et al., 2011).

At least three reasons may account for these higher replication

rates in our sample than in the previous Bosker et al. study. First, we

improved diagnostic accuracy, in particular that by using longi-

tudinal diagnostic data we were able to identify and remove those

who developed a bipolar disorder. Second, we used an improved

imputation procedure so that more SNPs were imputed and

examined within a gene. Third, we included recent studies since

2007 which in general were better conducted compared to all

genetic studies on MDD published before 2007 (e.g., improved

phenotyping of MDD; larger samples). Importantly, our post hoc

analysis suggested that the last reason contributed substantially (a

replication rate of 19% for genes identified only in our current

literature search compared to 7% for genes already retrieved in

the Bosker et al. study), while improved imputation and/or sample

selection contributed as well (for genes selected in the previous

study, the replication rate in our study was currently 7% compared

to 4% before). It follows that while the methodology of the

replication study (e.g., homogeneous sample, imputation) matters

to the success of replication rates, the most crucial factor remains

that the original results come from high quality studies (e.g., large

sample sizes, good phenotyping) in general.

The present study also showed that refining the broad MDD

phenotype into chronic and severe MDD improved replication

rates. Our study is, to our knowledge, the first genetic study that

used longitudinal measures of depressive symptoms to identify a

more narrowly defined and therefore, less heterogeneous MDD

phenotype. At candidate SNP level, effect sizes were overall larger in

this chronic subsample than in the full sample. In addition to the

larger effect sizes at candidate SNP level in the chronic subsample,

at gene level, the replication rates in this subsample was almost the

same as in the full sample (13% vs. 14%), despite the stricter

significance level and the much smaller sample size. Due to the

stricter significance level, the replication rate in the subsample was

much more significant (P< 0.0001) than that in the full sample

(P¼ 0.04).With the larger effect sizes and reduced statistical power

in mind, our approach of reducing the heterogeneity by a refined

phenotype seems promising in enhancing the replication rate.

Nevertheless, even though the replication rate was improved,

28% (35/127, the total number of genes significant in any test

divided by the total number of genes tested) is still a small part of

the candidate genes reported in the literature. Poor replication is

common in the genetic literature of MDD [Cohen-Woods et al.,

2013], likely due to, first and foremost, false-positives. Although

genetic studies seemed to have improved their methodology in

some aspects as we mentioned above, the issues of false-positives

seem still prevalent. Specifically, studies did not consistently cor-

rect for multiple testing (correction for multiple testing was

reported for 56% of the results in our literature review: 19% of

results remained significant whereas 37% were no longer signifi-

cant after corrections; 44%of the results were not corrected). False-

positives also increase in the absence of strong a priori hypotheses

on how candidate genes relate to MDD. Retrieved papers often

http://wileyonlinelibrary.com/journal/ajmgb


TABLE III. Candidate Genes Replicated at Gene Levela

Type of

test

Genes replicated in the full

sample

P value at gene level in the full

sample

Genes replicated in the

subsample

P value at gene level in the

subsample

Gene-wide testb

ARNTL 0.039 ARNTL2 0.012

CREB1 0.0057 AVPR1Bc 0.041

HTR2Cc 0.014 BCRc 0.033

NR1D1 0.049 COMT 0.0021

PCLO 0.0053 CTLA4 0.020

PDE2Ac 0.0072 KCNK2 0.039

SLC6A2 0.037 MAOA 0.028

TSNAX 0.035 PDE5Ac 0.027

– – PLD1 0.020

– – POMC 0.046

– – PSMB4 0.010

Significant numbers of nominal significant SNPs within a gened

CDC42SE2 0.020 ADK 0.033

CHRFAM7Ac 0.015 MTHFRc 0.015

CNR1c 0.014 MYO3A 0.023

CREB1 0.022 MYT1L 0.0049

DAOA 0.043 PDE11Ac 0.0091

HCRTR1 0.043 PDE4B 0.018

NPR3 0.010 POMC 0.0019

PCLO 0.0023 – –

POMC 0.037 – –

PROKR2 0.037 – –

SIRT1 0.046 – –

SLC6A2 0.032 – –

SLC29A3 0.042 – –

aThis table summarized P values at gene level for each candidate gene replicated through either of twomethods: the gene-wide test and the test for the significant number of nominal significant SNPs. See
SI Table S6–S9 for more detailed information of results.
bP-value for the gene-wide test is the P-value of the most significant SNP or in/del corrected at gene-wide level.
cThese candidate genes were only identified from the literature search in the Bosker et al. study and were not identified in the new literature search after 2007. They were not listed in Table I, but the
references for these genes can be found in the Bosker et al. study.
dP-value for the significant number of nominal significant SNPs within a gene was determined using permutation.
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provide no or very weak hypotheses on presumed biological

pathways [Tabor et al., 2002]. In addition, publication bias

increases the false-positive associations in the literature. Indeed,

effect sizes of candidate gene polymorphisms investigated previ-

ously were likely to be overestimated as is illustrated by their much

smaller estimated effect sizes in the GWAS results [Lewis et al.,

2010; Muglia et al., 2010; Rietschel et al., 2010; Shi et al., 2011].

Finally, ethnicity may influence replication rates. Here, we studied

individuals of Western European ancestry, whereas some of the

candidate genes were firstly investigated in other populations such

as Mexican-Americans or Asians [e.g., Wong et al., 2008; Dong

et al., 2009; Kishi et al., 2009b]. Some of these genetic effects may

not be consistent across different populations and this may have

added to the non-replication rate in our sample.

Our results should be interpreted with some caution due to

several limitations present. First, our study was powered for

detecting medium effects sizes (80% power for candidate SNPs

with an allele frequency >10% (or >1%) and OR >1.23(1.76) in

the full sample or OR >1.47(2.60) in the chronic and severe

subsample). Some studies have suggested either relatively small

effects for common candidate SNPs for MDD or reasonable effects
for rare candidate SNPs [Cohen-Woods et al., 2013], which our

subsample of chronic and severe MDD was not able to detect.

Furthermore because of themoderate size of the chronic and severe

sample, our estimates of the effect sizes are less stable and larger

studies are needed to confirm these. Second, we were unable to

examine 15 SNPs because they were neither present on the geno-

type chip nor imputed with the 1,000 Genomes database [1000

Genomes Project Consortium, 2010]. Third, in our analyses we

excluded individuals of non-Caucasian ancestry to avoid bias in

the results due to population stratification. However, more subtle

genetic differences between Caucasian individuals from different

geographic areas from the Netherlands may exist, but our result

were not corrected for this by for instance including genetic

principal components. As a consequence it could be that our

results are still somewhat inflated. Lastly, we posited that no

multiple testing correction is required for testing the associations

of candidate SNPs with MDD because these were taken directly

from the literature and therefore, our study is hypothesis driven.

However, one could also argue that since the majority of these

candidate SNPs may themselves be false positives, correction is still

required. Exploring the implication of this view was revealing: at a
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significance level of 0.05 for the broad MDD phenotype (0.025 for

chronic and severe MDD), it is expected that nine (�179� 0.05)

for broad MDD, respectively five (�179� 0.025) for chronic

MDD, SNPs are significant by chance which correspond exactly

to the numbers currently found. Nevertheless, at gene level, we

applied permutation to correct for testing multiple SNPs or in/dels

within a gene and still replicated significantly more genes than the

number of genes that would be significant by chance in both the full

sample and the chronic subsample. This finding suggests that the

genes rather than the specific SNPs that were identified in prior

research are of relevance. However, sinceMDD is likely a polygenic

disease, the null hypothesis of no association withMDD of none of

the selected genes is not realistic. It is plausible that for instance 10–

15% of all genes in the genome are involved in MDD and in that

regard the percentages of associated genes that we observe are not

larger than would be found in any random set of genes. Further-

more, none of the genes survived multiple testing correction when

correcting for all SNPs or in/dels in all genes tested. Therefore, the

involvement of these genes in MDD remains debatable.

In conclusion, due to inclusion of candidate SNPs and genes

from recent literature and a larger and better reference set for

imputation, replication of associations with MDD improved com-

pared to a previous similar replication study by Bosker et al. [2011],

but was still poor overall. Refining the MDD phenotype to the

chronic and severe MDD subtype increased the overall effect sizes

of candidate SNPs and the replication rates of the candidate genes.

This provides modest support for our hypothesis that reduction in

phenotypic heterogeneity enhances the replication of genetic

findings.
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