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Abstract

Postpartum depression (PPD) appears at two peak periods: early-onset prior to 2 months after
delivery and late-onset (2 months after delivery and beyond). The aim of our study is to evaluate
the different genetic factors associated with early- and late-onset PPD. With the French multi-
center interaction of gene and environment of depression during postpartum (IGEDEPP)
cohort, we conducted a genome-wide association study (GWAS) on 234 women with early-
onset PPD and 223 women with late-onset PPD, as well as 1,204 controls with no history of
lifetime depression.We performed post-GWAS analyses: functional mapping and annotation of
GWAS results usingMAGMA thanks to FunctionalMapping andAnnotation of Genome-Wide
Association Studies (FUMA), expression quantitative trait loci (QTL) analyses, mapping using
data from the PsychENCODE and GTEx, and polygenic risk score (PRS) analysis based on
published GWAS. We found two new significant candidate loci for early-onset PPD, rs6436132
in PTPRN gene on chromosome 2 and rs184644645 in RAD18 on chromosome 14, respectively,
and one region of interest with five significant associated SNPs in chromosome 20 for late-onset
PPD. Variant rs6436132 is the most significant associated with early-onset PPD, and it is a QTL
that significantly modifies the expression and splicing of the PTPRN gene in different brain
tissues. We also found an enrichment of uterus tissue in the early expression of PPD genes. PRS
analysis showed a genetic overlap between both early and late-onset PPD and major depressive
disorder, but only early-onset PPD overlaps with bipolar disorder. Our study presents two
GWAS separately, highlighting two candidate loci for early-onset PPD and one different region
of interest for late-onset PPD. These results have important consequences in our understanding
of these disorders, especially since our data reinforce the hormonal pathophysiological hypoth-
eses for early-onset PPD.

Introduction

Postpartum depression (PPD) is one of the main complications of perinatal period [1]. Two
peaks of occurrence are described: early-onset PPD beginning in the first 2 months after
childbirth and late-onset PPD beginning between the 2nd and 12th month postpartum
[2–5]. Our study among the interaction of gene and environment of depression during post-
partum (IGEDEPP) women, in the Paris areas (France), showed 1-year cumulative incidence of
PPD of 18.1%, a prevalence of early-onset PPD of 8.3%, and a prevalence of late-onset PPD of
12.9% [6], in line with previous works [7]. Indeed, PPD is associated with significant morbidity
andmortality for mothers: onset of chronic psychiatric disorders, non-psychiatric disorders, and
mortality due to both natural and unnatural causes such as suicide [8]. Suicide is the cause of
more than 4% of maternal deaths [9], and currently, the co-first cause of maternal death in
France. Children of mothers with PPD may have eating or sleeping disorders and be at an
increased risk for cognitive, psychomotor, emotional, and social development disorders [10–
13]. While PPD is a major cause of maternal and pediatric morbidity needing prevention and
treatment, its causes remain poorly known.

This disorder is a complex multifactorial disease with sociodemographic, environmental,
psychiatric, and genetic determinants [1,14,15]. We have previously shown that sociodemo-
graphic, clinical, and environmental determinants of early- and late-onset PPD are different,
suggesting partially overlapping pathophysiological mechanisms [15,16]. However, in both types
of PPD, personal and family histories of depression are important risk factors for PPD, suggesting
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a genetic vulnerability. Family aggregation studies confirmed a 2 or
3-fold risk of PPD when a first-degree relative had a PPD history
[17,18]. Twin studies estimated that PPD heritability is approxi-
mately 50%, a third of which is not shared with the genetic variance
of depression in the general population; this result suggests that the
genetic etiologies for perinatal depression and non-perinatal
depression only partially overlap [19].

Numerous studies have focused on PPD candidate genes, in
particular those encoding transporters, neurotransmitters or mol-
ecules involved in postpartum neurohormonal changes [20–
23]. For instance, several studies have shown that functional poly-
morphisms of SLC6A4/5-HTT gene (5HTTLPR and STin2-VNTR)
were associated with the risk of early-onset PPD but not with late-
onset PPD [24–26]. However, PPD is a complex disease where
several genes likely interact synergistically with a relatively minor
effect exerted by each gene individually [27]. A pangenomic
approach, without any a priori pathophysiological hypothesis,
could confirm or disconfirm the involvement of genetic factors,
and ultimately characterize unknown biological pathways.

Several genome-wide association studies (GWAS) have been
carried out on depression in the general population, but none
specifically in the postpartum population [28]. Recently, a meta-
analysis carried out on 246,363 cases of major depressive dis-
order (MDD) and 561,190 controls identified 102 independent
genetic variants and 15 sets of genes associated with depression,
including genes and genetic pathways associated with synaptic
structure and neurotransmission [29]. In an independent repli-
cation sample of 414,055 cases and 892,299 controls, 87 of the
102 associated variants were replicated [29]. A GWAS was pub-
lished on perinatal depression, including depression during
pregnancy and PPD up to 6 months postpartum, without iden-
tifying any associated genetic variants [30]. More recently, a
meta-analysis of 18 European cohorts (including IGEDEPP data)
failed to identify a genetic marker of PPD in the year following
childbirth [31].

Classically, GWAS analysis identifies a set of variants, each
contributing a small effect. In this context, the PRS allows all
variants to be considered for further analysis in independent sam-
ples [32]. In addition, five studies have investigated the genetic
overlap between perinatal psychiatric disorders and mood dis-
orders, both MDD and bipolar disorder (BD) [30,33–36]. All of
these studies found genetic overlap with MDD, although the spe-
cific phenotypes of perinatal psychiatric disorder used differed
between studies. The results for BD were inconsistent: three studies
found a genetic overlap of PPD with BD [33,35,30] and two studies
did not [34,36]. These different conclusions may reflect the differ-
ent clinical evaluations and/or perinatal phenotypes used. Indeed,
different disorders are assessed in each of the studies: depression,
mood disorders (including puerperal psychosis), and perinatal
psychiatric disorders (considering the prescription of psychotropic
drugs). The timeframe considered also differs among studies: some
consider early postpartum only, others up to 1 year postpartum,
and still others the entire peripartum period including pregnancy.
Defining a precise and homogenous phenotype of PPD should help
to better characterize its determinants and lead to a better under-
standing of its genetic architecture.

Our work is based on data from IGEDEPP, which is the largest
prospective multicenter cohort of French postpartum women
with follow-up for 1 year. Assessment for depression was per-
formed at three time points (immediately after childbirth, 8 weeks,
and 1 year postpartum) by a trained clinician using reliable
DSM-5 criteria. We hypothesize that early-onset PPD and late-

onset PPD are two phenotypes that have distinct genetic sub-
strates. We reported here the results of the first GWAS on PPD
distinguishing early and late-onset PPD using an extremely dense
single nucleotide polymorphism (SNP) genotyping array. Finally,
post-GWAS analysis was performed for significant associated
regions by using Functional Mapping and Annotation of
Genome-Wide Association Studies (FUMA) [37] and gene
expression analyses to identify quantitative trait loci (QTL) using
GTEx-portal and PsychENCODE.

Patients and methods

Patients

IGEDEPP is a French prospective cohort of 3,310 women from
8 maternity departments in the Paris metropolitan area and
included between November 2011 and June 2016. All of the
women were over 18 years old, French speaking, and of
European ancestry (defined by self-declaration of the four grand-
parents born in Europe).

Women were evaluated at three-time points by a clinician
trained to assess depression using the semi-structured interview
of the Diagnostic Interview for Genetic Studies (DIGS), based on
DSM-5 criteria [38]. Among the women included in the maternity
department between the 2nd and 5th day postpartum, 91.1% were
followed up at 8 weeks postpartum to assess early-onset PPD, and
71.0% at 1 year after childbirth to assess late-onset PPD. A blood
sample was taken at the maternity department after informed
consent was received. Further details regarding this cohort can be
found in [6].

The research protocol (ClinicalTrials.gov, Identifier:
NCT01648816), including informed consent procedures, was
approved by the Data Protection and Freedom of Information
Commissions and the French Ethics Committee (Ile de France I).

Definition of cases and controls

In the present work, we included only women who had a clinical
diagnosis of early and late-onset PPD (N = 1,661) to define cases
and controls.

Among the cases, 234 met the criteria for early-onset PPD
(presence of a major depressive episode with onset from delivery
up to 2 months postpartum), and 223met the criteria for late-onset
PPD (presence of a major depressive episode with onset between
2 months and 1 year postpartum). Early- and late-onset PPD were
exclusive categories.

The control group consisted of 1,204 women evaluated at the
same three times points as the PPD group (at the maternity depart-
ment, 8-week postpartum and at 1-year postpartum) and who had
not presented a depressive episode within their lifetime: either
before pregnancy, during pregnancy, or postpartum (early and
late). These controls are considered “super controls” for this inves-
tigation because no depression was reported at any point during
their lifetime.

DNA extraction and genotyping

DNA was extracted from blood samples and genotyping was per-
formed using the Illumina Global Screening Array with a multi-
disease drop-in panel (GSA-MD v1.0). Genotyping was performed
at the CNRGH (Evry, France) on an Illumina automated high-
throughput genotyping platform, according to manufacturer’s
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instructions. To validate results after imputation, two imputed
SNPs (rs6028723 and rs6129447) on chromosome 20 were geno-
typed by TaqMan® SNP genotyping assays (Thermo Fisher Scien-
tific) using an Applied Biosystems 7900HT Sequence detection
system. Taqman genotyping was also performed at CNRGH.

Quality control and imputation

Quality control (QC) was performed for all patients all genotyped
patients, regardless of their known PPD status, according to the
Turner et al recommendations [39]. Genotype imputation was
performed using the pre-phasing/imputation stepwise approach
implemented in IMPUTE2/SHAPEIT, and imputation reference
set was 1000Genomes/phase 3 [40].

The number of SNPs and samples excluded at each stage of QC
before and after imputation, as well as their parameters, are
described in Figure S1 and in the Supplementary methods section.
Of the 687,571 variants genotyped by the chip, 288,039 were
selected after this QC (note that 388,277 variants were excluded
because they had an MAF ≤ 0.05, Figure S2), and 50 patients were
removed from subsequent analysis. More than 10 million markers
were added through imputation, and 7.1 million were retained by
QC performed after imputation.

A principal component analysis (PCA) was performed on a
collection of SNPs (detailed in Supplementary methods and
reported in Figure S3).

Genome-wide association analyses

The association analysis was conducted with a general regression
model (GRM), which corresponds to a corresponds to a 2-degree
of freedom test based on a logistic regression model that allows
for the testing of an association without assumption of the genetic
model and avoids loss of power in the case of deviation from
additivity. The GRM used an additive and a dominance deviation
term for the logistic regression, with the coding of 0/1/2 for the
additive term (Add) and 0/1/0 for the dominance deviation term
(DomDev) for AA, Aa, and aa genotypes, respectively, with a risk
allele. GRM allows to test the genetic model in a second time
[41,42]: comparison of the regression coefficient of Add and
DomDev terms in a case of association test allowed for the
selection of the best genetic model. Despite testing multiple
genetic models, the GRM procedure yields p-values for associ-
ation that do not need to be adjusted for multiple tests. The
statistical significance thresholds were 5 × 10–8 and 0.01 for SNP-
phenotype association assessment and genetic model selection,
respectively. All imputed SNPs that passed quality control were
tested without post-imputation pruning. For each significant
marker, the association was tested a second time with the selected
genetic model to obtain odd ratios (ORs) and 95% confidence
interval (CI) from asymptotic approximation. The percentage of
explained variance was estimated based on the selected genetic
models.

For the two imputed genotyped markers, the association was
tested directly with the selected genetic model. For each phenotype,
a further GWAS analysis was performed using the most significant
SNP as a covariate.

A sensitivity analysis, where 8 individuals that seem to be
outliers according to Figure S3 are removed, has also been
conducted.

Quality controls and association analysis were carried out using
Plink software (version 1.9) [43], and R console, Manhattan plot

was performed by the qqman package [39], and regional plots and
R2 estimations were obtained using LDlink [44].

Post-GWAS analyses

To evaluate the functional impact of candidate markers, FUMA
(v1.3.7) [37] was used with default settings, with gene-based, gene-
pathway, and tissue-enrichment analyses performed by MAGMA
[45]. Correction for gene analysis was calculated by Bonferroni
correction as 0.05/number of tested genes (with 17766 genes, the
threshold was 2.8 × 10–6). Tissue-enrichment analysis included
genotype-tissue expression (GTEx) v8 expression data [46] and
BrainSpan [47].

We used other approaches to determine whether the genes
identified in our study had been previously associated with psychi-
atric phenotypes: a literature search in PubMed (http://www.ncbi.
nlm.nih.gov/pubmed/) and querying of the NCBI Gene database
(http://www.ncbi.nlm.nih.gov/gene) to obtain information on the
encoded proteins and their expression.

To identify the potential causal effect of candidate marker, the
expression and splicing of quantitative trait locus (eQTL and sQTL,
respectively) of significant SNPs were assessed by the GTEx v8
database (https://gtexportal.org/home/) and PsychENCODE
(http://www.psychencode.org/). Significant markers rsIDs and
genes of interest identified in the GWAS were submitted to the
two selected databases. Description of the database is included in
the Supplementary methods section.

Polygenic risk score (PRS)

The PRSs of BD and MDD in both the early- and late-onset PPD
cohorts were calculated using PRSice (v 2.3.3) [48] with the sum-
mary statistics from the published GWAS related on BD [49] and
MDD [29] freely available online on the website from the Psychi-
atric Genomics Consortium (PGC; https://www.med.unc.edu/pgc/
download-results/). PRS was calculated using 14 p-value thresholds
(1, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05, 0.01, 0.001, 10e�4, 10e�5, 10e�4,
10e�6, 10e�7, 10e�8) and we chose the best-fit threshold in
general linear regression for eachGWAS. Clumping was performed
to remove the SNPs in linkage disequilibrium by including the
503 European samples from 1,000 genome projects as reference
[50]. General linear regression models were used to determine the
relationships between PPD status and each PRS, adjusted on age,
and the top 10 principal components that indicate population
structure were calculated using Plink. PRS were normalized using
R to have a mean of 0 and a standard deviation of 1, in order to
standardize the effect-size estimates. Empirical p-value was
obtained through permutation of 10,000 times in PRSice. The
statistical analyses were performed using R 4.0.5, and the plot was
generated using the “Seaborn” module in Python 3.

Ethics, consent, and permissions

The authors assert that all procedures contributing to this work
comply with the ethical standards of the relevant national and
institutional committees on human experimentation and with
the Helsinki Declaration of 1975, as revised in 2008. All proced-
ures involving human subjects were approved by the French
Ethics Committee (Ile de France I) in March 2011 (reference
numbers: AOM10056, NI10018, IGEDEPP, ID-RCB 2010-
AO1315-34) and by Data Protection and Freedom of Informa-
tion Commissions.
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Results

Sample description

Among the 1,661 women who were included in our analyses,
234 (14.1%) had an early-onset PPD and 223 (13.4%) had a late-
onset PPD. The controls were 1,204 (72.5%) without PPD.

The sociodemographic characteristics of the sample (N = 1,661)
are described in Table 1. Participants had an average age of
32.7 years old, with 4.2% of women in our sample being less than
26, and 4.9% more than 39 years old. Women were mostly married
or living common-law (97.3%), had a high level of education (93.4%
reported at least a high school level), and most had a professional
activity (93.9%).

Main genetic association results

Early-onset PPD
We performed a GWAS on the early-onset PPD status (Figures 1
and S4(A)). Of note, the QQ-plots in Figure S4 show a slight
inflation of the test statistics, which is not uncommon when using
GRM, and is not observed when the analysis is carried out under a
standard additive model (Figure S5).

The lead associated markers are presented in Table 2, section A.
Using GRM,we found two significantmarkers associated with early-
onset PPD, rs6436132 on chromosome 2 (2q35) (P = 1.3 × 10–8) and
rs184644645 on chromosome 14 (14q24.1) (p-value = 3.9 × 10–8).
The selected genetic model for these two markers was recessive. The
sensitivity analysis, where 8 possible outliers are removed, gives
similar results: the p-values of rs6436132 and rs184644645 were
4.7 × 10–8 and 2.3 × 10–8, respectively (Figure S6).

Under the recessive model, the rs6436132 marker has an OR of
3.34 (95% CI: [2.20–5.07]; p-value = 2.8 × 10–9), homozygous for
TT, and was localized in an intronic variant of the PTPRN genes.
Frequency of the T allele in our cohort was 0.33 for cases and 0.26
for controls. Two other genes (RESP18 and DNAJB2) were present
in the linkage disequilibrium region (r2 > 0.6).

The rs184644645 marker has an OR of 4.88 (95% CI: [2.70–
8.82]; p-value = 9.2 × 10–9) and homozygous for TATG insertion. It

is an intronic variant of the RAD51B gene. Frequency of the TATG
insertion in our cohort was 0.25 for cases and 0.17 for controls. No
other gene was present in this region. A new genome-wide analysis
using rs6436132 as a covariate did not yield a genome-wide sig-
nificant marker (data not shown).

We note the effect size of these SNPs (consistent with our power
study, Supplementary data), which explains 2.2% and 2.0% of the
trait variance.

Late-onset PPD
Results of the GWAS for late-onset PPD are displayed in Figures 2
and S4(B). We found five significant markers on chromosome
20 (20q12) presented in Table 2, section B. For these markers, the
selected genetic model was additive. In the GWAS, these markers
were imputed; to validate imputation, two of these significant
markers in this region were genotyped. The results for imputed
and genotyped data were consistent (Table 2, section C and
Table S1). The two markers (rs6028723 and rsrs6129447) are
significantly associated with late-onset PPD, respectively, with an
OR of 1.81 (95% CI: [1.46–2.41]; p-value = 5.7 × 10–8) and 1.79
(95%CI: [1.44–2.22]; p-value = 1.6 × 10–7) for genotyped data. Only
the long intergenic Non-Protein Coding RNA 1370 (LINC01370) is
mapped in this region. A new genome-wide analysis using
rs6028721 as a covariate yielded no genome-wide significant
marker (data not shown). In the sensitivity analysis, where 8 pos-
sible outliers are removed, these SNPs do not reach statistical
significance: the p-values range from 6 × 10–8 to 1.4 × 10–7

(Figure S7). The percentage of explained variance of this locus
was estimated to be 2.2.

Post-GWAS analysis

Early-onset PPD
The markers present on the GSA array mapped to 17,766 protein-
coding genes.MAGMAGene-Set analysis performed by FUMAdid
not identify any curated gene sets or GO terms significantly asso-
ciated with early-onset PPD. In contrast, tissue expression analysis
shows that genes differentially expressed in the uterus are

Table 1. Sociodemographic characteristics among IGEDEPP cohort respondents included in GWAS (N = 1661)

IGEDEPP GWAS N = 1,661 Controls N = 1,204 Early-onset PPD N = 234 Late-onset PPD N = 223

Age (y)

25 or less 70 (4.2) 45 (3.7) 12 (5.1) 13 (5.8)

26–34 1,179 (71.0) 868 (72.1) 159 (67.9) 152 (68.2)

35–39 330 (19.9) 236 (19.6) 48 (20.5) 46 (20.6)

40 or more 82 (4.9) 55 (4.6) 15 (6.4) 12 (5.4)

Marital status

Married, common-law married 1,616 (97.3) 1,176 (97.7) 222 (94.9) 218 (97.8)

Widowed, divorced, separated, never married 45 (2.7) 28 (2.3) 12 (5.1) 5 (2.2)

Education level

University 1,551 (93.4) 1,131 (93.9) 212 (90.6) 208 (93.3)

Primary or high school 110 (6.6) 73 (6.1) 22 (9.4) 15 (6.7)

Employment

Unemployed 102 (6.1) 59 (4.9) 18 (7.7) 25 (11.2)

Employed 1,559 (93.9) 1,145 (95.1) 216 (62.3) 198 (88.8)
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significantly enriched with early-onset PPD (p-value = 7.4 × 10–3),
but no brain tissue was identified (Figure 3A).

For the significantly associated regions, six genes were initially
identified. Among these genes, the two genes present on chromo-
some 2 are preferentially and more strongly expressed in different
brain cell tissues (PTPRN and RESP18) (Figure 3B). Genes located
in chromosome 14 seem to be more ubiquitous.

Annotation of the chromatin performed by FUMA suggested no
specific region of regulation as an enhancer for the 2q35 region, and
chromatin state for the region 14q24.1 suggested the presence of
enhancers and quiescent markers (Figure S8).

We also assessed whether genetic variants significantly associ-
ated with early-onset PPD exert their effects through the regulation
of gene expression and splicing. Variant rs6436132 associated with
early-onset PPD affects splicing and expression of PTPRN: sQTL
and eQTL in the dorsolateral prefrontal cortex, p = 1.8 × 10–25 and
1.3 × 10–9, respectively, according to the PsyENCODE database
(Table 3). Other nearby genes, including RESP18 and STK16) were
also found to be regulated by rs6436132, in several cerebral tissues
(Table 3). Interestingly, using the PsychENCODE database, the
search for sQTLs and eQTLs of the PTPRN gene identifies
rs6436132 as the leading SNP with the most significant effect on

Figure 1. Associations with early-onset PPD. Manhattan plot of association with early-onset PPD (A). The red and blue lines corresponding to significant (5 × 10�8) and suggestive
(1 × 10�5) threshold, respectively. Zoomplot for chromosome 2 (B) and for chromosome 14 (C). For Zoomplot, blue line corresponds to significant threshold (5 × 10�8). Bestmarkers
with data linkage disequilibrium (LD) data were indicated in blue, markers not present in 1000G database are presented in white. Variation of red correspond to the LD. Size of the
point for eachmarker correspond to theminor allele frequency. Known genes are presented below the plot as line, indicating the location and size, with intronic and exonic part, of
each gene.
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Table 2. Characteristics of the loci associated with the genotyping model and the best selected model (A) for early-onset PPD, (B) for late-onset PPD imputed and genotyped markers (B and C)

Chr Lead SNP Positiona Genotyping Nearest geneb Allelesc

Risk allele
frequency Beta Beta DomDev

Cases Controls Add [CI 95%]
P-value
DomDev

P-value
GENO

Selected
model OR [CI 95%]

P-value best
model

(A) Early–onset PPD

2 rs6436132 20160644 Illumina PTPRN; MIR153–1 T/G 0.33 0.26 0.57 �0.73 [�1.05 – �0.40] 1.2 × 10�5 1.3 × 10�8 Recessive 3.34 [2.20–5.07] 2.8 × 10�9

14 rs184644645 68549210 Imputed RAD51B TTATG/T 0.25 0.17 0.82 �0.64 [�1.04 – �0.24] 0.0016 3.9 × 10�8 Recessive 4.88 [2.70–8.82] 9.2 × 10�9

(B) Late–onset PPD

20 rs6028719 38549047 Imputed / T/C 0.67 0.52 0.59 �0.095 [�0.42–0.23] 0.56 3.6 × 10�8 Additive 1.85 [1.49–2.30] 2.0 × 10�8

20 rs6028721 38550395 Imputed / G/C 0.67 0.52 0.59 �0.10 [�0.42–0.22] 0.54 3.6 × 10�8 Additive 1.85 [1.49–2.30] 2.1 × 10�8

20 rs6028723 38551618 Imputed / C/T 0.67 0.52 0.59 �0.089 [�0.41–0.23] 0.59 4.3 × 10�8 Additive 1.85 [1.49–2.30] 2.3 × 10�8

20 rs34294182 38553493 Imputed / C/– 0.67 0.52 0.59 �0.090 [�0.41–0.23] 0.58 3.9 × 10�8 Additive 1.85 [1.49–2.30] 2.1 × 10�8

20 rs6129447d 38566077 Imputed / C/A 0.67 0.52 0.58 �0.091 [�0.41–0.23] 0.58 8.3 × 10�8 Additive 1.83 [1.47–2.27] 4.3 × 10�8

(C) Late–onset PPD with genotyping SNP

20 rs6028723 38551618 Genotyped / C/T 0.67 0.53 / / / / Additive 1.81 [1.46–2.41] 5.7 × 10�8

20 rs6129447 38566077 Genotyped / C/A 0.67 0.53 / / / / Additive 1.79 [1.44–2.22] 1.6 × 10�7

aPosition on GRCH37.p13.
bThe nearest genes around the variant according to dbSNP.
cRisk/protective allele in our sample.
dNon-significant marker with GRM, but selected for genotyping by CNG.
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expression among 120 significant results, and splicing among
28 significant results with a threshold 5 × 10–8 (data not shown).

No QTL was identified for the rs184644645 on chromosome 14.

Late-onset PPD
In contrast to the analysis of the early-onset PPD phenotype,
MAGMA Gene-Set Analysis shows enrichment for genes associ-
ated with the regulation of cell adhesion molecule production (p-
value corrected = 0.033) for late-onset PPD. However, the other
analyses provided by FUMA do not show any significant results in
terms of a difference in the level of expression both for the whole
GWAS analyses and in the case of the precise analysis of the
chromosome 20 region. The chromatin study, however, shows

several markers associated with enhancers and a quiescent region
of several genes (Figure S9).

None QTL was identified for the associated markers in chromo-
some 20.

Polygenic risk score

PRS derived from both MDD GWAS and BD GWAS could dis-
criminate early-onset PPD cases from controls, the variance
explained by MDD had a larger effect size compared to that of
BD (effect size = 0.32, empirical p-value <0.001 based on MDD
GWAS and effect size = 0.22, empirical p-value = 0.033 based on BD
GWAS). Only PRS from MDD GWAS could discriminate

Figure 2. Associations with late-onset PPD. Manhattan plot of association with early-onset PPD (A). The red and blue line corresponding to significant (5 × 10�8) and suggestive
(1 × 10�5) threshold, respectively. Zoom plot for chromosome 20 (B). For Zoom plot, blue line corresponds to significant threshold (5 × 10�8). Best markers with data linkage
disequilibrium (LD) data were indicated in blue, markers not present in 1000G database are presented in white. Variation of red correspond to the LD. Size of the point for each
marker correspond to the minor allele frequency. Known genes are presented below the plot as line, indicating the location and size, with intronic and exonic part, of each gene.
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late-onset PPD cases from controls (effect size = 0.21, empirical
p-value = 0.039) (Table S2 and Figure S10).

Discussion

In this study, we performed two GWAS for early- and late-onset
PPD separately. We distinguished these two phenotypes according
to the timing of onset: 234 cases with early-onset PPD, 223 cases
with late-onset PPD and 1,204 controls without a depression
history. We highlighted two candidate loci for early-onset PPD
and one region of interest for late-onset PPD. These SNP are not
reported as significant in a recent meta-analysis on PPD [31],
although the direction of effect is consistent with our findings.
We also identified rs6436132 in chromosome 2 as a strong sQTL
and eQTL potentially regulating the expression of PTPRN in the
brain, and found an enrichment of uterus tissue in the early
expression of PPD genes.

This first GWAS result reinforces the disputed idea that there is
a distinction between these two phenotypes of PPD [51]. As it
currently stands, some epidemiological, clinical and biological data
support this point. Both GWAS on perinatal depression (including
pregnancy and PPD until 6 month after delivery) and a meta-
analysis of GWAS for PPD in the first year after delivery (thus
mixing early- and late-onset PPD) failed to identify any specific
genetic variants [30,31]. In addition, several previous candidate
gene studies found different associations according to the pheno-
type: early or late-onset PPD [20–23]. For instance, several studies
have been performed on the rs6265 polymorphism of BDNF, a gene
encoding the brain-derived neurotrophic factor involved in cere-
bral neuroplasticity and the regulation of the hypothalamic–pitu-
itary axis. An association between this polymorphism and PPD at
6–8 weeks was demonstrated, but was not found with late-onset
PPD (evaluated at 3 and 6 months) [52–54]. Similarly, Tan et al.
looked at the rs174575 polymorphism of the ESR2 gene, encoding

Figure 3. FUMA principal results for tissue expression. Tissue expression results on 53 specific tissue types by GTEx, with significantly enriched. Differentially expressed gene sets
(p-valuecorrected < 0.05) highlighted in red (FUMA) (A). Heatmap of expression of genes present in LD region associated with early-onset PPD (B). The expression level of the genes is
between 0 (blue) and 5.67 (red).
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the estrogen receptor, and found an association with early PPD at
6 weeks, but no association with late-onset PPD at 6 months
[55]. This result may implicate hormonal changes in the immediate
postpartum period in the pathophysiology of early-onset PPD [56].

Our GWAS reveals that early-onset PPD is significantly associ-
ated with two markers, on chromosome 2 (rs6436132) and
chromosome 14 (rs184644645), respectively.

The rs6436132 marker lies in an intronic variant of the PTPRN
gene, encoding the protein tyrosine phosphatase receptor-N, an
autoantigen known to be signaling molecules that regulates a
variety of cellular processes predominantly expressed in the brain,
without a specific cerebral area. Interestingly, three other tyrosine
phosphatase protein receptor genes (PRPRR, PTPRD, and PTPRS),
were found to be significantly associated with depressive disorder
[57,58].

Eleven other genes in chromosome 2 were in the linkage dis-
equilibrium in this region. The RESP18 gene encodes for Regulated
Endocrine Specific Protein 18, a protein sensitive to glucocorticoids
in the corticotropic secretion pathway [59]. The “stress axis” is
known to be involved in the pathophysiology of depression, in
particular in PPD, with sudden changes in the hypothalamic–
pituitary–adrenal and hormonal axes during early postpartum
[60]. The expression of RESP18 is mainly in the brain and particu-
larly in the basal ganglia (nucleus accumbens, caudate, and puta-
men). Basal ganglia dysfunction was found in depression,
particularly when psychomotor symptoms were present
[61,62]. The putamen seems to be specifically involved in PPD
[63,64]. Indeed, monamine oxidase A (MAO-A) total distribution
volume was significantly elevated in the dorsal putamen during the

early postpartum period. This may be a marker of a monoamine-
lowering process that contributes to the change in mood [65]. Fur-
thermore, RESP18 is regulated by physiological factors such as
blood sugar and dopaminergic drugs, but its functions remain
unclear [66].

The second SNP associated with early-onset-PPD is
rs184644645, an intronic variant of the RAD51B gene located on
chromosome 14. It encodes a protein of the RAD51 family, con-
served during evolution because it is essential for DNA repair. Its
expression is ubiquitous. Polymorphisms of homologous recom-
bination RAD51 were found to be associated with cancer and
rheumatoid arthritis [67,68], but never before in mood disorders.

The GWAS for late-onset PPD revealed five SNPs significantly
associated with this phenotype in one region on chromosome 20.
Two of them were confirmed by TaqMan genotyping. They were
found in the Long Intergenic Non-Protein Coding RNA 1370
(LINC01370). No other genes or microRNAs were present in this
region.

All of the risk variants reported for early-onset PPDor late-onset
PPD found with our GWAS were located in non-exonic regions,
suggesting that these genetic variations confer risk by modulating
gene expression or splicing. Our analyses on QTLs showed that
rs6436132 located on intron 18 of PTPRN is both: the SNP most
associated with the early-onset PPD phenotype and aQTL that very
significantly modifies the expression and splicing of the PTPRN
gene in different brain tissues. This suggests that PTPRNmight be a
candidate causal gene in early-onset PPD.

Tissue expression analysis showed that genes differentially
expressed in the uterus were significantly enriched and could confer

Table 3. Significant QTL identified in PsychENCODE and GTEx database for the rs6436132 marker

PsychENCODE data

Type of QTL Gene SNP Chr p Tissue

sQTL PTPRN rs6436132 2 1.8 × 10�25 Dorsolateral Prefrontal Cortex

eQTL PTPRN rs6436132 2 1.3 × 10�9 Dorsolateral Prefrontal Cortex

GTEx data

Type of QTL Gene SNP Chr p NES Tissue

sQTL PTPRN rs6436132 2 4.7 × 10�9 0.61 Brain–Cerebellum

eQTL PTPRN rs6436132 2 1.2 × 10�12 0.26 Brain–Nucleus accumbens

eQTL PTPRN rs6436132 2 2.1 × 10�7 0.19 Brain–Putamen

eQTL PTPRN rs6436132 2 4.1 × 10�6 0.16 Brain–Caudate

eQTL RESP18 rs6436132 2 1.2 × 10–14 �0.80 Brain–Cortex

eQTL RESP18 rs6436132 2 2.7 × 10–13 �0.78 Brain–Anterior cingulate cortex (BA24)

eQTL RESP18 rs6436132 2 1.8 × 10–11 �0.54 Brain–Caudate

eQTL RESP18 rs6436132 2 8.9 × 10–11 �0.70 Brain–Frontal Cortex (BA9)

eQTL RESP18 rs6436132 2 2.8 × 10–9 �0.53 Brain–Nucleus accumbens

eQTL RESP18 rs6436132 2 3.3 × 10–9 �0.53 Brain–Hypothalamus

eQTL RESP18 rs6436132 2 8.4 × 10–9 �0.54 Brain–Putamen

eQTL RESP18 rs6436132 2 1.2e–8 �0.35 Testis

eQTL RESP18 rs6436132 2 5.3e–8 �0.69 Brain–Amygdala

eQTL RESP18 rs6436132 2 2.7 × 10–7 �0.44 Brain–Hippocampus

eQTL STK16 rs6436132 2 0.000043 �0.28 Brain–Putamen

eQTL GLB1L rs6436132 2 0.0000033 �0.24 Whole Blood

Chr, Chromosome; NES, normalized effect size (� underexpression, + overexpression).
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risk specific to early-onset PPD. Interestingly, Kiewa et al. have
demonstrated the potential role of genes expressed in the ovaries in
perinatal depression [30]. Genes expressed in reproductive tissues,
therefore, appear to have a specific implication in perinatal depres-
sion, particularly with the early-onset form, because this result is
not found in MDD or late-onset PPD [29]. This further reinforces
the hormonal pathophysiological hypotheses and a specific genetic
vulnerability for early-onset PPD [56,69].

PRS analysis revealed a genetic overlap between PPD (both early
and late-onset) and MDD. Although the question remains debated
by some authors, this incomplete overlap gives more weight to the
argument for a distinction betweenMDDand PPD [51,70].We also
found a genetic overlap with BD, though different than that with
MDD. Interestingly, only early-onset PPD overlaps with BD; a
finding which is consistent with our previous results that 12.2%
of women with BD begin their disorder with PPD [71,72]. The
differences between early and late-onset PPD displayed in the
present study match those found in the literature. Byrne et al.
and Pouget et al. also found a genetic overlap between early-onset
PPD and BD [33,35]. These two studies focused on samples of
womenwho developed symptoms early in postpartum: “around the
time of delivery” and before the end of the first 3 months post-
partum (including 80% before the first month postpartum),
respectively. Conversely, Rantalainen et al. and Bauer et al., who
considered women with later manifestations (within the first
6 months postpartum and within 1 year postpartum, respectively),
did not showany genetic overlap betweenPPDandBD [34,36]. This
may be explained by more rapid mood changes postpartum in
women with BD [73].

Our study has several strengths. First, to our knowledge, this is
the first GWAS to date on PPD, based on the largest multicenter
prospective study of postpartum women. Second, our quality
control showed a homogeneity of our cases and controls, sug-
gesting that we can, with reasonable confidence, rule out a sig-
nificant bias in our results caused by the residual genetic
substructure. Third, the cases and controls were carefully
selected: the diagnosis of PPD was made prospectively by a
trained clinician and based on international DSM-5 criteria
[74]. The date of depression onset was collected at 8 weeks for
early-onset PPD, and at 1 year for late-onset PPD. Regarding the
controls, in the IGEDEPP study, we favored “super controls”:
women without any personal lifetime history of depression
(evaluated using the DIGS while at the maternity hospital for
the birth, then at 8 weeks, and 1 year postpartum, according to
DSM-5 criteria). By using the most distinct phenotypes, we were
able to highlight genetic differences and potentially explain pre-
vious discrepancies. Moreover, our population has particularly
favorable sociodemographic characteristics: more than 90% of
women were in a relationship, with a high level of education, and
employed; these elements reduce the impact of a deleterious
environment in revealing genetic vulnerabilities. Finally, our
genetic analysis is based on the imputation of certain markers,
the validity of this imputation was confirmed by genotyping,
which reinforces the reliability of our data.

Our findings should be considered with certain limitations.
First, our study was limited to women of European ancestry (self-
reported) and is not representative of the French population as a
whole, which limits the generalisability of our results to other
populations. Second, our sample has a limited number of subjects
for a GWAS. It has been shown that for multifactorial diseases,
where several SNPs may be involved, each with a small effect, large
sample sizes of the order of several thousand are needed to obtain

sufficient statistical power [75,76]. Replication in an independent
and larger sample is required and, for late-onset PPD, the signifi-
cant results are not preserved in a sensitivity analysis. Finally, we do
not have a functional analysis that could shed light on our results.

In summary, we report results from the first GWAS specifically
for PPD. We found different markers for early- and late-onset
PPD, identifying different markers that involve genes for each
phenotype. We found two markers associated with early-onset
PPD on chromosome 2 (PTPRN gene) and chromosome
14 (RAD51B gene), respectively, and five markers in one region
on chromosome 20 associated with late-onset PPD. The distinc-
tion between early and late-onset PPD is reinforced by our PRS
analyses: early-onset PPD has an extensive genetic overlap with
both MDD and BD, while late-onset PPD only overlaps with
MDD. Finally, we found an enrichment of uterus tissue in expres-
sion of early-onset PPD genes.

To conclude, these results provide an important step toward a
better understanding of genetic factors of PPD and provide argu-
ments for a distinction between early and late-onset phenotypes.
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