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Methods

All study participants gave informed consent, and the studies were
approved by the respective ethical committees (for details, see
Supplementary Table 1and Supplementary Note).

Sample description

Anoverview of the analyses performed can be found in Fig. 1. We con-
ducted a GWAS meta-analysis, including 1,054,056 participants of
European ancestry (N = 12,339; Nconerors = 1,041,717; ne = 2 x 21,617).
In total, 17 studies contributed individual-level data (n., = 2,705;
Neonrots = 4,600). This included data from the prior BPD GWAS™ and
datafromanadditional 1,712 cases and 3,061 controls (meeting DSM-IV
criteriafor BPD). Furthermore, we included data from ten large-scale
biobank or cohort studies that provided summary statistics from
GWAS of BPD (N y5es = 9,634; Nonerois = 1,037,117). Of those, nine cohorts
identified BPD status following ICD codes (ICD-10: F60.3; ICD-9:
3018D/301.83; ICD-8: 3013), while in the GLAD study, a self-reported
diagnosis was used.

Details on ascertainment, inclusion and exclusion criteria
for cases and controls, along with country of origin for each sample,
are documented in Supplementary Table 1. A detailed description of
the study design, ascertainment of cases and controls, genotyping
arrays usedineach study and study-specific quality controland imputa-
tion procedures for studies sharing summary statistics is provided in
Supplementary Table 2 and Supplementary Note.

Genotyping, quality control and imputation

Samples providing genotype dataat theindividual level were grouped
into datasets based on array and ancestry, resulting in five datasets
(Supplementary Table 2). Quality control and imputation were carried
outusing the RICOPILI pipeline®. A detailed description can be found
inSupplementary Note.

GWAS

For studies providing genotype data at the individual level, GWAS
analyses were conducted within each dataset using an additive logistic
regression model implemented in PLINK (v.1.9)” on imputed genetic
dosage data, with the relevant ancestry principal components (details
in Supplementary Note) included as covariates. Details on the asso-
ciation analyses for the cohorts providing summary statistics can be
foundin Supplementary Table 2 and Supplementary Note. Inaddition
to the main analysis, we performed sex-stratified analyses. Dedicated
studies of BPD often exclude individuals with BIP and SCZ. To explore
theinfluence of comorbidity with these severe mental disorders on our
results, as a sensitivity analysis, association analyses were performed
excluding individuals with a history of BIP or SCZ from the studies,
providing summary statistics (sensitivity analysis: n,. = 8,618;
Neonerots = 1,027,690; Supplementary Tables 3-5). In the case of cohorts
inwhichthe control population was not filtered for BIPand SCZ in the
main analysis (Copenhagen Hospital Biobank and Danish Blood Donor
Study; deCODE; Mayo Clinic Biobank; FinnGen), individuals with BIP or
SCZ were also excluded from the controls for the sensitivity analysis.

Meta-analysis

Meta-analysis of all samples providing either individual-level data or
summary statistics was conducted using theinverse-variance-weighted
fixed-effects model in METAL** as implemented in RICOPILI”> with a
genome-wide significance threshold of 5 x 1078, To evaluate consist-
ency of effect sizes, we computed Cochran’s Q-statistics and the cor-
responding heterogeneity P values and /*statistics, which quantify the
percentage of total variation owing to heterogeneity. This procedure
excluded SNPs with minor allele frequency of <1% or an imputation
quality score of <0.60. SNPs were translated to the HG19 genomic
build (Human build GRCh37) when necessary, and both SNPs and SNP
alleles were aligned to the Haplotype Reference Consortiumreference

genome to ensure standardization for the meta-analysis. To ensure a
robust analysis with highly credible SNP sets, we excluded SNPs with
highly significant heterogeneity (P < 0.001) and SNPs with an effective
sample size of less than 85%. X chromosome markers wereincludedin
the meta-analysis for all samples except the Norwegian Mother, Father
and Child Cohort Study, as those data were not available at the time of
analysis. To assess the similarity between the five datasets of studies
providingindividual-level dataand the ten studies providing summary
statistics, separate meta-analyses were calculated for the two subsets.

The statistical power of the main analysis to detect genome-wide
significantassociations (P < 5 x 1078 was calculated using the Genetic
Power Calculator”. For a range of allele frequencies (0.01-0.99) and
an effect size of 1.1, we calculated the power of the main analysis
(ns=2x21,617; calculated as previously described”) and the required
samplesize forapower over 80% (for details, see Supplementary Table 6
and Supplementary Fig. 1).

SNP heritability, based on the autosomal markers, was estimated
using LDSC?°, both as the observed SNP heritability and as the SNP
heritability converted to the liability scale, using n.;= 43,234
(2 x21,617)%,a corresponding sample prevalence of 0.5and assuming
a population prevalence of 1.5% (ref. 3) for the main analysis. For the
sex-stratified GWAS, we used sex-specific population prevalences of
2.25% in females and 0.75% in males for the conversion to the liability
scale, corresponding to the previously described female-to-maleratio
of 3:1 (refs. 4,5). To assess the contribution of confounding to the
observed signal, we calculated the attenuation ratio (%)

To test whether the SNP heritability estimates of the seg-stratiﬁed
GWAS differed (two-sided test), and to test whether the genetic corre-
lations between GWAS subsets (males versus females; individual-level
versus summary cohorts) were smaller than 1 (one-sided test), we
used the block jackknife extension of LDSC*, which has previously
been described”.

To assess replication of the observed SNP associations, lead SNPs
forthe thresholds P<1x10°and P<5 x 108 were tested for replication
in a meta-analysis of two independent datasets (Spain 2 and All of Us;
total n,. = 685; total n., s = 107,750). Additionally, for SNPs with
P<1x107%in the discovery GWAS analysis, discovery and replication
datasets were analyzed in a combined GWAS meta-analysis, and loci
with P<5x1078in the combined analysis are reported.

Gene-based and gene-set tests

Gene-based, gene-set and tissue-enrichment tests were carried out
using MAGMA (v.1.07)* as implemented in FUMA (v.1.5.2)*%. Gene-based
tests were performed using the summary statistics of the GWAS
meta-analysis for a total 0f 19,843 genes, with SNPs assigned to genes
based on their physical position. SNPs were included in the analysis
using boundaries of 35 kb upstream and 10 kb downstream of the genes.
A total of 9,237 gene sets were analyzed (MSigDB v.2023.1Hs; limited
to gene sets with at least 20 mapped genes). For both gene-based and
gene-settests, aBonferroniP valuethreshold, corrected for the number
of respective tests, was applied (gene-based, P< 2.5 x107°(0.05/19,843);
geneset, P<5.4x107°(0.05/9,237)).

Additionally, PoPS* were calculated, which prioritize genes
at GWAS loci using MAGMA gene-level association tests and over
57,000 gene features such as cell-type-specific gene expression,
biological pathways and protein-protein interactions. PoPS scores
were available for17,702 autosomal genes, and PoPS scores and ranks
arereported.

Tissue enrichment expression was carried out using GTEx (v.8)
data for 54 tissue types*, and data from BrainSpan, representing 29
different ages and 11 general developmental stages as implemented
in FUMA (v.1.5.2)*. Inaddition, we used the Human Brain Atlas dataset
containing single-nucleus RNA sequencing data from approximately
3.369 million nuclei derived from adult post-mortem brain samples,
covering 106 anatomical sections?. We used cell types at the level of
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31 ‘superclusters’ and retained the existing cell-type nomenclature.
We calculated expression proportion values for each cell type (‘gene
specificity’, previously described in detail***’), resulting in-~1,300 genes
per celltype. We subsequently tested the enrichment of heritability in
these gene sets using stratified LDSC?®, adjusting for the 53 baseline
annotations. To adjust for multiple hypothesis testing in the tissue
expressionanalyses, we applied aBonferroni P value threshold adjusted
for the respective number of tested tissues.

Drug-target analysis
For the drug-target analysis, we prioritized genes that either mapped to
the genome-widerisk loci (Table 1) or were significant in the gene-based
analysis. To identify drug targets among these genes, we extracted
data from the Open Targets platform using the GraphSGL API. The
information provided by Open Targets is based on the ChEMBL data-
base’. Additionally, we performed a tractability analysis (that is, the
potential to be modulated by a drug) to assess small molecule bind-
ing, the presence of accessible epitopes for antibody-based therapy,
relevant datafor using Proteolysis Targeting Chimeras (PROTACs) and
the presence of compoundsin clinical trials with modalities other than
smallmolecules or antibodies. Databases were queried on 24 June 2024.
Furthermore, we used the GREP (https://github.com/saorisakaue/
GREP) pipeline to test for drug-target enrichment across clinical ATC
or ICD categories®. Finally, we queried the DGIdb'®.

In addition to these approaches, focusing on the prioritized
16 genes, we explored potential drug targets with the DRUGSETS
approach®’, which integrates the genome-wide association signal.
Using this approach, we tested drug-gene sets, compiled fromthe Clue
Repurposing Hub and the DGIdb, each comprising the genes whose
protein products are knownto be targeted by or to interact with agiven
drug. We then conducted a competitive gene-set analysis in MAGMA
(v.1.08), conditioning on a background set of all 2,281 drug-target
genes, to identify drug-gene sets significantly associated with BPD.
To account for multiple testing across the 735 gene sets analyzed, we
applied a Bonferroni threshold of P< 6.80 x 107 (0.05/735).

PGS

We applied PGS to predict case-control statusin the datasets for which
individual-level genotype information was available. PGS were calcu-
lated using PRS-CS, amethod that uses Bayesian regression to calculate
updated (posterior) effect sizes by applying continuous shrinkage to
the initial (prior) effect sizes from the discovery dataset using link-
age disequilibrium information®. The posterior effect sizes account
for the linkage disequilibrium between SNPs using external linkage
disequilibriumreference panels constructed from the 1000 Genomes
Project Phase 3 European samples. PGS were calculated based onboth
the present meta-analysis and the prior BPD GWAS from 2017 (consist-
ing of the Germany dataset)™® for comparison. Using leave-one-out
results of the present meta-analysis (2026 meta-GWAS), whereby the
respective target dataset was always left out of the meta-analysis, we
calculated PGS for all datasets with individual-level genotype informa-
tion (Germany, Central Europe, Spain1, Norway 1and Norway 2, as well
as the two replication cohorts (Spain 2 and All of Us; total n,., = 685;
total nonois = 107,750); Supplementary Tables 1and 2). Similarly, we
used the results of the prior BPD GWAS (2017 GWAS) to calculate PGS
for the datasets notincluded in that analysis (Central Europe, Spain1,
Norway 1, Norway 2, Spain 2, All of Us).

As an effect measure of the association between BPD-PGS and
case-control status, the Nagelkerke-pseudo-R? (NkR?) from logistic
regressionwas calculated, comparing the R? of the fullmodelincluding
PGS and covariates (ancestry principal components) as predictors to
the reduced (null) model including the covariates only. The resulting
NkR?was then converted to the liability scale’” of the population,
assuming a lifetime disease risk of 1.5% (ref. 3). Additionally, the AUC
was calculated for each target dataset. Average NkR? and AUC were

calculated across the five target datasets and weighted by the effective
sample size of the respective target samples.

To calculate the OR of the deciles of the PGS distribution, PRS-CS
were normalized to have amean of zero and unit variance before com-
bining theminto two sets of scores for comparison: one based on Witt
2017 (Neonerors = 3,496; Neyses =1,758) and the other on BPD-meta 2026
(Neontrots = 5,035; Neyees = 2,751). This part of the PGS analysis excluded
the All of Us dataset, as its individual-level data could not be merged
owingtodataprotectionregulations. Using the normalized PRS-CS, we
categorized the datainto ten deciles through quantile binning, assign-
ingeach observation a decile number ranging fromone (lowest PRS-CS)
to ten (highest PRS-CS). We then created dummy variables by coding
observations withineach decile as cases; those outside that decile were
coded as controls. The dummy variable ranged from deciles two (Q2)
to ten (Q10), with decile one (Q1) serving as the reference category.

Toassess the association between the deciles based on PRS-CS and
the actual case and control status, we conducted logistic regression
analyses using the decile-based dummy variables for Q2 to Q10. The
ORsforeach decile were calculated by exponentiating the coefficients
from the logistic regression model, controlling for principal compo-
nents(1,2,3,4,5,6,8,10,12,14,15and 20). For the reference compari-
son (Q1/Q1), an OR of 1was assigned, indicating no effect. The ORs for
each of the remaining deciles (Q2 to Q10) were computed accord-
ingly: ORyy/q;= exp(B)) forj=2,3,...,10. Additionally, 95% Cl for the odds
ratios were calculated using the standard errors of the coefficients
(Cligwer = €Xp(Bj — 1.96 x s.€.j); Clpper = €XP(B] + 1.96 X 5.€,)). Asan addi-
tional measure of effect, the highest decile (Q10) was compared to
the middle 10% of the distribution as a reference, and OR and Cl were
calculated as described above.

Genetic correlations
Genetic correlations between subsets and with other disorders and
traits were calculated using LDSC?. Calculations were carried out with
afree intercept and the 1000 Genomes dataset (EUR) as a reference
linkage disequilibrium structure panel'®.

Inatargeted approach, genetic correlations were calculated with
50 GWAS incorporating a range of other disorders and traits relevant
to BPD, selected based on reported phenotypic and genetic associa-
tions in the literature, theoretical considerations and data availabi-
lity. Those included GWAS of mental disorders, suicide, self-harm,
trauma, substance use, physical health, pain, sleep, personality
traits (Big Five GWAS including data from 23andMe) and cognition
(Supplementary Table 22). A Bonferroni P value threshold, corrected
for the number of respective tests, was applied (P <1x107(0.05/50)).

PheWAS

The targeted genetic correlation analyses were complemented by
PheWAS, systematically exploring associations of the polygenic predis-
position for BPD with over 1,000 diagnosis-based phenotypes across
the diagnostic spectrum.

PheWAS in BioVU (EHR data)

Datafrom the BioVU*were used to test the association of BPD-PGS with
medical phenotypes based ontwo or more ICD diagnoses (‘phecodes’;
Phecode Map 1.2) documented in the EHRs. For each phecode, a case
was defined as having >11CD code in the phecode group on >2 distinct
dates, and a control was defined as having no codes in that phecode
group. Individuals with only one instance of a code in that phecode
group were excluded from the case-control definition for that phe-
code. PGS were calculatedin 66,325 unrelated individuals of European
genetic ancestry (214 individuals with phecode 301.20 (‘antisocial/
borderline personality disorder’) based on summary statistics exclud-
ing the BioVU samples from the discovery meta-analysis (12,024 cases;
1,038,567 controls). PGS were computed using a continuous shrinkage
prior to SNP effect sizes using PRS-CS* and standardized to haveamean
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of 0 and a standard deviation of 1. Phecodes were tested for associa-
tion with BPD-PGS when at least 100 cases were available using logistic
regression models with sex (defined as sex reported at birth from the
EHR), age and the first ten genetic principal components as covariates.
A total of 1,431 phecodes were included, and a Bonferroni-corrected
threshold of P < 3.49 x 107 (0.05/1,431) was applied.

PheWAS in UKB

Anadditional PheWAS analysis was carried out using data from the UKB.
PGS for BPD were calculated using PRS-CS based on summary statistics
from the discovery meta-analysis, excluding the UKB samples (12,157
cases; 1,039,897 controls). The PheWAS was calculated using phecodes
(Phecode Map 1.2) based on diagnoses recorded in Hospital Episode
Statisticsina maximumsample of 316,635 individuals (211 individuals
with phecode 301.20). For each phecode, acase was defined as having
>11CD codeinthe phecode group, and a control was defined as having
no codesinthat phecode group. Atotal of 1,250 phecodes with at least
100 cases were tested for association with sex, age, batch, the first 40
genetic principal components and assessment center as covariates
using a Bonferroni-corrected threshold of P < 4.00 x 10~°(0.05/1,250).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Individual-level dataare not publicly available owing to ethical restric-
tions. The results of the meta-analysis and PGS weights are publicly
available through the website of the Psychiatric Genomics Consortium
(https://pgc.unc.edu/for-researchers/download-results). GWAS sum-
mary statistics of other traits and disorders used for analyses in this
study are publicly available (sources listed in Supplementary Table 22).
Theexceptions are the GWAS summary statistics for self-harm'®, which
were provided by the respective corresponding authors, and the GWAS
used for the Big Five personality traits (except neuroticism), which
include datafrom23andMe and can be made available to qualified inves-
tigatorsifthey enterinto anagreement with23andMe that protects par-
ticipant confidentiality. This study used datafrom the All of Us Research
Program’s Controlled Tier Dataset v7, available to authorized users on
the Researcher Workbench. Source data are provided with this paper.

Code availability

No custom code was developed for the present analyses. GWAS in
datasets withindividual data were carried out within each dataset using
PLINK (v.1.9; http://pngu.mgh.harvard.edu/purcell/plink). Quality
control and imputation were carried out using RICOPILI (https://
sites.google.com/a/broadinstitute.org/ricopili; https://github.com/
Ripkelab/ricopili). Prephasing and imputation was carried out using
EAGLE (v.2.4.1; https://alkesgroup.broadinstitute.org/Eagle) and
MINIMAC3 (http://genome.sph.umich.edu/wiki/minimac3) using the
Haplotype Reference Consortium reference panel (Release 1.1, dataset
EGAD00001002729). Meta-analyses of GWAS were performed using
METAL (http://www.sph.umich.edu/csg/abecasis/metal). Genetic
correlations and heritability estimates were calculated using LDSC
(https://github.com/bulik/Idsc). FUMA (v.1.5.2) was used for down-
stream analyses, including gene-based and gene-set analyses (https://
fuma.ctglab.nl), based on MAGMA (v.1.07; http://ctglab.nl/software/
magma). Functional annotation within FUMA used data from MSigDB
v2023.1Hs, GTEx (v.8; https://fuma.ctglab.nl/downloadPage) and Brain-
Span (https://www.brainspan.org). Additionally, genes were prioritized
using PoPS (v.0.2; https://github.com/FinucanelLab/pops). Enrich-
ment for drug targets was carried out using GREP (https://github.com/
saorisakaue/GREP) and DRUGSETS (https://github.com/nybell/
drugsets). Weights for polygenic scores were generated using PRS-CS
(v.1.1.0; https://github.com/getian107/PRScs).
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prediction. All six genome-wide significant lead SNPs (6/6), and 77% of the lead SNPs associated with p<1x10-6 (24/31) showed effects in the
same direction in the replication analysis. In the independent replication samples, PGS were associated with case-control status and explained
3.1% of the variance (p=0.0041, AUC=62.4%) in Spain 2, and 2.6% in All of Us (p=2.09x10-25, AUC=61.4%).

Randomization  There was no randomization in the used GWAS design.

Blinding There was no blinding in the used (observational) design.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI |:| ChlIP-seq
Eukaryotic cell lines IXI |:| Flow cytometry
Palaeontology and archaeology IXI |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-authentication-procedures for-each seed stock tised-or-novel-genotype generated. Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.






