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Genome-wide association analyses of 
borderline personality disorder identify  
11 loci and highlight shared risk with  
mental and somatic disorders
 

Borderline personality disorder (BPD) is a severe mental health condition 
influenced by environmental risk factors (for example, interpersonal trauma) 
and genetic factors. We conducted the largest genome-wide association 
study (GWAS) meta-analysis of BPD so far, with a discovery sample of 12,339 
cases and 1,041,717 controls, and a replication study of 685 cases and 107,750 
controls (all participants of European ancestry). We identified 11 independent 
associated genomic loci and 9 risk genes in gene-based analyses. We 
observed a single-nucleotide polymorphism heritability of 17.3% and derived 
polygenic scores (PGS) that predicted 4.6% of the phenotypic variance in BPD 
on the liability scale. BPD showed the strongest positive genetic correlations 
with GWAS of post-traumatic stress disorder, depression, attention deficit 
hyperactivity disorder, antisocial behavior, and measures of suicide and 
self-harm. Phenome-wide analyses in Vanderbilt University Medical Center 
Biobank and UK Biobank using BPD-PGS confirmed these associations 
and also identified associations with other medical conditions, including 
obstructive pulmonary disease and diabetes. These analyses highlight  
BPD as a polygenic disorder, with the genetic risk showing substantial  
overlap with psychiatric and physical health conditions.

BPD is a mental disorder characterized by pervasive instability in emo-
tions, interpersonal relationships and self-image as well as impulsive 
behavior1,2 (for symptoms, see Supplementary Note). BPD has a preva-
lence of 0.92–1.90% in Western countries3, with symptom onset typically 
occurring during adolescence. Women are more frequently diagnosed 
with BPD than men by a ratio of ~3:1, for which a substantial contribution 
of diagnostic as well as selection bias has been postulated4,5. Individuals 
with BPD display high rates of self-harm, suicidal ideation and suicide 
attempts. BPD shows substantial symptom overlap and comorbidity 
with other mental disorders5,6, and comorbidity with neurological 
and somatic health conditions6,7. Although some psychotherapies 
are effective in treating BPD8, no psychopharmacological treatments 
have been approved by the US Food and Drug Administration specifi-
cally for BPD2,9.

In addition to environmental risk factors such as early interper-
sonal trauma10,11, genetic factors contribute substantially to disorder 
risk. Twin and family studies estimate the heritability of BPD to be 
46–69%12,13 and demonstrate that the genetic risk for BPD is partially 
shared with other mental disorders but also with continuous traits; 
for example, the Big Five personality traits14,15. However, a systematic 
assessment of shared genetic risk with a broad range of disorders and 
traits is missing.

For many mental disorders, GWAS meta-analyses of genetic data  
from tens or hundreds of thousands of cases and controls have 
successfully identified hundreds of genetic risk loci16. By contrast, 
genetic research on BPD lags behind17. In the only GWAS of BPD  
conducted so far, encompassing 998 cases and 1,545 controls18, no 
single genome-wide significant variants were identified, but significant 
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had over 80% power to detect effects of 1.1 for variants with an allele 
frequency between 0.3 and 0.7 (ref. 19; Supplementary Table 6 and 
Supplementary Fig. 1).

We observed a SNP heritability of 28.4% (95% confidence inter-
val (CI), [24.9%, 31.8%]), corresponding to a SNP heritability of 17.3%  
(95% CI, [15.2%, 19.4%]) on the liability scale (assuming a population 
prevalence of 1.5%)3. The linkage disequilibrium score regression 
(LDSC)20 intercept was 1.03 (s.e. = 0.0085), with an attenuation ratio 
of 0.11 (s.e. = 0.031), and we observed a genomic inflation factor (λGC) 
of 1.22 (λ1000 = 1.01). There was a high genetic correlation between the 
studies with individual-level data and those providing summary statis-
tics (rg = 0.85; 95% CI, [0.68, 1.03]; P = 3.5 × 10−21), which was significantly 
smaller than 1 (z = −1.76; P = 0.038).

SNP association analysis revealed six independent genome-wide 
significant loci (P < 5 × 10−8; Fig. 2, Table 1, Supplementary Figs. 2–14 
and Supplementary Table 7), and no marker showed significant hetero
geneity between studies after multiple testing correction (smallest 
heterogeneity P = 0.023). All 6 genome-wide significant lead SNPs  
(6 out of 6, P = 0.016; Table 1), and 77% of the lead SNPs associated  
with P < 1 × 10−6 (24 out of 31, P = 0.0017) showed effects in the same 
direction in the replication analysis. In the combined analysis,  
the 6 loci remained genome-wide significant, and 5 additional loci  
with P < 5 × 10−8 were observed (Fig. 2, Table 1 and Supplemen-
tary Figs. 2–24).

Gene-based association analyses using MAGMA (v.1.07)21,22 
implicated nine genes, including CCDC71 and DEPDC1B, in addition 
to SGCD, FOXP2, EXD3, MVK, MMAB, PCYT1B and BPTF already impli-
cated by the genome-wide SNP associations (Extended Data Fig. 1, 
Supplementary Fig. 25 and Supplementary Table 8).

Among the genes implicated by proximity to lead SNPs or by the 
gene-based analysis, the highest polygenic priority scores (PoPS)23 
were observed for FOXP2 (score, 0.96; rank, 1) and SGCD (score, 0.74;  
rank, 2), with FOXP1 and DEPDC1B also ranking in the top 1% (Supple
mentary Table 9). Of the genes in proximity to loci that reached  
significance in the combined analysis, NME7 and KPNA2 ranked  
highest (top 5%).

Sex-stratified GWAS
We carried out sex-stratified GWAS meta-analyses for male 
(ncases = 2,260; ncontrols = 485,444) and female study participants 

genetic correlations (rg) of BPD were observed with bipolar disorder 
(BIP), schizophrenia (SCZ) and major depressive disorder18. Although 
these findings indicate the potential of using genetic approaches to 
investigate BPD, research based on those results is limited by large 
uncertainties in the estimated effect sizes. Additionally, the extent 
to which sex-specific genetic effects contribute to the observed 
sex differences in the prevalence and clinical characteristics of BPD 
remains unclear.

The main aims of the present study were to identify novel genetic 
risk loci for BPD to improve understanding of the underlying mole
cular mechanisms and to systematically assess the shared genetic  
risk between BPD and a broad range of related traits and disorders.

Results
GWAS
We performed a discovery GWAS meta-analysis, including 6,043,895 
genetic markers in 12,339 BPD cases and 1,041,717 controls for indi-
viduals of European ancestry (Fig. 1). In total, 17 studies contributed 
individual-level data for a total of 2,705 cases meeting the fourth 
edition of the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-IV) criteria for BPD and 4,600 controls, which were combined 
into five datasets. Additionally, 10 large-scale biobank or cohort stud-
ies provided summary statistics from GWAS of BPD (ncases = 9,634;  
ncontrols = 1,037,117). In these, BPD status was assessed using International 
Classification of Disease (ICD) codes, except for the Genetic Links to 
Anxiety and Depression (GLAD) study, which used a self-reported diag-
nosis. Details on ascertainment, along with inclusion and exclusion 
criteria, are documented in Supplementary Table 1. Sample sizes, basic 
demographics (sex and age), depression comorbidity and analysis 
details are provided in Supplementary Table 2 and Supplementary 
Note. Additionally, we performed meta-analyses stratified by sex 
(female only, male only) and a sensitivity analysis excluding individu-
als with a history of BIP or SCZ—conditions commonly excluded in 
BPD studies—based on summary statistics available from the studies 
providing summary statistics (Supplementary Tables 3–5). To assess 
replication, the lead single-nucleotide polymorphisms (SNPs) and PGS 
derived from the discovery analysis were tested in two independent 
datasets (total ncases = 685; total ncontrols = 107,750). Additionally, SNPs 
with P < 1 × 10−6 in the discovery GWAS were analyzed in a combined 
meta-analysis (ncases = 13,024; ncontrols = 1,149,467). The discovery GWAS 
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Fig. 1 | Schematic overview of the GWAS of BPD. A total of 17 studies providing 
individual-level data (analyzed in five datasets) and ten studies providing 
summary statistics were included in the discovery meta-analysis. Genetic 
associations were tested at the single-variant and gene level. Gene enrichment 
analyses were applied to test for enrichment in gene sets and tissue-specific gene 
expression data from 54 human tissues (GTEx), comprising 29 different ages and 
11 general developmental stages (BrainSpan), single-cell-based cell types and 

drug-target gene sets. PGS were calculated to assess the prediction of BPD case–
control status in the analyzed datasets with available individual-level data and to 
test the association of the genetic liability for BPD in phenome-wide association 
studies with phecodes in two biobanks (BioVU, UKB). Genetic correlations were 
calculated between the results of the GWAS of BPD and the GWAS of 50 disorders 
and traits of interest.
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(ncases = 10,025; ncontrols = 547,333) (Supplementary Tables 3 and 4). We 
used sex-specific population prevalences of 2.25% for females and 
0.75% for males to convert heritability estimates to the liability scale4,5. 
For females, we observed a SNP heritability of 30.3% (95% CI, [26.1%, 
34.5%]), corresponding to 20.5% (95% CI, [17.7%, 23.4%]) on the liabil-
ity scale. For males, the observed SNP heritability was 19.8% (95% CI, 
[7.9%, 31.6%]), corresponding to 10.2% (95% CI, [4.1%, 16.3%]) on the 
liability scale, which was significantly lower than in females (z = −3.32; 
P = 0.00090). There was a high genetic correlation between the two 
analyses (rg = 0.80; 95% CI, [0.53, 1.07]; P = 4.7 × 10−9), which did not 
differ from 1 (z = −1.60; P = 0.055).

The female-only analysis identified one genome-wide signifi-
cant risk locus on chromosome 9 (rs73581580; odds ratio (OR), 0.89;  
95% CI, [0.85, 0.92]; P = 2.83 × 10−8; locus 5 identified in the main  
analysis (EXD3) and a second locus on chromosome 7 (rs10227454;  
OR, 0.87; 95% CI, [0.83, 0.92]; P = 4.99 × 10−8), ~1 Mb from locus 4  
(FOXP2, r2 = 0.005, D′ = 0.25; Extended Data Fig. 2, Supplementary  
Figs. 26–30 and Supplementary Table 10). The gene-based analysis 
identified genome-wide associations for DEPDC1B, SGCD, MVK and 
MMAB, all significant in the main analysis (Extended Data Fig. 3 and 
Supplementary Fig. 31).

The male-only analysis identified two genome-wide significant risk 
loci that were not genome-wide significant in the main analysis: one on 
chromosome 2 (rs17757829; OR, 0.68; 95% CI, [0.59, 0.77]; P = 1.02 × 10−8) 
and one on chromosome 20 (rs6032676; OR, 0.83; 95% CI, [0.77, 0.88]; 
P = 9.55 × 10−9) (Extended Data Fig. 4, Supplementary Figs. 32–36 and 
Supplementary Table 11). The gene-based analysis identified no signifi-
cant genes (Extended Data Fig. 5 and Supplementary Fig. 37).

The six lead SNPs of the main GWAS showed comparable effects 
and at least nominal significance in the smaller, and therefore 
lower-powered, sex-stratified analyses (Extended Data Fig. 6 and 
Supplementary Table 12). The nine genes significant in the gene-based 
analysis of the main GWAS all showed nominal significance in  
the female-only analysis (all Pfemale < 8.15 × 10−5), whereas CCDC71, 
DEPDC1B and SGCD were not significant in the male-only analysis 
(Supplementary Table 13).

Sensitivity analysis excluding BIP and SCZ
In the sensitivity analysis excluding individuals with BIP or SCZ 
(ncases = 8,618; ncontrols = 1,027,690), locus 4 in FOXP2 (rs4727799) 
and locus 5 in EXD3 (rs73581580) from the main analysis were the 
only genome-wide significant associations (Extended Data Fig. 7, 
Supplementary Figs. 38–42 and Supplementary Table 14). All six lead SNPs 
of the main GWAS showed comparable effects (all Psensitivity < 3.32 × 10−5; 
Extended Data Fig. 6 and Supplementary Table 12). Of the nine genes 
that reached significance in the gene-based analysis of the primary 
analysis, all remained nominally significant in the sensitivity analysis 
(Psensitivity < 0.0021; Supplementary Table 13), with FOXP2, EXD3, MMAB 
and MVK reaching genome-wide significance, and ZNF626 being the 
only additional genome-wide significant gene (Extended Data Fig. 8 
and Supplementary Fig. 43).

Enrichment analysis
Enrichment of gene sets and tissue expression using Genotype-Tissue 
Expression (GTEx; v.8) data for 54 tissue types24 and expression 
data from 29 different ages and 11 general developmental stages 
(BrainSpan)25 was tested with MAGMA (v.1.07)21 as implemented 
in FUMA22. One significant gene set was identified: the S1P–S1P3 
(sphingosine-1-phosphate–sphingosine-1-phosphate receptor 3) 
pathway26 (29 genes; standardized effect size β = 0.03; P = 1.91 × 10−6; 
Padj = 0.018; Supplementary Table 15). Nominally significant enrich-
ment was observed in several GTEx tissue types, with the most 
significant enrichment in cerebellar tissue (not significant after cor-
rection for multiple testing; all Padj > 0.32; Supplementary Fig. 44 and 
Supplementary Table 16). The analysis using the two BrainSpan datasets 
indicated the strongest enrichments 8–21 weeks post conception (not 
significant after correction; all Padj > 0.09) and in early-to-mid prenatal 
phases, respectively (Padj < 0.025; Supplementary Figs. 45 and 46 and 
Supplementary Tables 17 and 18).

Analyses based on Human Brain Atlas single-nucleus RNA sequenc-
ing data27 showed SNP-h2 enrichment using stratified LDSC28,29 in 2 
out of the 31 tested superclusters (‘medium spiny neurons’: enrich-
ment = 5.99, z = 3.58, P = 0.00017, Padj = 0.0054; and ‘LAMP5-LHX6 and 
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Fig. 2 | Manhattan plot of the GWAS of BPD. The two-sided −log10P value for 
each SNP in the discovery GWAS (inverse-variance-weighted meta-analysis; 
ncases = 12,339; ncontrols = 1,041,717) is indicated on the y axis (chromosomal 
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analysis (ncases = 13,024; ncontrols = 1,149,467) are highlighted (upward-pointing 
blue triangle, increased significance in combined analysis; downward-pointing 
red triangle, reduced significance in combined analysis). Combined P values 
are plotted for lead loci, and vertical lines indicate the P value change from the 
discovery to the combined analysis.
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Chandelier cells’: enrichment = 5.50, z = 3.53, P = 0.00021, Padj = 0.0064; 
Supplementary Fig. 47 and Supplementary Table 19).

Drug-target analysis
Of the 16 genes prioritized from the discovery GWAS meta-analysis 
through proximity to the six GWAS loci or in the gene-based test, none 
were highlighted as drug targets by Open Targets, although several 
showed potential tractability (Supplementary Fig. 48). The Genome 
for REPositioning drugs (GREP) pipeline revealed no significant  
enrichment for drug targets across any ICD or ATC category. The Drug–
Gene Interaction Database (DGIdb) highlighted drug–gene interactions 
for MYO1H with lithium, MVK with alendronate sodium and PCYT1B  
with the unapproved substances CT-2584 and sphingosine. In an 
additional analysis with DRUGSETS30, based on MAGMA, testing the 
enrichment of the GWAS associations in 735 drug–gene sets; the most 
significant drugs included medications for neurological conditions 
(safinamide, gabapentin, lomerizine, oxcarbazepine), pain (prilocaine, 
tetracaine) and alcohol dependence (acamprosate), but also medica-
tions for metabolic or somatic conditions (Supplementary Table 20; 
all Padj > 0.18).

PGS
PGS for BPD were calculated using PRS-CS31 in the datasets for  
which individual-level genotype information was available using 
leave-one-out summary statistics, excluding the respective sample 
from the discovery GWAS. In addition, we calculated PGS in the two 
independent replication datasets (Methods). For comparison, PGS 
were additionally calculated based on the 2017 BPD GWAS18. The 
explained variance was converted to the liability scale (population 
prevalence, 1.5%)3.

PGS explained a weighted average of 4.6% (area under the receiver 
operator characteristic curve (AUC) = 66.0%) of the phenotypic vari-
ance on the liability scale (assuming a lifetime prevalence of 1.5%)3 in 
the five datasets included in the discovery meta-analysis (Fig. 3 and 
Supplementary Table 21). In the independent replication samples, 
PGS explained 3.1% of the variance (P = 0.0041; AUC = 62.4%) in Spain 
2 and 2.6% in All of Us (P = 2.09 × 10−25; AUC = 61.4%). The OR for BPD 
case–control status comparing the highest PGS decile to the low-
est decile was 6.61 (95% CI, [5.20, 8.41]) for PGS based on the current 
meta-analysis, compared to OR = 2.09 (95% CI, [1.60, 2.72]) for PGS 
based on the 2017 GWAS. When comparing to the middle 10% of the 
distribution, we observed an OR of 2.37 (95% CI, [1.94, 2.89]) for the 
highest decile for PGS based on the current meta-analysis and an OR 
of 1.44 (95% CI, [1.05, 1.98]) for PGS based on the 2017 GWAS.

Genetic correlations
Correlations with disorders and traits of interest. In a targeted 
approach, we calculated genetic correlations with a selection of 50 
GWAS of other disorders and traits relevant to BPD, including mental 
disorders, suicide, self-harm, trauma, substance use, physical health, 
pain, sleep, personality traits (Big Five GWAS including data from 
23andMe) and cognition. After Bonferroni correction for multiple 
testing (α = 0.05/50 = 0.001), BPD showed significant genetic correla-
tions with 43 out of the 50 tested phenotypes. Among the psychiatric 
disorders, BPD showed the strongest correlations with post-traumatic 
stress disorder (PTSD) (rg = 0.77; 95% CI, [0.61–0.93]; P = 2.97 × 10−21), 
depression (rg = 0.74; 95% CI, [0.69–0.79]; P = 6.06 × 10−163) and 
attention deficit hyperactivity disorder (ADHD) (rg = 0.67; 95% CI, 
[0.59–0.75]; P = 7.20 × 10−63). In the other domains, substantial genetic 
correlations with |rg| > 0.5 included material deprivation, chronic pain, 
broad antisocial behavior, loneliness, externalizing traits, measures of  
suicide, self-harm and trauma. Lower but significant genetic cor-
relations (rg < 0.18) were observed for the somatic disorders 
type 2 diabetes and asthma, and for body mass index (Fig. 4 and 
Supplementary Table 22).Ta

bl
e 

1 |
 L

ea
d 

ge
no

m
e-

w
id

e 
si

gn
ifi

ca
nt

 S
N

Ps
 a

ss
oc

ia
te

d 
(P

 < 5
 × 

10
−8

) w
ith

 B
PD

Lo
cu

s
C

H
R

SN
P

BP
Lo

cu
s (

st
ar

t‥
st

op
)

A
1/

A
2

FR
Q

 
ca

se
FR

Q
 

co
nt

ro
l

O
R

s.
e.

P
O

R 
re

pl
.

P 
re

pl
.

O
R 

co
m

b.
s.

e.
 

co
m

b.
P 

co
m

b.
M

ap
pe

d 
ge

ne
s

C
om

b.
 1

1
rs

21
43

28
8

16
90

84
34

0
16

90
82

36
0‥

16
90

84
34

0
G

/A
0.

85
8

0.
86

8
0.

89
0.

02
2

1.0
6 

× 1
0−7

0.
86

0.
03

5
0.

89
0.

02
1

1.2
3 

× 1
0

−8
LI

N
C

00
97

0 
(0

.0
), 

LO
C

10
19

28
59

6 
(0

.0
), 

AT
P1

B1
 (0

.0
), 

N
M

E7
 (0

.0
)

1
1

rs
99

70
85

4
19

11
25

93
5

19
10

05
93

5‥
19

11
48

33
5

G
/A

0.
59

5
0.

59
7

0.
92

0.
01

5
1.9

9 
× 1

0
−8

0.
93

0.
18

3
0.

92
0.

01
4

7.
42

 × 
10

−9
LI

N
C

01
68

0 
(14

.4
)

C
om

b.
 2

2
rs

12
46

66
71

22
58

34
35

22
54

87
35

‥2
26

06
23

5
A/

G
0.

58
7

0.
59

9
0.

93
0.

01
5

6.
80

 × 1
0−7

0.
85

0.
00

2
0.

92
0.

01
4

2.
16

 × 
10

−8
-

2
3

rs
65

49
38

3
71

26
68

85
71

26
11

85
‥7

12
67

72
0

T/
C

0.
50

3
0.

50
3

1.0
9

0.
01

5
1.5

3 
× 1

0
−8

1.0
2

0.
66

4
1.0

8
0.

01
4

2.
45

 × 
10

−8
FO

XP
1 (

0.
0)

3
5

rs
21

35
02

9
15

58
56

53
8

15
57

43
53

8‥
15

58
68

43
8

A/
G

0.
59

4
0.

59
9

0.
92

0.
01

4
1.4

1 ×
 10

−8
0.

92
0.

14
1

0.
92

0.
01

4
4.

30
 × 

10
−9

SG
C

D
 (0

.0
)

4
7

rs
47

27
79

9
11

41
10

56
8

11
40

21
86

8‥
11

42
24

56
8

T/
C

0.
66

3
0.

67
1.1

0
0.

01
5

6.
92

 × 
10

−1
0

1.1
5

0.
01

5
1.1

0
0.

01
5

4.
0

5 
× 1

0
−1

1
FO

XP
2 

(0
.0

)

C
om

b.
 3

7
rs

10
95

37
81

11
49

74
69

5
11

49
63

59
5‥

11
51

12
69

5
C

/T
0.

52
8

0.
53

4
1.0

8
0.

01
4

7.1
3 

× 1
0−8

1.0
6

0.
31

3
1.0

8
0.

01
4

4.
38

 × 
10

−8
-

5
9

rs
73

58
15

80
14

02
51

45
8

14
02

42
72

8‥
14

02
78

15
8

G
/A

0.
83

6
0.

83
9

0.
89

0.
01

9
8.

0
9 

× 1
0

−1
0

0.
98

0.
79

8
0.

89
0.

01
9

1.4
5 

× 1
0

−9
N

RA
RP

 (−
4.

8)
, E

XD
3 

(0
.0

), 
N

O
XA

1 
(1

6.
4)

6
12

rs
73

04
86

2
10

99
88

89
1

10
98

51
89

1..
11

00
50

09
1

G
/T

0.
52

9
0.

51
3

1.0
9

0.
01

4
5.

71
 × 

10
−1

0
1.0

9
0.

11
4

1.0
9

0.
01

4
1.6

8 
× 1

0
−1

0
M

YO
1H

 (-
52

.7
), 

KC
TD

10
 (−

23
.5

), 
U

BE
3B

 (0
.0

), 
M

M
A

B 
(0

.0
), 

M
VK

 (0
.0

)

C
om

b.
 4

17
rs

72
10

02
7

65
97

70
53

65
82

50
53

‥6
60

98
05

3
T/

C
0.

77
0.

78
2

0.
92

0.
01

7
2.

54
 × 1

0−7
0.

87
0.

03
1

0.
91

0.
01

6
3.

12
 × 

10
−8

BP
TF

 (0
.0

), 
C

17
or

f5
8 

(0
.0

), 
KP

N
A2

 
(4

.7
), 

LI
N

C
00

67
4 

(7
0.

6)

C
om

b.
 5

X
rs

59
44

62
2

24
61

31
89

24
57

85
89

‥2
49

33
18

9
T/

C
0.

57
0.

58
0.

93
0.

01
3

9.
47

 × 1
0−8

0.
92

0.
03

7
0.

93
0.

01
3

2.
0

5 
× 1

0
−8

PD
K3

 (0
), 

PC
YT

1B
 (0

), 
PC

YT
1B

−A
S1

 
(+

5.
0)

, P
O

LA
1 (

+4
8.

8)

Re
su

lts
 o

f t
he

 v
ar

ia
nc

e-
w

ei
gh

te
d 

m
et

a-
an

al
ys

is
 a

re
 s

ho
w

n 
(tw

o-
si

de
d 

si
gn

ifi
ca

nc
e 

te
st

). 
Va

ria
nt

s 
ar

e 
so

rt
ed

 b
y 

ch
ro

m
os

om
al

 p
os

iti
on

. C
H

R,
 c

hr
om

os
om

e;
 L

oc
us

 (s
ta

rt
.s

to
p)

, s
ta

rt
 a

nd
 e

nd
 o

f t
he

 b
ou

nd
ar

ie
s 

of
 th

e 
re

gi
on

 w
ith

in
 r2  o

f 0
.6

 o
f t

he
 in

de
x 

SN
P;

 A
1, 

al
le

le
 1;

 A
2,

 a
lle

le
 2

; F
RQ

, f
re

qu
en

cy
 o

f A
1 i

n 
ca

se
s–

co
nt

ro
ls

; B
P,

 b
as

e 
pa

ir 
po

si
tio

n;
 C

om
b.

, c
om

bi
ne

d 
an

al
ys

is
; O

R,
 o

dd
s 

ra
tio

 o
f A

1; 
re

pl
., 

re
pl

ic
at

io
n 

an
al

ys
is

; s
.e

., 
st

an
da

rd
 e

rr
or

. M
ap

pe
d 

ge
ne

s,
 g

en
es

 w
ith

in
 r2  o

f 0
.6

 a
nd

 5
0 

kb
 o

f t
he

 in
de

x 
SN

P 
(d

is
ta

nc
e 

to
 th

e 
50

 kb
 fo

r b
ou

nd
ar

y 
of

 th
e 

le
ad

 S
N

P 
in

 k
b 

is
 in

di
ca

te
d 

in
 b

ra
ck

et
s;

 g
en

es
 in

 b
ol

d 
w

er
e 

al
so

 id
en

tif
ie

d 
by

 th
e 

ge
ne

-b
as

ed
 a

ss
oc

ia
tio

n 
te

st
s)

. P
 va

lu
es

 in
 b

ol
d 

in
di

ca
te

 g
en

om
e-

w
id

e 
si

gn
ifi

ca
nc

e 
(P

 < 
5 ×

 10
−8

). 
O

R,
 s

.e
. a

nd
 P

 va
lu

es
 a

re
 re

po
rt

ed
 fo

r t
he

 m
ai

n 
an

al
ys

is
 (n

ca
se

s =
 12

,3
39

; n
co

nt
ro

ls
 = 1

,0
41

,7
17

), 
th

e 
re

pl
ic

at
io

n 
an

al
ys

is
 (n

ca
se

s =
 6

85
; t

ot
al

 n
co

nt
ro

ls
 = 1

07
,7

50
) a

nd
 th

e 
co

m
bi

ne
d 

m
et

a-
an

al
ys

is
 (n

ca
se

s =
 13

,0
24

; n
co

nt
ro

ls
 = 1

,14
9,

46
7)

 o
f t

he
 tw

o 
da

ta
se

ts
.

http://www.nature.com/naturegenetics


Nature Genetics | Volume 58 | August 2026 | 1831–1844 1835

Article https://doi.org/10.1038/s41588-026-02654-3

The sensitivity meta-analysis excluding individuals with BIP or 
SCZ showed comparable genetic correlations (Supplementary Fig. 49 
and Supplementary Table 23) with the 50 disorders and traits. Notably, 
lower but still substantial genetic correlations were observed with BIP 
(rg = 0.35; 95% CI, [0.28, 0.42] versus rg = 0.47; 95% CI, [0.41–0.53]) and 
SCZ (rg = 0.36; 95% CI, [0.31,0.41] versus rg = 0.48; 95% CI, [0.43, 0.53]). 
The genetic correlation of the main meta-analysis and the sensitivity 
analysis showed rg = 1.00 (95% CI, [0.98, 1.02]; P < 1 × 10−308).

Phenome-wide association studies
Complementing the targeted genetic correlation analysis, we character-
ized the genetic signal identified in the BPD GWAS by performing two 
phenome-wide association studies (PheWAS). To this end, we tested 
the association of BPD-PGS (using PRS-CS31; excluding each target 
sample from discovery) with ‘phecodes’; that is, medical phenotypes  
based on ICD diagnoses documented in the electronic health records 
(EHR), using data from the Vanderbilt University Medical Center 
Biobank (BioVU)32 (66,325 individuals; 214 with the phecode 301.20: 
‘antisocial/borderline personality disorder’) and Hospital Episode 
Statistics in the UK Biobank (UKB) (316,635 individuals; 211 with the 
phecode 301.20) (Fig. 5).

PheWAS in BioVU. In the PheWAS analysis in BioVU, 69 out of the 1,431 
tested diagnoses showed an association with BPD-PGS after Bonferroni 
correction (Padj < 0.05; Supplementary Table 24). BPD-PGS showed 
the most statistically significant associations with codes from the 
mental disorders category (Extended Data Fig. 9), including mood 
disorders, substance use disorders, anxiety, PTSD and suicidal idea-
tion or attempt. Associations were also observed in other categories, 
including neurological (for example, epilepsy) and somatic disorders 
(for example, type 2 diabetes, chronic airway obstruction, hyperten-
sion) and pain disorders and symptoms.

PheWAS in UKB. In the PheWAS analysis in the UKB, 317 out of the 1,250 
tested diagnoses showed an association with BPD-PGS (Padj < 0.05; 
Supplementary Table 25). BPD-PGS showed the most statistically sig-
nificant associations with codes from the mental disorders category 
(Extended Data Fig. 10), including mood disorders, tobacco use disor-
ders and anxiety disorders. As in BioVU, significant associations after 
Bonferroni correction were observed in other categories, including 
respiratory (for example, chronic airway obstruction), digestive (for 
example, esophagus, gastroesophageal reflux disease), circulatory, 
endocrine/metabolic and neurological diagnoses, as well as pain dis-
orders and symptoms.

Of the 69 diagnoses that were significant in the BioVU, 56 were also 
present with sufficient case numbers in the UKB. Of these, 51 showed 
effects in the same direction, and 41 also reached significance in the 
UKB (Padj < 0.05). In both samples, the phecode 301.20 (‘antisocial/
borderline personality disorder’) showed the strongest effect size 
(ORBioVU = 1.41; 95% CI, [1.24, 1.63]; P = 7.61 × 10−7; ORUKB = 1.54; 95% CI, 
[1.34, 1.76]; P = 5.82 × 10−10).

Discussion
The present GWAS, including 12,339 BPD cases and 1,041,717 controls, 
represents a major advance in BPD genetics, demonstrating substan-
tial SNP heritability, identifying genome-wide significant risk loci, 
revealing pathway and tissue enrichment and considerably improv-
ing the predictive value of derived PGS. To our knowledge, this study 
represents the first sex-stratified and X-chromosomal GWAS of BPD, as 
well as the first systematic investigation of shared genetic risk for the 
disorder. The validity and generalizability of the results is supported 
by the replication of the lead SNP associations and PGS analyses in 
independent datasets.

The substantial increase in sample size was achieved by using a 
strategy combining studies with different ascertainment strategies. 
Building on our previous study, which included only clinical studies 
that explicitly recruited patients with BPD18, we extended the approach 
to also include biobank and cohort studies in which diagnoses were 
primarily derived from electronic health records linked to genetic data. 
The high genetic correlation indicates that the two subsets capture a 
largely identical genetic architecture.

A substantial proportion of the heritability observed in family and 
twin studies (46–69%)12,13 was explained by common genetic variation 
(estimated SNP heritability of 17%). This is consistent with GWAS in 
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other psychiatric disorders, in which SNP heritability often accounts 
for approximately one-third of the estimates from twin and family 
studies16. The substantial contribution of common genetic variation 
to BPD is also supported by the leave-one-out PGS analyses, predicting 

a weighted average of 4.6% of the variance on the liability scale. Impor-
tantly, the low LDSC intercept (1.03) and attenuation ratio of 11% sug-
gest that the association is largely driven by the polygenic signal and 
not by confounding.
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In the context of identifying genetic risk variants and genes, the 
present study is the first to identify genome-wide loci associated with 
BPD. The genetic risk loci were located in or near genes including SGCD, 
EXD3, FOXP1 and FOXP2, and one locus mapped to several genes: MVK, 

MMAB and UBE3B. SGCD encodes sarcoglycan delta, a component of 
the sarcoglycan complex, and SGCD mutations have been associated 
with muscular and cardiovascular disorders33. Common variation in 
SGCD has also been associated with mental disorders, like SCZ34,35 and 
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Fig. 5 | PheWAS of BPD-PGS. a,b, Association of BPD-PGS with 1,431 tested 
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(b). The two-sided statistical significance (−log10P) from the logistic regression 
models is plotted on the y axis, and diagnoses are grouped by category. The  
red line indicates the Bonferroni-corrected significance threshold for the  

tested phecodes (BioVU: P < 3.49 × 10−5 (0.05/1,431); UKB: P < 4.00 × 10−5 
(0.05/1,250 )). The top 15 associations of each PheWAS are annotated. Upward-
pointing triangles indicate positive associations, and downward-pointing 
triangles indicate negative associations. The size of the triangles indicates the 
effect size (β).
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PTSD36, substance use phenotypes37–39 and measures of quality of life40. 
Converging findings in rodents and humans further suggest that the 
sarcoglycan complex is expressed in the central nervous system in 
both neurons and astrocytes41,42 and may be involved in GABAergic 
neurotransmission41 and cerebrovascular function43.

Among the genes mapped by proximity to the lead SNPs or in the 
MAGMA gene-based analysis, the highest PoPS scores were observed 
for SGCD, FOXP2, FOXP1 and DEPDC1B. FOXP1 and FOXP2 are both 
members of the Forkhead-box (FOX) transcription factor family 
that are expressed in the brain and are both associated with speech  
and language development44. FOXP2 has shown significant associations 
with externalizing behavior45,46 and related traits or disorders such  
as substance use disorders47–50, broad antisocial behavior51 and  
ADHD52 in several recent GWAS. Observed associations with child-
hood maltreatment53 and PTSD36,54,55 further suggest a trauma-related 
pathway for BPD, while recent GWAS of the Big Five personality traits 
showed an association of FOXP2 with agreeableness56,57, conscien-
tiousness57 and neuroticism57. Of the genes indicated by the combined 
analysis, NME7 (NME/NM23 family member 7) and KPNA2 (karyopherin 
subunit alpha 2) had the highest PoPS scores. NME7 is a component 
of the gamma-tubulin ring complex, which has a role in microtubule 
organization58. It has been associated with antidepressant treatment 
response in a gene expression study59 and a GWAS60. KPNA2, a key 
component of the nucleocytoplasmic transport system, has mainly 
been studied with respect to cancer development, but was recently 
found showing significant brain GWAS and quantitative trait locus 
associations in a transcriptomic analysis of major depressive disorder61.

We present the first GWAS of BPD to include both sex-stratified 
and X-chromosome analyses, an initial step towards investigating the 
sex-specific genetic architecture of the disorder, which is relevant 
concerning the sex differences in BPD prevalence and presentation. 
We observed substantially higher SNP heritability in females, which has 
also been described for PTSD and depression, the two mental disorders 
showing the strongest genetic correlation with BPD62. The lead SNPs 
of the main GWAS, however, showed the same direction and similar 
effect sizes in the stratified analyses in both sexes, and the genetic cor-
relation of the sex-stratified GWAS was high and did not differ from 1. 
However, it must be noted that the sex-stratified analyses had limited 
statistical power, particularly the male-only analysis, as indicated by 
a SNP-heritability z-score of <4 (ref. 63). Nevertheless, we consider 
the sex-stratified analysis an important first step and provide it as a 
resource. Sex-stratified analyses in larger samples may help to eluci-
date sex-specific risk factors of BPD64. Notably, we comprehensively 
analyzed genetic variation on the X chromosome and identified the 
gene encoding choline-phosphate cytidylyltransferase B (PCYT1B) as 
significantly associated with BPD in the gene-based analysis, as well 
as an associated SNP in the gene with genome-wide significance in the 
combined analysis. PCYT1B is expressed in the brain65,66 but has not 
previously been reported to be associated with mental health pheno-
types. However, many previous GWAS analyses have not reported X 
chromosome data64.

We also used genetic association data to investigate expression 
enrichment and potential drug repurposing for BPD, offering initial 
insights. The results suggest the importance of genes expressed in 
the brain and during early prenatal development. Single-cell analyses 
revealed significant SNP-heritability enrichment in genes expressed in 
the clusters ‘medium spiny neurons’ and ‘LAMP5-LHX6 and Chandelier 
cells’. Both clusters have previously been demonstrated to be enriched 
in mental health phenotypes in a systematic analysis, namely in SCZ, 
IQ, educational attainment and neuroticism29, with ‘medium spiny  
neurons’ additionally showing enrichment in major depressive  
disorder29 and the ‘Lamp5-LHX6 and Chandelier cell’ cluster being 
significantly enriched in the most recent BIP GWAS67. Together, these 
findings suggest that specific neuronal cell types with established 
relevance for psychiatric disorders may also have a role in BPD.

In addition, our analyses identified potential drug targets. 
Drug-target analysis of the 16 prioritized genes highlighted MYO1H, 
which has been associated with the response to treatment with lithium,  
a mood stabilizer also suggested to reduce the risk of suicide attempts68. 
However, it should be noted that the gene was indicated by proximity 
only in the lithium GWAS69. The drug-target analysis also suggested 
PCYT1B as a target of sphingosines. Sphingosine-1-phosphate receptor 
3 (S1PR3) regulates various cellular processes when bound to its ligand, 
sphingosine-1-phosphate (S1P), has been implicated in stress resilience 
in animal studies and shown to be downregulated in PTSD70. Notably, 
the S1P–S1P3 pathway was the only significant gene set in the present 
analysis. The genome-wide DRUGSETS analysis indicated drugs with 
high biological plausibility, including medications for neurological 
disorders and pain; however, our results were not statistically signifi-
cant after correction for multiple testing and should be interpreted 
with caution.

Through genetic correlation and PheWAS analyses, we address 
a critical gap in the literature by systematically assessing the shared 
genetic architecture of BPD across a broad spectrum of other disorders 
and traits. We confirmed the genetic correlations observed in the previ-
ous BPD GWAS18 with depression, BIP, SCZ18, neuroticism, openness to 
experience71 and loneliness72. With respect to the Big Five personality 
dimensions, the results highlight the enhanced power of the present 
BPD GWAS. We now additionally observe negative genetic correlations 
with agreeableness and conscientiousness, which is consistent with the 
profiles of the Big Five personality dimensions observed in cases with 
BPD73–75, as well as with data from twin models14,76. This suggests that 
genetic factors underlying variation in personality traits in the general 
population contribute to the risk for BPD. Among mental disorders, 
BPD showed the strongest genetic correlations with PTSD, depression, 
ADHD and anxiety. Notably, these disorders are frequently observed 
as preceding or comorbid conditions and share clinical features with 
BPD5,7,77. The associations with suicide and self-harm are consistent 
with the clinical presentation of BPD78, the correlations with trauma 
phenotypes highlight the role these experiences have in BPD10 and 
the strong correlations of BPD with disorders from the internalizing–
externalizing spectrum disorders suggest that BPD risk is influenced 
by the liability for both dimensions78,79.

In both PheWAS samples, and consistent with the genetic correla-
tion results, the BPD-PGS were significantly associated with mood dis-
orders, anxiety disorders, PTSD, substance use disorders and suicidal 
ideation or suicide attempts. The strongest effect was observed for the 
phecode ‘antisocial/borderline personality disorder’, supporting the 
specificity of the GWAS signal for BPD. BPD-PGS were also associated 
with a range of physical health phenotypes, including chronic airway 
obstruction, type 2 diabetes, obesity and hypertension, for which an 
increased risk in BPD cases has been previously described7. The rela-
tively small number of BPD cases in the PheWAS target samples makes 
it probable that these associations are driven by shared genetic risk and 
not solely by comorbidities of BPD cases in the target samples. These 
results provide a promising starting point for investigating shared 
genetic risks between BPD and somatic health, which is particularly 
relevant given that a substantial portion of the reduced life expectancy 
in individuals with BPD is attributable to physical health conditions80. 
Further research is warranted to understand the mechanisms through 
which inter-individual differences in genetic liability for BPD influence 
the risk for different disorders.

The present analyses cannot disentangle the extent to which 
comorbidities, overlapping symptoms and potential diagnostic 
misclassifications might have influenced our results81. Although we 
addressed the potential overlap with BIP and SCZ, more fine-grained 
analyses are needed. In BPD, comorbidity with other mental disorders 
is the rule rather than the exception1,5; for example, approximately 
70% of the investigated BPD patients had a history of depression. 
Restricting GWAS cases to those without psychiatric comorbidity 
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would reduce the number of available study participants and limit 
the analysis to a less representative (and drastically smaller) subset. 
Therefore, we consider it a strength of the present analysis that the 
biobanks and cohorts providing summary statistics performed the 
main analysis without excluding cases with psychiatric comorbidity. 
To assess the impact of this strategy, the sensitivity analysis excluded 
individuals with either a diagnosis of BIP or SCZ, which are common 
exclusion criteria in dedicated BPD studies, accounting for 30% of 
the cases. At the level of the single-variant associations, we observed 
comparable effect sizes in the sensitivity analysis. We therefore con-
sider it unlikely that BIP or SCZ comorbidity substantially biased 
the GWAS hits. Comparing genetic correlations between the two 
iterations of the BPD GWAS and the GWAS of BIP and SCZ, we observe 
attenuated but still substantial genetic correlations in the sensitivity 
analysis, suggesting shared genetic risk beyond the co-occurrence 
of the disorders.

The present study represents substantial progress in the identi-
fication of the genetic factors underlying BPD. However, there were 
several limitations. First, the sample size is relatively small compared 
with studies involving other mental disorders16, and statistical power 
was limited, especially for variants with lower frequency. The inclu-
sion of additional samples may lead to a substantial increase in the 
number of loci identified82,83. Furthermore, expanding the analyses to 
non-European ancestries is necessary to improve our understanding 
of the underlying genetic architecture and to facilitate the generaliz-
ability of the results84,85. Additionally, in this study, we investigated 
BPD as a categorical diagnosis, as it is commonly used in the clinical 
context. However, the diagnosis can be heterogeneous and might differ 
between cohorts. Future studies should consider the heterogeneity of 
the disorder and examine clinical BPD at a more fine-grained level; for 
example, by examining individual symptoms or symptom clusters86,87. 
In addition, functional dimensions such as RDoC88 and classification 
systems such as HiTop89,90, as well as borderline personality traits or 
symptom dimensions2,17,91 should be incorporated.

In summary, the present GWAS meta-analysis represents a major 
step forward towards an understanding of the genetic etiology of 
BPD. To our knowledge, it is the first GWAS of a personality disorder to 
identify genome-wide significant risk loci and genes, demonstrating 
that BPD, like other mental disorders, is a complex polygenic disorder.
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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 1 and Supplementary Note).

Sample description
An overview 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 (ncases = 12,339; ncontrols = 1,041,717; neff = 2 × 21,617). 
In total, 17 studies contributed individual-level data (ncases = 2,705; 
ncontrols = 4,600). This included data from the prior BPD GWAS18 and 
data from an additional 1,712 cases and 3,061 controls (meeting DSM-IV 
criteria for BPD). Furthermore, we included data from ten large-scale 
biobank or cohort studies that provided summary statistics from 
GWAS of BPD (ncases = 9,634; ncontrols = 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 used in each study and study-specific quality control and 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 data at the individual level were grouped 
into datasets based on array and ancestry, resulting in five datasets 
(Supplementary Table 2). Quality control and imputation were carried 
out using the RICOPILI pipeline92. A detailed description can be found 
in Supplementary 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)93 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 
found in Supplementary Table 2 and Supplementary Note. In addition 
to the main analysis, we performed sex-stratified analyses. Dedicated 
studies of BPD often exclude individuals with BIP and SCZ. To explore 
the influence 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: ncases = 8,618;  
ncontrols = 1,027,690; Supplementary Tables 3–5). In the case of cohorts 
in which the control population was not filtered for BIP and 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 the inverse-variance-weighted 
fixed-effects model in METAL94 as implemented in RICOPILI92 with a 
genome-wide significance threshold of 5 × 10−8. To evaluate consist-
ency of effect sizes, we computed Cochran’s Q-statistics and the cor-
responding heterogeneity P values and I2 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 Consortium reference 

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 were included in 
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 
providing individual-level data and 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 
significant associations (P < 5 × 10−8) was calculated using the Genetic 
Power Calculator19. 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 
(neff = 2 × 21,617; calculated as previously described95) and the required 
sample size for a power over 80% (for details, see Supplementary Table 6 
and Supplementary Fig. 1).

SNP heritability, based on the autosomal markers, was estimated 
using LDSC20, both as the observed SNP heritability and as the SNP  
heritability converted to the liability scale, using neff = 43,234 
(2 × 21,617)95, a corresponding sample prevalence of 0.5 and 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-male ratio 
of 3:1 (refs. 4,5). To assess the contribution of confounding to the 
observed signal, we calculated the attenuation ratio ( (Intercept−1)

(Mean χ2−1)
).

To test whether the SNP heritability estimates of the sex-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 LDSC20, which has previously 
been described96.

To assess replication of the observed SNP associations, lead SNPs 
for the thresholds P < 1 × 10−6 and P < 5 × 10−8 were tested for replication 
in a meta-analysis of two independent datasets (Spain 2 and All of Us; 
total ncases = 685; total ncontrols = 107,750). Additionally, for SNPs with 
P < 1 × 10−6 in the discovery GWAS analysis, discovery and replication 
datasets were analyzed in a combined GWAS meta-analysis, and loci 
with P < 5 × 10−8 in 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)21 as implemented in FUMA (v.1.5.2)22. Gene-based 
tests were performed using the summary statistics of the GWAS 
meta-analysis for a total of 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-set tests, a Bonferroni P value threshold, corrected for the number 
of respective tests, was applied (gene-based, P < 2.5 × 10−6 (0.05/19,843); 
gene set, P < 5.4 × 10−6 (0.05/9,237)).

Additionally, PoPS23 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 for 17,702 autosomal genes, and PoPS scores and ranks 
are reported.

Tissue enrichment expression was carried out using GTEx (v.8) 
data for 54 tissue types24, and data from BrainSpan, representing 29 
different ages and 11 general developmental stages25 as implemented 
in FUMA (v.1.5.2)22. In addition, 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 sections27. 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 detail29,97), resulting in ~1,300 genes 
per cell type. We subsequently tested the enrichment of heritability in 
these gene sets using stratified LDSC28, adjusting for the 53 baseline 
annotations. To adjust for multiple hypothesis testing in the tissue 
expression analyses, we applied a Bonferroni 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-wide risk 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-
base98. 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 data for using Proteolysis Targeting Chimeras (PROTACs) and 
the presence of compounds in clinical trials with modalities other than 
small molecules 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 categories99. Finally, we queried the DGIdb100.

In addition to these approaches, focusing on the prioritized 
16 genes, we explored potential drug targets with the DRUGSETS 
approach30, which integrates the genome-wide association signal. 
Using this approach, we tested drug–gene sets, compiled from the Clue 
Repurposing Hub and the DGIdb, each comprising the genes whose 
protein products are known to be targeted by or to interact with a given 
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 × 10−5 (0.05/735).

PGS
We applied PGS to predict case–control status in the datasets for which 
individual-level genotype information was available. PGS were calcu-
lated using PRS-CS, a method 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 information31. The posterior effect sizes account 
for the linkage disequilibrium between SNPs using external linkage 
disequilibrium reference panels constructed from the 1000 Genomes 
Project Phase 3 European samples. PGS were calculated based on both 
the present meta-analysis and the prior BPD GWAS from 2017 (consist-
ing of the Germany dataset)18 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, Spain 1, Norway 1 and Norway 2, as well 
as the two replication cohorts (Spain 2 and All of Us; total ncases = 685; 
total ncontrols = 107,750); Supplementary Tables 1 and 2). Similarly, we 
used the results of the prior BPD GWAS (2017 GWAS) to calculate PGS 
for the datasets not included in that analysis (Central Europe, Spain 1, 
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-R2 (NkR2) from logistic 
regression was calculated, comparing the R2 of the full model including 
PGS and covariates (ancestry principal components) as predictors to 
the reduced (null) model including the covariates only. The resulting 
NkR2 was then converted to the liability scale101 of the population, 
assuming a lifetime disease risk of 1.5% (ref. 3). Additionally, the AUC 
was calculated for each target dataset. Average NkR2 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 a mean of zero and unit variance before com-
bining them into two sets of scores for comparison: one based on Witt 
2017 (ncontrols = 3,496; ncases = 1,758) and the other on BPD-meta 2026 
(ncontrols = 5,035; ncases = 2,751). This part of the PGS analysis excluded 
the All of Us dataset, as its individual-level data could not be merged 
owing to data protection regulations. Using the normalized PRS-CS, we 
categorized the data into ten deciles through quantile binning, assign-
ing each observation a decile number ranging from one (lowest PRS-CS) 
to ten (highest PRS-CS). We then created dummy variables by coding 
observations within each 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.

To assess 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 
ORs for each 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, 15 and 20). For the reference compari-
son (Q1/Q1), an OR of 1 was assigned, indicating no effect. The ORs for  
each of the remaining deciles (Q2 to Q10) were computed accord-
ingly: ORQ1/Qj = exp(βj) for j = 2,3,…,10. Additionally, 95% CI for the odds  
ratios were calculated using the standard errors of the coefficients  
(CIlower = exp(βj − 1.96 × s.e.j); CIupper = exp(βj + 1.96 × s.e.j)). As an addi-
tional measure of effect, the highest decile (Q10) was compared to 
the middle 10% of the distribution as a reference, and OR and CI were 
calculated as described above.

Genetic correlations
Genetic correlations between subsets and with other disorders and 
traits were calculated using LDSC20. Calculations were carried out with 
a free intercept and the 1000 Genomes dataset (EUR) as a reference 
linkage disequilibrium structure panel102.

In a targeted 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 < 1 × 10−3 (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)
Data from the BioVU32 were used to test the association of BPD-PGS with 
medical phenotypes based on two or more ICD diagnoses (‘phecodes’; 
Phecode Map 1.2) documented in the EHRs. For each phecode, a case 
was defined as having ≥1 ICD 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 calculated in 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-CS31 and standardized to have a mean 
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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 × 10−5 (0.05/1,431) was applied.

PheWAS in UKB
An additional 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 
Statistics in a maximum sample of 316,635 individuals (211 individuals 
with phecode 301.20). For each phecode, a case was defined as having 
≥1 ICD code in the phecode group, and a control was defined as having 
no codes in that phecode group. A total 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 × 10−5 (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 data are 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). 
The exceptions are the GWAS summary statistics for self-harm103, which 
were provided by the respective corresponding authors, and the GWAS 
used for the Big Five personality traits (except neuroticism), which 
include data from 23andMe and can be made available to qualified inves-
tigators if they enter into an agreement with 23andMe that protects par-
ticipant confidentiality. This study used data from 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 with individual 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/ldsc). 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/FinucaneLab/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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Extended Data Fig. 1 | Manhattan plot of the gene-based analysis 
(ncases = 12,339, ncontrols = 1,041,717). The two-sided –log10 P-value of the MAGMA 
gene-based test (SNP-wise mean model) for each gene is indicated on the y-axis 

(chromosomal position shown on the x-axis). The red line indicates significance 
after correction for multiple testing (P < 0.05/19,843 = 2.5×10−6). Gene names are 
given for significant genes.
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Extended Data Fig. 2 | Female subset Manhattan plot of the GWAS meta-
analysis (ncases = 10,025, ncontrols = 547,333). The two-sided –log10 P-value for 
each single-nucleotide polymorphism (SNP) in the inverse variance weighted 
GWAS meta-analysis is indicated on the y-axis (chromosomal position shown 

on the x-axis). The red line indicates genome-wide significance (P < 5×10−8). 
Index SNPs representing independent genome-wide significant associations are 
highlighted as diamonds, and SNPs in linkage disequilibrium with the index SNPs 
are highlighted in green.
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Extended Data Fig. 3 | Female subset Manhattan plot of the gene-based 
analysis (ncases = 10,025, ncontrols = 547,333). The two-sided –log10 P-value of the 
MAGMA gene-based test (SNP-wise mean model) for each gene is indicated on 

the y-axis (chromosomal position shown on the x-axis). The red line indicates 
significance after correction for multiple testing (P < 0.05/19,844 = 2.5×10−6). 
Gene names are given for significant genes.
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Extended Data Fig. 4 | Male subset Manhattan plot of the GWAS meta-analysis 
(ncases = 2,260, ncontrols = 485,444). The two-sided –log10 P-value for each 
single-nucleotide polymorphism (SNP) in the inverse variance weighted GWAS 
meta-analysis is indicated on the y-axis (chromosomal position shown on the 

x-axis). The red line indicates genome-wide significance (P < 5×10−8). Index SNPs 
representing independent genome-wide significant associations are highlighted 
as diamonds, and SNPs in linkage disequilibrium with the index SNPs are 
highlighted in red.

http://www.nature.com/naturegenetics
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Extended Data Fig. 5 | Male subset Manhattan plot of the gene-based analysis (ncases = 2,260, ncontrols = 485,444). The two-sided –log10 P-value of the MAGMA 
gene-based test (SNP-wise mean model) for each gene is indicated on the y-axis (chromosomal position shown on the x-axis). The red line indicates significance after 
correction for multiple testing (P < 0.05/19,856 = 2.5×10−6).
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Extended Data Fig. 6 | Comparison of the effect sizes of the six GWAS lead 
SNPs. Odds ratio (OR) estimates from the inverse variance weighted GWAS 
meta-analyses with error bars indicating 95% confidence intervals are presented 
for the main meta-analysis, the sex-stratified analyses, and the sensitivity 
analysis excluding cases with comorbidity of schizophrenia or bipolar disorder 

from the cohorts providing summary statistics. OR, odds ratio; 95% CI, 95% 
confidence interval; SNP, single nucleotide polymorphism. Main analysis: 
ncases = 12,339, ncontrols = 1,041,717; female subset: ncases = 10,025, ncontrols = 547,333; 
male subset: ncases = 2,260, ncontrols = 485,444; sensitivity analysis: ncases = 8,618, 
ncontrols = 1,027,690. Detailed results can be found in Supplementary Table 12.
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Extended Data Fig. 7 | Sensitivity analysis Manhattan plot of the GWAS 
meta-analysis of BPD excluding individuals with schizophrenia or bipolar 
disorder (ncases = 8,618, ncontrols = 1,027,690). The two-sided –log10 P-value for 
each single-nucleotide polymorphism (SNP) in the inverse variance weighted 
GWAS meta-analysis is indicated on the y-axis (chromosomal position shown 

on the x-axis). The red line indicates genome-wide significance (P < 5×10−8). 
Index SNPs representing independent genome-wide significant associations are 
highlighted as diamonds, and SNPs in linkage disequilibrium with the index SNPs 
are highlighted in red.
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Extended Data Fig. 8 | Sensitivity analysis Manhattan plot of the gene-based 
analysis in the subset excluding individuals with schizophrenia or bipolar 
disorder (ncases = 8,618, ncontrols = 1,027,690). The two-sided –log10 P-value of 
the MAGMA gene-based test (SNP-wise mean model) for each gene is indicated 

on the y-axis (chromosomal position shown on the x-axis). The red line indicates 
significance after correction for multiple testing (P < 0.05/19,842 = 2.5×10−6). 
Gene names are given for significant genes.
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Extended Data Fig. 9 | Quantile–quantile plot of the PheWAS analysis in BioVU (n = 66,325), stratified by phecode category (1,431 tested phecodes). Observed 
two-sided –log10 P-values obtained from the logistic regression analysis are shown on the y-axis, and expected –log10 P-values are shown on the x-axis. Detailed results 
can be found in Supplementary Table 24.
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Extended Data Fig. 10 | Quantile–quantile plot of the PheWAS analysis in UKB (n = 316,635), stratified by phecode category (1,250 tested phecodes). Observed 
two-sided –log10 P-values obtained from the logistic regression analysis are shown on the y-axis, and expected –log10 P-values are shown on the x-axis. Detailed results 
can be found in Supplementary Table 25.
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Individual-level data are not publicly available due to ethical restrictions. The results of the meta-analysis and PGS weights are publicly available via the website of 
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association analyses. 
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Supplementary Table 1 and Supplementary Note). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Total sample size was defined as the sum of all participants included in each meta-analysis. To account for the disparity of cases and control 
groups, the effective sample size is additionally reported for each meta-analysis. To maximize power to detect genetic loci, we included all 
cohorts for which eligible data were available and collaboration was feasible; no a priori sample size calculation was performed. A post-hoc 
power analysis demonstrated >80% power to detect common variant effects (MAF 0.3-0.7) at genome-wide significance, indicating that the 
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Data exclusions We applied filtering criteria to samples and genetic markers (samples and SNPs with genotype call rate < 98%; difference in SNP genotyping 
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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%). 
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